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ABSTRACT The feature selection problem involves selecting a subset of relevant features to enhance
the performance of machine learning models, crucial for achieving model accuracy. Its complexity
arises from the vast search space, necessitating the application of metaheuristic methods to efficiently
identify optimal feature subsets. In this work, we employed a recently proposed metaheuristic algorithm
named the Great Wall Construction Algorithm to address this challenge — a powerful optimizer with
promising results. To enhance the algorithm’s performance in terms of exploration, exploitation, and
avoidance of local optima, we integrated opposition-based learning and Gaussian mutation techniques.
The proposed algorithm underwent a comprehensive comparative analysis against ten influential state-
of-the-art methodologies, encompassing seven contemporary algorithms and three classical counterparts.
The evaluation covered 22 datasets of varying sizes, ranging from 9 to 856 features, and included the
utilization of six distinct evaluation metrics related to accuracy, classification error rate, number of selected
features, and completion time to facilitate comprehensive comparisons. The obtained numerical results
underwent rigorous scrutiny through several non-parametric statistical tests, including the Friedman test,
the post hoc Dunn’s test, and the Wilcoxon signed ranks test. The resulting mean ranks and p-values
unequivocally demonstrate the superior efficacy of the proposed algorithm in addressing the feature
selection problem. The Matlab source code for the proposed approach is available for access via the
link ‘*https://www.mathworks.com/matlabcentral/fileexchange/159728-an-opposition-based-gwca-for-the-
fs-problem”.

INDEX TERMS Feature selection problem, great wall construction metaheuristic algorithm, opposition-
based learning, Gaussian mutation.

I. INTRODUCTION

In the era of big data and complex datasets, Machine Learning
(ML) has emerged as a powerful tool for extracting valuable
insights and making data-driven decisions [1], [2], [3], [4].

The associate editor coordinating the review of this manuscript and

approving it for publication was Diego Oliva

However, with the ever-increasing dimensionality of data, the
curse of dimensionality has become a significant challenge
in developing accurate and efficient predictive models [5].
This is where the crucial role of Feature Selection (FS) comes
into play. FS, also known as attribute selection or variable
selection, is the process of identifying and choosing the most
relevant and informative subset of features from a vast pool of
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input variables [6], [7]. The primary objective is to enhance
the performance of ML algorithms by eliminating irrelevant,
redundant, or noisy features that might negatively impact
model accuracy, increase computational costs, and/or reduce
interpretability.

The importance of FS lies in its ability to not only
improve predictive model performance but also enhance
the efficiency and generalization of ML algorithms [8],
[9], [10]. By selecting a subset of the most discriminative
features, FS not only reduces the risk of overfitting but
also mitigates the computational burden associated with
processing large volumes of data. Moreover, in many real-
world applications, interpreting the model’s decision-making
process is crucial to gain trust and acceptance. By selecting
a concise set of meaningful features, FS facilitates model
interpretability, enabling domain experts and non-technical
users to comprehend the factors influencing the model’s
predictions. This emphasizes the significance of FS in
ML. Whether it is in the realm of predictive modelling,
classification, regression, or any other ML task, FS serves
as a critical preprocessing step to unlock the full potential
of ML algorithms. Through careful selection of relevant
features, data scientists can build more accurate, efficient, and
interpretable models, paving the way for actionable insights
and informed decision-making.

In this context, FS methods can be broadly categorized into
filter, wrapper, and embedded techniques [6], [11], [12]. Each
approach has its strengths and weaknesses, and the choice of
method depends on the nature of the dataset and the specific
ML algorithm being used. In other words, filter, wrapper,
and embedded techniques are three broad categories of FS
methods used to identify the most relevant and informative
subset of features from a high-dimensional dataset. Each
approach follows a distinct strategy to evaluate and select
features, and the choice of method depends on the specific
characteristics of the data and the ML algorithm being
employed. Subsequently, we present a concise overview of
the operational principles underlying each technique in the
following points.

1) Filter Techniques: Filter techniques involve the inde-
pendent evaluation of each feature based on some
statistical or ranking criterion. These methods do
not consider the ML algorithm used for the final
model. Instead, they rank or score features individually
and select the top-ranked ones. Filter techniques are
computationally efficient and can be applied as a
preprocessing step before running any specific ML
algorithm.

2) Wrapper Techniques: Wrapper techniques assess the
quality of feature subsets by using the ML algorithm’s
performance as a criterion. These methods create
subsets of features, train a model on each subset, and
evaluate its performance using a chosen evaluation
metric. They are computationally more intensive com-
pared to filter techniques since they involve training
multiple models for different feature subsets.
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3) Embedded Techniques: Embedded techniques incorpo-
rate FS into the model training process itself. These
methods combine FS with the algorithm’s learning
process, exploiting the inherent capabilities of the
learning algorithm to identify important features during
training. As aresult, FS is seamlessly integrated into the
model building process, leading to more efficient and
accurate models.

The FS problem, known to be A/P-hard, is increasingly
tackled using Metaheuristic Algorithms (MAs) [7], [13], [14]
instead of exact methods due to several compelling reasons.
One key factor is the exponential increase in the number
of possible feature subsets with the growing dimensionality
of data. Exact methods typically suffer from combinatorial
explosion, making them computationally infeasible for
large-scale datasets. By contrast, MAs excel at efficiently
exploring complex search spaces, providing near-optimal
solutions within a reasonable time frame. Their ability to
strike a balance between exploration and exploitation [15],
[16], [17] allows them to effectively navigate through vast
feature subsets and discover promising combinations that
yield improved model performance. Moreover, MAs are
inherently adaptive, making them suitable for a wide range
of optimization problems, including FS, without relying on
domain-specific knowledge. As a result, the use of MAs has
become a preferred approach in addressing the FS problem,
offering researchers a practical and scalable solution to
enhance the accuracy, efficiency, and interpretability of ML
models.

The pivotal role of FS in the ML process is evident
in the seven-step framework, playing a crucial part in
refining prediction accuracy. Thus, numerous scholars have
dedicated extensive efforts to this phase, as evidenced by
various research works. For instance, the study referenced
in [18] addresses cancer classification, employing the kernel
Shapley value rooted in cooperative game theory for feature
extraction from high-dimensional gene expression data.
Another notable work, referenced as [19], focuses on cancer
prediction and combines spider monkey optimization with
cuckoo search algorithm for hybridized feature selection.
Additionally, [20] and [21] contribute valuable insights into
FS across diverse ML classification tasks.

In the context of our research, we have harnessed the
power of a cutting-edge metaheuristic algorithm, known
as the Great Wall Construction Algorithm [22], to address
the A'P-hard FS problem. This algorithm has garnered
considerable attention for its exceptional performance across
a wide spectrum of challenges, including both constrained
and unconstrained benchmark problems. To further bolster
its capabilities, we have taken the initiative to augment
the fundamental version of this algorithm by introducing
several key enhancements. These additions are strategically
designed to amplify its prowess in exploring solution spaces,
exploiting promising regions, and adeptly steering clear
of local optimums, all of which are critical attributes for
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effective problem-solving. The enhanced algorithm under-
went a comprehensive evaluation by being juxtaposed with
ten influential metaheuristic algorithms commonly employed
in solving feature selection problems. This comparative study
encompassed key metrics such as classification accuracy
and fitness value. The results unequivocally demonstrate the
superior performance of the proposed enhanced algorithm,
surpassing the effectiveness of the other metaheuristics
across these evaluative criteria. The following three points
summarize the main improvements added to the Great Wall
Construction Algorithm:

« We employed an efficient opposition-based learning
technique [23] to enrich our approach. This technique
enhanced exploration and diversification through the
generation of opposite or complementary solutions,
facilitated escape from local optimums by offering
alternative starting points or directions in the search
space, and expedited convergence, enhancing the speed
of our metaheuristic algorithm.

o« We incorporated Gaussian mutation [24] into our
approach to bolster local search capabilities and prevent
entrapment in local optimums.

o We used the step function to discretize continuous values
into a binary range, as it offers a straightforward and
easily implementable method.

The paper is structured into six distinct sections, each con-
tributing to a comprehensive understanding of our research.
Section II provides an overview of the current state-of-the-
art metaheuristic-based approaches designed to address the
FS problem, shedding light on the latest advancements in this
field. In Section III, we delve into the fundamental concepts
and methodologies underpinning the development of our
solution, establishing the theoretical groundwork for our
approach. Section IV is dedicated to presenting our proposed
solution in detail, elucidating the various steps involved and
discussing their significance in tackling the FS problem. The
experimental aspect is addressed in Section V, where we
present the results of our empirical study and conduct a
comparative investigation to evaluate the performance of our
solution. Finally, in Section VI, we conclude by summarizing
our primary contributions and offering insights into potential
future directions for this research.

Il. RELATED WORK

Several survey papers have been published to investigate
and review studies addressing the FS problem [7], [13].
In this section, we present a comprehensive overview
of metaheuristic-based FS methodologies that have been
published recently. Our emphasis lies in elucidating the
introduced algorithms, the transfer functions, the classifier
and the metrics employed for evaluating their efficacy, and
the diverse advantages and disadvantages of each approach.
By illuminating these facets, we aim to provide a good
understanding of the evolving landscape of FS techniques
and their practical implementation across a spectrum of
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datasets. In the comprehensive landscape of FS algorithms,
a multitude of innovative approaches have been explored to
address the challenges posed by high-dimensional datasets.
The algorithms will be categorized into two approaches for
FS, specifically binary and hybrid metaheuristic methods.
The algorithm outlined in [25] employs the binary bat
algorithm for FS problem resolution, incorporating S and
V shape transfer functions. It utilizes the support vector
machine classifier, yielding an accuracy of 98.25%. While
excelling with large datasets, this algorithm experiences a
slower convergence time. In [26], the binary grasshopper
optimization algorithm is utilized to address the FS problem,
integrating S and V shape transfer functions. It incorporates
the k-nearest neighbours classifier, achieving an accuracy
of 97.9%. This algorithm boasts a swift convergence time
and effective FS, but its performance is constrained in
high-dimensional datasets. The algorithm in [27] employs
the binary grey wolf optimizer for FS problem-solving,
utilizing S and V shape transfer functions with the k-nearest
neighbours classifier, resulting in an accuracy of 84.20%.
While demonstrating rapid convergence and effective FS,
it may become entangled in local optimums. In [28], the
binary firefly algorithm is applied for FS, incorporating an
aggregation function and k-nearest neighbours, naive Bayes,
and linear discriminant analysis classifiers, achieving an
accuracy of 97.78%. This algorithm exhibits fast convergence
and robust FS, but it may face challenges with local
optimums. Furthermore, [29] utilizes binary particle swarm
optimization for FS, incorporating the sigmoid transfer
function and the decision tree classifier, achieving an
accuracy of 98.17%. While excelling with small datasets,
it encounters limitations with larger datasets and potential
entrapment in local optimums. The algorithm in [30] employs
S-shaped and V-shaped gaining—sharing knowledge-based
algorithms for FS problem-solving, utilizing S and V shape
transfer functions. It integrates the k-nearest neighbours
classifier, resulting in an accuracy of 99.6%. This algorithm
performs well with high-dimensional datasets and adaptive
parameter tuning, although additional parameter tuning may
be necessary. In [31], the binary sine-cosine algorithm is
utilized for FS problem resolution, employing S and V shape
transfer functions with the k-nearest neighbours classifier,
achieving an accuracy of 98.23%. It proves efficient for
high-dimensional problems but may require fine-tuning. The
algorithm in [32] uses the binary Giza pyramids construction
algorithm for FS, incorporating S and V shape transfer
functions with the k-nearest neighbours classifier, achieving
an accuracy of 98.75%. This algorithm demonstrates swift
convergence and strong performance with large datasets,
yet it may not be suitable for smaller datasets. For [33],
the binary ant lion algorithm is employed for FS problem-
solving, using S and V shape transfer functions with the
k-nearest neighbours classifier, resulting in an accuracy of
96.37%. While effectively handling high dimensionality or
non-linearity, it may suffer from slow convergence and
potential entrapment in local optimums, requiring significant
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computational resources for optimal performance. The work
described in [34] applies the binary salp swarm algorithm
for FS, utilizing S and V shape transfer functions with the
k-nearest neighbours classifier, achieving an accuracy of
95.26%. While adept at addressing problems with complex
search spaces or multiple objectives, this algorithm can be
sensitive to parameter choices and may demand substan-
tial computational resources for optimal performance. The
algorithm outlined in [35] utilizes the binary cuckoo search
algorithm for FS problem resolution, employing the sigmoid
transfer function. It incorporates the optimum-path forest
classifier, achieving an accuracy of 97.33%. While effectively
managing problems with multimodal search spaces or noisy
objective functions, it may be sensitive to parameter choices
and susceptible to local optimums. Finally, the binary
equilibrium optimizer in [36] is employed for FS problem-
solving, utilizing S and V shape transfer functions with
the k-nearest neighbours classifier, achieving an accuracy of
97.01%. This algorithm has demonstrated effectiveness in
finding global optimums, performing well with a relatively
small population size. However, it may be sensitive to
parameter choices and could require a larger population size
for optimal performance.

On the other hand, the algorithm introduced in [37]
employs the binary chaotic bat algorithm to address the FS
problem, utilizing V shape transfer functions. It incorporates
random forest and k-nearest neighbours classifiers, achieving
an accuracy of 96.97%. This algorithm adeptly manages
challenges posed by intricate search spaces or multiple
objectives. The integration of chaotic dynamics enhances its
search capacity, preventing entrapment in local optimums.
Nonetheless, sensitivity to the choice of chaotic function
and a potential necessity for a sizable population size for
optimal performance are noteworthy considerations. In [38],
a similar approach is taken with the utilization of the binary
chaotic dragonfly algorithm, incorporating chaotic transfer
functions and the k-nearest neighbours classifier, resulting in
an accuracy of 96.72%. While effectively handling complex
search spaces or multiple objectives, this algorithm also
displays sensitivity to the chosen chaotic function. The binary
chaotic vortex algorithm, detailed in [39], leverages chaotic
transfer functions and the k-nearest neighbours classifier,
achieving an accuracy of 97.45%. Performance relies heavily
on parameter settings, such as population size and maximum
iteration number, necessitating careful tuning. However, com-
putational expenses may arise, particularly for large datasets,
due to multiple fitness function evaluations. In [25], the
binary chaotic black hole algorithm integrates chaotic transfer
functions and the k-nearest neighbours classifier, boasting
an accuracy of 98.33%. Although promising for FS, its
performance is contingent on parameter settings and specific
applications. The binary chaotic moth—flame optimization
algorithm, outlined in [40], applies chaotic transfer functions
and the k-nearest neighbours classifier, yielding an accuracy
of 96.62%. While effective in handling complex search
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spaces or multiple objectives, sensitivity to the chaotic func-
tion, potential slow convergence, and susceptibility to local
optimums are potential drawbacks. The work in [41] intro-
duces the fractional chaotic order marine predator algorithm,
utilizing the k-nearest neighbours classifier with an accuracy
0f 97.13%. This promising FS method incorporates fractional
calculus to enhance exploration and exploitation abilities,
but computational expenses and potential reliance on a
large population size are considerations. The island-based
genetic algorithm in [42] employs support vector machine, k-
nearest neighbours, decision tree, and multilayer perceptron
classifiers, achieving an accuracy of 93.51%. Combining
global and local search techniques enhances its search
capability, but computational expenses are a concern. The
optimizer described in [43] introduces the quantum whale
optimization algorithm, utilizing the k-nearest neighbours,
linear discriminant classifier, support vector machine, and
decision tree classifiers, achieving an accuracy of 98.75%.
Quantum-inspired operators enhance its search capability,
but sensitivity to parameters and potential need for a large
number of iterations are noted. Lastly, the approach in [44]
combines the technique for order of preference by similarity
to ideal solution with the binary JAYA algorithm, incorpo-
rating time-varying transfer functions. Using the Gaussian
Naive Bayes classifier, it attains an accuracy of 98.08%.
While a hybrid algorithm effectively handling multiple
objectives, it may require a substantial number of iterations
and pose computational expenses for large-scale problems.
This survey of diverse FS algorithms highlights their unique
strengths and limitations, offering a rich spectrum of choices
for researchers addressing the complexities of FS in various
domains.

In the realm of FS, it is essential to recognize that
achieving perfection remains elusive. Despite the proposal
of numerous commendable solutions and their exceptional
performance, the field continually calls for enhancements.
This reality aligns with the principle articulated in the No-
Free-Lunch theorem [45], emphasizing that no universally
superior solution exists. Therefore, the door remains open
for the exploration and development of new algorithms and
solutions to address the ever-evolving challenges of the
FS problem. In this vein, several promising avenues for
further investigation emerge, including the exploration of
algorithms such as the remora optimization algorithm [46]
and the dynamic Harris Hawks optimization with a mutation
mechanism [47]. These avenues promise to contribute
valuable insights and advancements to the ongoing quest for
optimizing FS methodologies.

lll. BACKGROUND

In this section, we introduce the various concepts employed
in the proposed methodology for addressing the FS problem.
First, in Sections III-A, III-B, and III-C, we explain the
working principles of the concepts related to MAs. Then,
in Sections III-D and III-E, we describe the ML algorithm
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and metrics used to evaluate the performance. Finally,
in Section III-F, we give the mathematical formulation of the
FS optimization problem.

A. GREAT WALL CONSTRUCTION ALGORITHM

The Great Wall Construction Algorithm (GWCA) represents
a novel metaheuristic optimizer introduced by Ziyu Guan
and his colleagues [22]. Its draws inspiration from the
historical competition and elimination mechanisms observed
among workers during the construction of the ancient Great
Wall. The GWCA optimizer incorporates these principles
into its optimization strategy. Besides, the algorithm prior-
itizes performance-driven methodologies over metaphorical
aspects, leveraging the competitive spirit of the workforce
that contributed to the Great Wall’s construction. With this
unique approach, the GWCA algorithm aims to efficiently
tackle complex optimization problems while emulating the
effectiveness and resource management exhibited during
the historical construction process. Table 1 summarizes the
parameters utilized in the definition of the GWCA algorithm.
In the following sections, we describe the phases of the
GWCA optimizer.

1) INITIALIZATION

Equation 1 is employed to initialize the individuals in
the first population, where the parameter A governs the
growth rate of the logistic map (set to 4), and the
parameter « is a uniformly distributed random number
within the range [0, 1] (excluding the values 0.25, 0.5, 0.75,
and 1).

0
Xi(,j) = ¢ij x (UB; — LB;) + LB,

o, i=1

Qij = ,
N Mic1j(1—gic1j), 1<i<N

ie{l,...,N}andje{l,...,D} 1))

2) EXPLOITATION

Equation 2 is employed to exploit the search space during the
swarming process, where the parameter k is a uniformly dis-
tributed random number sampled from a uniform distribution
over the set {0, 1}, and the parameter € is an infinitely small
number set to 2.22E-16.

1
X = o x v x X+ R + Xétj)

- (T x1L_, 2O ) x C (1) x G (1, P, Q)
sin (0)
H@) =1-
Tmax_t
C() =log ((Cmax — Cin) X T— + Cmin)

(0 _ k (0 0]
RY) = (=DF x a2 x (%) - x17)
t

TL=1-— +e€ ()

max
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3) EXPLORATION

Equation 3 is employed to explore the search space during
the swarming process, where the parameter € is an infinitely
small number set to 2.22E-16.

Xi(,;.H) = Xl.(’;) 4+ o3 X T 4+ a4 x v xsign(Ty) x T3
_ yv(® (1)
T = Xb’j — X
=1 (x\0) -1 (x)

) ()
T3 =X = Xij
H (¢
vV=mXgX — ®) x C (@) xG(,P,Q)
sin (6)
H@=1- +€
max
Tmax —t
C (1) =log | (Cmax — Cimin) X ——— + Cuin
Tmax
-1, x<O
sign (x) = 1 0, x=0 3)
1, x>0

4) BALANCE BETWEEN EXPLOITATION AND EXPLORATION
Equation 4 is employed to bias the search towards better
solutions, promoting convergence towards the optimal or
near-optimal solutions in the search space, and overcome
the issue of getting trapped in local optimums during the
optimization process.

Xl.(j.“) = X,.f;) +2xasx Ty + Ty x G (¢, P, Q)
T =X = X
T =M — X! @

5) SELECTION

Algorithm 1 is used to determine which individuals from the
current population are more likely to be chosen to appear
in the next generation (i.e., eliminate the worst solutions).
The worst solution are replaced with new ones generated
using Equation 5. It is worth mentioning that the coefficients
ri, ..., rp are uniformly distributed random numbers within
the range [0, 1].

X = [}"1 X Tl,..
T = (UB; —LB;) + LB;

.,p x Tp]

: %)
Tp = (UBp — LBp) + LBp

6) GWCA'S PSEUDOCODE AND TIME COMPLEXITY

This section provides a comprehensive overview of the
GWCA, focusing on both its pseudocode representation and
its time complexity. The time complexity of a function
evaluation is O(D), and the time complexity of the swarming
behaviour is O(Tax X N x D). Since the function evaluation
step is included into the swarming loops, it means that the
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TABLE 1. The parameters used in the GWCA.

Parameter Signification
N The population size
D The dimensionality of the search space
LB A D-dimensional vector representing the lower boundaries of the search space
UB A D-dimensional vector representing the upper boundaries of the search space
Trax The maximum number of iterations
t The current iteration
ffj) The component j of the individual ¢ at iteration ¢
M; The memory of an agent ¢ used to save its best location found so far
}Ef; The component j of the best solution at iteration ¢
ergm The jth component of the nearest individual to agent % at iteration ¢
O] The objective function to be minimized
Aty ...,as Uniformly distributed random numbers within the range [0, 1]
T The force produced by the tool (thrust)
m The weight of the rock
g The gravitational acceleration
0 The angle between the worker’s position on the slope and the horizon (random within the range [0, 80])
G (4 P,Q) The gamma distrib_uti(i)n’siprobability density function — P controls the shape of the distribution (P > 0),
v and @ scales the distribution (Q > 0)
Cin and Cpax Two constant numbers controlling the step size

Algorithm 1 The Selection Mechanism

Algorithm 2 Pseudocode of the GWCA

Input: p: The percentage of individuals to be eliminated.

Input: P = {X|, ..., Xn}: The population of individuals.

Output: P = {X1, ..., Xy}: The updated population of
individuals.

1 k< 1;
2 whilek < [p x N] do

argmax {f (Xi)}];

ie{l,....|P|}
k<—k+1;

3 P <« P—

4
5 end

¢ while |P| < N do

7 Generate a candidate solution X using Equation 5;
8

9

P <~ PU{X};
end

time complexity of the GWCA is O(n*). The pseudocode
depicted in Algorithm 2 describes the different steps of the
GWCA.

B. OPPOSITION-BASED LEARNING

Opposition-Based Learning (OBL) [48] stands as an emerg-
ing notion within the field of MAs, drawing inspiration from
the contrasting dynamics observed among different entities.
The inception of the opposition concept in 2005 marked a
significant milestone, garnering substantial attention from
researchers over the subsequent decade. Diverse algorithms
in the field of soft computing, including optimization tech-
niques, reinforcement learning, artificial neural networks,
and fuzzy systems, have embraced the principles of OBL
to enhance and elevate their operational efficiency. At the
core of OBL lies the foundational idea of concurrently
examining the current solution and its contrasting counterpart
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Input: Initialize the parameters of the GWCA.

Input: P = {X1, ..., Xn}: The population of individuals.
Input: M = (M|, ..., My}: The memory of individuals.
Output: X*: The best solution.

1 fori < 1toN do

2 forj < 1to D do
3 Xi(,?) is initialized using Equation 1;
4 Mi,j < Xi,j;
5 end
6 end
7 fort < 1to Tpx do
8 fori < 1toN do
9 Generate a random integer number / € {1, 2, 3};
10 if / = 1 then
11 forj < 1to D do
12 ‘ XZ.(;) is updated using Equation 2;
13 end
14 else if / = 2 then
15 forj < 1to D do
16 ‘ Xl.(;) is updated using Equation 3;
17 end
18 else
19 forj < 1to D do
20 ‘ X l.(;) is updated using Equation 4;
21 end
22 forj < 1to D do
23 ‘ Xi(;) is updated using Algorithm 3;
24 end
25 M; is updated using Algorithm 4;
26 end
27 Replace undesired individuals using Algorithm 1;
28 end
29 X* <« argmin {f (Xi(t))};
ie{l,....N}
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Algorithm 3 The Boundary Checker

Input: X @) The solution to be checked.
Input: LB The vector of lower boundaries.
Input: UB: The vector of upper boundaries.
Output: X; .(t.): The checked solution.

1 ifX (j) < LBj then
2 ‘ X(') <~ LBj;

3 end

4 1fX(') > UB; then

Algorithm 4 The Memory Updating Process

Input: Xi([): The current solution.
Input: M;: The memory to be updated.
Output: M;: The updated memory.

1 if (f (X,.(’)) <f (Mi)) then
2 for j < 1to D do
3 ‘ M,"j (—Xl(;),
4 end

5 end

to achieve efficient problem-solving [49]. In simpler terms,
when an optimization algorithm aims to discover the best
possible outcome for an objective function, the incorporation
of both a candidate solution and its opposite can be proven
advantageous, thereby augmenting the algorithm’s overall
effectiveness.

Starting from January 2005, over 400 academic works have
been disseminated pertaining to the concept of OBL [48].
These research contributions have found their home within
various platforms including conferences, journals, and books,
all situated within the domains of soft computing. Within this
compilation, approximately 60% manifest as journal papers,
38% materialize as conference papers, while the remaining
2% comprise books or theses.

Definition 1: LetX = (x1, ..., xp) be acandidate solution
in the search space, where x; € (LB;,UB;) and j €
{1, ..., D}. The opposite candidate solution of X is denoted
by X and is computed by Equation 6 [49].

X=LB+UB-X (6)

Since the introduction of the initial OBL concept,
a series of works have emerged. In this context, we delve
into a straightforward yet highly efficient OBL approach,
as detailed in the publication [23]. This technique serves
as a cornerstone within our proposed algorithm, specifically
designed to address the FS problem. In the following section,
we describe the working principle of the OBL technique
described in [23]. This approach employs a pair of algorithms,
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namely Algorithms 5 and 6, to calculate contrasting solutions.
The goal is to minimize the waste of function evaluations. The
choice between these algorithms depends on the diversity of
the current population. When the diversity, computed using
Equation 7, surpasses a predefined threshold, Algorithm 5
is executed. Conversely, if it falls below the threshold,
Algorithm 6 is employed. On the one hand, Algorithm 5
has demonstrated its ability to accelerate the convergence
speed of MAs by fully leveraging opposing information.
On the other hand, Algorithm 6 has been shown to enhance
the diversity of MAs by partially incorporating opposing
information. Table 2 summarizes the parameters utilized
in the definition of Algorithms 5 and 6, and Equations 7
to 15.

| - %\
P Lj
normDiv = ﬁ ; Z (—LB]) (7)

S 1
X=—0+...+X

N(1+ + Xn)
X;j = B(a, B) x (UB; — LB;) + LB,

iefl,...,N}andje{l,...,D}
1
Ba )= [ -t ar ®)
0
spread x peak, mode < 0.5
= . )]
spread, otherwise
_ spread, mode < 0.5 (10)
spread x peak, otherwise
1 14+N(0,0.5)
spread = | —— (11)
P ( V4 normDiv)
d—2 d 1
(sprea 3 zlx o 34)_ ,mode < 0.5
_ spread x (1 — mode
peak = 1 5 = spread spread — 1 )
, otherwise
spread spread x mode
(12)
mode = —L % (13)
UB; — LB,
spread = 0.1 x +/normDiv + 0.9 (14)
Xi; — LB;
mode = ——— (15)
UB; — LB;

C. GAUSSIAN MUTATION
The Gaussian Mutation (GM) [24] operator introduces
random perturbations to the current solution by sampling
from a Gaussian distribution. The GM is commonly utilized
to make slight adjustments to the values of the solution
variables. Algorithm 8 depicts the pseudocode of the GM
operator.

Two parameters govern the extent of mutation: the
mutation rate (y) and the mutation strength (§). The former
determines the probability of mutation for each solution
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TABLE 2. The parameters used in Algorithms 5 and 6.

Parameter Signification

N The population size

D The dimensionality of the search space

LB A D-dimensional vector representing the lower boundaries of the search space

UB A D-dimensional vector representing the upper boundaries of the search space

X4 The component j of the candidate solution %

X i,j The component j of the opposite candidate solution %

B (o, B) The beta function — the values of « and 8 determine the shape of the beta function’s graph (o« > 0, 8 > 0)
N(0,0.5) The Gaussian distribution of mean 0 and standard deviation 0.5

variable (i.e., increasing the mutation rate raises the chances
of mutation taking place); while the latter determines the
magnitude of perturbations applied to the solution variables
(i.e., higher mutation strength results in more significant
variations across the search space). The normal distribution
is referred to as N(u, o), where u and o are its mean and its
standard deviation, respectively.

D. K-NEAREST NEIGHBORS

The K-Nearest Neighbors (KNN) [50] is a simple yet
effective ML algorithm used for classification and regression
tasks. The working principle of KNN revolves around the
idea of proximity-based prediction. Given a new data point,
the algorithm identifies its k& closest neighbours within the
training dataset based on a chosen distance metric, often
Euclidean distance. For classification, the majority class
among these k neighbours is assigned to the new data
point. In regression, the algorithm calculates the average or
weighted average of the target values from the k neighbours
to predict a continuous value. The key assumption is that
similar data points are likely to have similar outcomes.
The value of k, the number of neighbours, is a crucial
parameter that influences the algorithm’s performance and
generalization. Smaller k& values result in more flexible,
potentially noisy predictions, while larger k£ values lead to
smoother but potentially oversimplified predictions. KNN is
easy to understand and implement, making it a valuable tool
for various tasks, but its efficiency can decrease with larger
datasets due to the need to calculate distances for each query
point.

E. EVALUATION METRICS

In classification tasks in ML, various evaluation metrics
are used to assess the performance of model’s predic-
tions [51]. These metrics provide insights into how well
the model is classifying different classes and help quantify
its strengths and weaknesses. These metrics provide a
comprehensive view of a classifier’s performance from
different angles. The choice of metric depends on the specific
characteristics of the problem, the class distribution, and
the goals of the application. It is often recommended to
consider multiple metrics to get a well-rounded assess-
ment of a model’s performance. Some common evaluation
metrics for classification tasks are given in the following
sections.
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1) CONFUSION MATRIX

A confusion matrix provides a detailed breakdown of True
Positives (TP) — the model identifies a positive case correctly,
True Negatives (TN) — the model correctly identifies a
negative case, False Positives (FP) — the model predicts a
positive outcome when it should have predicted a negative
outcome, and False Negatives (FN) — the model fails to
predict a positive outcome when it should have, which are
essential for calculating the subsequent metrics.

2) ACCURACY
Accuracy is the ratio of correctly predicted instances to
the total number of instances in the dataset. While easy to
understand, accuracy might not be suitable for imbalanced
datasets where one class dominates the others. Its mathemat-
ical expression is given by Equation 16.

TP + TN

accuracy = (16)
TP + TN + FP + FN

3) PRECISION

Precision measures the ratio of correctly predicted positive
observations to the total predicted positives. It focuses
on the correctness of positive predictions and helps in
scenarios where false positives are costly. Its mathematical
representation is defined by Equation 17.

. TP 17
precision = TP + FP a7
4) RECALL
Recall calculates the ratio of correctly predicted positive
observations to the actual positives. It is useful when the
emphasis is on minimizing false negatives. Equation 18
provides its mathematical formulation.
TP

recall = —— (18)
TP + FN

5) F1-SCORE
The Fl-score is the harmonic mean of precision and recall.
It provides a balance between precision and recall, which can
be valuable when you need to consider both false positives
and false negatives. Its mathematical formula is expressed in
Equation 19.

2 x (precision x recall)
F1-score = — (19)
precision + recall
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Algorithm 5 The First OBL Technique

Algorithm 6 The Second OBL Technique.

1
2

Input: P = {X1, ..., Xy}: The population of individuals.
Input: LB: Lower boundaries of the search space.

Input: UB: Upper boundaries of the search space.

Input: N: The population size.

Input: D: The dimensionality of the search space.

Input: f (.): The objective function to be minimized.
Output: P = {X1, ..., Xy }: The population of individuals.

Define a zero matrix A = (a;j)1<i<N,1<j<D>
fori < 1toN do

Input: P = {X|, ..., Xn}: The population of individuals.
Input: LB: Lower boundaries of the search space.
Input: UB: Upper boundaries of the search space.
Input: N: The population size.
Input: D: The dimensionality of the search space.
Input: f (.): The objective function to be minimized.
Output: P = {X|, ..., Xy}: The population of
individuals.

R for j < 1to D do 1 f].)efl.ne alzero m;trlx A = (aj)1<i<N,1<j<D3
. | ay < X j: 2 fori < 1toN do
Y W 3 forj < 1to D do
5 end .
¢ end 4 | aij < Xij:
7 Compute the covariance matrix C of A; 5 end
8 Compute the matrix V whose columns are the eigenvectors 6 end ) )
of C: 7 Compute the covariance matrix C of A;
9o U <« 8 Compute the matrix V whose columns are the
10 Compute normDiv using Equation 7; eigenvectors of C;
11 fori < 1toN do 9 Compute the median m of the series: f (X1),...,f (Xn);
12 for j < 1to D do 10 U <0
13 if rand(0, 1) < 0.5 then 11 Compute normDiv using Equation 7;
14 Compute mode using Equation 13; 12 fori < to N do
15 Compute spread using Equation 11; 13 if f (X;) > m then
16 end 14 forj < 1toDdo
17 else 15 if rand(0, 1) < 0.5 then
18 Compute mode using Equation 15; 16 Compute mode using Equation 13;
19 Compute spread using Equation 14; 17 Compute spread using Equation 11;
20 end ‘ ' 18 end
21 Compute peak using Equation 12; ” else
22 Compute « usng Equagon % 20 Compute mode using Equation 15;
23 Compute B using Equation 10; . . .
o ¢ . 21 Compute spread using Equation 14;
24 Compute X; j using Equation 8; » end
» er:d r T 23 Compute peak using Equation 12;
26 X <~ (Vi xx[) 24 Compute o using Equation 9;
- }“(1_/ - (VT « }“(iT)T; 25 Compute 8 using Equatiqn 10;
28 Compute Uy using Algorithm 7 (X/, )?; ,Cr=0.1); :: endcompme Xi j using Equation ;
29 Compute U, using Algorithm 7 (X, )V(i’, C, =0.9); ¥ VT s xT)Y7
30 (V x UIT)T is updated using Algorithm 3; 28 K . . x jT) 7
/ .
31 (V X UZT)T is updated using Algorithm 3; » Xi < (V x X ) ’
32 U<«~UuU {(V X UIT)T L (V x U{)T}; 30 Compute U; using Algorithm 7 (X/, X/,
33 end Cr=0.1); . . 9
4 U< UUP; 31 Compute U, using Algorithm 7 (X!, X/,
35 P < §; Cr = 0.9);
36 while [P| < N do 32 Uy < (V X UIT)T’
T.
w | B agmin {f (U} }; » Up < (VxUy)s
ie{l,...,|U|} 34 U, is updated using Algorithm 3;
38 U<« U-—{B}; 35 U, is updated using Algorithm 3;
39 P < PU{B}; .
40 end 36 U<UU [argmln{f(Ul),f (U2).f (X,-)}];
37 end
38 else
39 | U< UU{Xik
6) CLASSIFICATION ERROR RATE " end
The classification error rate in ML is a fundamental 41 end
performance metric that quantifies the proportion of incor- 2 P<U,

rectly classified instances in a dataset, comparing the
number of misclassified data points to the total number
of instances. It serves as a straightforward indicator of
a classification model’s accuracy, with lower error rates
indicating better performance and higher rates reflecting

lower accuracy. However, the classification error rate has
limitations, such as not distinguishing between different
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Algorithm 7 The Multiple Exponential Recombina-
tion Algorithm

Input: X;: The first parent solution.

Input: X;,: The second parent solution.

Input: D: The dimensionality of the search space.
Input: C,: Mutation probability.

Input: 7: Length of exchanged segments (' = 2).
Output: X3: The offspring solution.

1 E, < TxC,;

2 E, <« T x (1—0C);

3 Generate a random integer number n € {1, ..., D};
4 k<1,

5 flag < 1;

¢ while k < D do

7 if flag = 1 then

8 while k < D and rand(0, 1) < 72 do
9 j < 0;

10 if n < D then
1 | jem

12 end

13 else

14 | j<n—D;
15 end

16 X3 < X5 5

17 k<—k+1;

18 n<n+l;

19 end
20 flag < 0;
21 end
2 else
2 while k < D and rand(0, 1) < 727 do
24 Jj <0

25 if n < D then
26 | jen

27 end

28 else

29 | j<n—D;
30 end

31 X3 < X153

32 k<—k+1;

33 n<n+1;
34 end
35 flag < 1;
36 end
37 end

types of errors (e.g., false positives and false negatives)
and not accounting for class imbalances. As a result,
it is often used in combination with other metrics to
provide a more comprehensive assessment of a model’s
classification capabilities. Equation 20 gives its mathematical
expression.

FP + FN

CER =
TP + TN + FP + FN

(20)
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Algorithm 8 The Gaussian Mutation Process

Input: X;: The solution to be mutated.

Input: y: The mutation rate.

Input: §: The mutation strength.

Input: ©: The Gaussian distribution’s mean.

Input: o: The Gaussian distribution’s standard
deviation.

Output: X;: The mutated solution.

1 forj < 1toDdo

2 if (rand(0, 1) < y) then

3 Xij < Xij+N(u, o) x 8;

4 X; j is updated using Algorithm 3;
5
6

end

F. MATHEMATICAL FORMULATION OF FS PROBLEMS

The FS problem is about selecting a subset of features from
a larger set while aiming to achieve a certain optimization
goal, such as improving model performance or reducing
complexity. The mathematical formulation can vary based on
the specific objective and constraints of the problem. In the
following, we give a mathematical formulation for the FS

problem.
In the FS problem, we assume a dataset with N instances
and D features: X = {xi,...,Xy}, where x;, is a D-

dimensional feature vector, and a response variable y. The
goal is to select a subset of features from the original D
features that maximizes or minimizes a certain objective
function. The objective function can be defined based on
various criteria, such as model performance (e.g., accuracy,
F1-score), model complexity (e.g., number of selected fea-
tures), or other domain-specific considerations. The general
FS problem, used in this work, is mathematically formulated
using Equations 21, 22 and 23.
Minimize:
IR|
o X CER+ (1 —a) x — (21)
D
where CER represents the classification error rate computed
using Equation 20, « is a random number sampled from
the uniform distribution, |R| denotes the number of selected
features, and |D| refers to the total number of features.
Subject to:

D
in,ng,ie{l,...,N} (22)
j=1

where K is the maximum number of selected features (if there

are constraints on limiting the number of selected features).
With:

xij€{0,1} ,iefl,...,N},je{l,....,D}  (23)

where x; j is a binary decision variable that represents whether
feature j is selected for instance i. If x; ; = 1, the feature is
selected; if x; ; = 0, the feature is not selected.
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IV. PROPOSED ALGORITHM

In this section, we present and elucidate the algorithm that
embodies our proposed methodology for addressing the FS
problem. Algorithm 9 provides a comprehensive overview of
the distinct steps involved in its formulation. This algorithm
serves as a vital roadmap for understanding the intricacies
of our method and its practical implementation. Through the
following discussion, we aim to provide a clear and detailed
account of our approach, allowing for a deeper insight into
the methodology’s inner workings.

In our algorithm, we have employed the transfer function
defined by Equation 24 to facilitate the mapping of candidate
solutions from a continuous space to a binary space. This
transfer function is called the step transfer function, and it
plays a pivotal role in transforming the real-valued outputs
into binary decisions, allowing us to effectively navigate
the discrete nature of the FS problem and make meaningful
decisions based on the continuous input data.

Yy _ [ 0. ifX" <05 o
" 1, otherwise

The various stages of the proposed algorithm can be

elucidated as follows:

o Initially, the algorithm commences by initializing and
inputting the values of controlling parameters, which are
detailed in Table 4.

o Lines 1 to 6 of the algorithm involve the initialization
of the initial population of candidate solutions through
the utilization of chaotic maps. This approach aims
to promote diversity within the population, facilitating
exploration across a broad spectrum of values and poten-
tially covering diverse regions within the solution space.

« Between lines 7 and 37, the algorithm carries out
the swarming process in an interactive manner. The
cessation of this process can be determined by various
stopping criteria, such as a predefined maximum number
of generations, a set maximum for function evaluations,
or a threshold for objective function values, among other
possibilities.

o Within the algorithmic framework, specifically in lines
8 to 11, the execution of either Algorithm 5 or 6 is deter-
mined based on the population diversity’s value. Algo-
rithm 5 is designed to expedite the convergence speed
of the proposed algorithm by fully exploiting opposing
information, while Algorithm 6 aims to amplify the
diversity of the algorithm by selectively incorporating
opposing information. Subsequently, in the span of lines
12 to 34, the swarming behavior of the GWCA is consid-
ered, orchestrating movement within the search space.
It is worth pointing out that the transition between the
preceding phases is conducted randomly, contributing
an element of stochasticity to the algorithmic process.

o Inline 35, Gaussian mutation is executed to enhance the
diversity of solutions and avoid getting trapped in local
optimums.
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o It is worth highlighting that lines 10, 30, 33, and 36 are
used to save the best solution encountered by the various
agents during the swarming process. This process plays
a crucial role in guiding the algorithm toward better
solutions over successive iterations.

o Finally, at line 38, the best solution found so far is
returned, representing the set of selected features.

We scrutinize the time complexity of the proposed
algorithm (Algorithm 9), observing that Algorithm 1 has a
time complexity of O(n), Algorithm 3 has a time complexity
of O(l), Algorithm 4 has a time complexity of O(n),
Algorithm 8 has a time complexity of O(n), and Algorithm 10
has a time complexity of O(n*). Based on the elementary
time complexities discussed earlier, we conclude that the time
complexity of the improved version of the GWCA is O(n°).

V. EXPERIMENTAL STUDY AND DISCUSSION

Within this section, our focus centers on the rigorous
evaluation of the proposed algorithm’s efficacy in addressing
the FS problem. Section V-A lays the foundation by providing
a comprehensive overview of both the datasets employed in
our comparative study and the parameter settings configured
for optimal performance of our proposed optimizer. Sub-
sequently, Section V-B meticulously delineates the diverse
algorithms included in the comparative study, shedding light
on their respective parameter configurations. The culmination
of this evaluation is encapsulated in Section V-C, where a
detailed presentation of the comparative study unfolds. This
section systematically delves into the selected criteria, offer-
ing a nuanced exploration of the obtained numerical results.

A. USED DATASETS AND PARAMETERS SETTING

Table 3 provides a comprehensive overview of the key
characteristics of the 22 datasets employed in our compar-
ative study. Access to the datasets can be obtained through
the link https://archive.ics.uci.edu/datasets. The datasets are
categorized into three groups — small, medium, and large
— based on the number of features, with datasets having
fewer than 20 features classified as small, those with 21 to
100 features as medium, and datasets with more than
100 features categorized as large. To evaluate the impact of
selected feature subsets, each dataset underwent division into
training, testing, and validation sets using the cross-validation
method. Subsequently, the KNN classifier was applied to
calculate the objective function as defined by Equation 21
(the number of neighbours to use is 5).

In Table 4, a comprehensive overview of the parameter
settings for the various variables employed in our proposed
algorithm dedicated to addressing the FS problem is pre-
sented.

B. BENCHMARK ALGORITHMS

In evaluating the efficacy of the suggested algorithm, a com-
prehensive performance analysis was conducted through
a comparative study with ten prominent state-of-the-art
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Algorithm 9 Pseudocode of the Proposed Algorithm

Algorithm 10 The Opposition-Based Learning

Input: P = {Xy, ..., Xy}: The population of individuals.
Input: M = {M;, ..., My}: The memory of individuals.
Input: LB: Lower boundaries of the search space.
Input: UB: Upper boundaries of the search space.
Input: N: The population size.

Input: D: The dimensionality of the search space.
Input: JR: The jumping rate.

Input: Initialize the parameters of the GWCA.

Output: X*: The best solution.

1 fori < 1toN do

2 for j < 1to D do

3 Xi(,?) is initialized using Equation 1;

4 M ij < X,"j;

5 end

6 end

7 while Termination Condition is not Satisfied do

8 if rand(0, 1) < JR then

9 Update the population P using Algorithm 10;
10 Update individuals’ memory using Algorithm 4;
11 end

12 else

13 fori < 1toN do

14 Generate a random integer number

I e{1,2,3};

15 if / = 1 then

16 forj < 1to D do

17 ‘ Xi(,j') is updated using Equation 2;
18 end

19 else if / = 2 then

20 forj < 1toDdo

21 ‘ Xi(j.) is updated using Equation 3;
22 end

23 else

24 forj < 1to D do

25 ‘ Xi(;.) is updated using Equation 4;
26 end

27 for j < 1to D do

28 ‘ Xi(;-) is updated using Algorithm 3;

29 end

30 M; is updated using Algorithm 4;

31 end

32 Replace undesired individuals using Algorithm 1;
33 Update individuals’ memory using Algorithm 4;
34 end

35 Update the population P using Algorithm 8;

36 Update individuals’ memory using Algorithm 4;
37 end
38 X* < argmin {f (Xl.(l)) };

ie{l,....N}

methodologies. Seven of the algorithms are novel methods
introduced between 2020 and 2023, while the remaining
three are classical approaches, including particle swarm
optimization, genetic algorithms, and differential evolution.
The selected algorithms were scrutinized in depth, and their
respective parameter configurations have been succinctly
outlined in Table 5 for clarity and reference. It is worth
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Input: P = {Xy, ..., Xy}: The population of individuals.

Input: DT: The diversity threshold.

Output: P = {Xj, ..., Xn}: The updated population of
individuals.

Compute the population’s diversity normDiv using Equation 7;
if normDiv > DT then
| Update the individuals within P using Algorithm 5;
end
else
| Update the individuals within P using Algorithm 6;
end

N R W N =

pointing out that these parameters have been extracted from
the original published papers.

1) Binary Arithmetic Optimization Algorithm (BAOA)
[52].
2) Binary Sand Cat Swarm Optimization algorithm
(BSCSO) [53].
3) Improved Bald Eagle Search algorithm (IBES) [54].
4) Chaotic  Binary  Reptile  Search  Algorithm
(CBRSA) [55].
5) Chaotic Vortex Search Algorithm (CVSA) [39].
6) Chaotic Gaining Sharing Knowledge-based optimiza-
tion algorithm (CBi-GSK) [56].
7) Chaotic Atom Search Optimization (CASO) [57].
8) Particle Swarm Optimization (PSO) [58].
9) Differential Evolution (DE) [59].
10) Genetic Algorithm (GA) [60].

All experiments were replicated on a laptop with an
Intel(R) Core(TM) i7-9750H CPU @ 2.60GHz, 16.0 GB
RAM, using Matlab R2020b; and statistical analyses were
conducted using IBM SPSS Statistics. The number of
candidates solutions, the number of iterations and the number
of runs were set to 10, 100 and 30, respectively, for all the
algorithms.

C. NUMERICAL RESULTS AND DISCUSSION

To assess and compare the performance of the various
algorithms employed in the comparative study, we utilized
a set of evaluation metrics. These metrics were chosen to
provide a comprehensive analysis of algorithmic effective-
ness and efficiency, enabling a thorough examination of their
performance across different criteria.

1) Average of Classification Accuracy (ACA): It furnishes
the average of accuracy values calculated through
Equation 16 over the specified number of runs.

2) Average of Fitness Values (AFV): It presents the mean
of fitness values derived from Equation 21 across the
designated number of runs.

3) Minimum of Fitness Values (MiFV): It gives the
minimum of fitness values calculated from Equation 21
across the designated number of runs.
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TABLE 3. The description of datasets used in the comparative study.

ID Name Number of features ~ Number of instances  Number of classes
Small datasets
dq Tic-Tac-Toe Endgame 9 958 2
da Breast Cancer Wisconsin (Original) 10 699 2
ds Statlog (Heart) 13 270 2
dg Wine 13 178 3
ds Congressional Voting Records 16 435 2
dg Zoo 16 101 7
dr Lymphography 18 148 4
dg Hepatitis 19 155 2
do German Credit Dataset Analysis 20 1000 2
Medium datasets
dig  Waveform 21 5000 3
d11 Breast Cancer Wisconsin (Diagnostic) 30 569 2
di2  Tonosphere 34 351 2
di3  Dermatology 34 366 6
di4  Soybean (Small) 35 47 4
dis  Lung Cancer 56 32 3
die  Connectionist Bench (Sonar, Mines vs. Rocks) 60 208 2
dy7  Hill-Valley 100 1212 2
Large datasets
digs  Musk Version 1 166 476 2
dig  Semeion Handwritten Digit 265 1593 2
dog Malware Executable Detection 531 373 2
da1 Parkinson’s Disease Classification 754 756 2
daa  CNAE-9 856 1080 3

TABLE 4. The parameters used in the proposed algorithm.

TABLE 5. The parameters’ values of the algorithms used for the

comparative study.

Parameter Value
N 30

D The number of features present in the considered dataset.
LB 0

UB 1

Tmax 100

T 8.3

m 3

g 9.8

P 9

Q 6

Chin e?

Cmax 63

p 0.25

JR 0.05

DT 106

e Random in the range [0, 1]
5 0.05

é 1

m 0

o 0.5

4) Maximum of Fitness Values (MaFV): It provides the
maximums of fitness values computed from Equa-

tion 21 across the designated number of runs.

5) Average of Selected Features (ASF): It offers the
average number of selected features over the specified

runs.

6) Average of Completion Time (ACT): It provides the
mean of completion times over the designated number

of runs. The time is given in seconds.

To evaluate the impact of reducing the number of features
on the performance of the preceding metrics, we additionally
calculated various average values when considering the

inclusion of all available features. The obtained numerical
results are summarized in Table 6. Furthermore, Table 7
provides a comprehensive summary of the values for various
metrics achieved through the proposed algorithm.
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Parameter |
BAOA
Minyroa | 0.2
Minpoa | 1
i 0.49
@ 5
BSCSO
rG 2,0]
R —2rg, 2rg]
IBES
a 10
R 1.5
CBRSA
(o 0.1
8 0.005
CVSA
140 [ 0.5
CBi-GSK
P 0.1
K 10
Np(< 20) | 50
Np(>20) | 100
CASO
[} 50
B8 0.2
PSO
c1 2
co 2
w 0.2,0.9]
DE
F 0.7
Cr 0.8
GA
Pe 0.7
P 0.1

Tables 10, 11, 12, 13, 14, and 15 showcase diverse metric
values derived from the algorithms under consideration for
the comparative study. Each table serves as input for the

Friedman and the Wilcoxon signed ranks tests, facilitating
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TABLE 6. The values of various metrics when considering all features.

ID ACA AFV MiFV ~ MaFV ASF ACT

di 0.8211  0.1872  0.1872  0.1872  9.0000 0.1369
do 0.5362 0.4691 0.4691 0.4691  10.0000 0.0095
ds 0.6296  0.3767 03767 0.3767  13.0000 0.0208
da 0.6471  0.3594 03594 0.3594  13.0000 0.0068
ds 0.9302 0.0791 0.0791 0.0791  16.0000 0.0065
de 0.9000  0.1090  0.1090  0.1090  16.0000 0.0109
dr 0.5000 0.5050 0.5050 0.5050  18.0000 0.0065
dg 0.6000  0.4060 0.4060 0.4060  19.0000 0.0065
dy 0.6300 0.3763 03763  0.3763  20.0000 0.0073
dig 08260 0.1823 0.1823  0.1823  21.0000 0.0176
dip 09821  0.0277  0.0277  0.0277  30.0000 0.0067
diz 09143  0.0949 0.0949 0.0949  34.0000 0.0068
diz  0.8889  0.1200 0.1200  0.1200  34.0000 0.0067
di4  1.0000 0.0100 0.0100 0.0100  35.0000 0.0065
dis  0.6667 0.3400 0.3400 0.3400  56.0000 0.0063
dig 0.8500 0.1585 0.1585 0.1585  60.0000 0.0069
di7 05702 04355 04355 0.4355 100.0000 0.0108
dig 08511 0.1574 0.1574 0.1574  166.0000  0.0076
dig 09811 0.0287 0.0287 0.0287  265.0000  0.0253
dao 09459 0.0635 0.0635 0.0635 531.0000 0.0104
d21  0.7600 0.2476  0.2476  0.2476  754.0000  0.0216
doo 09352  0.0742 0.0742 0.0742  856.0000 0.0367

TABLE 7. The values of various metrics obtained by the proposed
algorithm.

ID ACA AFV MiFV ~ MaFV ASF ACT

dy 0.8842  0.1202  0.1202  0.1202  5.0000 28.7156
da 09913 0.0122 0.0060 0.0163  3.6000 25.1408
ds 09185 0.0842 0.0764 0.1131  4.6000 23.3756
dy 1.0000 0.0015 0.0015 0.0015  2.0000 22.6313
ds 1.0000 0.0019 0.0019 0.0019  3.0000 24.1523
de 0.9600 0.0421  0.0025 0.1015  4.0000 22.7894
dr 1.0000  0.0017  0.0017  0.0017  3.0000 22.5171
ds 1.0000  0.0005 0.0005 0.0005  1.0000 22.6201
dg 0.8560  0.1457  0.1327  0.1515  6.2000 27.0323
dip 0.8584 0.1456 0.1404  0.1537  11.4000 56.0294
di1 1.0000 0.0007 0.0007 0.0007 2.0000 23.4479
di2  1.0000 0.0006 0.0006 0.0009 2.2000 22.3402
diz  1.0000 0.0012 0.0012 0.0012  4.0000 22.0240
di4  1.0000 0.0003 0.0003 0.0003 1.0000 21.5273
dis  1.0000 0.0004 0.0004 0.0004  2.0000 20.7130
dig  1.0000 0.0007 0.0007 0.0008  4.2000 21.7060
di7 07256 0.2724 0.2545 0.2951  7.4000 29.1522
dig  1.0000 0.0004 0.0004 0.0004 6.6000 24.5433
dig  1.0000 0.0004 0.0002 0.0006 9.8000 58.7090
d2o  1.0000 0.0000 0.0000 0.0000 1.2000 29.0329
d21  0.8640 0.1347 0.1189  0.1717  7.0000 53.4145
doo 09648 0.0362 0.0192 0.0468  115.0000  89.7991

the examination of subtle differences among the algorithms
concerning the specified evaluation criteria. It is worth noting
that the best values for each metric are presented in bold
font. The initial observation reveals that the accuracy values
achieved by the proposed algorithm surpass those attained
when utilizing all features, indicating a substantial positive
impact on performance due to the reduction in the number of
features.

For each table, we have considered small, medium,
and large datasets separately to perform the Friedman and
Kruskal-Wallis tests and compute the mean ranks. First,
the Friedman test is a non-parametric statistical test used
to detect differences in treatments across multiple related
groups. It is often employed when the data violate the
assumptions of normal distribution or when the data are
measured on an ordinal scale. Second, the Kruskal-Wallis test
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is a non-parametric statistical test used to determine whether
there are any statistically significant differences between the
medians of three or more independent (unrelated) groups. Itis
an extension of the Wilcoxon rank-sum test (Mann-Whitney
U test) for two groups to multiple groups. We consider
the null hypothesis (Hp), representing the statement of no
effect or no difference, and the alternative hypothesis (H1),
representing the statement that contradicts the null hypothesis
(i.e., suggesting the presence of an effect or difference).
The significance level, denoted as «, is the probability of
rejecting the null hypothesis when it is actually true. In our
study, « is set to 0.05. Tables 8 and 9 summarize the
p-values associated with the Friedman and Kruskal-Wallis
tests, respectively, indicating the likelihood of obtaining
the observed differences among the groups due to random
chance. In other words, if the p-value is less than the chosen
significance level (i.e., 0.05), the null hypothesis is rejected.
From Table 8, it is observed that all the p-values are less
than 0.05, which suggests to reject the null hypothesis. From
Table 9, it is observed that all the p-values are less than
0.05, which suggests to reject the null hypothesis, except
for large datasets suggesting to retain the null hypothesis.
On the other side, mean ranks refer to the average ranks
assigned to each treatment or group across different levels
of the independent variable: Mean Rank 1 and Mean Rank
2 are computed using the Friedman and Kruskal-Wallis
tests, respectively. They provide a summary measure of
the average performance or rank order of each treatment
under varying conditions. Higher mean ranks, signifying
smaller values, indicate superior performance or a higher
position in the rank order. As observed in Tables 10, 11,
12, and 13, BGWCA consistently secures the first place,
reflecting the best values in terms of accuracy and fitness,
as computed using Equations 16 and 21. However, according
to Table 15, BGWCA attains medium ranks in the majority
of cases (i.e., either the fourth or the sixth place out of the
11 algorithms). This behavior arises from the conflicting
relationship between optimality and computing time.
Figures 1 and 2 represent box-and-whisker plots for
small, medium and large datasets for all the optimizers.
The box-and-whisker plots shown in Figure 1 reveal distinct
patterns in the distribution of the ACA values. For the left
figure, the majority of data is clustered around zero, with
a small interquartile range and whiskers extending to a
maximum value of 0.1440. Two non-zero values, 0.0087 and
0.0400, could be considered potential outliers. The middle
figure shows a concentration of values around zero, with
a small interquartile range and whiskers extending to a
maximum value of 0.2744. The right figure consists mainly
of zero values, with a larger interquartile range and whiskers
extending from the minimum to the maximum values of
0 and 0.1360, respectively. The presence of a non-zero value,
0.0352, could be considered an outlier in the context of
this figure. The box-and-whisker plots shown in Figure 2
divulge insights into the distribution of the AFV values.
For the left figure, the majority of the data is concentrated
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TABLE 8. Summary of the Friedman test results.

ACA AFV MiFV MaFV ASF ACT
Small datasets 7.4397e-10  6.2937e-10  7.8794e-09  7.8722e-10  3.4652e-11  8.4144e-15
Medium datasets  1.4949¢-09  6.0471e-10  4.7091e-07  1.9101e-09  5.4992e-11  1.3981e-12
Large datasets 0.0029 0.0019 0.0083 7.3662e-04  2.1260e-06  7.2312e-07

TABLE 9. Summary of the Kruskal-Wallis test results.

ACA AFV MiFV ~ MaFV ASF ACT
Small datasets 3.2282e-09  1.6740e-09  0.0012  4.3553e-10  9.7190e-11  7.2472e-16
Medium datasets  1.2725e-04  3.2282e-05  0.0056  1.7810e-06  1.6376e-08  2.4180e-11
Large datasets 0.1650 0.0974 0.6199  0.0478 6.9207e-04  1.9551e-05

TABLE 10. The ACA values for all algorithms.

D BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA ALL
Small datasets
dy 0.8842 0.7095 0.3979 0.7474 0.8084 0.6842 0.6779 0.7958 0.7495 0.8632 0.7368 0.8211
da 0.9913 0.9594 0.5507 0.5362 0.7942 0.8203 0.7623 0.9884 0.8319 1.0000 0.7623 0.5362
ds 0.9185 0.8444 0.5778 0.7630 0.5630 0.7111 0.6667 0.8889 0.8074 0.9630 0.6593 0.6296
da 1.0000 0.8471 0.3412 0.6235 0.7765 0.8941 0.7882 0.9294 0.9059 1.0000 0.8000 0.6471
ds 1.0000 0.9628 0.5395 0.7070 0.9442 0.8744 0.9395 0.9907 0.9953 0.9767 0.9302 0.9302
dg 0.9600 0.8600 0.3600 0.5200 0.8000 0.8600 0.8600 0.9800 1.0000 1.0000 0.9800 0.9000
dr 1.0000 0.7143 0.6286 0.5714 0.7857 0.6143 0.8286 0.9286 0.6286 0.9714 0.7143 0.5000
dg 1.0000 0.9200 0.5600 0.4000 0.6667 0.7733 0.8000 0.7600 0.7467 0.9733 0.7333 0.6000
dg 0.8560 0.7200 0.3920 0.6940 0.6600 0.6520 0.6360 0.8220 0.6540 0.8420 0.7620 0.6300
Mean Ranks 1 1.7222 5.3889 10.3889  9.0000 7.3333 7.4444 7.3889 3.5000 5.1111 1.8889 6.8333
1 5 11 10 7 9 8 3 4 2 6
Mean Ranks 2 16.2222 43.1667  92.6111 80.0000  57.9444 56.7778  55.1111 30.5000  46.7778 17.1667 53.7222
1 4 11 10 9 8 7 3 5 2 6
Medium datasets
dio 0.8584 0.7488 0.2316 0.6168 0.8064 0.7320 0.7832 0.8152 0.8240 0.8416 0.7680 0.8260
di1 1.0000 0.9321 0.7929 0.6679 0.9250 0.8643 0.9107 0.9536 0.9143 0.9893 0.8500 0.9821
di2 1.0000 0.9371 0.6914 0.8914 0.8743 0.8914 0.8229 0.9429 0.8971 0.9829 0.8571 0.9143
dis 1.0000 0.8944 0.4444 0.7889 0.8444 0.8278 0.9444 0.9833 0.9500 1.0000 0.8889 0.8889
dia 1.0000 1.0000 0.2500 0.9000 1.0000 0.9000 0.9000 1.0000 0.9500 1.0000 0.8500 1.0000
dis 1.0000 0.8000 0.4000 0.6000 0.9333 0.7333 0.4667 0.8000 0.8667 1.0000 0.4000 0.6667
dig 1.0000 0.8900 0.7500 0.6500 0.7600 0.7800 0.8900 0.8900 0.8900 0.9800 0.7700 0.8500
di7 0.7256 0.5421 0.4479 0.5074 0.5355 0.5554 0.4314 0.5190 0.6215 0.6347 0.5702 0.5702
Mean Ranks 1 1.3750 5.1250 10.5625 9.1875 6.0000 7.4375 7.5625 4.2500 4.4375 2.0000 8.0625
1 5 11 10 6 7 8 3 4 2 9
Mean Ranks 2 18.6250 39.5625  76.5625 60.6875  41.8125 524375 483125  35.0625 36.6875  22.8125 56.9375
1 5 11 10 6 8 7 3 4 2 9
Large datasets
dig 1.0000 0.8596 0.8383 0.8936 0.8255 0.8340 0.8340 0.9319 0.8553 0.9660 0.8723 0.8511
dig 1.0000 0.9774 0.7572 0.9371 0.9849 0.9610 0.9623 0.9836 0.9899 0.9987 0.9736 0.9811
dao 1.0000 0.9892 0.5784 0.8324 1.0000 0.9946 1.0000 0.9459 0.9730 1.0000 0.9838 0.9459
d21 0.8640 0.7653 0.7760 0.6747 0.6773 0.6800 0.8533 0.7120 0.7733 0.8347 0.6933 0.7600
dao 0.9648 0.6167 0.2407 0.5093 0.8019 0.6222 0.6889 0.8556 0.6667 0.8093 0.7093 0.9352
Mean Ranks 1 1.3000 6.6000 9.0000 9.0000 6.3000 8.1000 5.6000 5.2000 6.0000 2.5000 6.4000
1 8 11 11 6 9 4 3 5 2 7
Mean Ranks2  10.9000 28.8000  44.0000  36.8000  27.3000 31.9000 264000  25.6000  28.8000 19.3000 28.2000
1 7 11 10 5 9 4 3 8 2 6
Small datasets Medium datasets Large datasets
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FIGURE 1. The box-and-whisker plot for all the optimizers over all the datasets for ACA values.
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TABLE 11. The AFV values for all algorithms.

ID BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA ALL
Small datasets
dy 0.1202 0.2907 40.2008  0.2561 0.1977 0.3177 0.3238 0.2071 0.2538 0.1410 0.2670 0.1872
do 0.0122 0.0430 40.0494  40.0667  0.2101 0.1829 0.2417 0.0165 0.1712 0.0020 0.2383 0.4691
ds 0.0842 0.1555 20.2206  0.2404 0.4417 0.2906 0.3345 0.1143 0.1948 0.0390 0.3418 0.3767
da 0.0015 0.1536 60.0589  20.1789  0.2281 0.1094 0.2141 0.0728 0.0975 0.0023 0.2025 0.3594
ds 0.0019 0.0392 20.2585  20.0978  0.0610 0.1283 0.0661 0.0125 0.0087 0.0236 0.0733 0.0791
de 0.0421 0.1412 40.2381 40.0841 0.2035 0.1422 0.1450 0.0236 0.0037 0.0019 0.0233 0.1090
dr 0.0017 0.2843 0.3684 20.2320  0.2196 0.3863 0.1747 0.0742 0.3723 0.0297 0.2871 0.5050
dg 0.0005 0.0810 20.2380  40.2019  0.3377 0.2283 0.2027 0.2418 0.2550 0.0286 0.2676 0.4060
do 0.1457 0.2798 40.2062  0.3075 0.3423 0.3485 0.3654 0.1810 0.3464 0.1594 0.2403 0.3763
Mean Ranks 1~ 1.6667 52222 10.4444  9.0000 7.2222 7.4444 7.5556 3.5556 5.2222 1.8889 6.7778
1 5 11 10 7 8 9 3 5 2 6
Mean Ranks 2 15.3889 43.0000 92.4444 822222  57.6667 56.3333  55.0000 30.4444  46.7778 17.6111 53.1111
1 4 11 10 9 8 7 3 5 2 6
Medium datasets
dio 0.1456 0.2522 60.1670  20.1870  0.1995 0.2701 0.2203 0.1893 0.1803 0.1616 0.2349 0.1823
di1 0.0007 0.0689 0.2055 20.1359  0.0824 0.1381 0.0939 0.0494 0.0901 0.0114 0.1537 0.0277
di2 0.0006 0.0641 20.1078  0.1114 0.1320 0.1115 0.1808 0.0612 0.1064 0.0181 0.1460 0.0949
dis 0.0012 0.1074 0.5506 0.2156 0.1607 0.1747 0.0599 0.0214 0.0542 0.0025 0.1152 0.1200
dia 0.0003 0.0019 0.7428 0.1055 0.0065 0.1030 0.1041 0.0026 0.0545 0.0006 0.1525 0.0100
dis 0.0004 0.2003 20.3961 0.4014 0.0724 0.2677 0.5333 0.2021 0.1373 0.0004 0.5985 0.3400
dig 0.0007 0.1111 0.2479 20.1537  0.2431 0.2216 0.1140 0.1132 0.1141 0.0216 0.2320 0.1585
di7 0.2724 0.4560 20.3487  0.4911 0.4653 0.4440 0.5681 0.4810 0.3794 0.3635 0.4304 0.4355
Mean Ranks 1 1.0000 4.8750 10.7500  9.2500 6.2500 7.3750 7.5000 4.3750 4.6250 2.0000 8.0000
1 5 11 10 6 7 8 3 4 2 9
Mean Ranks 2 17.3750 387500  77.6250  64.8750  42.1250  52.0000  47.2500  35.2500  36.5000  22.0000 55.7500
1 5 11 10 6 8 7 3 4 2 9
Large datasets
dig 0.0004 0.1415 0.1604 0.1116 0.1797 0.1685 0.1694 0.0722 0.1481 0.0359 0.1315 0.1574
dig 0.0004 0.0251 20.0425  0.0671 0.0222 0.0432 0.0423 0.0209 0.0148 0.0032 0.0309 0.0287
dao 0.0000 0.0131 0.4175 0.1707 0.0074 0.0098 0.0049 0.0579 0.0316 0.0006 0.0209 0.0635
do1 0.1347 0.2348 0.2218 0.3259 0.3273 0.3214 0.1502 0.2898 0.2292 0.1650 0.3083 0.2476
doo 0.0362 0.3822 0.7519 0.4898 0.2040 0.3784 0.3129 0.1480 0.3350 0.1913 0.2928 0.0742
Mean Ranks 1~ 1.0000 6.6000 9.0000 8.8000 7.0000 8.0000 5.8000 5.0000 6.0000 2.4000 6.4000
1 7 11 10 8 9 4 3 5 2 6
Mean Ranks2  10.0000 28.4000  46.2000  36.2000  28.4000 31.4000  26.8000  25.2000  28.8000  19.0000 27.6000
1 6 11 10 7 9 4 3 8 2 5
TABLE 12. The MiFV values for all algorithms.
ID BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA ALL
Small datasets
dq 0.1202 0.2036 0.3346 0.2173 0.1142 0.2661 0.2754 0.1920 0.1663 0.1410 0.2080 0.1872
do 0.0060 0.0327 0.0584 0.0193 0.0347 0.0347 0.0357 0.0050 0.0183 0.0020 0.0460 0.4691
ds 0.0764 0.1123 0.2574 0.1505 0.3369 0.1528 0.2597 0.0428 0.1115 0.0390 0.2979 0.3767
da 0.0015 0.0015 0.1188 0.0621 0.0621 0.0015 0.1211 0.0598 0.0031 0.0023 0.0621 0.3594
ds 0.0019 0.0268 0.2539 0.0952 0.0268 0.0529 0.0299 0.0019 0.0031 0.0236 0.0044 0.0791
dg 0.0025 0.1015 0.1993 0.1084 0.1040 0.0037 0.1052 0.0037 0.0025 0.0019 0.0031 0.1090
dr 0.0017 0.1431 0.3541 0.2205 0.0779 0.2884 0.0757 0.0033 0.2149 0.0017 0.0757 0.5050
dg 0.0005 0.0665 0.2645 0.2661 0.2687 0.2001 0.1357 0.0692 0.1352 0.0021 0.2012 0.4060
do 0.1327 0.2505 0.3173 0.2525 0.3253 0.2911 0.3223 0.1649 0.2698 0.1421 0.1827 0.3763
Mean Ranks 1 1.9444 5.2778 10.1111  8.0000 7.7778 7.2222 8.5000 3.5556 4.7222 2.2778 6.6111
1 5 11 9 8 7 10 3 4 2 6
Mean Ranks 2 24.3333 47.6111 785556  62.1111  59.6667 55.5556  61.0556  36.0556  46.5556  25.9444 52.5556
1 5 11 10 8 7 9 3 4 2 6
Medium datasets
dio 0.1404 0.2008 0.3178 0.1834 0.1575 0.1972 0.1952 0.1442 0.1562 0.1483 0.1670 0.1823
di1 0.0007 0.0540 0.1421 0.0617 0.0604 0.1111 0.0744 0.0384 0.0574 0.0010 0.0397 0.0277
di2 0.0006 0.0015 0.0569 0.0884 0.0902 0.0625 0.1473 0.0330 0.0321 0.0012 0.1173 0.0949
dis 0.0012 0.0576 0.3590 0.0872 0.0609 0.0328 0.0047 0.0044 0.0041 0.0021 0.0065 0.1200
dia 0.0003 0.0014 0.4953 0.0031 0.0031 0.0023 0.0043 0.0014 0.0037 0.0006 0.0034 0.0100
dis 0.0004 0.0018 0.3302 0.3305 0.0045 0.0036 0.3346 0.0045 0.0052 0.0004 0.3334 0.3400
dig 0.0007 0.0515 0.1488 0.1020 0.1528 0.1510 0.0050 0.0535 0.0052 0.0013 0.1525 0.1585
dyi7 0.2545 0.4117 0.4011 0.4603 0.4412 0.4208 0.5453 0.4469 0.3159 0.3451 0.4060 0.4355
Mean Ranks 1 1.0625 5.4375 8.7500 8.1875 7.6250 7.2500 8.5000 4.7500 4.8750 2.1875 7.3750
1 5 11 9 8 6 10 3 4 2 7
Mean Ranks 2 19.6250 39.3125  68.7500  55.4375  49.6250  48.1250  52.5000  39.5000  39.6250  23.5000 53.5000
1 3 11 10 7 6 8 4 5 2 9
Large datasets
dig 0.0004 0.1076 0.1059 0.0701 0.1571 0.1315 0.1313 0.0473 0.0888 0.0231 0.1106 0.1574
dig 0.0002 0.0210 0.0376 0.0407 0.0174 0.0300 0.0300 0.0167 0.0048 0.0015 0.0106 0.0287
dao 0.0000 0.0020 0.0269 0.0003 0.0048 0.0037 0.0046 0.0577 0.0312 0.0003 0.0048 0.0635
d21 0.1189 0.1479 0.1848 0.3049 0.3219 0.3202 0.1501 0.2555 0.2289 0.1334 0.3082 0.2476
doo 0.0192 0.2960 0.5139 0.1815 0.1473 0.2340 0.2708 0.0692 0.2340 0.1581 0.2524 0.0742
Mean Ranks 1~ 1.0000 6.2000 8.2000 6.1000 7.7000 7.8000 7.4000 5.6000 6.2000 2.5000 7.3000
1 6 11 4 9 10 8 3 6 2 7
Mean Ranks 2 11.4000 28.6000  34.0000  29.7000  31.5000 322000  30.4000  28.0000  30.2000  20.9000 31.1000
1 4 11 5 9 10 7 3 6 2 8
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TABLE 13. The MaFV values for all algorithms.

ID BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA ALL
Small datasets
dy 0.1202 0.3253 100.0000  0.2891 0.2869 0.3483 0.3483 0.2244 0.3055 0.1410 0.3193 0.1872
do 0.0163 0.0470 100.0000  100.0000  0.3247 0.3914 0.3810 0.0327 0.3800 0.0020 0.3627 0.4691
ds 0.1131 0.1841 100.0000  0.3315 0.5226 0.4821 0.4821 0.1856 0.2995 0.0390 0.4079 0.3767
dy 0.0015 0.3517 100.0000  100.0000  0.3594 0.2376 0.2958 0.1195 0.3571 0.0023 0.2414 0.3594
ds 0.0019 0.0479 100.0000  100.0000  0.1425 0.2327 0.0965 0.0517 0.0286 0.0236 0.1649 0.0791
dg 0.1015 0.1993 100.0000  100.0000  0.3014 0.4975 0.2036 0.1009 0.0056 0.0019 0.1009 0.1090
dr 0.0017 0.4956 0.4254 100.0000  0.2929 0.4989 0.2183 0.1459 0.4994 0.0718 0.4994 0.5050
dg 0.0005 0.1341 100.0000  100.0000  0.4060 0.2698 0.3368 0.3353 0.4657 0.0681 0.3347 0.4060
do 0.1515 0.3079 100.0000  0.4361 0.3525 0.3980 0.3896 0.2035 0.4198 0.1718 0.3203 0.3763
Mean Ranks 1~ 1.6667 5.1111 10.1667 9.3889 6.8889 7.6667 7.0000 3.7222 6.5000 1.6667 6.2222
1 3 10 9 6 8 7 2 5 1 4
Mean Ranks 2 13.2778 41.2222  90.5556 81.3333 56.2222  63.0000  52.8889  29.8333  53.6111 14.9444 53.1111
1 4 11 10 8 9 5 3 7 2 6
Medium datasets
dio 0.1537 0.2781 100.0000  100.0000  0.3009 0.3315 0.2523 0.2795 0.2002 0.1706 0.3573 0.1823
di1 0.0007 0.0904 0.3362 100.0000  0.1284 0.1801 0.1284 0.0734 0.1131 0.0183 0.2165 0.0277
di2 0.0009 0.1429 100.0000  0.1231 0.1771 0.1724 0.2307 0.0904 0.1747 0.0295 0.1744 0.0949
di3 0.0012 0.1682 0.7428 0.6056 0.4160 0.3063 0.1688 0.0585 0.1697 0.0026 0.2794 0.1200
dia 0.0003 0.0026 0.9903 0.2575 0.0100 0.4996 0.4993 0.0040 0.2526 0.0006 0.7468 0.0100
dis 0.0004 0.6625 100.0000  0.6664 0.3366 0.6637 0.6659 0.3343 0.3361 0.0005 0.9955 0.3400
die 0.0008 0.1508 0.4952 100.0000  0.3507 0.3005 0.2532 0.2018 0.3512 0.0512 0.3020 0.1585
di7 0.2951 0.4775 100.0000  0.5162 0.5040 0.4628 0.5952 0.5121 0.4132 0.3867 0.4717 0.4355
Mean Ranks 1 ~ 1.0000 4.5000 10.6875 8.9375 7.0625 7.0000 7.0625 4.2500 5.5000 2.0000 8.0000
1 4 11 10 8 6 8 3 5 2 9
Mean Ranks 2 12.7500 357500  77.3750 67.5000 45.1875 52.8750 483125  33.6250  41.5000  18.6250 56.0000
1 4 11 10 6 8 7 3 5 2 9
Large datasets
dig 0.0004 0.1704 0.2741 0.1706 0.2155 0.2152 0.2165 0.0891 0.2157 0.0654 0.1521 0.1574
dig 0.0006 0.0338 100.0000  0.1309 0.0283 0.0560 0.0488 0.0298 0.0236 0.0082 0.0483 0.0287
doo 0.0000 0.0292 0.6422 0.8295 0.0096 0.0308 0.0051 0.0581 0.0317 0.0008 0.0316 0.0635
do1 0.1717 0.2664 0.2509 0.3454 0.3349 0.3230 0.1503 0.3216 0.2296 0.1860 0.3085 0.2476
doo 0.0468 0.4701 0.8893 0.8710 0.2984 0.4265 0.4174 0.2617 0.4084 0.2141 0.3718 0.0742
Mean Ranks 1~ 1.2000 6.2000 9.6000 9.6000 6.0000 7.8000 5.8000 5.6000 6.0000 2.2000 6.0000
1 8 11 11 6 9 4 3 6 2 6
Mean Ranks 2 10.0000 27.8000  47.0000 40.0000 26.4000 30.8000  25.8000  26.4000  27.4000  18.0000 28.4000
1 7 11 10 4 9 3 5 6 2 8
TABLE 14. The ASF values for all algorithms.
ID BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small datasets
dy 5.0000 2.8000 0.6000 5.4000 7.2000 4.6000 4.4000 4.4000 5.2000 5.0000 5.8000
do 3.6000 2.8000 0.6000 3.6000 6.4000 5.0000 6.4000 5.0000 4.8000 2.0000 3.0000
ds 4.6000 2.0000 0.8000 7.4000 11.8000 6.0000 5.8000 5.6000 5.4000 3.0000 5.8000
dy 2.0000 2.8000 0.8000 5.4000 8.8000 6.0000 5.8000 3.8000 5.6000 3.0000 5.8000
ds 3.0000 3.8000 1.0000 9.2000 9.2000 6.4000 10.0000 5.2000 6.6000 1.0000 6.8000
dg 4.0000 4.2000 0.8000 7.8000 8.8000 5.8000 10.2000 6.0000 6.0000 3.0000 5.6000
dr 3.0000 2.6000 1.2000 10.2000 13.4000 8.0000 9.0000 6.2000 8.2000 2.6000 7.6000
dg 1.0000 3.4000 0.8000 7.4000 14.6000 7.4000 9.0000 8.0000 8.0000 4.2000 6.8000
do 6.2000 5.2000 0.6000 9.2000 11.4000 8.0000 10.0000 9.6000 7.8000 6.0000 9.4000
Mean Ranks 1~ 3.7778 2.8333 1.0556 8.0556 10.6667 7.1111 9.0000 6.4444 7.0000 3.1667 6.8889
4 2 1 9 11 8 10 5 7 3 6
Mean Ranks 2 29.5556 23.8333 5.3333 68.2778 86.8889 61.0556 73.3333 54.7222 60.5556 26.4444 60.0000
4 2 1 9 11 8 10 5 7 3 6
Medium datasets
dio 11.4000 7.4000 0.6000 11.8000 16.4000 10.0000 12.0000 13.4000 12.8000 10.0000 11.0000
di1 2.0000 5.2000 1.4000 15.2000 24.6000 11.2000 16.4000 10.4000 15.8000 2.4000 15.6000
di2 2.2000 6.2000 1.2000 13.4000 25.6000 13.6000 18.4000 15.6000 15.4000 4.0000 15.4000
di3 4.0000 9.8000 2.2000 22.4000 22.8000 14.4000 16.8000 16.6000 16.0000 8.4000 17.6000
dia 1.0000 6.8000 1.0000 22.6000 22.6000 14.0000 17.8000 9.2000 17.4000 2.0000 14.0000
dis 2.0000 12.8000 0.8000 30.0000 35.8000 21.0000 29.6000 22.8000 29.6000 2.2000 25.4000
dig 4.2000 13.2000 2.2000 31.0000 33.2000 22.6000 30.6000 25.8000 31.2000 10.8000 25.6000
dy7 7.4000 27.4000 1.4000 34.2000 54.8000 38.6000 51.8000 48.2000 46.8000 18.8000 49.8000
Mean Ranks 1~ 2.4375 3.7500 1.0625 7.9375 10.9375 5.3750 8.9375 7.1250 8.1250 3.0625 7.2500
2 4 1 8 11 5 10 6 9 3 7
Mean Ranks 2 15.5000 32.0000 6.1875 59.9375 71.4375 49.3750 62.2500 52.4375 59.6875 24.3125 56.3750
2 4 1 9 11 5 10 6 8 3 7
Large datasets
dig 6.6000 41.4000 5.6000 103.8000  116.2000  70.0000 84.6000 79.8000 81.0000 36.4000 84.8000
dig 9.8000 71.8000 4.2000 129.2000  192.8000  123.0000  130.2000 1252000  129.0000  51.4000 124.8000
doo 1.2000 129.0000  3.4000 253.0000  394.2000  234.8000  262.0000  234.0000  257.8000  29.4000 254.8000
d21 7.0000 185.4000  6.2000 2852000  591.8000  347.0000  379.0000  351.4000  360.6000 100.6000 354.8000
doo 115.0000 2342000  17.0000  341.8000  666.4000  379.6000  423.2000  427.2000  425.4000  211.4000 426.6000
Mean Ranks 1~ 1.8000 4.0000 1.2000 7.2000 11.0000 5.6000 9.0000 7.0000 8.2000 3.0000 8.0000
2 4 1 7 11 5 10 6 9 3 8
Mean Ranks 2 8.8000 24.1000 4.6000 34.0000 42.6000 33.0000 37.0000 34.6000 36.1000 17.4000 35.8000
2 4 1 6 11 5 10 7 9 3 8
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TABLE 15. The ACT values for all algorithms.

ID BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small datasets
dy 28.7156 38.0384  41.6302 118.2242  27.0558 10.2790 106.9746  52.4825 71.5778 14.6554 63.8113
da 25.1408 36.9417  24.9287 102.5099 17.3524 8.2044 86.9156 47.1840 51.9768 12.8589 44.1263
ds 23.3756 36.3869  30.5004  91.5272 16.7273 7.7271 79.5666 44.7517 47.3552 12.2842 42.2124
dy 22.6313 36.6425  21.3329 88.7779 14.9685 7.3813 77.1497 42.2566 46.1027 11.6944 40.5524
ds 24.1523 38.1455  34.1675 95.6723 17.3903 8.0237 82.5427 46.8641 48.9759 11.6226 42.7269
de 22.7894 36.2016  28.9366  91.3360 15.1493 7.3505 759122 42.1123 48.0479 11.3167 33.8477
d7 22.5171 37.2596  36.5782  94.9737 15.2269 7.3926 76.6874 42.2797 48.1238 11.8195 39.8507
dg 22.6201 36.1458  31.6999  92.7664 15.1530 7.3565 75.3608 40.4018 46.7110 12.1871 40.7094
dg 27.0323 43.2949  31.8707 106.6652 17.5505 8.8556 87.3392 47.5865 53.8650 13.9367 46.2095
Mean Ranks 1~ 4.2222 6.0000 4.8889 11.0000 3.0000 1.0000 10.0000 7.7778 9.0000 2.0000 7.1111
4 6 5 11 3 1 10 8 9 2 7
Mean Ranks 2 32.4444 50.7778  41.4444  94.1111 24.1111 5.0000 86.8889 66.1111 74.4444 14.0000 60.6667
4 6 5 11 3 1 10 8 9 2 7
Medium datasets
dio 56.0294 89.2570  46.8782  246.5173  41.3572 19.9459  216.2988 112.0510 127.1671 32.2413 104.1206
di1 23.4479 41.5256  41.5889 101.5365 15.3877 7.5935 76.6837 41.9898 46.5929 12.6921 40.3735
di2 22.3402 40.0553  32.6971 100.6279 17.0740 7.3215 75.0268 39.6506 47.1553 12.5177 39.3907
dis 22.0240 40.6899  39.7109  99.4054 17.1199 7.3724 75.8701 39.7341 45.8135 12.1673 41.0414
dig 21.5273 36.8123  35.1491 94.0244 15.7149 6.8368 70.7577 37.8871 42.4545 10.9314 37.0902
dis 20.7130 37.7596  28.4173 96.2899 17.4421 6.7944 70.5405 36.9916 41.7841 10.6181 36.7558
dig 21.7060 39.3899  38.4887 100.4231 17.4111 7.1343 74.1653 38.8706 43.8900 10.6436 41.8556
di7 29.1522 47.5488  41.0740 142.6224  24.6003 9.2286 98.7750 51.6531 60.1765 12.7464 55.2281
Mean Ranks 1~ 4.1250 6.7500 5.1250 11.0000 3.0000 1.0000 10.0000 7.1250 9.0000 2.0000 6.8750
4 6 5 11 3 1 10 8 9 2 7
Mean Ranks 2 30.5000 50.3750  43.2500  81.1250 23.1250 6.1250 74.2500 51.5000 63.6250 13.5000 52.1250
4 6 5 11 3 1 10 7 9 2 8
Large datasets
dig 24.5433 41.4347  43.5527 115.6920  20.1663 7.8200 82.6446 43.0339 49.6717 11.8932 46.9283
dig 58.7090 56.5792  48.1766  308.0451 51.1045 17.1175 199.0906 103.8325 121.9219 18.7708 110.8297
dao 29.0329 41.9633  42.4373 140.5478  24.9949 8.7386 92.7163 48.0460 55.1904 11.8685 51.7729
da1 53.4145 52.0373  49.1810  254.5666  53.1255 16.3041 176.7385  90.0803 104.7303 16.8776 96.5373
da2 89.7991 74.9907  59.4617 4383906  79.0751 26.0981  287.7076 150.7883 170.5160  30.6294 155.4842
Mean Ranks 1 5.2000 4.6000 4.4000 11.0000 4.0000 1.0000 10.0000 6.8000 9.0000 2.0000 8.0000
6 5 4 11 3 1 10 7 9 2 8
Mean Ranks 2 24.2000 24.6000  22.8000  50.2000 21.6000 5.4000 45.8000 33.0000 38.0000 7.0000 35.4000
5 6 4 11 3 1 10 7 9 2 8
Small datasets Medium datasets Large datasets
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FIGURE 2. The box-and-whisker plot for all the optimizers over all the datasets for AFV values.

around zero, with a small interquartile range and whiskers
extending to a maximum value of 0.1457. The middle figure
exhibits a concentration of values near zero, with a small
interquartile range and whiskers extending to a maximum
value of 0.2724. In the right figure, the data is primarily
composed of zero values, with a larger interquartile range
and whiskers extending from the minimum to the maximum
values of 0 and 0.1347, respectively. The presence of a non-
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zero value, 0.0362, in the right figure could be considered an
outlier. In conclusion, these box-and-whisker plots provide a
visual summary of the central tendency, spread, and potential
outliers in each figure, aiding in the comparison of their
respective distributions.

According to Table 8, it is obvious that the Friedman
test indicates significant differences. Therefore, we opted to
apply the Dunn’s post-hoc test in order to identify specific
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TABLE 16. The p-values obtained by the post hoc Dunn'’s test for Table 10.

BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
BGWCA 0.6462  0.0000 0.0002 0.0175 0.0133  0.0153 1.0000 0.8104  1.0000 0.0560
BAOA 0.0714 0.6814  1.0000 1.0000  1.0000  1.0000 1.0000  0.7489 1.0000
BSCSO 1.0000  0.9407 0.9648  0.9539  0.0005 0.0385  0.0000 0.7158
IBES 1.0000 1.0000  1.0000  0.0229  0.5033  0.0003 0.9999
CBRSA 1.0000  1.0000 0.5387 0.9999  0.0261 1.0000
Samll CVSA 1.0000  0.4686  0.9996  0.0200 1.0000
DE 0.5033  0.9998  0.0229 1.0000
CASO 1.0000  1.0000 0.8381
BPSO 0.8866 1.0000
CBi-GSK 0.0804
GA
BGWCA 0.7092  0.0000 0.0001  0.2324 0.0119  0.0088 0.9895 09701  1.0000 0.0025
BAOA 0.0490 0.5194  1.0000 0.9999  0.9997 1.0000 1.0000  0.9596 0.9848
BSCSO 1.0000  0.2575 0.9596 0.9784  0.0065 0.0103  0.0000 0.9994
IBES 0.9467 1.0000  1.0000 0.1336  0.1877  0.0006 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000 0.5576 1.0000
Medium CVSA 1.0000  0.9467 0.9784  0.0490 1.0000
DE 09128  0.9596  0.0374 1.0000
CASO 1.0000  1.0000 0.6722
BPSO 0.9997 0.7789
CBi-GSK 0.0119
GA
BGWCA 0.4589  0.0123 0.0123  0.6015 0.0599 0.8902 0.9698 0.7419  1.0000 0.5532
BAOA 1.0000 1.0000  1.0000 1.0000  1.0000  1.0000  1.0000  0.9386 1.0000
BSCSO 1.0000  1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
IBES 1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000  0.9800 1.0000
Large CVSA 1.0000  0.9999  1.0000 0.3314 1.0000
DE 1.0000  1.0000  0.9997 1.0000
CASO 1.0000  1.0000 1.0000
BPSO 0.9955 1.0000
CBi-GSK 0.9698
GA
TABLE 17. The p-values obtained by the post hoc Dunn'’s test for Table 11.
BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
BGWCA 0.6462  0.0000 0.0002 0.0175 0.0133  0.0153 1.0000 0.8104  1.0000 0.0560
BAOA 0.0714 0.6814  1.0000 1.0000  1.0000  1.0000  1.0000  0.7489 1.0000
BSCSO 1.0000  0.9407 0.9648  0.9539  0.0005 0.0385  0.0000 0.7158
IBES 1.0000 1.0000  1.0000  0.0229 0.5033  0.0003 0.9999
CBRSA 1.0000  1.0000  0.5387  0.9999  0.0261 1.0000
Samll CVSA 1.0000  0.4686  0.9996  0.0200 1.0000
DE 0.5033  0.9998  0.0229 1.0000
CASO 1.0000  1.0000 0.8381
BPSO 0.8866 1.0000
CBi-GSK 0.0804
GA
BGWCA 0.7092  0.0000 0.0001 02324 0.0119  0.0088 0.9895 09701  1.0000 0.0025
BAOA 0.0490 0.5194  1.0000 0.9999 09997 1.0000 1.0000  0.9596 0.9848
BSCSO 1.0000  0.2575 0.9596 09784  0.0065 0.0103  0.0000 0.9994
IBES 0.9467 1.0000  1.0000 0.1336  0.1877  0.0006 1.0000
CBRSA 1.0000  1.0000  1.0000 1.0000 0.5576 1.0000
Medium CVSA 1.0000  0.9467 09784  0.0490 1.0000
DE 09128  0.9596  0.0374 1.0000
CASO 1.0000  1.0000 0.6722
BPSO 0.9997 0.7789
CBi-GSK 0.0119
GA
BGWCA 0.4589  0.0123 0.0123  0.6015 0.0599 0.8902 0.9698 0.7419  1.0000 0.5532
BAOA 1.0000 1.0000  1.0000 1.0000  1.0000  1.0000  1.0000  0.9386 1.0000
BSCSO 1.0000  1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
IBES 1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000  0.9800 1.0000
Large CVSA 1.0000  0.9999  1.0000 0.3314 1.0000
DE 1.0000  1.0000  0.9997 1.0000
CASO 1.0000  1.0000 1.0000
BPSO 0.9955 1.0000
CBi-GSK 0.9698
GA
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TABLE 18. The p-values obtained by the post hoc Dunn'’s test for Table 12.

BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
BGWCA 0.6462  0.0000 0.0002 0.0175 0.0133  0.0153 1.0000 0.8104  1.0000 0.0560
BAOA 0.0714 0.6814  1.0000 1.0000  1.0000  1.0000 1.0000  0.7489 1.0000
BSCSO 1.0000  0.9407 0.9648  0.9539  0.0005 0.0385  0.0000 0.7158
IBES 1.0000 1.0000  1.0000  0.0229  0.5033  0.0003 0.9999
CBRSA 1.0000  1.0000 0.5387 0.9999  0.0261 1.0000
Samll CVSA 1.0000  0.4686  0.9996  0.0200 1.0000
DE 0.5033  0.9998  0.0229 1.0000
CASO 1.0000  1.0000 0.8381
BPSO 0.8866 1.0000
CBi-GSK 0.0804
GA
BGWCA 0.7092  0.0000 0.0001  0.2324 0.0119  0.0088 0.9895 09701  1.0000 0.0025
BAOA 0.0490 0.5194  1.0000 0.9999  0.9997 1.0000 1.0000  0.9596 0.9848
BSCSO 1.0000  0.2575 0.9596 0.9784  0.0065 0.0103  0.0000 0.9994
IBES 0.9467 1.0000  1.0000 0.1336  0.1877  0.0006 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000 0.5576 1.0000
Medium CVSA 1.0000  0.9467 0.9784  0.0490 1.0000
DE 09128  0.9596  0.0374 1.0000
CASO 1.0000  1.0000 0.6722
BPSO 0.9997 0.7789
CBi-GSK 0.0119
GA
BGWCA 0.4589  0.0123 0.0123  0.6015 0.0599 0.8902 0.9698 0.7419  1.0000 0.5532
BAOA 1.0000 1.0000  1.0000 1.0000  1.0000  1.0000  1.0000  0.9386 1.0000
BSCSO 1.0000  1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
IBES 1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000  0.9800 1.0000
Large CVSA 1.0000  0.9999  1.0000 0.3314 1.0000
DE 1.0000  1.0000  0.9997 1.0000
CASO 1.0000  1.0000 1.0000
BPSO 0.9955 1.0000
CBi-GSK 0.9698
GA
TABLE 19. The p-values obtained by the post hoc Dunn'’s test for Table 13.
BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
BGWCA 0.6462  0.0000 0.0002 0.0175 0.0133  0.0153 1.0000 0.8104  1.0000 0.0560
BAOA 0.0714 0.6814  1.0000 1.0000  1.0000  1.0000  1.0000  0.7489 1.0000
BSCSO 1.0000  0.9407 0.9648  0.9539  0.0005 0.0385  0.0000 0.7158
IBES 1.0000 1.0000  1.0000  0.0229 0.5033  0.0003 0.9999
CBRSA 1.0000  1.0000  0.5387  0.9999  0.0261 1.0000
Samll CVSA 1.0000  0.4686  0.9996  0.0200 1.0000
DE 0.5033  0.9998  0.0229 1.0000
CASO 1.0000  1.0000 0.8381
BPSO 0.8866 1.0000
CBi-GSK 0.0804
GA
BGWCA 0.7092  0.0000 0.0001 02324 0.0119  0.0088 0.9895 09701  1.0000 0.0025
BAOA 0.0490 0.5194  1.0000 0.9999 09997 1.0000 1.0000  0.9596 0.9848
BSCSO 1.0000  0.2575 0.9596 09784  0.0065 0.0103  0.0000 0.9994
IBES 0.9467 1.0000  1.0000 0.1336  0.1877  0.0006 1.0000
CBRSA 1.0000  1.0000  1.0000 1.0000 0.5576 1.0000
Medium CVSA 1.0000  0.9467 09784  0.0490 1.0000
DE 09128  0.9596  0.0374 1.0000
CASO 1.0000  1.0000 0.6722
BPSO 0.9997 0.7789
CBi-GSK 0.0119
GA
BGWCA 0.4589  0.0123 0.0123  0.6015 0.0599 0.8902 0.9698 0.7419  1.0000 0.5532
BAOA 1.0000 1.0000  1.0000 1.0000  1.0000  1.0000  1.0000  0.9386 1.0000
BSCSO 1.0000  1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
IBES 1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000  0.9800 1.0000
Large CVSA 1.0000  0.9999  1.0000 0.3314 1.0000
DE 1.0000  1.0000  0.9997 1.0000
CASO 1.0000  1.0000 1.0000
BPSO 0.9955 1.0000
CBi-GSK 0.9698
GA
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TABLE 20. The p-values obtained by the post hoc Dunn'’s test for Table 14.

BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
BGWCA 0.6462  0.0000 0.0002 0.0175 0.0133  0.0153 1.0000 0.8104  1.0000 0.0560
BAOA 0.0714 0.6814  1.0000 1.0000  1.0000  1.0000 1.0000  0.7489 1.0000
BSCSO 1.0000  0.9407 0.9648  0.9539  0.0005 0.0385  0.0000 0.7158
IBES 1.0000 1.0000  1.0000  0.0229  0.5033  0.0003 0.9999
CBRSA 1.0000  1.0000 0.5387 0.9999  0.0261 1.0000
Samll CVSA 1.0000  0.4686  0.9996  0.0200 1.0000
DE 0.5033  0.9998  0.0229 1.0000
CASO 1.0000  1.0000 0.8381
BPSO 0.8866 1.0000
CBi-GSK 0.0804
GA
BGWCA 0.7092  0.0000 0.0001  0.2324 0.0119  0.0088 0.9895 09701  1.0000 0.0025
BAOA 0.0490 0.5194  1.0000 0.9999  0.9997 1.0000 1.0000  0.9596 0.9848
BSCSO 1.0000  0.2575 0.9596 0.9784  0.0065 0.0103  0.0000 0.9994
IBES 0.9467 1.0000  1.0000 0.1336  0.1877  0.0006 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000 0.5576 1.0000
Medium CVSA 1.0000  0.9467 0.9784  0.0490 1.0000
DE 09128  0.9596  0.0374 1.0000
CASO 1.0000  1.0000 0.6722
BPSO 0.9997 0.7789
CBi-GSK 0.0119
GA
BGWCA 0.4589  0.0123 0.0123  0.6015 0.0599 0.8902 0.9698 0.7419  1.0000 0.5532
BAOA 1.0000 1.0000  1.0000 1.0000  1.0000  1.0000  1.0000  0.9386 1.0000
BSCSO 1.0000  1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
IBES 1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000  0.9800 1.0000
Large CVSA 1.0000  0.9999  1.0000 0.3314 1.0000
DE 1.0000  1.0000  0.9997 1.0000
CASO 1.0000  1.0000 1.0000
BPSO 0.9955 1.0000
CBi-GSK 0.9698
GA
TABLE 21. The p-values obtained by the post hoc Dunn'’s test for Table 15.
BGWCA BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
BGWCA 0.6462  0.0000 0.0002 0.0175 0.0133  0.0153 1.0000 0.8104  1.0000 0.0560
BAOA 0.0714 0.6814  1.0000 1.0000  1.0000  1.0000  1.0000  0.7489 1.0000
BSCSO 1.0000  0.9407 0.9648  0.9539  0.0005 0.0385  0.0000 0.7158
IBES 1.0000 1.0000  1.0000  0.0229 0.5033  0.0003 0.9999
CBRSA 1.0000  1.0000  0.5387  0.9999  0.0261 1.0000
Samll CVSA 1.0000  0.4686  0.9996  0.0200 1.0000
DE 0.5033  0.9998  0.0229 1.0000
CASO 1.0000  1.0000 0.8381
BPSO 0.8866 1.0000
CBi-GSK 0.0804
GA
BGWCA 0.7092  0.0000 0.0001 02324 0.0119  0.0088 0.9895 09701  1.0000 0.0025
BAOA 0.0490 0.5194  1.0000 0.9999 09997 1.0000 1.0000  0.9596 0.9848
BSCSO 1.0000  0.2575 0.9596 09784  0.0065 0.0103  0.0000 0.9994
IBES 0.9467 1.0000  1.0000 0.1336  0.1877  0.0006 1.0000
CBRSA 1.0000  1.0000  1.0000 1.0000 0.5576 1.0000
Medium CVSA 1.0000  0.9467 09784  0.0490 1.0000
DE 09128  0.9596  0.0374 1.0000
CASO 1.0000  1.0000 0.6722
BPSO 0.9997 0.7789
CBi-GSK 0.0119
GA
BGWCA 0.4589  0.0123 0.0123  0.6015 0.0599 0.8902 0.9698 0.7419  1.0000 0.5532
BAOA 1.0000 1.0000  1.0000 1.0000  1.0000  1.0000  1.0000  0.9386 1.0000
BSCSO 1.0000  1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
IBES 1.0000 1.0000  0.9975 0.9800  0.9999  0.0965 1.0000
CBRSA 1.0000  1.0000  1.0000  1.0000  0.9800 1.0000
Large CVSA 1.0000  0.9999  1.0000 0.3314 1.0000
DE 1.0000  1.0000  0.9997 1.0000
CASO 1.0000  1.0000 1.0000
BPSO 0.9955 1.0000
CBi-GSK 0.9698
GA
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TABLE 22. The p-values obtained by the Wilcoxon signed ranks test for Table 10.

BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small 0.0077  0.0077 0.0077  0.0077 0.0077  0.0077  0.0209 0.0152 0.7794 0.0109
BGWCA Medium 0.0180 0.0117 0.0117  0.0180 0.0117 0.0117 0.0180 0.0116 0.0431 0.0116
Medium  0.0431  0.0431 0.0431  0.0679 0.0431 0.0679 0.0431 0.0431 0.0679 0.0431
TABLE 23. The p-values obtained by the Wilcoxon signed ranks test for Table 11.
BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small 0.0077  0.0077 0.0077  0.0077 0.0077  0.0077  0.0209 0.0152 0.6784 0.0109
BGWCA Medium 0.0117 0.0117 0.0117  0.0117 0.0117 0.0117 0.0117 0.0117 0.0117 0.0117
Medium  0.0431  0.0431 0.0431  0.0431 0.0431 0.0431  0.0431 0.0431 0.0431 0.0431
TABLE 24. The p-values obtained by the Wilcoxon signed ranks test for Table 12.
BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small 0.0117  0.0077 0.0077  0.0109 0.0117  0.0077 0.0929  0.0117  0.4838 0.0077
BGWCA Medium 0.0117 0.0117 0.0117  0.0117 0.0117 0.0117 0.0117 0.0117  0.0180 0.0117
Medium  0.0431  0.0431 0.0431  0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431
TABLE 25. The p-values obtained by the Wilcoxon signed ranks test for Table 13.
BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small 0.0077  0.0077 0.0077  0.0077 0.0077  0.0077 0.0109 0.0152 0.6784 0.0109
BGWCA Medium 0.0117 0.0117 0.0117  0.0117 0.0117 0.0117 0.0117 0.0117  0.0117 0.0117
Medium  0.0431  0.0431 0.0431  0.0431 0.0431 0.1380  0.0431  0.0431  0.0431 0.0431
TABLE 26. The p-values obtained by the Wilcoxon signed ranks test for Table 14.
BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small 05132 0.0077 0.0117  0.0077 0.0107  0.0108 0.0109 0.0076 0.3615 0.0108
BGWCA Medium 0.0296 0.0180 0.0116  0.0117 0.0173  0.0117 0.0117 0.0117  0.0499 0.0172
Medium  0.0431  0.2249 0.0431  0.0431 0.0431  0.0431 0.0431 0.0431 0.0431 0.0431
TABLE 27. The p-values obtained by the Wilcoxon signed ranks test for Table 15.
BAOA BSCSO IBES CBRSA CVSA DE CASO BPSO CBi-GSK GA
Small 0.0077  0.0209 0.0077  0.0077 0.0077  0.0077 0.0077  0.0077  0.0077 0.0077
BGWCA Medium 0.0117 0.0251 0.0117  0.0117 0.0117 0.0117 0.0117 0.0117  0.0117 0.0117
Medium  0.8927  0.8927 0.0431  0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431

pairs of treatments that are significantly different from each
other after finding a significant result in the Friedman
test. Tables 16, 17, 18, 19, 20, and 21 summarize the
p-values computed by the Dunn’s post-hoc test. The p-values
obtained from the Dunn’s test provide information about
the significance of the differences between specific pairs of
groups. P-values below the significance threshold of 0.05 are
emphasized in bold font. To interpret a particular value at
the intersection of a row (representing an algorithm, e.g.,
BGWCA) and a column (representing another algorithm,
e.g., IBES), if the associated p-value is less than 0.05,
it signifies a significant difference between these algorithms,
suggesting that the algorithm denoted by the row label
outperforms the one denoted by the column label. Conversely,
if the p-value is greater than or equal to 0.05, we infer nearly
similar performance between the two algorithms.

Tables 22, 23, 24, 25, 26, and 27 summarize the p-values
obtained by the Wilcoxon signed ranks test. As evident from
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the results, the algorithm put forward demonstrates superior
performance in addressing the FS problem compared to all
other contenders across datasets of varying sizes, considering
a predetermined threshold of « = 0.05.

In Figures 3, 4, and 5, the convergence curves of fitness
values over 100 iterations, calculated using Equation 21,
are depicted for each dataset across the range of considered
optimizers. These visualizations offer a comprehensive
view of the optimization process, showcasing how the
fitness values evolve over iterations. The comparison across
multiple optimizers provides insights into their respective
convergence behaviors and performance on diverse datasets.
Figures 3, 4, and 5 clearly illustrate the high convergence
rates achieved across various datasets, demonstrating the effi-
cacy of the proposed algorithm. Importantly, the algorithm
maintains optimal solutions throughout the convergence
process, underscoring its reliability. Notably, the algorithm
successfully avoids premature convergence in the majority
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FIGURE 3. Convergence analysis of fitness values across optimizers for small dataset (d; to dg).
of cases, a critical aspect in ensuring robust optimization. highlights the significance of these innovative techniques
The incorporation of opposition-based learning and Gaussian in improving the algorithm’s convergence behavior and
mutation emerges as a key contributing factor to the overall effectiveness in solving the FS problem across diverse

enhanced performance of the GWCA. This conclusion datasets.
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FIGURE 3. (Continued.) Convergence analysis of fitness values across optimizers for small dataset (d; to dy).

TABLE 28. The list of symbols used in the paper.

Symbol  Explanation

ML Machine Learning

FS Feature Selection

MA Metaheuristic Algorithm
GWCA  Great Wall Construction Algorithm
OBL Opposition-Based Learning
GM Gaussian Mutation

KNN K-Nearest Neighbors

TP True Positives

TN True Negatives

FP False Positives

FN False Negatives

CER Classification Error Rate

VI. CONCLUSION

In conclusion, we presented a comprehensive exploration of
the feature selection problem, emphasizing the critical role
of selecting relevant features for enhancing machine learning
model performance. The inherent complexity of this problem,
stemming from a vast search space, was tackled through
the utilization of the Great Wall Construction Algorithm,
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a recently proposed metaheuristic approach. To further
augment the algorithm’s effectiveness, opposition-based
learning and Gaussian mutation techniques were integrated,
addressing challenges related to exploration, exploitation,
and local optima avoidance.

The empirical evaluation of the proposed algorithm
involved a thorough comparative analysis against ten state-
of-the-art methodologies, encompassing both contemporary
and classical algorithms. The assessment spanned 22 datasets
of varying sizes, providing a diverse testing ground ranging
from 9 to 856 features. Six distinct evaluation metrics,
covering aspects such as accuracy, classification error rate,
number of selected features, and completion time, were
employed to ensure a comprehensive understanding of the
algorithm’s performance.

The rigorous validation of results was conducted through
non-parametric statistical tests, including the Friedman test,
post hoc Dunn’s test, and the Wilcoxon signed ranks test. The
obtained mean ranks and p-values conclusively demonstrated
the superior efficacy of the proposed algorithm in addressing
the feature selection problem. The algorithm showcased
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FIGURE 4. Convergence analysis of fitness values across optimizers for medium datasets (d; to d;;).
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FIGURE 5. Convergence analysis of fitness values across optimizers for large datasets d,g to d,,.

its prowess by outperforming competing methodologies
across multiple metrics, establishing itself as a robust
and promising solution for enhancing the efficiency and
accuracy of feature selection in machine learning models.
The findings of this research contribute valuable insights to
the field, offering a compelling approach to addressing one
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of the fundamental challenges in machine learning model
optimization.

APPENDIX. TABLE OF USED SYMBOLS

Table 28 serves to summarize and elucidate the list of symbols
utilized in the paper, aiming to enhance the clarity and ease
of comprehension for readers.
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