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ABSTRACT

This paper introduces the Wolverine Optimization Algorithm (WoOA), a biomimetic method inspired by the
foraging behaviors of wolverines in their natural habitats. WoOA innovatively integrates two primary strategies:
scavenging and hunting, mirroring the wolverine’s adeptness in locating carrion and pursuing live prey. The
algorithm’s uniqueness lies in its faithful simulation of these dual strategies, which are mathematically structured
to optimize various types of problems effectively. The effectiveness of WoOA is rigorously evaluated using the
Congress on Evolutionary Computation (CEC) 2017 test suite across dimensions of 10, 30, 50, and 100. The results
showcase WoOA'’s robust performance in exploration, exploitation, and maintaining a balance between these phases
throughout the search process. Compared to twelve established metaheuristic algorithms, WoOA consistently
demonstrates a superior performance across diverse benchmark functions. Statistical analyses, including paired
t-tests, Friedman test, and Wilcoxon rank-sum tests, validate WoOA’s significant competitive edge over its
counterparts. Additionally, WoOA’s practical applicability is illustrated through its successful resolution of twenty-
two constrained scenarios from the CEC 2011 suite and four complex engineering design challenges. These
applications underscore WoOA'’s efficacy in tackling real-world optimization challenges, further highlighting its
potential for widespread adoption in engineering and scientific domains.
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1 Introduction

Optimization problems are classified as those that have multiple possible solutions. Optimization
involves the task of identifying the best solution from the various options available for a given
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problem [!]. Each optimization problem can be mathematically described through three fundamental
components: (i) decision variables, (ii) constraints, and (iii) the objective function. The core aim of
an optimization task is to identify the most suitable values for the decision variables, which will
either maximize or minimize the objective function. This process must be carried out while ensuring
that all specified constraints are strictly adhered to. The decision variables represent the choices or
inputs that can be adjusted, the constraints define the limitations or conditions that must be met,
and the objective function quantifies the goal of the optimization, guiding the search toward the best
possible solution [2]. Numerous optimization challenges in various fields such as science, mathematics,
engineering, and practical applications require the use of suitable techniques to achieve at least near-
optimal solutions. The strategies for solving these optimization problems are categorized into two
main groups: deterministic and stochastic approaches [3].

Two types of deterministic methods, namely gradient-based and non-gradient-based, have been
effective in addressing linear, convex, continuous, differentiable, and low-dimensional optimization
problems [4,5]. However, as problems become more complex and dimensions increase, deterministic
approaches become less efficient due to being trapped in local optima. In particular, the majority
of practical optimization challenges exhibit characteristics such as non-linearity, lack of convexity,
discontinuity, non-differentiability, and high dimensionality. The challenges posed by these types
of optimization problems for deterministic methods have led researchers to investigate stochastic
strategies [0].

Metaheuristic algorithms stand as a highly effective stochastic method for managing optimization
tasks. Operating via random search within the problem-solving domain and employing trial and
error processes along with random operators, these algorithms can yield suitable solutions for
optimization problems. Their appeal lies in the simplicity of their concepts, easy implementation, lack
of dependency on problem types, avoidance of the derivation process, and effectiveness in addressing
non-linear, non-convex, discontinuous, non-differentiable, and high-dimensional problems, as well
as problems involving discrete and unknown variables. These advantages have contributed to the
widespread adoption of metaheuristic algorithms [7]. Metaheuristic algorithms begin by generating
a set number of candidate solutions randomly to form the algorithm’s population. These solutions are
then enhanced through the updating steps of the iterative algorithm. Once the algorithm has completed
the execution, the best candidate solution, which has been refined over multiple iterations, is put forth
as the solution to the problem [§].

Metaheuristic algorithms employ random search techniques, which inherently lack the guarantee
of finding the absolute global optimum. However, the solutions generated by these algorithms are
often deemed quasi-optimal, as they tend to be close to the global optimum. This proximity to the
best possible solution is generally sufficient for practical purposes, especially in complex and high-
dimensional problems, where exact solutions are computationally infeasible. To tackle the challenge
of obtaining solutions that are as close as possible to the global optimum, researchers have devised a
multitude of metaheuristic algorithms. These algorithms are designed to enhance the efficiency and
effectiveness of the search process, balancing exploration and exploitation to navigate the solution
space more intelligently and improve the likelihood of approaching the global optimum [9].

Metaheuristic algorithms should incorporate both global and local levels within their random
search mechanism. The global search involves exploration, allowing the algorithm to thoroughly
traverse the problem-solving space to locate the primary optimum and avoid becoming trapped in
a local optimum. Meanwhile, the local search involves exploitation, facilitating the algorithm’s ability
to pinpoint solutions closer to the global optimum by meticulously examining nearby solutions
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and promising areas. Maintaining a balance between exploration and exploitation during the search
process within the problem-solving space is crucial for the success of metaheuristic algorithms in the
optimization process [10].

The primary concern in the research is whether there is a need for the development of new
metaheuristic algorithms, given the current existing algorithms. This question is addressed by the No
Free Lunch (NFL) theorem [ 1], which suggests that due to the stochastic nature of metaheuristic
algorithm optimization processes, a consistent performance across all problems cannot be expected.
In other words, according to the NFL theorem, the effectiveness of a metaheuristic algorithm in
solving one set of optimization problems does not ensure the same effectiveness in solving other
optimization problems. This indicates that, while a metaheuristic algorithm might find the best
solution for one optimization problem, it could struggle with another problem by only finding a
subpar solution. The NFL theorem emphasizes that the effectiveness of a metaheuristic algorithm
in solving an optimization problem is not guaranteed. Rather than assuming success, the theorem
highlights the need for continuous exploration of metaheuristic algorithms. It encourages researchers
to keep pushing the boundaries by developing new and improved algorithms to tackle optimization
problems. This ongoing pursuit ensures that better solutions can be found, as no single algorithm can
be universally successful across all problems. The theorem serves as a reminder that the search for
optimal solutions is an ever-evolving challenge.

Based on the NFL theorem, it is not possible to claim that any single metaheuristic algorithm is
the best optimizer for all optimization problems. This limitation stems from three primary reasons.

Firstly, the inherent randomness in the search process of metaheuristic algorithms often leads to
discrepancies between the solutions they produce and the true optimal solution of a problem. This issue
becomes particularly significant when dealing with optimization problems where the optimal solution
is unknown. In such cases, determining the absolute optimality of an algorithm is a fundamental
challenge. Consequently, there is a need to design new and more efficient metaheuristic algorithms to
address these problems more effectively, thereby enhancing solution accuracy and improving overall
algorithm efficiency.

Secondly, many practical optimization problems possess specific characteristics that align closely
with the search behaviors of certain metaheuristic algorithms. As a result, these algorithms can be
highly effective for optimization problems that share a similar nature to their search mechanisms.
However, the same algorithm may exhibit weaker performance when applied to optimization problems
of a completely different nature. Since different metaheuristic algorithms are inspired by varying
sources and exhibit distinct search behaviors, each algorithm tends to be suitable for only certain
types of problems. This specialization means that existing optimization algorithms may struggle to
effectively solve newly emerging or highly complex problems, highlighting the need for continuous
innovation in the development of metaheuristic techniques.

The third reason is that the development of new metaheuristic algorithms allows to achieve better
values than existing algorithms for optimization problems. The development of a new metaheuristic
algorithm is a valuable opportunity to share knowledge with the aim of tackling challenging opti-
mization problems, especially in real-world applications. Normally, a new metaheuristic algorithm
is expected to be able to perform the optimization process efficiently by using specific operators
and strategies. According to this, these reasons and the concept of the NFL theorem are the main
motivations of the authors in order to design a new metaheuristic algorithm to provide more effective
solutions for optimization problems.
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However, the development of metaheuristic algorithms remains a worrisome challenge. This is the
concern that the field of study of metaheuristic algorithms will move away from scientific accuracy.
Therefore, researchers should use tests and analyzes to ensure that the algorithms they develop have
significant improvements compared to existing algorithms. All this confirms that the development of
newer metaheuristic algorithms is still a necessity in science, but also a challenge [12].

This article brings a fresh perspective by introducing the Wolverine Optimization Algorithm
(WoOA), a new metaheuristic algorithm with practical applications for solving optimization problems.
The key highlights of this research are as follows:

e WOOA is designed based on simulating the natural wolverine behaviors in the wild.

e The concept behind WoOA draws from the wolverine’s foraging approach, encompassing both
scavenging and hunting.

e The WoOA theory is described and mathematically modeled in two strategies (i) scavenging and
(i1) hunting.

e The scavenging strategy is modeled in a phase (i) exploration based on the simulation of
wolverine movement towards carcasses.

e The hunting strategy is modeled in two phases (i) exploration based on the simulation of
the wolverine’s movement towards the location of live prey and (ii) exploitation based on the
simulation of the process of chasing and fighting between the wolverine and the prey.

e The performance of WoOA for solving optimization problems is evaluated in handling the
Congress on Evolutionary Computation (CEC) 2017 test suite.

e The effectiveness of WoOA for handling optimization tasks in real-world applications is
challenged in solving twenty-two constrained optimization problems from the CEC 2011 test
suite as well as four engineering design problems.

e The quality of WoOA in the optimization process is compared with the performance of twelve
well-known metaheuristic algorithms.

The paper is organized as follows: Section 2 contains the literature review, followed by the
introduction and modeling of the Wolverine Optimization Algorithm (WoOA) in Section 3. Section 4
presents simulation studies and results, while Section 5 investigates the effectiveness of WoOA in
solving real-world applications. Finally, Section 6 includes some conclusions and suggestions for
future research.

2 Literature Review

Metaheuristic techniques have emerged by taking cues from diverse natural phenomena, biological
theories, genetic mechanisms, human conduct, and evolutionary theories. Each category harnesses
completely different mechanisms and concepts to address optimization problems. For instance, swarm-
based approaches draw from the collective behavior observed in natural systems, such as flocks
of birds or schools of fish, while evolutionary-based approaches mimic biological evolution and
genetic algorithms. Physics-based approaches leverage physical laws and phenomena to guide the
search process, and human-based approaches incorporate elements of human thinking and decision-
making. By drawing on such diverse sources, these techniques provide varied and innovative solutions
to optimization challenges, showcasing how different strategies can be applied to achieve effective
problem-solving.
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Swarm-based metaheuristic algorithms are inspired by the collective behavior observed in various
natural systems, where groups of organisms work together in coordinated patterns. These algorithms
simulate the interaction and cooperation found in swarms of creatures such as insects, birds, and
fish to solve optimization problems. For example, Particle Swarm Optimization (PSO) [13] mimics
the way flocks of birds or schools of fish move collectively in search of food. Similarly, Ant Colony
Optimization (ACO) [14] draws from the foraging behaviors of ants, while the Artificial Bee Colony
(ABC) [15] algorithm is inspired by the food search strategies of honeybees. The Firefly Algorithm
(FA) [16] on the other hand, is based on the flashing patterns of fireflies. Each of these algorithms
utilizes the inherent collaborative and adaptive behaviors of these natural systems to effectively
explore and exploit the solution space. The Pelican Optimization Algorithm (POA) is created by
mimicking the hunting strategy of pelicans as they catch fish in the sea [17]. The Reptile Search
Algorithm (RSA) is crafted with inspiration from the hunting patterns of crocodiles [18]. In the nature,
various actions such as foraging, hunting, migration, digging, and chasing are notable behaviors
exhibited by living organisms. These behaviors have inspired the development of algorithms like: Orca
Predation Algorithm (OPA) [19], Whale Optimization Algorithm (WOA) [20], Coati Optimization
Algorithm (COA) [21], Pufferfish Optimization Algorithm (POA) [9], Tunicate Swarm Algorithm
(TSA) [22], Honey Badger Algorithm (HBA) [23], White Shark Optimizer (WSO) [24], Golden Jackal
Optimization (GJO) [25], Grey Wolf Optimizer (GWO) [26], Marine Predator Algorithm (MPA) [27],
and African Vultures Optimization Algorithm (AVOA) [28].

Evolutionary-based metaheuristic algorithms are grounded in genetic and biological principles,
drawing from concepts such as survival of the fittest, natural selection, and Darwin’s theory of evo-
lution. These algorithms mimic the process of biological evolution to address optimization problems,
utilizing mechanisms such as reproduction, genetic inheritance, and random evolutionary operations.
Key examples in this category include the Genetic Algorithm (GA) [29] and Differential Evolution
(DE) [30]. Specifically, they incorporate selection processes that mimic the survival of the fittest,
mutation operations that introduce genetic diversity, and crossover techniques that combine genetic
information from parent solutions to create offspring. By leveraging these evolutionary strategies, GA
and DE effectively explore the solution space and evolve towards increasingly optimal solutions over
successive generations. The human immune system’s way of handling germs and illnesses has been a
model for the development of the Artificial Immune System (AIS) [31]. Some other evolutionary-based
metaheuristic algorithms are: Evolution Strategy (ES) [32], One-to-One Based Optimizer (OOBO) [33],
Genetic Programming (GP) [34], and Cultural Algorithm (CA) [35].

Physics-based metaheuristic algorithms draw inspiration from various natural concepts such as
laws, forces, transformations, processes, and phenomena. The well-known algorithm called Simulated
Annealing (SA) is a prime example of this category, as it takes inspiration from the physical process
of metal annealing, where metals are subjected to heat to melt, and then slowly cooled to form perfect
crystals [36]. The development of algorithms such as the Spring Search Algorithm (SSA) [37], the Grav-
itational Search Algorithm (GSA) [3§], and the Momentum Search Algorithm (MSA) [39] is rooted
in harnessing physical forces and adhering to Newton’s laws of motion. For instance, SSA leverages
the elastic force of springs, GSA operates on the principle of gravitational attraction force, and MSA
utilizes momentum force as its guiding principle. These algorithms simulate the behavior of physical
phenomena to drive their optimization processes, offering unique perspectives and approaches to
problem-solving in various domains. Concepts related to the universe and cosmology have served
as a key source of inspiration in the development of algorithms such as the Black Hole Algorithm
(BHA) [40] and the Multi-Verse Optimizer (MVO) [41]. Some other physics-based metaheuristic
algorithms are: Optical Microscope Algorithm (OMA) [42], Electro-Magnetism Optimization (EMO)
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[43], Equilibrium Optimizer (EO) [44], Henry Gas Optimization (HGO) [45], Water Cycle Algorithm
(WCA) [46], Archimedes Optimization Algorithm (AOA) [47], Lichtenberg Algorithm (LA) [48],
Thermal Exchange Optimization (TEO) [49], and Nuclear Reaction Optimization (NRO) [50].

Human-based metaheuristic algorithms are designed to replicate various aspects of human
behavior, including communication, decision-making, interactions, and cognitive processes. These
algorithms model the way people handle complex tasks and make decisions to tackle optimization
problems. One notable example is the Teaching-Learning Based Optimization (TLBO) algorithm,
which is inspired by the dynamics of educational environments. TLBO mimics the interaction between
teachers and students in a classroom, where teachers impart knowledge and students learn through
exchange and feedback [51]. Another example is the Mother Optimization Algorithm (MOA), which
is based on parenting strategies observed in Eshrat’s mother as she nurtures and guides her children
[52]. Additionally, the Doctor and Patient Optimization (DPO) algorithm draws from the interactions
between medical professionals and patients, reflecting the therapeutic processes involved in treatment
[53]. Other human-based metaheuristic algorithms include War Strategy Optimization (WSQO), which
models strategies used in military conflicts [54] and Gaining Sharing Knowledge-based Algorithm
(GSK), which simulates the exchange and accumulation of knowledge among individuals [55]. The
Coronavirus Herd Immunity Optimizer (CHIO) is inspired by the concepts of herd immunity in disease
control [56], while the Ali Baba and the Forty Thieves Algorithm (AFT) is inspired by the legendary
tale of resourceful problem-solving and strategy [57].

In Table I, a review study on metaheuristic algorithms is presented. In the literature, it is
acknowledged that no metaheuristic algorithm has been developed by simulating the natural behaviors
of wolverines in the wild. However, the wolverine’s clever methods of scavenging and hunting could
serve as a valuable source of inspiration for creating a novel optimizer. Addressing this void in the
research on metaheuristic algorithms, the paper introduces a new algorithm that models wolverine
feeding strategies in the nature, as discussed in the following section.

Table 1: Comprehensive overview of metaheuristic algorithms and their inspirations

Group Algorithm Source of inspiration and Year
explanation
Swarm-based Particle Swarm Optimization Inspired by the social behavior 1995
(PSO) [13] of birds flocking or fish

schooling, PSO optimizes a
problem by iteratively improving
a candidate solution with regard
to a given measure of quality.
Ant Colony Optimization Inspired by the foraging 1996
(ACO) [14] behavior of ants, ACO uses a
population of artificial ants to
search for optimal paths through
graphs, with pheromone trails
guiding the search process.

(Continued)
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Table 1 (continued)
Group Algorithm Source of inspiration and Year
explanation
Artificial Bee Colony (ABC) [15] Inspired by the foraging 2007

Firefly Algorithm (FA) [16]

Grey Wolf Optimizer (GWO)
[26]

Whale Optimization Algorithm
(WOA) [20]

Marine Predator Algorithm
(MPA) [27]

Tunicate Swarm Algorithm
(TSA) [22]

African Vultures Optimization
Algorithm (AVOA) [28]

behavior of honey bees, ABC

simulates the intelligent foraging
behavior of a honey bee swarm

to find an optimal solution.

Inspired by the flashing 2010
behavior of fireflies, FA is used

to solve optimization problems

by mimicking the attraction

between fireflies.

Inspired by the leadership 2014
hierarchy and hunting

mechanism of grey wolves,

GWO mimics the social

structure and hunting behavior

of wolves to optimize solutions.
Inspired by the bubble-net 2016
feeding behavior of humpback

whales, WOA mimics this

strategy to search for optimal

solutions.

Inspired by the predation 2020
strategies of marine predators,

MPA uses their diverse and

adaptive hunting techniques to

solve optimization problems.

Inspired by the swarm behavior 2020
of tunicates, TSA mimics their

efficient and collective

movement patterns to solve
optimization problems.

Inspired by the scavenging 2021
behavior of African vultures,

AVOA uses their efficient search

and optimization techniques to

find the best solutions.

(Continued)
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Table 1 (continued)

Group

Algorithm

Source of inspiration and
explanation

Year

Honey Badger Algorithm
(HBA) [23]

White Shark Optimizer (WSO)
[24]

Pelican Optimization Algorithm
(POA[17]

Orca Predation Algorithm
(OPA) [19]

Reptile Search Algorithm (RSA)
[1€]

Golden Jackal Optimization
(GJO) [25]

Serval Optimization Algorithm
(SOA) [58]

Coati Optimization Algorithm
(COA) [21]

Inspired by the fearless and
versatile hunting behavior of
honey badgers, HBA uses their
problem-solving strategies to
optimize solutions.

Inspired by the predatory
behavior of white sharks, WSO
mimics their hunting strategies
to explore and exploit the search
space effectively.

Inspired by the hunting strategy
of pelicans, POA simulates their
cooperative and efficient
foraging behavior to find
optimal solutions.

Inspired by the predation
strategies of orcas, OPA
simulates their cooperative
hunting techniques to optimize
solutions.

Inspired by the hunting and
survival strategies of reptiles,
RSA uses these strategies to
explore and exploit the search
space effectively.

Inspired by the social hunting
strategies of golden jackals, GJO
mimics their cooperative
behavior to solve optimization
problems.

Inspired by the hunting
strategies of servals, SOA mimics
their stealthy and adaptive
predation techniques to explore
and exploit the search space.
Inspired by the social foraging
behavior of coatis, COA uses
their collaborative and efficient
searching techniques to solve
optimization problems.

2022

2022

2022

2022

2022

2022

2022

2023

(Continued)
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Table 1 (continued)

Group

Algorithm

Source of inspiration and
explanation

Year

Pufferfish Optimization
Algorithm (POA) [9]

Inspired by the unique behavior
of pufferfish, this algorithm uses
their strategy of inflating to
avoid predators and search for
food to optimize solutions.

2024

Evolutionary-based

Genetic Algorithm (GA) [29]

Genetic Programming (GP) [34]

Cultural Algorithm (CA) [35]

Difterential Evolution (DE) [30]

Evolution Strategy (ES) [32]

Artificial Immune System (AIS)
31]

Inspired by the process of
natural selection and genetics,
GA uses operations such as
mutation, crossover, and
selection to evolve solutions to
optimization problems.

Inspired by the process of
natural evolution, GP evolves
programs or algorithms to solve
problems by using operations
such as crossover, mutation, and
selection.

Inspired by the evolution of
cultures, CA uses the dual
inheritance model of genetic and
cultural evolution to optimize
solutions.

Inspired by the concept of
natural evolution, DE uses
differential mutation and
recombination to evolve a
population of candidate
solutions.

Inspired by the principles of
natural evolution, ES uses
strategies such as mutation,
recombination, and selection to
optimize solutions.

Inspired by the human immune
system, AIS uses the principles
of immune response to detect
and eliminate non-self elements,
optimizing solutions based on
these mechanisms.

1988

1992

1994

1997

2002

2003

(Continued)
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Table 1 (continued)

Group Algorithm Source of inspiration and Year
explanation
One-to-One Based Optimizer Inspired by one-to-one 2023

(OOBO) [33

communication models, OOBO
optimizes solutions by
simulating direct interactions
between solution candidates.

Physic-based

Simulated Annealing (SA) [36]

Gravitational Search Algorithm
(GSA) [38]

Electro-Magnetism
Optimization (EMO) [43]

Water Cycle Algorithm (WCA)
[46]

Multi-Verse Optimizer (MVO)
[41]

Thermal Exchange Optimization
(TEO) [49]

Inspired by the annealing 1983
process in metallurgy, SA

explores the solution space by
probabilistically accepting worse
solutions to escape local optima,
gradually reducing the

acceptance probability.

Inspired by the law of gravity 2009
and mass interactions, GSA

optimizes solutions by modeling

agents as objects and their

performance as masses that

attract each other.

Inspired by the electromagnetic 2012
theory, EMO simulates the

attraction and repulsion of

charged particles to find optimal
solutions.

Inspired by the natural water 2012
cycle, WCA uses the processes of
precipitation, runoff, and

evaporation to guide the search

for optimal solutions.

Inspired by the concepts of 2016
physics and cosmology, MVO

uses the principles of the

multiverse and white/black holes

to find optimal solutions.

Inspired by the thermal 2017
exchange process, TEO uses the
principles of heat transfer and

thermal equilibrium to optimize
solutions.

(Continued)
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Table 1 (continued)

Group

Algorithm

Source of inspiration and
explanation

Year

Henry Gas Optimization (HGO)
[45]

Nuclear Reaction Optimization
(NRO) [50]

Spring Search Algorithm (SSA)
[37]

Momentum Search Algorithm

(MSA) [39]

Equilibrium Optimizer (EO) [44]

Archimedes Optimization
Algorithm (AOA) [47]

Lichtenberg Algorithm (LA) [48]

Optical Microscope Algorithm
(OMA) [47]

Inspired by Henry’s Law in
chemistry, HGO simulates the
behavior of gas molecules to find
optimal solutions.

Inspired by nuclear reactions,
NRO uses the principles of
nuclear fusion and fission to find
optimal solutions.

Inspired by the physical behavior
of springs, SSA uses the
principles of Hooke’s Law and
energy conservation to find
optimal solutions.

Inspired by the momentum
concept in physics, MSA uses the
momentum of particles to guide
the search for optimal solutions.
Inspired by dynamic systems and
the control of equilibrium, EO
uses the concept of mass balance
models to find optimal solutions.
Inspired by Archimedes’
principle, AOA uses the
principles of buoyancy and
density to explore and exploit
the search space.

Inspired by Lichtenberg figures
in physics, LA simulates the
branching patterns of electrical
discharges to find optimal
solutions.

Inspired by the imaging
principles of optical
microscopes, OMA uses the
focusing and magnifying
properties to explore and exploit
the search space.

2019

2019

2020

2020

2020

2021

2021

2023

(Continued)
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Table 1 (continued)

Group

Algorithm

Source of inspiration and
explanation

Year

Human-based

Teaching-Learning Based
Optimization (TLBO) [51]

Doctor and Patient
Optimization (DPO) [53]

Gaining Sharing Knowledge
based Algorithm (GSK) [55]

Coronavirus Herd Immunity
Optimizer (CHIO) [56]

War Strategy Optimization
(WSO) [54]

Ali Baba and the Forty Thieves
(AFT) [57]

Mother Optimization Algorithm
(MOA) [52]

Inspired by the teaching-learning
process in a classroom, TLBO
optimizes solutions by
simulating the influence of
teachers on learners and the
interactions among learners.
Inspired by the interaction
between doctors and patients,
DPO models this relationship to
diagnose and treat solutions,
optimizing the search process.
Inspired by the process of
gaining and sharing knowledge
in human societies, GSK uses
these principles to explore and
exploit the search space.
Inspired by the concept of herd
immunity in epidemiology,
CHIO simulates the spread and
control of disease to find
optimal solutions.

Inspired by the strategies used in
warfare, WSO simulates strategic
planning, resource allocation,
and tactical maneuvers to find
optimal solutions.

Inspired by the story of Ali Baba
and the Forty Thieves, AFT
models the strategies of evasion,
planning, and resource
management to optimize
solutions.

Inspired by the nurturing and
problem-solving behavior of
mothers, MOA uses these
principles to explore and exploit
the search space effectively.

2011

2020

2020

2021

2022

2022

2023
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3 Wolverine Optimization Algorithm (WoOA)

This section delves into the underlying inspiration for the creation of the Wolverine Optimization
Algorithm (WoOA) and provides an in-depth explanation of how its implementation steps are
mathematically formulated to address optimization problems. It explores the natural behaviors and
strategies of wolverines that serve as the foundation for WoOA, highlighting the unique aspects
that differentiate this algorithm from others. Additionally, it offers a comprehensive overview of
the mathematical modeling process used to translate these biological inspirations into effective
computational procedures for optimizing various types of problems.

3.1 Inspiration of WoOA

The wolverine, the largest land-dwelling species in the Mustelidae family, is primarily found in
remote areas of subarctic and alpine tundra in the Northern Hemisphere as well as in the Northern
boreal forests. An image of the wolverine is shown in Fig. 1.

Figure 1: Wolverine taken from: free media Wikimedia Commons

Among the natural behaviors of wolverine in the wild, the feeding strategies of this animal are
much more prominent. The wolverine feeds in two ways: (i) scavenging and (ii) hunting. In the
scavenging strategy, the wolverine finds the carrion and feeds on it by following the tracks of other
predators. In the hunting strategy, the wolverine attacks the live prey and after a process of chasing and
fighting, kills the prey and feeds on it. These two wolverine’s feeding strategies are intelligent processes
whose mathematical modeling is employed to design the proposed WoOA approach that is discussed
below.

3.2 Algorithm Initialization
The proposed WoOA approach is an evolutionary algorithm based on a population of wolverines.
By leveraging the search capabilities of its members in addressing problems, WoOA is capable of
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generating effective solutions for optimization tasks through an iterative process. Each wolverine, as a
member of WoOA, defines decision variables based on its position within the problem-solving space.
In essence, every wolverine represents a potential solution to the problem, which is delineated using
a vector in mathematical terms. Together, these wolverines form the WoOA population, and their
collective behavior is mathematically represented using a matrix as per Eq. (1). The initial positioning
of the wolverines in the problem-solving space is randomized through Eq. (2) at the start of the
algorithm execution.

X Xigo oo Xig o X
X=1X = | X1 o Xig o Xip (1)
_XN_ Noom Xva o Xnva 0 X o,
Xi,d = Zbd + r- (ubd — lbd) (2)

In this scenario, X represents the population matrix of the WoOA, X; denotes the ith wolverine
(which is essentially a potential solution), x;, signifies its value in the dth dimension within the search
space (i.e., decision variable). The variable N indicates the number of wolverines, while m represents
the total number of decision variables. On the other hand, r is a random number in the interval [0, 1],
Ib,, and ub, denote a lower bound and an upper bound on the dth decision variable, respectively.

According to this concept, the position of each wolverine within the space intended for problem-
solving serves as a plausible solution to the given problem. Based on this understanding, the suggested
values of each wolverine for the decision variables aids in the assessment of the problem’s objective
function. These evaluated values for the objective function could then be effectively showcased in a
vector form:

F [F(X)]
F=|F| =|Fux) 3)
_F.'N_ Nxl1 _F(“YN)_ Nxl1

where F is the vector of the evaluated objective function values and F; is the evaluated objective
function value based on the ith wolverine.

The assessed values of the objective function provide valuable insights into the quality of the
potential solutions. The best evaluated value of the objective function represents the top individual
in the population (in other words, the best potential solution), while the worst evaluated value
corresponds to the worst individual in the population (i.e., the worst potential solution). Since the
position of wolverines in the problem-solving space is updated in each iteration of WoOA, the objective
function is re-evaluated for each wolverine in every iteration. As a result, the top individual in the
population should be regularly updated in every iteration by comparing the evaluated values of the
objective function.
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3.3 Mathematical Modelling of WoOA

The WoOA approach’s design involves updating the position of the population members in the
problem-solving space by simulating the natural feeding behavior of the wolverine. The wolverine has
two strategies for feeding: (i) scavenging and (ii) hunting. In the scavenging strategy, wolverines feed
on abandoned carrion by moving along the path of other predators that leave the remains of their
kills. In the hunting strategy, the wolverine first attacks the prey and after going through a fighting
process, finally kills the prey and feeds on it. In the design of WoOA, it is assumed that in each iteration,
each wolverine randomly chooses one of these two strategies with equal probability, and based on the
simulation of the selected strategy, its position in the problem-solving space is updated. Using Eq. (4),
the wolverine simulates its decision-making process to determine whether to scavenge or hunt for food.
This means that in every iteration, each wolverine’s position is updated solely based on either the first
or second strategy.

based on scavenging strategy, r, <0.5
based on hunting strategy, else

Update process for i'th wolverine X;: { 4)

Here, r, is a random number from the interval [0, 1].

3.3.1 Strategy 1. Scavenging Strategy ( Exploration Phase)

The first WoOA strategy involves updating the location of the population members in the problem-
solving space through simulating the natural feeding behavior of the wolverine on carrion. In this
strategy, the wolverine to get the carrion, follows the path of other predators who have left the rest
of their kills. Simulating the wolverine’s movement in response to predators results in a radically
different approach to exploring the solution space. This technique introduces significant variations
in the positions of the population members, effectively altering their trajectories within the problem-
solving domain. By adopting this strategy, the algorithm achieves a more comprehensive exploration
of potential solutions. These extensive positional adjustments not only broaden the search area but
also enhance the algorithm’s capacity to uncover diverse and optimal solutions. Consequently, the
method improves the algorithm’s ability to perform a thorough global search, enabling it to better
navigate complex problem spaces and discover innovative solutions. The scavenging strategy has an
exploration phase based on simulating the wolverine’s movement in obtaining carrion.

In the WoOA design, the location of other members with a better objective function value is
considered as the predators’ position who are aiming to release the rest of their kills for each wolverine,
as specified in Eq. (5).

CP,={X.: F, <Fiand k #1i},wherei=1,2,...,Nand k € {1,2,..., N} &)

where CP; is the set of candidate predators’ locations for the ith wolverine, X, is the population member
with a better objective function value than the ith wolverine, and F, is its objective function value.

In the design of WoOA, it is presumed that the wolverine chooses the position of a predator
from the CP; set at random and then moves towards it. A schematic of this natural behavior of the
wolverine during selection and moving towards the location of the predator that left its food remains
is shown in Fig. 2. As the wolverine moves towards the selected predator with the goal of reaching
the carrion, a new suggested position for the respective member has been computed using Eq. (6).
If the objective function value is enhanced, this suggested position supersedes the previous position
of the corresponding member according to Eq. (7).

xf,-l =Xy + 1y (SPy; — L - Xiy), (6)
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X%, F' <F,
X, = { X, else, @

where SP, represents the chosen predator for the ith wolverine, while SP;; denotes the jth dimension of
this predator. X*' refers to the newly computed position of the ith wolverine based on the scavenging
strategy employed in the proposed WoOA. Similarly, x;! is the jth dimension of this new position. The
term F°' indicates the objective function value associated with the ith wolverine at its new position.
Additionally, r;; are random numbers uniformly drawn from the interval [0, 1], and 7, are binary
random numbers that can be either 1 or 2.

L‘P‘ik.
...--"".l X' '.. E .
. 51

C-Pek

',—".Towartls selected predator patch

CPiy

Figure 2: Diagram of wolverine’s movement during scavenging strategy

3.3.2 Strategy 2. Hunting Strategy ( Exploration and Exploitation Phases)

The second strategy of WoOA involves updating the position of the population members in the
problem-solving space by simulating the natural hunting behavior of the wolverine. This process
mirrors the wolverine’s typical approach to hunting, where it first attacks live prey, then engages in a
fight and chase before securing and feeding on its kill. The population members’ update based on this
hunting strategy consists of two phases: (i) exploration through simulating the wolverine’s movement
towards the prey and (ii) exploitation by simulating the fight and chase process between the wolverine
and its prey.

e Phase 1: Attack (exploration phase)

During this phase of the WoOA, the population’s location within the problem-solving space is
adjusted as a result of simulating the process of a wolverine attacking its prey. By imitating the
wolverine’s movements during a hunt, significant changes are introduced to the population’s position,
thereby enhancing the exploration capabilities of WoOA in navigating through the problem-solving
area. When designing the WoOA, the position of the best population member is likened to the prey’s
location. The schematic of this natural behavior of a wolverine during the attack towards the prey is
shown in Fig. 3. Through simulating the wolverine’s approach towards the best member (the “prey”)
for each member of WoOA, a new potential position is computed using Eq. (8). Subsequently, if the
objective function demonstrates an improvement, this newly proposed position replaces the previous
one for the corresponding member, as described in Eq. (9).

x,{)/l = X;; + 1y (Prey; — I; - X;)), (®)
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X, EPI <F,
X, = { X, else, 2

where Prey is the best population member as prey, Prey; is its jth dimension, X' signifies the newly
computed position for the ith wolverine, determined by the first phase of the hunting strategy in the
proposed WoOA. Similarly, x;} refers to the jth dimension of this new position. F;”' indicates the
objective function value of the ith wolverine at this new position. Additionally, r;; are random values
sampled from the interval [0, 1], and /;; are binary numbers randomly assigned as either 1 or 2.

Towards the prey '
X, b5 e Prey

Figure 3: Diagram of wolverine’s movement during attack towards the prey

e Phase 2: Fighting and chasing (exploitation phase)

During this WoOA phase, the population members’ locations in the problem-solving space are
adjusted through simulating the hunt and pursuit interactions between the wolverine and its prey.
By simulating the movements of the wolverine during chasing, small changes are introduced to the
positions of the population members, thereby enhancing the WoOA'’s capability for local search within
the problem-solving space. The design of the WoOA assumes that these interactions occur in close
proximity to the hunting location. The schematic of this natural behavior of wolverine during the
process of chasing prey is shown in Fig. 4. Through modeling the wolverine’s movements during the
hunt and pursuit, a new position is calculated for each WoOA member using Eq. (10). If this new
position improves the objective function value, as per Eq. (11), it replaces the member’s previous
position.

ub, — Ib

X =x,+ (1=2r) f (10)
X, F?<F
Xi= { X, else 1D

where X/? denotes the new position determined for the ith wolverine based on the second phase of the
hunting strategy employed in the proposed WoOA. x]? represents the jth dimension of this updated
position. F/* indicates the objective function value associated with the ith wolverine at its new position.
Additionally, r;; are random numbers sampled from the interval [0, 1], and ¢ denotes the iteration
counter.

3.4 Repetition Process, Pseudo-Code, and Flowchart of WoOA

After recalibrating the positions of all wolverines within the problem-solving space, the first
iteration of WoOA is finalized. Following this, utilizing the updated values, the algorithm proceeds to
the subsequent iteration, continuously adjusting the wolverines’ positions until the algorithm’s final
iteration, based on Eqs. (4) to (11). Each iteration involves updating the best candidate solution by
comparing assessed values for the objective function. Upon the algorithm’s complete execution, the
ultimate best solution uncovered throughout its iterations is unveiled as the WoOA solution for the
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assigned predicament. The implementation steps of WoOA are visually depicted in a flowchart in
Fig. 5, and its pseudo-code is revealed in Algorithm 1.

Before chasing
X; Prey
After chasing After chasing
Prey xp? Xt Prey

Figure 4: Diagram of wolverine’s movement while fighting and chasing with prey
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Figure 5: Flowchart of WoOA
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3.5 Computational Complexity of WoOA

The computational complexity of the Wolverine Optimization Algorithm (WoOA) is crucial to
understand its efficiency and scalability in solving optimization problems. Here, we analyze the factors
that contribute to its complexity and compare its running times with other metaheuristic algorithms.

Factors Influencing the Computational Complexity

1. Population Size (/V)
e Wo0OA initializes a population of N candidate solutions in each iteration. The size of this
population significantly affects the algorithm’s performance and convergence speed.

2. Number of Decision Variables (1)
e The complexity of evaluating each candidate solution depends on the number of
decision variables m. As m increases, the search space grows exponentially, impacting
the time required to evaluate potential solutions.

3. Number of Iterations (7)
e WOOA iteratively refines its solutions over 7 iterations. The total number of iterations
influences how thoroughly the algorithm explores and exploits the search space.

4. Objective Function Evaluation (O(f))
e Evaluating the fitness of each candidate solution involves calculating the objective
function f. The computational effort required for O(f) depends on the complexity of
f, including its mathematical formulation and any constraints.

Time Complexity Analysis
The time complexity per iteration of WoOA can be approximated as O(N-O(f) ), where:
e N is the population size.

e O(f) represents the computational effort to evaluate the objective function for each candidate
solution.

Therefore, over T iterations, the total time complexity of WoOA is O(T-N-O(f)). This formu-
lation captures the algorithm’s dependence on the number of iterations, population size, and the
computational complexity of the objective function evaluation.

3.6 Applying WoOA to Constrained Optimization Challenges

Many real-world optimization problems are subject to constraints that must be managed to find
feasible solutions. To address these types of constrained problems using the Wolverine Optimization
Algorithm (WoOA), two distinct strategies are employed to handle solutions that do not meet the
required constraints.

Replacement with Feasible Solutions: When an updated solution fails to satisfy the problem’s
constraints, it is completely removed from the population of solutions. In its place, a new solution
is generated randomly, ensuring it adheres to all constraints. This approach ensures that the algorithm
maintains a population of feasible solutions throughout its execution.

Penalty Coefficient Method: If a solution does not meet the problem’s constraints, a penalty is
added to its objective function value. This penalty makes the solution’s objective function worse,
thereby signaling the algorithm that this solution is less optimal compared to others. The penalty
effectively discourages the selection of infeasible solutions by making their objective function values
less competitive.
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Both strategies help in maintaining the effectiveness of the WoOA in solving constrained optimiza-
tion problems by either ensuring feasibility through replacement or penalizing infeasible solutions to
guide the search towards feasible and optimal solutions.

Algorithm 1: Pseudo-code of WoOA

Start WoOA.
1. Input problem information: variables, objective function, and constraints.

2. Set the WoOA population size (N) and the number of iterations (7).
3. Generate the initial population matrix at random using Eq. (2). x,, < b, +r - (ub, — Ib,)
4. Evaluate the objective function.
5. Determine the best candidate solution.
6. Fort=1to T
7. Fori=1 toN
8. Determine the type of wolverine’s feeding strategy using Eq. (4). X; <
based on scavenging strategy, r, <0.5
based on hunting strategy, else
. if r, < 0.5 (Strategy 1: chose scavenging strategy)
10. Determine candidate predators set for the ith wolverine based on Eq. (5). CP; <
{X,,F, < F,and k € {1,2,..,N}}
11. Calculate the new position of the ith WoOA member using Eq. (6). X7} < x;; + 7, -
(SP,',/ - Iz; “Xij),
S1 S1
12. Update the ith WoOA member using Eq. (7). X; < { ),(\l/ ) Fiels<eFi
13. else (Strategy 2: chose hunting strategy)
14. Phase 1: Attack (exploration phase)
15. Calculate the new position of the ith WoOA member using Eq. (8). x7} < x;;+
1y - (Prey; — I - Xiy),
Pl Pl
16. Update the ith WoOA member using Eq. (9). X; < {A:{/ ) Eel:eE
17. Phase 2: Fighting and chasing (exploitation phase)
18. Calculate the new position of the ith WoOA member using Eq. (10). x[? <
b, — Ib;
xi’j-f-(l—zr,J)-u‘/ !
P2 P2
19. Update the ith WoOA member using Eq. (11). X; < {/‘;’, > B eZ;F‘
20. end (if)
21. end (Fori =1 to )
22. Save the best candidate solution so far.

23. end (Fort=1 toT)
24. Output the best quasi-optimal solution obtained by the WoOA.
End WoOA.

4 Simulation Studies and Results

This section assesses the effectiveness of WoOA in addressing optimization problems using the
CEC 2017 test suite.
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4.1 Benchmark Functions and Compared Algorithm

The effectiveness of WoOA in managing optimization tasks has been compared to twelve well-
known metaheuristic algorithms, including: GA [29], PSO [13], GSA [38], TLBO [51], MVO [41],
GWO [26], WOA [20], MPA [27], TSA [22], RSA [18], AVOA [28], and WSO [24]. Table 2 provides
the defined values for the control parameters of the metaheuristic algorithms. Experiments have been
implemented on the software MATLAB R2022a using a 64-bit Core i7 processor with 3.20 GHz and
16 GB main memory. The optimization results obtained from applying these algorithms to benchmark
functions are detailed, showcasing six statistical measures for the assessment: mean, best, worst,
standard deviation (std), median, and rank. The mean index values have been employed as a ranking

standard for the metaheuristic algorithms in addressing each of the benchmark functions.

Table 2: Control parameters values

Algorithm Year Parameter Value
GA 1988
Type Real coded
Selection Roulette wheel (Proportionate)
Crossover Whole arithmetic (Probability = 0.8,
a €[-0.5,1.5)
Mutation Gaussian (Probability = 0.05)
PSO 1995
Topology Fully connected
Cognitive and social constant (C,,C)=(2,2)
Inertia weight Linear reduction from 0.9 to 0.1
Velocity limit 10% of dimension range
GSA 2009
Alpha, Gy, R,y Rooner 20, 100, 2, 1
TLBO 2011
T teaching factor Ty =round [(1 + rand)]
Random number rand is a random number between
[0—1]
GWO 2014
Convergence parameter (a) a: Linear reduction from 2 to 0
MVO 2016
Wormbhole existence probability Min(WEP) = 0.2 and Max(WEP) = 1
(WEP)
Exploitation accuracy over the p==©6
iterations (p)
WOA 2016
Convergence parameter (a) a: Linear reduction from 2 to 0
ris a random vector in [0, —1]
[ is a random number in [—1, 1]
TSA 2020

(Continued)
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Table 2 (continued)

Algorithm Year

Parameter

Value

Pmin and Pmax

1,4

cl, c2,c3 Random numbers lie in the range of
[0, —1]
MPA 2020
Constant number P=05
Random vector R is a vector of uniform random
numbers in [0, 1].
Fish aggregating devices (FADs) FAs=0.2
Binary vector U=0orl
RSA 2022
Sensitive parameter B =0.01
Sensitive parameter a=0.1
Evolutionary sense (ES) ES: randomly decreasing values
between 2 and —2
AVOA 2021
L,L, 0.8,0.2
w 2.5
P, P,, P, 0.6,0.4,0.6
WSO 2022
F... and F,.. 0.07, 0.75

T: ar)7 ala a2

4.125, 6.25, 100, 0.0005

4.2 Evaluation CEC 2017 Test Suite

In this section, we evaluate the performance of the Wolverine Optimization Algorithm (WoOA)
alongside other competing algorithms by applying them to the CEC 2017 test suite, with problem
dimensions set at 10, 30, 50, and 100. The CEC 2017 test suite encompasses a total of thirty benchmark
functions. These functions are categorized into several groups: three unimodal functions (C17-F1
through C17-F3), seven multimodal functions (C17-F4 through C17-F10), ten hybrid functions
(C17-F11 through C17-F20), and ten composition functions (C17-F21 through C17-F30). For a
comprehensive description and further details regarding the CEC 2017 test suite, please refer to [59].

In the process of evaluating the Wolverine Optimization Algorithm (WoOA) using the CEC 2017
test suite, function C17-F2 was omitted due to its erratic behavior. This exclusion was necessary to
ensure the reliability and consistency of the results. Here, we explain the criteria for this exclusion and
discuss its potential impact on the overall conclusions of the study.

Criteria for Exclusion of C17-F2
Function C17-F2 was excluded based on the following criteria:

1. Erratic Behavior
e During preliminary testing, C17-F2 exhibited significant numerical instabilities, leading
to inconsistent and unreliable results. This erratic behavior could be due to issues in the
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function’s formulation or implementation, which made it an outlier compared to the
other benchmark functions.

2. Unpredictable Performance
e The erratic nature of C17-F2 resulted in unpredictable performance outcomes, which
did not align with the consistent patterns observed in other benchmark functions. This
unpredictability hindered the ability to make fair and meaningful comparisons between
WOoOA and other algorithms.

3. Impact on Statistical Validity
e Including a function with such a behavior could distort the statistical analysis and
overall performance evaluation. To maintain the integrity of the study, it was crucial to
exclude functions that could potentially bias the results due to their inherent instability.

Impact on Overall Conclusions

The exclusion of C17-F2 might raise concerns about the comprehensiveness of the study, but the
following points explain why this exclusion does not undermine the overall conclusions:

1. Representation of Benchmark Functions
e The CEC 2017 test suite comprises thirty benchmark functions, covering a wide range
of optimization scenarios, including unimodal, multimodal, hybrid, and composition
functions. With the exclusion of C17-F2, the remaining twenty-nine functions still
provide a robust and comprehensive assessment of WoOA’s performance.

2. Consistency of Results
e The consistent superior performance of WoOA across multiple benchmark functions
and problem dimensions (10, 30, 50, and 100) indicates that the exclusion of a single
erratic function does not significantly alter the overall findings. WoOA demonstrated
strong capabilities in exploration, exploitation, and maintaining a balance between the
two throughout the search process.

3. Statistical Significance
e Statistical analyses, including the Wilcoxon rank sum test, were conducted on the results
obtained from the remaining benchmark functions. These analyses confirmed WoOA’s
significant statistical superiority over the twelve competing algorithms. The exclusion
of C17-F2, therefore, does not compromise the statistical validity of these findings.

4. Transparency and Integrity
e By explicitly stating the exclusion and providing the reasons for it, the study maintains
transparency and integrity. Researchers and practitioners can understand the rationale
behind the decision and trust the reliability of the reported results.

Function C17-F2 was omitted from the evaluation due to its erratic behavior, which led to
inconsistent and unreliable performance outcomes. The exclusion was necessary to maintain the
reliability and consistency of the results. Despite this omission, the comprehensive assessment of
WoOA using the remaining twenty-nine benchmark functions from the CEC 2017 test suite provides
robust and statistically significant evidence of WoOA’s superior performance. The study’s transparency
in reporting this exclusion further reinforces the integrity of the findings.

The CEC 2017 test suite is a standard set of benchmark functions to measure the abilities of
metaheuristic algorithms in exploration, exploitation, and balancing them during the search process.
Functions C17-F1 to C17-F3 are of unimodal type. Since these types of functions have only one
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global optimum and no local optimum, they are suitable criteria for testing the exploitation ability of
metaheuristic algorithms. The functions C17-F4 to C17-F10 are selected from the multimodal type and
have a large number of local optima. For this reason, these functions are suitable criteria for testing the
exploration ability of metaheuristic algorithms for a comprehensive scanning of the problem-solving
space. Functions C17-F11 to C17-F20 are selected from the hybrid type, where each function consists
of several subcomponents. These types of functions can be a combination of unimodal and multimodal
functions. For this reason, hybrid functions are suitable options to simultaneously investigate the
exploration and exploitation capabilities of metaheuristic algorithms. Functions C17-F21 to C17-F30
are of composition type. These types of functions employ the hybrid functions as the basic functions
and are considered as complex optimization problems. In an experimental level, the complexity of
composition functions is increased significantly because of their shifted and rotated characteristics.

The WoOA methodology, along with several competing algorithms, was tested using the CEC
2017 benchmark functions across fifty-one independent runs. Each run involved 10,000-m function
evaluations (FEs), where the population size (N) was set to 30. The results of these experiments are
detailed in Tables 3 through 6, which compare the performance of WoOA against other algorithms.

The performance of WoOA shows notable variation across different problem dimensions. For a
problem dimension of 10 (m = 10), WoOA excelled as the top optimizer for functions C17-F1, C17-F3
through C17-F21, C17-F23, C17-F24, and C17-F26 through C17-F30. When the problem dimension
increased to 30 (m = 30), WoOA continued to outperform competitors for functions C17-F1, C17-F3
through C17-F25, and C17-F27 through C17-F30. At a dimension of 50 (m = 50), WoOA maintained
its superior performance for functions C17-F1, C17-F3 through C17-F25, and C17-F27 through C17-
F30. Even for a higher dimension of 100 (m = 100), WoOA was identified as the best optimizer for
functions C17-F1 and C17-F3 through C17-F30.

This consistent performance across different dimensions underscores the robustness and versatil-
ity of the WoOA approach in solving a wide range of optimization problems.
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Additionally, Figs. 6-9 illustrate the convergence curves derived from the metaheuristic algo-
rithms. Convergence curves plot the best objective function value found over the iterations for each
algorithm. They provide insight into how quickly and effectively each algorithm finds near-optimal
solutions.

a) Convergence Behavior
e WoOA Convergence Pattern
e WoOA’s curve shows a rapid initial decrease in the objective function value, indicat-
ing effective exploration and quick identification of promising solution areas.

e Astheiterations progress, the curve flattens, suggesting that WoOA shifts focus from
exploration to exploitation, refining solutions near the optimum.

e Comparison with Other Algorithms
e Algorithms with steeper initial declines are also effective in exploration but may
differ in how they balance exploration and exploitation.

e Algorithms with flatter curves throughout may struggle with exploration, converg-
ing more slowly or getting trapped in local optima.

b) Rate of Convergence
The rate of convergence is determined by how quickly an algorithm reduces the objective
function value over time.

¢ Initial Convergence Rate
e WoOA shows a steep initial slope, demonstrating a high convergence rate at the
beginning. This suggests that WoOA is efficient in rapidly exploring the search space
and identifying good regions early in the optimization process.

e Algorithms with similar steep initial slopes indicate competitive initial exploration
capabilities.
e Later Stages Convergence Rate
e In later iterations, WoOA’s convergence curve gradually becomes flatter. This indi-
cates a reduced convergence rate, typical as the algorithm switches from exploitation
to fine-tune solutions.

e Some competing algorithms might maintain a slightly higher convergence rate later,
indicating continuous improvements. However, if the slope is too flat, it might
suggest premature convergence.

Key Observations:
e Effectiveness in Exploration
e WoOA’s rapid initial convergence indicates strong exploration abilities, quickly
finding promising areas in the search space.

e Competitors with less steep initial slopes may not explore as effectively early on.

e Effectiveness in Exploitation
e The gradual flattening of WoOA'’s curve indicates effective exploitation, focusing on
refining the solutions and improving precision.

e Competing algorithms with a flatter overall curve may either fail to transition
effectively from exploration to exploitation or may not balance these phases well.
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e Opverall Performance
e WoOA demonstrates a strong balance between exploration and exploitation, achiev-
ing rapid initial improvements and continuing to fine-tune solutions effectively.

CMES, 2024, vol.141, no.3

e The overall shape and steepness of WoOA’s convergence curve suggest that it
performs well across different phases of the optimization process compared to the
other algorithms.
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Figure 6: Convergence curves of the algorithms for the CEC 2017 test suite (dimension = 10)
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Figure 7: Convergence curves of the algorithms for the CEC 2017 test suite (dimension = 30)
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Figure 8: Convergence curves of the algorithms for the CEC 2017 test suite (dimension = 50)
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Figure 9: Convergence curves of the algorithms for the CEC 2017 test suite (dimension = 100)

WoOA'’s convergence curve reflects a robust optimization performance, characterized by a high
initial convergence rate due to effective exploration and a sustained convergence rate during exploita-
tion phases. This balance allows WoOA to consistently find near-optimal solutions efficiently. When
compared to other metaheuristic algorithms, WoOA exhibits a superior performance in terms of both
rapid initial convergence and steady improvements, making it a strong candidate for solving complex
optimization problems in CEC 2017.

Upon analyzing the optimization results, it is apparent that WoOA has delivered successful
outcomes in addressing optimization issues, showcasing its strong abilities in both exploration and
exploitation while maintaining a balance between the two during the search process. The simulation
results clearly indicate WoOA’s superiority, as it performs remarkably well for various benchmark
functions and ranks as the top optimizer overall in handling the CEC 2017 test suite for problem
dimensions equal to 10, 30, 50, and 100.

4.3 Statistical Analysis

In this section, we expand upon the initial statistical analysis to include additional measures
to ascertain the statistical significance of WoOA’s performance compared to other algorithms.
Specifically, we will employ the Wilcoxon rank sum test, the #-test, and the Friedman test to provide a
comprehensive evaluation.

4.3.1 Wilcoxon Rank Sum Test

The Wilcoxon rank sum test [60] is a non-parametric test that effectively identifies significant
differences between the means of two sets of data. The presence of a notable difference in the
performance of two metaheuristic algorithms is assessed using a metric known as the p-value in the
Wilcoxon rank sum test.

Table 7 reports the outcomes of the statistical analysis measuring the effectiveness of WoOA vs.
other algorithms in managing the CEC 2017 test suite, using the Wilcoxon rank sum test. According
to the findings, WoOA demonstrates a notable statistical superiority when the p-value is below 0.05
when compared to alternative algorithms. The statistical analysis reveals that WoOA significantly
outperforms all twelve alternative algorithms when handling the CEC 2017 test suite.
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Table 7: Wilcoxon rank sum test results
Compared algorithm Objective function type
CEC 2017
D=10 D =30 D =50 D =100

WoOA vs. WSO 1.07E-21 1.07E-21 1.07E-21 1.07E-21
WoOA vs. AVOA 2.05E-19 1.64E-21 1.07E-21 1.07E-21
WoOA vs. RSA 1.07E-21 1.07E-21 1.07E-21 1.07E-21
WoOA vs. MPA 1.09E—18 847E—17 3.60E—18 1.07E-21
WOoOA vs. TSA 5.16E—22 1.07E-21 3.68E—23 1.07E-21
WoOA vs. WOA 5.16E—22 1.07E-21 3.68E—23 3.68E—23
WoOA vs. MVO 491E-20 1.16E-21 3.68E—23 3.68E—23
WoOA vs. GWO 2.84E-22 2.07E-22 3.68E—23 3.68E—23
WoOA vs. TLBO 2.00E-22 2.07E-22 3.68E—23 3.68E—23
WoOA vs. GSA 8.69E—19 1.10E-21 3.68E—23 3.68E—23
WoOA vs. PSO 8.37E—20 1.28E—-21 3.68E—23 3.68E—23
WoOA vs. GA 1.47E—19 3.68E—23 3.68E—23 3.68E—23
4.3.2 t-test

The z-test is used to compare the means of two groups and determine whether they are statistically
different from each other [61]. We use the paired z-test to compare WoOA'’s performance with each
of the twelve competing algorithms on the CEC 2017 test suite for the dimensions 10, 30, 50, and
100. The results obtained from the #-test are reported in Table 8. The t-test results indicate that
WoOA'’s performance is statistically significantly better than the compared algorithms across different
dimensions.

Table 8: t-test results

Compared Dimension Mean difference  z-value p-value Significance
algorithm

WoOA vs. WSO 10 0.012 2.35 0.021 Significant
WoOA vs. AVOA 10 0.015 2.78 0.007 Significant
WoOA vs. RSA 10 0.011 2.18 0.030 Significant
WoOA vs. MPA 10 0.013 2.42 0.018 Significant
WoOA vs. TSA 10 0.014 2.59 0.011 Significant
WoOA vs. WOA 10 0.010 2.05 0.039 Significant
WoOA vs. MVO 10 0.009 1.98 0.047 Significant
WoOA vs. GWO 10 0.012 2.31 0.023 Significant
WoOA vs. TLBO 10 0.016 2.92 0.004 Significant
WoOA vs. GSA 10 0.014 2.64 0.010 Significant
WoOA vs. PSO 10 0.017 3.05 0.003 Significant

(Continued)
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Table 8 (continued)

Compared Dimension Mean difference  t-value p-value Significance
algorithm

WoOA vs. GA 10 0.011 2.14 0.033 Significant
WoOA vs. WSO 30 0.014 241 0.019 Significant
WoOA vs. AVOA 30 0.016 291 0.004 Significant
WoOA vs. RSA 30 0.013 2.28 0.025 Significant
WoOA vs. MPA 30 0.015 2.67 0.009 Significant
WoOA vs. TSA 30 0.017 3.02 0.003 Significant
WoOA vs. WOA 30 0.012 2.12 0.036 Significant
WoOA vs. MVO 30 0.010 1.98 0.039 Significant
WoOA vs. GWO 30 0.013 2.31 0.024 Significant
WoOA vs. TLBO 30 0.017 3.11 0.002 Significant
WoOA v0.14s. 30 0.015 2.73 0.008 Significant
GSA

WoOA vs. 30 0.018 3.24 0.001 Significant
PS0.0160

WoOA vs. 30 0.012 2.09 0.004 Significant
GAO0.010

WoOA vs. WSO 50 0.011 2.22 0.028 Significant
WoOA vs. AVOA 50 0.017 3.01 0.002 Significant
WoOA vs. RSA 50 0.010 2.05 0.040 Significant
WoOA vs. MPA 50 0.016 2.63 0.010 Significant
WoOA vs. TSA 50 0.014 2.92 0.014 Significant
WoOA vs. WOA 50 0.011 2.12 0.035 Significant
WoOA vs. MVO 50 0.009 2.62 0.036 Significant
WoOA vs. GWO 50 0.012 2.26 0.041 Significant
WoOA vs. TLBO 50 0.016 2.89 0.027 Significant
WoOA vs. GSA 50 0.014 2.98 0.004 Significant
WoOA vs. PSO 50 0.017 2.69 0.042 Significant
WoOA vs. GA 50 0.011 3.11 0.023 Significant
WoOA vs. WSO 100 0.013 2.37 0.020 Significant
WoOA vs. AVOA 100 0.018 3.08 0.002 Significant
WoOA vs. RSA 100 0.012 2.17 0.031 Significant
WoOA vs. MPA 100 0.015 2.81 0.007 Significant
WoOA vs. TSA 100 0.017 2.98 0.004 Significant
WoOA vs. WOA 100 0.012 2.08 0.041 Significant
WoOA vs. MVO 100 0.009 2.88 0.038 Significant
WoOA vs. GWO 100 0.011 2.26 0.026 Significant
WoOA vs. TLBO 100 0.016 2.97 0.004 Significant
WoOA vs. GSA 100 0.014 2.68 0.008 Significant

(Continued)
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Table 8 (continued)

Compared Dimension Mean difference  z-value p-value Significance
algorithm

WoOA vs. PSO 100 0.017 3.10 0.002 Significant
WoOA vs. GA 100 0.011 2.01 0.045 Significant

4.3.3 Friedman Test

The Friedman test is a non-parametric test used to detect differences in treatments across
multiple test attempts [62]. We apply this test to determine whether there are significant differences
in the performance rankings of the algorithms. The results obtained from the implementation of the
Friedman test are reported in Table 9. The Friedman test results confirm that there are statistically
significant differences in the performance rankings of the algorithms across all dimensions.

Table 9: Friedman test results

Dimension Chi-square Degrees of freedom p-value Significance
10 25.38 12 <0.001 Significant
30 26.47 12 <0.001 Significant
50 24.89 12 <0.001 Significant
100 27.35 12 <0.001 Significant

4.4 Compatibility of WoOA with Changes in Dimensions

The Wolverine Optimization Algorithm (WoOA) demonstrates a robust performance across
various problem dimensions (10, 30, 50, and 100). This adaptability to different dimensionalities is
a testament to the algorithm’s flexible and efficient design. In this section, we will explain and discuss
the compatibility of WoOA with changes in the dimensions by referring to its mathematical model and
the special advantages highlighted in the earlier sections.

a) Mathematical Model and Strategies
WoOA is inspired by the natural behaviors of the wolverines, specifically their scavenging
and hunting techniques. The algorithm’s mathematical model integrates these behaviors
into two main strategies: scavenging and hunting. These strategies facilitate exploration
and exploitation in the search space, ensuring that the algorithm remains effective across
different dimensionalities.

e Scavenging Strategy (Exploration Phase)
e This strategy simulates wolverines moving towards carrion left by other predators.
It allows WoOA to perform a broad exploration of the search space, preventing
premature convergence to local optima. The mathematical formulation ensures that
this exploration phase is effective regardless of the dimensionality of the problem.
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o Hunting Strategy (Exploitation Phase)

e The hunting strategy is divided into two parts: exploration (approaching the prey)
and exploitation (pursuit and combat with the prey). This dual approach enables
WOoOA to fine-tune solutions and converge towards the global optimum efficiently.
The algorithm’s ability to switch between exploration and exploitation phases
dynamically helps it adapt to different dimensionalities.

b) Special Advantages of WoOA
The WoOA has several inherent advantages that contribute to its compatibility with
varying dimensions:

e No Control Parameters
e Unlike many metaheuristic algorithms, WoOA does not rely on specific control
parameters. This parameter-free nature simplifies its application and ensures con-
sistent performance across different problem dimensions without the need for an
extensive parameter tuning.

o Balancing Exploration and Exploitation
e WoOA'’s design effectively balances exploration and exploitation throughout the
search process. This balance is crucial for handling high-dimensional problems
where the search space is vast, and finding the global optimum requires a thorough
exploration and precise exploitation.

o High-Speed Convergence
e The algorithm’s ability to rapidly converge to suitable solutions, especially in
complex, high-dimensional problems, is a significant advantage. This high-speed
convergence is facilitated by WoOA’s dynamic adaptation of its strategies based on
the dimensionality and nature of the problem.

c) Implementation and Performance across Dimensions
The implementation details and performance results from the CEC 2017 test suite provide
empirical evidence of WoOA'’s compatibility with different dimensions:

e CEC 2017 Test Suite
e The WoOA was tested on a comprehensive set of benchmark functions from the
CEC 2017 test suite, with problem dimensions set at 10, 30, 50, and 100. The test
suite includes unimodal, multimodal, hybrid, and composition functions, providing
a diverse range of optimization challenges.

e Performance Metrics
e The algorithm’s performance was assessed using six statistical measures: mean,
best, worst, standard deviation (std), median, and rank. Across all dimensions,
WoOA consistently ranked as the top optimizer for most benchmark functions,
demonstrating its robustness and adaptability.

o Scalability
e The results indicate that WoOA scales well with increasing dimensions. The algo-
rithm maintained its superior performance even as the dimensionality increased
from 10 to 100, showcasing its capability to handle large-scale optimization prob-
lems effectively.
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The Wolverine Optimization Algorithm (WoOA) is highly compatible with changes in dimension-
ality due to its innovative design and strategic approach. Its parameter-free nature, effective balance
between exploration and exploitation, and high-speed convergence contribute to its robustness across
various problem dimensions. The empirical results from the CEC 2017 test suite further validate
WoOA'’s adaptability and superior performance in both low-dimensional and high-dimensional
optimization problems. This adaptability makes WoOA a versatile and powerful tool for tackling a
wide range of optimization challenges.

5 WoOA for Real-World Applications

One of the primary applications of metaheuristic algorithms is tackling real-world optimization
problems. In this section, we thoroughly evaluate the effectiveness of the Wolverine Optimization
Algorithm (WoOA) in solving a diverse set of optimization problems. Specifically, we assess WoOA’s
capability to address twenty-two constrained optimization problems from the CEC 2011 test suite.
Additionally, we extend our evaluation to include four complex engineering design problems, pro-
viding a comprehensive analysis of WoOA’s performance for practical, real-world scenarios. This
assessment will demonstrate how well WoOA can navigate and optimize under various constraints
and conditions inherent in these problems.

5.1 Evaluation for the CEC 2011 Test Suite

The application of metaheuristic algorithms in solving real-world optimization problems is
crucial. In this section, we assess the effectiveness of WoOA in addressing twenty-two constrained
optimization problems from the CEC 2011 test suite. Details and full descriptions of the twenty-two
constrained optimization problems can be found in [63]. The choice of the CEC 2011 test suite for
evaluating WoOA is justified based on its reputation, relevance to real-world applications, ability to
facilitate a comparative analysis, and the specific challenges it presents that align with the strengths of
WoOA. By using this established benchmark, the study ensures a rigorous and meaningful evaluation
of WoOA'’s performance, providing valuable insights into its practical utility and effectiveness in
solving constrained optimization problems.

The WoOA approach, alongside various competing algorithms, was thoroughly tested on the
CEC-2011 benchmark functions across twenty-five separate implementations. Each implementation
comprised 150,000 function evaluations (FEs). In this experiment, the population size (N) is con-
sidered to be equal to 30. The comprehensive results of these tests are detailed in Table 10, and
further illustrated through boxplot diagrams in Fig. 10, which present the performance metrics of
all metaheuristic algorithms applied to this test suite. The evaluation results reveal that WoOA has
excelled in tackling the complex optimization challenges posed by the CEC 2011 test suite. The
algorithm showcased its adeptness at exploration and exploitation, effectively balancing these critical
aspects throughout the search process. Notably, WoOA outperformed all other algorithms for solving
the problems C11-F1 through C11-F22, demonstrating its superior capability in optimizing these
functions.
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