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Abstract

Stochastic optimization has been found in many applications, especially for several local optima problems, because of their
ability to explore and exploit various zones of the feature space regardless of their disadvantage of immature convergence
and stagnation. Whale optimization algorithm (WOA) is a recent algorithm from the swarm-intelligence family developed
in 2016 that attempts to inspire the humpback whale foraging activities. However, the original WOA suffers from getting
trapped in the suboptimal regions and slow convergence rate. In this study, we try to overcome these limitations by revisiting
the components of the WOA with the evolutionary cores of Gaussian walk, CMA-ES, and evolution strategy that appeared
in Virus colony search (VCS). In the proposed algorithm VCSWOA, cores of the VCS are utilized as an exploitation engine,
whereas the cores of WOA are devoted to the exploratory phases. To evaluate the resulted framework, 30 benchmark functions
from IEEE CEC2017 are used in addition to four different constrained engineering problems. Furthermore, the enhanced
variant has been applied in image segmentation, where eight images are utilized, and they are compared with various WOA
variants. The comprehensive test and the detailed results show that the new structure has alleviated the central shortcomings
of WOA, and we witnessed a significant performance for the proposed VCSWOA compared to other peers.

Keywords Exploration and exploitation - Nature-inspired method - Metaheuristic - Optimization algorithms - Engineering

problems

1 Introduction

In the last 2 decades, many metaheuristic algorithms have
been proposed by researchers due to their advantages like
flexibility, bypassing local optima, and they did not need
gradient information [1]. Metaheuristics algorithms have
gained huge attention and a significant interest as they can
solve real-world optimization problems by mathematically
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simulating physical/biological phenomena. They have been
applied to many problems [2, 3]. These algorithms can be
divided into four major categories: 1(EAs), Swarm Intel-
ligence-based algorithm (SI-based), physics & chemistry
algorithms, and Human-based Algorithm. The first category
(evolutionary algorithms) contains algorithms inspired by
natural evolution. In EAs, there is a randomly generated
population at first to start. Then, all individuals are evaluated
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over a generation to produce new individuals using crosso-
ver and mutation processes. This category includes genetic
algorithms (GA) [4], evolution simulation strategy (ES) [5],
genetic programming (GP) [6], and biogeography-based
optimizer (BBO) [1].

The second category is SI-based algorithms inspired by
swarms’ social behavior [7], a collection of living beings
in nature. Examples of SI algorithms are particle swarm
algorithm (PSO) [8], ant colony optimization [9], Harris
hawks optimizer (HHO) [10], virus colony search [11], slime
mould algorithm (SMA) [12], Hunger games search (HGS)
[13], and Runge—Kutta (RUN) optimizer [14]. The third
class includes algorithms that simulate physical or chemical
phenomena. Examples of this class are simulated annealing
(SA) [15], and gravitational search algorithm (GSA) [16].
The last class includes algorithms, which are inspired by
human behavior like teaching learning-based optimization
(TLBO) [17] and tabu (Taboo) search (TS) [18]. In addi-
tion to engineering optimization problems [19, 20], these
stochastic methods have found their applications and con-
tributions in more complex problems and attracted many
works in science and engineering fields such as medical
data classification [21-24], scheduling problems [25, 26],
feature selection [27-29], wind speed forecast [30], engi-
neering design problems [31-33]. Furthermore, potential of
metaheuristics is not limited to such problems and still much
room to discover in the fields of hard maximum satisfiability
problem [34, 35], bankruptcy prediction [36, 37], param-
eter optimization [38—40], PID control [41-43], detection
of foreign fiber in cotton [44, 45], surveillance [46], service
ecosystem [47, 48], micro-expression spotting [49, 50], and
prediction problems in educational ground [51, 52].

WOA is a recent algorithm developed by the author in
[53] that has gained huge attention due to its simple code
and high similarity with grey wolf optimizer (GWO). This
algorithm can outperform many state-of-the-art algorithms
such as GSA, PSO, and GA. This algorithm is based on the
humpback special hunting behavior, which is called the bub-
ble net method. WOA has received huge interest and global
attention since its inception, as it shows a good performance
in handling many optimization tasks. Consequently, some
modifications have been made by many researchers. In [54],
they proposed a binary version of WOA using two transfer
functions. The new versions applied to solve travel salesman
problem (TSP). In [55], Aljarah et al. used WOA to find
the optimal connecting weights in a neural network. Also,
Elaziz et al. [56] developed a hyper-heuristic algorithm by
using DE to improve the initial WOA population. In [57],
Emary et al. tried to study the impact of levy flight in WOA
and SCA. Likewise, Oliva et al. [58] proposed a new ver-
sion of WOA using chaotic maps and applied it to estimate
photovoltaic cell parameters. In [59], Xiong et al. proposed
an improved version of WOA by developing two prey search
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strategies. In [60], Chen et al. proposed two strategies based
on Lévy flight and chaotic local search to have a good bal-
ance between the core capacities. Also, authors in [61] intro-
duced a hybrid version of WOA and SA by embedding SA in
WOA as a local search strategy. In [62], Abdel-Basset et al.
designed a new version of WOA and used it in Cryptanalysis
in Merkle—Hellman Cryptosystem. Another hybrid version
between WOA and GWO called WGC is introduced to clus-
ter data [63]. Agrawal et al. [64] applied embedded quantum
operators in WOA and used it in the feature selection prob-
lem. Authors in [65] proposed a new version using an oppo-
sition-based technique to prevent the basic whale method
on from getting trapped in local optima. Also, in works of
[66, 67], the proposed approach was applied to the feature
selection problem. In [68], Hemasian-Etefagh et al. tried to
prevent the classical WOA from trapping into local optima
by introducing a new version called group WOA (GWOA),
in which the population was divided into many groups based
on their fitness value. In [69], Hassib et al. proposed a novel
classification framework for big data using the WOA. To
solve job shop scheduling problems (JSSP), [70] tried to
solve it by introducing a hybrid algorithm called (WOA-
LFDE) in which differential evolution (DE), and Lévy flight
are hybridized with WOA. Also, in [71], Jiang et al. intro-
duced an enhanced WOA by embodying two approaches:
introducing an armed force program and adjusting benefi-
cial strategy. In [72], Guo et al. used a modified version of
WOA by using the adaptive strategy of the neighborhood
to forecast the demand for water resources. Also, in [73],
Got et al. introduced an enhanced multi-objective version of
WOA called guided population archive WOA (GPAWOA)
to solve multi-objective problems.

WOA has been applied to many medical applications.
Authors in [39] developed a chaotic multi-swarm WOA
version called CMWOA using a support vector machine
(SVM) and applied it to perform feature selection to many
well-known and common medical diseases problems such
as breast cancer, erythemato-squamous, and diabetes. Also,
in [74], Abdel-Basset et al. integrated the basic WOA with
TS and employed it to solve the quadratic assignment prob-
lem (Locating departments of the hospital). In [75], Thar-
wat et al. used WOA with SVM to be able to classify the
biotransformed toxicity effects of hepatic drugs. Also, in
[76], Zhao et al. mixed SVM kernel function with WOA to
classify colorectal cancer diagnosis.

Gharehchopogh and Gholizadeh listed all WOA vari-
ants and applications with details in a comprehensive sur-
vey [77]. Despite the original WOA success, many works
showed that its performance might degrade when solving
some optimization tasks.

On the other hand, another recent metaheuristic called
virus colony search (VCS) was developed [11]. VCS simu-
lates viruses diffusion and infection behavior in attacking
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cells. VCS has been applied to many power optimization
problems such as unit commitment [78], resource allocation
[79], and distributed generators placement [80].

In this study, a new enhanced WOA-based algorithm
is designed that embedded the core mechanisms of VCS
into the main method. It aims to overcome these limitations
by revisiting the WOA based on the core components of
the Gaussian walk, CMA-ES, and evolution strategy that
appeared in the VCS. This could prevent WOA from get-
ting trapped into local optima by maintaining a better bal-
ance among the exploration and exploitation capabilities. To
evaluate the resulted framework, 30 benchmark cases from
IEEE CEC2017 were employed in addition to four different
constrained engineering problems. Besides, the enhanced
WOA-based variant has been applied to image segmenta-
tion, where eight images are utilized, and they are compared
with various WOA variants. The attained results show that
the new structure has alleviated the central shortcomings
of WOA, and we saw a significant performance for the pro-
posed VCSWOA compared to other peers.

This paper is organized as follows. Sections 2 and 3 give a
detailed description and mathematical equations to the WOA
and VCS, respectively. Sections 4 and 5 show the proposed
method and results discussions. Section 6 concludes the

paper.

2 Whale optimization algorithm

In this section, we present the basics of the WOA by describ-
ing its main components, such as inspiration, its mathemati-
cal model, and how it deals with exploration and exploita-
tion. The WOA [53] introduced by Mirjalili et al. in 2016,
which mimics the foraging of humpback whales. Whales
are beautiful creatures that have a special hunting technique
called bubble-net feeding or 9-shape. Then, other agents
attempt to change their location vector to attain the best
position according to Eq. (1).

D =[C.X"(1) - X ey

Xt+1)=X*¢+1)—AD 2)

where t denotes the counter of iteration, C and A are coeffi-
cient vectors, X* means the position vector of the best agent,
and X is the location vector. A and C values are obtained
from the following rules:

A =2ar-a 3

C =2r, 4

where a is linearly decreased from 2 to O over iterations and
r randomly bounded in [0,1]. To mathematically simulate the
exploitation phase, we have two approaches (1) Shrinking
encircling: attained by decreasing a value’s with regard to
Eq. (4). Note that A is a random value between [—a, a]. (2)
Spiral updating: this phase realizes the distance between the
whale and the prey. Equation (5), calculates the spiral that
mimics the helix-shaped movement as follow:

X(r + 1) = Dle?. cos(2xl)) + X* (1), (3)

where b is constant, [ is a random number in [—1, 1]. To
select either spiral moves or shrinking encircling phase, a
chance of 50% is assumed as follow:

X*(f) — A.D ifp<05

X+ b= { D'.¢”’. cos(2xl) + X*(7) if p > 0.5, ©

where p is a random number in a uniform distribution.
In other hand side, in exploration (diversification) stage,
1 < A < —1is used to force the solution to move away from
this location. Equations (7) and (8), represent the mathemati-
cal for exploration phase as follow:

D=|CX, ., —X| @)

X(t + 1) =Avand — AD (8)

The general pseudo-code steps of WOA are presented in
Algorithm 1.

@ Springer
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Algorithm 1 Whale Optimization Algorithm.

Input: n Number of whales in the population.
MazxIter Number of iteration for Optimization
Output: Optimal whale position
Initialize a the population of n whales
Find X« = best search agent threads
while stopping criteria not meet to do
for whale;belong to whales do
Calculate and Update a; A,C,p and 1.
if p < 0.5 then
if (JA|< 1) then
Update position by Eq. (2)
else(|A|> 1)
Select a random search agent (X,qnq)
Update position by Eq. (8)
end if
else(p > 0.5)
Update position by Eq. (4)
end if
Update X(t + 1) from Eq. (5)
end for
Check if any search agent goes beyond the search space
Calculate the fitness of each search agent
Update X* if there is a better solution
end while

3 Virus colony optimization algorithm

Virus colony search (VCS) is a novel population algorithm
inspired by nature, which simulates infection and diffusion
techniques. VCS mainly depends on three strategies: (1)
Gaussian walk, (2) CMA-ES, and (3) evolution strategy.
The population is divided into two groups: V,,, which
refers to virus colony, and Hpop, which refers to host cell
colony. A host cell is infected by one virus. Then, the virus
must obtain nutrients by destroying the host cell to be able
to reproduce. Finally, the few best viruses remain in the next
generation, and the other viruses are evolved. The following
subsections simulate these steps mathematically.

3.1 Viruses diffusion

A random walk is needed in this phase to simulate virus
moving. Gaussian random walk (GRW) is used since it has
a good performance as given in Eq. (9).

Vpop; = Gaussian(G5 _, 7) + (.G

best’

8
best - VPUP,‘ )’ (9)

where i refers to a random value and equals 1,2,3, ... ,N
where N is the size of the population, r,&r, are random
variables and falls in the interval [0, 1], and 7 refers to the
standard deviation and can be calculated as follows:

© =10g(8)/8.(V,yp, = G},.)- (10)

In Eq. (9), the term (rl.G‘ies . i) is used as a search

direction in order to prevent direction from getting trapped in

- rz.Vpop
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a local optimum. Also, the term log(g)/g is used to decrease
Gaussian jump size over generations to improve the local
search performance.

3.2 Host cells infection

In this stage, the virus invades the host cell and tries to
destroy it until its death. Then, the virus interacts with the
host cell by absorbing essential nutrition and metabolizing
harmful substances. Then, the host cell will be converted
into a new virus. This process is used to improve the capabil-
ities of the exploration process and observe the exchange of
information. Hence, covariance matrix adaptation evolution
strategy (CMA-ES) can be used to model derivative-free and
stochastic optimization. The main steps to mathematically
simulate this stage is as follows:

Step 1: H,,,, updating process using Eq. (11).

op

N
Zi Vpop,-

Hpop$ = ¥

+6¢ X N0, c,) (11

where N(0, ¢,) refers to the normal distribution with mean
0 andDxD covariance matrix c,. D refers to problem dimen-
sion, g refers to the current iteration.

Step 2: Selection of the best A from the previous stage as a
parental vector. The selected vector center can be calculated
as follow:
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mean i

X (Z(ln(/l +1) —an))>,

J=1

A
xerl =1 Z Vpop!"'|wi = In(4 + 1)

i=1
12)

where A can be calculated as [%’J i refers to the individual
index, w; refers to recombination weight. Here, two evolution
paths can be computed to track the population mean changes
with an exponential decay of the past.

P == c)pt + Ve, —c,)A,

(c8> V2t —xg ()
P = (1= copf + ho\Jc.2 — ¢ ),
1 Lo xe ) (14)

where A‘ zl’llw.z,

c, —4/(N+4) h, = 1if||ps*

Step 3: Updating the step size
o¢*! can be updated using Eq. (15).

" e 1P
o8 aé’xexp< (—E||N(01)|| 1 (15)

Also, covariance matrix c$*!is constructed using Eq. (16).

=, +2)/(N+4,+3),
||is large.

Fig. 1 The flowchart of the
proposed method

Initialize A a,c,/and p

v

Initialize the positions of
whales

v

—»| Calculate population fitness

v

Update leader position

v

Gaussian walk and diffusion

using Eq.(9)

St =(1- cl —c)cf + e pst(psthT

Abest __ Xg

vpop mean (Vpopibeﬂ ngnean)T
+c, Z w;

o8 o8
i=1

(16)

where ¢, ¢, have

d, =1+c, +2max {0,(\/4, — 1/VN +1)—1} (17)

1 1 . 24, —1
cg=—\((1-—|mind 1, ———— + 4,
Ay Ay (N +2)2+ 4,

s 22 \/—)2>

Ay Ay

(18)

C, =, -1)C, (19)

3.3 Immune response

According to the host cell immune influence system, only
the highest performance virus will retain its properties to
the next generation and the others are killed by the immune
system. Hence, following steps are used to model the virus
evolution.
Step 1: Performance rank evaluation

Pr 1y can be calculated as follow.

(N—i+1)
Py = —~ (20

Step 2: Evolution of individuals

| .

Calculate performance Rank
Eq.(20)

1 v

Update whale position using

Update population Eq.(21)

Calculate 4 weight mean using

Eq.(12) Eq.(2), Eq.(4) or Eq.(8)
Check if termination
Evaluatelteta < condition is satisfied? >
T |
Yes
Apply host infection phase v
using Eq.(11)

Return whale leader

T

Evaluate Vpop
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Vpop,; = Vpop, ; — randx

(Vpop,,j — Vpop, ;) "> Prou

ey

Vpop, = Vpop; j otherwise

where the 3 variables k, i, h are chosen randomly from
[1,2,3,...,N]suchthati # k # h,and j € 1,2,3,...,d]and
rand and r are the random values € [0, 1].

4 Proposed algorithm

In this section, the structure of the proposed WOA-based
method is explained in detail, as given in Fig. 1. The basic
WOA has some core limitations, especially in solving com-
plex problems, mainly the multimodal functions and high
dimensional ones. The main WOA’s limitations are dropping
into local optima and the problem of the slow convergence.

VCSWOA aims to overcome these limitations by revisiting
the WOA based on the core components of Gaussian walk,

CMA-ES, and evolution strategy that appeared in the VCS.
These ideas are to enhance the convergence speed and local
optima avoidance of the WOA method. Here, the components
of the VCS algorithm are devoted to performing intensifica-
tion drifts to make the WOA algorithm more capable of avoid-
ing local optima, which will reflect an improvement in exploi-
tation abilities. On the other hand, the conventional cores of
the WOA are utilized to handle exploratory patterns we need
during a well-organized searching around the regions of the
feature domain. In this way, we can reach a well-harmonized
balance between exploitation and exploration procedures.

The pseudo-code of VCSWOA is shown in Algorithm ,
and it works as follows: An initial whale population is gen-
erated randomly at the initial state. Then, the three phases
of Gaussian walk, CMA-ES, and evolution strategy are
performed to further evolve the immature population: i.e.,
viruses diffusion, host cell infection, and immune response
in VCS. After that, the updating phase of each search agent’s
position is done based on p and Al values.

Table 1 CEC2017 benchmark

. No. Types Name Opt
functions

F1 Unimodal Shifted and rotated bent cigar function 100
F2 Shifted and rotated sum of different power function 200
F3 Shifted and rotated Zakharov function 300
F4 Multimodal Shifted and rotated Rosenbrock’s function 400
F5 Shifted and rotated Rastrigin’s function 500
F6 Shifted and rotated expanded Scaffer’s F6 function 600
F7 Shifted and rotated Lunacek bi-Rastrigin function 700
F8 Shifted and rotated non-continuous Rastrigin’s function 800
F9 Shifted and rotated Lévy function 900
F10 Shifted and rotated Schwefel’s function 1000
F11 Hybrid Hybrid function 1 (N = 3) 1100
F12 Hybrid function 2 (N = 3) 1200
F13 Hybrid function 3 (N = 3) 1300
F14 Hybrid function 4 (N = 4) 1400
F15 Hybrid function 5 (N = 4) 1500
F16 Hybrid function 6 (N = 4) 1600
F17 Hybrid function 6 (N = 5) 1700
F18 Hybrid function 6 (N = 5) 1800
F19 Hybrid function 6 (N = 5) 1900
F20 Hybrid function 6 (N = 6) 2000
F21 Composition Composition function 1 (N = 3) 2100
F22 Composition function 2 (N = 3) 2200
F23 Composition function 3 (N = 4) 2300
F24 Composition function 4 (N = 4) 2400
F25 Composition function 5 (N = 5) 2500
F26 Composition function 6 (N = 5) 2600
F27 Composition function 7 (N = 6) 2700
F28 Composition function 8 (N = 6) 2800
F29 Composition function 9 (N = 3) 2900
F30 Composition function 10 (N = 3) 3000

@ Springer
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Algorithm 2 VCSWOA

Input:
Number of whales in the population (n)
Maximum function evaluation number (MazFEs)
Number of dimensions (dim)
selected best individuals number (A = {%J)
Output:
Optimal whale Position
Positions=Initialize a the population of n whales
Find X« = best search agent threads
EFs=0
while FEs < MaxFFEs do

Check the boundary

Apply Gaussian random walk and diffusion phase Eq. (9)

FEs=FEs+N
Evaluate Vpop
Host infection phase using Eq. (11)
FEs=FEs+N
Evaluate Hpop
select A best solution
calculate A weight means using Eq. (15)
update population using Eq. (21)
if Best score < Leader score then
Leader pos=Best pos
Leader score=Best score
end if
for whale;belong to whales do
Calculate and Update a; A,C,p and [
FEs=FEs+1
if p < 0.5 then
if (JA|< 1) then
Update position by Eq. (2)
else(|A|> 1)
Select a random search agent (X,qnd)
end if
else(p > 0.5)
Update position by Eq. (4)
end if
Update X(t + 1) from Eq. (5)
end for
Check if any search agent goes beyond the search space
Calculate the fitness of each search agent
Update X* if there is a better solution
t=t+1
end while

5 Experiment

In this section, many experiments have been performed to
prove the efficiency of the proposed algorithm: benchmark
functions, Engineering problems, and image segmentation
problems.

5.1 Benchmark functions

Thirty functions from the IEEE CEC2017 benchmark have
been used. Table 1 defines these functions and their type
including unimodal, multimodal, hybrid, and compos-
ite. VCSWOA has been compared with other eight WOA
variants namely: chaotic WOA (CWOA) [81], Opposition

learning-based WOA (OBWOA) [82], A-C parametric
WOA (ACWOA) [83], Enhanced associative learning-
based exploratory WOA (BMWOA), improved WOA
(IWOA) [84], Balanced WOA with levy flight and chaotic
local search (BWOA) [60], Multi-strategy boosted mutative
WOA (CCMWOA) [], and Levy flight-based WOA (LWOA)
[57]. The parameter settings for each algorithm are given
in Table 2. The number of individuals, number of dimen-
sions, and the maximum number of function evaluations
(MaxFEs) are given in Table 3. We used same conditions as
per fair comparisons settings in artificial intelligence com-
munity [85, 86].

Table 4 shows the experiment results in terms of aver-
age (mean), standard deviation (std), best (min), and worst

@ Springer
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Table 2 The parameter settings for the algorithms

Algorithm Parameters

CWOA cindex = 5;a, = [0,2];a, = [-2,—1;A = [-a;,q,;C =[0,2];:b = 15/ = [1,a,];p = [0, 1]

OBWOA a, €0,2];a, € [-2,—1];A € [-al,al];C € [0,2];b = 1l € [1,a2];p € [0, 1]

ACWOA w € [0.5,1];a, € [0,2];a, € [-2,-1];A € [-al,al];C € [0,2];:6 = 15l € [1,a2];p € [0, 1]

BMWOA bw = 0.001;beta = 0.1;a, € [0,2];a, € [-2,-1];A € [—al,al];C € [0,2];:b = 15l € [1,a2];p € [0, 1]
IWOA CR=0.9;a, €[0,2];a, € [-2,-1];A € [-a,,a,];C € [0,2];b = 15l € [1,a,];p € [0, 1]

BWOA m=2500;a, € [0,2];a, € [-2,-1L;A € [-a,,a,];C € [0,2];b = 15l € [1,a,];p € [0, 1]

CCMWOA m = 1500;setCan € [0, 1];a, € [0,2];a, € [-2,-1;A € [-a,,a,];C € [0,2];:b = 15l € [1,a,];p = [0, 1]
LWOA S e [lb,ub],s =[0,S];a, €[0,2];a, € [-2,-1]:A € [-a,,a,];C € [0,2];b = 15l € [1,a,];p € [0,1]

(max). From this table, it can be noticed that VCSWOA
ranked first in all unimodal functions (F1-F3) in Avg and Std
values. However, in multimodal ones, VCSWOA has ranked
first in avg at five functions (F4, F6, F8, F9, and F10), and
ranked second in the other 3 functions. For both composite
and hybrid functions, VCSWOA achieved the highest value
in 7 functions and the second highest in other 8 functions.
Also, Table 5 shows the Wilcoxon signed-rank [87] results
in which VCSWOA has considered superior compared with
other algorithms with a p value smaller than 5%. Figure 2
shows the convergence curve for 10 selected functions.

5.2 Engineering problems

In this subsection, four different engineering problems have
been used: pressure vessel design problem, welded beam
design problem, tension/compression spring design problem,
and cantilever beam design problem.

5.2.1 Pressure vessel design problem
Pressure vessel design problem is considered as a one of the
wide engineering design problems which aims to find the

lowest materials cost of the pressure vehicle. It’s consist of
4 parameters(Shell thickness T, Cylindrical length L, head

Table 3 The parameter settings

No. Parameter name Value
Population size 30
No of dim 30

3 MaxFEs dim*10,000

thickness 7}, and Radius R). The mathematical design can
be formulated as:
Minimize: f(x) = 0.6224x,x,x, + 1.7781x,22 + 3.1661x’x, + 19.84xx,
Subject to: g,(x) = —x; + 0.0193x
8,(x) = —x, + 0/00954x; <0
g3x) = —ﬂx§x4 —-4/3 )ﬂx; + 1,296,000 <0

@ Springer

84(x)=x,—-240<0

Variable Range 0 < x; < 100,

0 <x; <200, i=3,4

Table 6 shows the results of VCSWOA compared with
SMA, WOA, GWO, MFO, ACO, HPSO, and BA. It’s obvi-
ous that the proposed algorithm has less cost.

i=12

5.2.2 Welded beam design problem

This problem has 4 parameters: bar length(/), bar height(),
Thickness of welded(%), and thickness of bar(b). Its math-
ematical equations can be shown as below:

Minimize:

Si(x) =1.10471 = x(1)? 5 x(2) + 0.04811 # x(3) * x(4)
* (14.0 + x(2))

Subject to:

g1(x) =7 — 13,600

g, (x) = 0 — 30,000

83(0) = x(1) — x(4)

84(x) = 6000 — p

Variable Range

0.125 <x, <5

0.1<x,<10

0.1<x<10

0125 <x, <5

The results in Table 7 shows that VCSWOA has reach
the most near optimal solution against many metaheuristic
algorithms.

5.2.3 Tension/compression spring design problem

The third problem used is Tension/Compression Spring
problem which has 3 parameters :coil diameter(D), wire
diameter(d), and number of active soils(N). The mathemati-
cal formulation is shown below:

Minimize:

S = (x3 + 2)x2xf

Subject to:

g =1- (x§x3/71 ,785x‘1‘) <0
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Table 4 The comparison results of all algorithms over 30 functions

F1 F2

Avg Std Min Max Avg Std Min Max
VCSWOA 3.05E+03 4.94E+03 2.57E+02 2.01E+04 4.12E+05 1.75E+06 2.00E+02 9.52E+06
CWOA 3.37E+09 2.91E+09 6.02E+07 1.32E+10 4.02E+31 1.09E+32 2.65E+19 5.12E+32
OBWOA 4.41E+07 3.44E+07 8.56E+06 1.25E+08 2.75E+24 8.49E+24 7.17E+17 4.17E+25
ACWOA 5.10E+09 2.20E+09 2.01E+09 1.02E+10 4.47E+34 2.25E+35 1.86E+22 1.23E+36
BMWOA 2.29E+08 1.11E4+08 6.01E+07 5.35E+08 1.88E+24 7.42E+24 1.63E+18 3.88E+25
IWOA 1.88E+06 1.83E+06 2.20E+05 7.13E+06 6.23E+19 3.16E+20 1.51E+13 1.73E+21
BWOA 1.78E+08 9.60E+07 4.78E+07 4.59E+08 1.07E+27 5.81E+27 2.74E+18 3.19E+28
CCMWOA 1.87E+10 5.73E4+09 6.95E+09 3.16E+10 8.21E+38 3.01E+39 1.43E+25 1.54E+40
LWOA 4.93E+05 1.24E+05 3.32E+05 8.56E+05 4.33E+06 2.27E+07 1.08E+03 1.24E+08

F3 F4

Avg Std Min Max Avg Std Min Max
VCSWOA 3.11E+02 7.18E+00 3.03E+02 3.29E+02 4.93E+02 2.65E+01 4.23E+02 5.44E+02
CWOA 1.57E+05 4.61E+04 8.07E+04 2.60E+05 7.00E+02 1.90E+02 5.27E+02 1.41E+03
OBWOA 5.41E+04 1.87E+04 3.82E+04 1.43E4+05 5.63E+02 4.40E+01 4.95E+02 6.94E+02
ACWOA 4.98E+04 1.28E+04 3.90E+04 8.17E+04 1.23E+03 6.22E+02 6.64E+02 4.24E+03
BMWOA 7.17E+04 9.13E+03 4.98E+04 8.45E+04 6.13E+02 4.17E+01 5.42E+02 7.15E+02
IWOA 8.44E+04 3.18E+04 3.89E+04 1.49E+05 5.30E+02 4.24E+01 4.10E+02 6.38E+02
BWOA 5.85E+04 1.15E+04 3.70E+04 8.60E+04 6.00E+02 4.83E+01 5.38E+02 7.44E+02
CCMWOA 7.82E+04 4.33E+03 6.71E+04 8.70E+04 3.50E+03 1.13E4+03 1.42E+03 5.91E+03
LWOA 5.14E+02 1.50E+02 3.64E+02 1.16E+03 4.99E+02 2.18E+01 4.67E+02 5.55E+02

F5 F6

Avg Std Min Max Avg Std Min Max
VCSWOA 7.65E+02 4.59E+01 6.37E+02 8.29E+02 6.55E+02 7.06E+00 6.41E+02 6.70E+02
CWOA 8.14E+02 5.99E+01 7.28E+02 1.01E+03 6.72E+02 9.69E+00 6.52E+02 6.87E+02
OBWOA 8.01E+02 3.21E+01 7.24E+02 8.44E+02 6.64E+02 6.66E+00 6.52E+02 6.76E+02
ACWOA 7.97E+02 3.35E+01 7.26E+02 8.56E+02 6.66E+02 6.40E+00 6.55E+02 6.79E+02
BMWOA 7.86E+02 4.95E+01 6.96E+02 8.79E+02 6.65E+02 9.27E+00 6.39E+02 6.78E+02
IWOA 7.46E+02 5.37E4+01 6.29E+02 8.88E+02 6.55E+02 9.43E+00 6.30E+02 6.73E+02
BWOA 7.68E+02 3.30E+01 7.11E+02 8.17E+02 6.63E4+02 7.21E+00 6.46E+02 6.74E+02
CCMWOA 8.33E+02 3.41E+01 7.22E+02 8.71E+02 6.74E+02 6.05E+00 6.65E+02 6.84E+02
LWOA 7.51E+02 5.35E+01 6.57E+02 8.76E+02 6.63E4+02 1.11E+01 6.49E+02 6.96E+02

F7 F8

Avg Std Min Max Avg Std Min Max
VCSWOA 1.26E+03 6.40E+01 1.14E+03 1.36E+03 9.69E+02 2.62E+01 9.19E+02 1.01E+03
CWOA 1.26E+03 7.72E+01 1.09E+03 1.42E+03 1.02E+03 5.43E+01 9.31E+02 1.15E+03
OBWOA 1.28E+03 7.34E+01 1.06E+03 1.43E4+03 1.02E+03 3.99E+01 9.65E+02 1.11E+03
ACWOA 1.25E+03 5.99E+01 1.08E+03 1.35E+03 1.01E+03 2.69E+01 9.72E+02 1.07E+03
BMWOA 1.25E+03 7.36E+01 1.11E+03 1.36E+03 1.01E+03 3.10E+01 9.49E+02 1.08E+03
IWOA 1.15E+03 8.53E+01 9.42E+02 1.35E+03 9.90E+02 4.39E+01 9.37E+02 1.12E4+03
BWOA 1.26E+03 7.46E+01 1.07E+03 1.35E+03 9.77E+02 2.19E+01 9.30E+02 1.02E+03
CCMWOA 1.28E+03 7.24E+01 1.13E+03 1.40E+03 1.05E+03 2.94E+01 9.85E+02 1.10E4+03
LWOA 1.12E+03 9.05E+01 9.80E+02 1.35E+03 1.01E+03 5.87E+01 9.12E+02 1.17E4+03

@ Springer



1944 Engineering with Computers (2023) 39:1935-1979

Table 4 (continued)

F9 F10

Avg Std Min Max Avg Std Min Max
VCSWOA 5.33E+03 4.40E+02 4.31E+03 6.22E+03 4.81E+03 6.57E+02 3.72E+03 6.59E+03
CWOA 9.41E+03 3.82E4+03 4.80E+03 1.83E+04 6.44E+03 7.92E+02 4.92E+03 7.83E+03
OBWOA 7.06E+03 9.82E+02 5.05E+03 8.94E+03 6.26E+03 6.46E+02 4.66E+03 7.84E+03
ACWOA 7.36E+03 9.72E+02 5.68E+03 9.65E+03 6.84E+03 9.43E+02 4.94E+03 8.57E+03
BMWOA 7.73E+03 1.08E+03 4.98E+03 9.97E+03 7.37E+03 5.99E+02 5.85E+03 8.24E+03
IWOA 7.03E+03 2.35E+03 4.01E+03 1.33E+04 5.73E+03 7.03E+02 4.21E+03 7.07E+03
BWOA 6.25E+03 8.00E+02 4.77E+03 7.88E+03 6.33E+03 8.37E+02 4.61E+03 7.84E+03
CCMWOA 7.77E+03 1.24E+03 4.91E+03 1.05E+04 7.30E+03 6.07E+02 6.52E+03 8.81E+03
LWOA 6.64E+03 1.75E+03 3.52E+03 1.24E+04 5.25E+03 8.54E+02 3.32E+03 7.29E+03

F11 F12

Avg Std Min Max Avg Std Min Max
VCSWOA 1.20E+03 3.51E+01 1.14E+03 1.27E+03 2.77E+06 1.50E+06 2.60E+05 6.63E+06
CWOA 3.29E+03 1.12E4+03 1.47E+03 5.41E+03 1.02E+08 1.11E4+08 1.45E+07 4.60E+08
OBWOA 1.70E+03 2.85E+02 1.37E+03 2.86E+03 5.32E+07 3.33E+07 1.35E+07 1.30E+08
ACWOA 2.76E+03 6.67E+02 1.81E+03 4.29E+03 5.01E+08 3.26E+08 9.16E+07 1.51E+09
BMWOA 1.70E+03 1.76E+02 1.37E+03 2.13E4+03 7.54E+07 4.72E+07 7.58E+06 1.98E+08
IWOA 1.36E+03 1.10E+02 1.23E+03 1.85E+03 7.74E+06 6.35E+06 1.69E+06 2.59E+07
BWOA 1.82E+03 2.42E+02 1.51E+03 2.67E+03 1.17E+08 9.68E+07 1.30E+07 3.65E+08
CCMWOA 3.39E4+03 8.42E+02 1.83E+03 6.36E+03 2.62E+09 1.72E+09 4.83E+08 6.35E+09
LWOA 1.28E+03 5.82E+01 1.13E+03 1.38E+03 4.02E+06 2.38E+06 7.13E4+05 1.06E+07

F13 Fl14

Avg Std Min Max Avg Std Min Max
VCSWOA 4.20E+04 2.22E+04 9.34E+03 9.82E+04 2.24E+04 1.41E+04 3.30E+03 5.49E+04
CWOA 1.20E+05 7.45E+04 2.59E+04 3.25E+05 1.33E4+06 1.15E+06 5.74E+04 4.89E+06
OBWOA 2.88E+05 1.29E405 1.01E+05 5.78E+05 7.32E4+05 7.33E4+05 2.86E+04 2.68E+06
ACWOA 1.69E+08 5.14E+4+08 6.59E+06 2.06E+09 1.30E+06 8.25E+05 5.85E+04 2.86E+06
BMWOA 4.16E+05 5.36E+05 6.07E+04 2.71E4+06 7.32E4+05 7.08E405 1.48E+04 3.16E+06
IWOA 2.58E+04 1.78E+04 9.79E+03 9.21E+04 6.28E+05 5.59E+05 2.50E+04 1.79E+06
BWOA 2.16E+05 1.01E+05 7.65E+04 4.60E+05 1.39E+06 1.21E406 2.69E+04 4.48E+06
CCMWOA 6.86E+07 7.81E+07 6.40E+06 4.25E+08 1.43E4+06 1.21E406 4.56E+04 4.27E+06
LWOA 1.73E+05 1.01E+05 5.16E4+04 5.02E405 2.39E+04 1.70E+04 2.12E+03 8.18E+04

F15 F16

Avg Std Min Max Avg Std Min Max
VCSWOA 1.88E+04 1.08E+04 5.11E+03 5.26E+04 2.85E+03 3.79E+02 2.08E+03 3.64E+03
CWOA 2.44E+06 8.22E+06 3.64E+04 4.38E+07 3.60E+03 3.70E+02 2.99E+03 4.41E403
OBWOA 7.75E+05 1.44E+06 2.82E+04 5.96E+06 3.58E+03 4.74E+02 2.70E+03 4.72E+03
ACWOA 6.41E+06 6.14E+06 7.01E+05 3.17E+07 3.90E+03 4.01E+02 3.01E+03 4.53E+03
BMWOA 9.00E+04 7.84E+04 1.37E+04 4.23E+05 3.44E+03 4.52E+02 2.63E+03 4.57E+03
IWOA 1.61E+04 1.12E+04 3.97E+03 4.27E+04 3.05E+03 3.40E+02 2.34E+03 3.61E+03
BWOA 1.62E+05 2.45E+05 1.90E+04 1.33E+06 3.74E+03 5.07E+02 2.66E+03 4.43E+03
CCMWOA 4.00E+06 5.21E+06 5.04E+04 2.08E+07 3.82E+03 5.09E+02 3.10E+03 4.92E+03
LWOA 6.89E+04 5.00E+04 1.82E+04 2.12E+05 2.96E+03 3.92E+02 2.41E+03 4.19E+03
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Table 4 (continued)

F17 F18

Avg Std Min Max Avg Std Min Max
VCSWOA 2.46E+03 2.62E+02 1.97E+03 2.97E+03 2.10E+05 2.06E+05 3.23E+04 1.13E4+06
CWOA 2.65E+03 2.91E+02 2.08E+03 3.28E+03 6.35E+06 5.16E+06 6.94E+04 1.75E+07
OBWOA 2.54E+03 2.42E+02 2.15E+03 3.11E+03 7.46E+05 6.46E+05 8.64E+04 2.92E+06
ACWOA 2.49E+03 2.70E+02 2.02E+03 3.03E+03 2.55E+06 3.23E4+06 2.17E+05 1.68E+07
BMWOA 2.46E+03 2.29E+02 1.98E+03 3.10E+03 4.31E+06 5.27E+06 1.58E+05 2.58E+07
IWOA 2.43E+03 2.69E+02 1.97E+03 3.06E+03 2.05E+06 2.32E+06 2.03E+05 9.21E+06
BWOA 2.67E+03 2.85E+02 2.09E+03 3.33E+03 2.35E+06 2.68E+06 9.97E+04 1.15E+07
CCMWOA 2.69E+03 2.63E+02 2.15E+03 3.29E+03 1.14E+07 1.69E+07 2.33E+05 7.78E+07
LWOA 2.46E+03 2.57E+02 1.91E+03 2.97E+03 2.60E+05 1.25E+05 8.92E+04 6.24E+05

F19 F20

Avg Std Min Max Avg Std Min Max
VCSWOA 1.06E+04 1.06E+04 2.09E+03 5.70E+04 2.54E+03 1.82E+02 2.27E+03 2.92E+03
CWOA 3.31E+06 6.99E+06 9.49E+04 3.90E+07 2.78E+03 2.22E+02 2.37E+03 3.22E+03
OBWOA 2.23E+06 1.79E+06 3.22E+04 6.50E+06 2.69E+03 1.84E+02 2.22E+03 3.02E+03
ACWOA 1.11E+07 2.14E+07 1.63E+06 1.21E+08 2.66E+03 1.53E+02 2.39E+03 2.99E+03
BMWOA 6.50E+05 7.40E+05 1.27E+04 3.54E+06 2.74E+03 2.19E+02 2.31E+03 3.15E+03
IWOA 1.27E+04 1.52E+04 2.23E+03 7.85E+04 2.58E+03 1.74E+02 2.32E+03 3.04E+03
BWOA 4.07E+06 4.11E+06 1.16E+05 1.58E+07 2.71E+03 2.07E+02 2.34E+03 3.08E+03
CCMWOA 3.94E+06 4.54E+06 3.92E+05 1.87E+07 2.71E+03 1.71E4+02 2.40E+03 3.02E+03
LWOA 2.31E+05 1.17E+05 4.48E+04 5.36E+05 2.71E+03 2.30E+02 2.27E+03 3.08E+03

F21 F22

Avg Std Min Max Avg Std Min Max
VCSWOA 2.53E+03 4.29E+01 2.44E+03 2.64E+03 6.35E+03 2.03E+03 2.30E+03 8.41E+03
CWOA 2.61E+03 5.48E+01 2.52E+03 2.74E+03 7.17E+03 1.89E+03 2.57E+03 9.57E+03
OBWOA 2.57E+03 6.01E+01 2.44E+03 2.68E+03 6.26E+03 2.39E+03 2.62E+03 9.23E+03
ACWOA 2.58E+03 4.24E+01 2.49E+03 2.71E+03 4.87E+03 2.17E+03 2.77E+03 9.15E+03
BMWOA 2.53E+03 4.73E+01 2.43E+03 2.60E+03 4.83E+03 3.11E+03 2.39E+03 9.99E+03
IWOA 2.54E+03 5.09E+01 2.45E+03 2.65E+03 5.93E+03 2.25E+03 2.31E+03 8.47E+03
BWOA 2.57E+03 7.57E+01 2.24E+03 2.67E+03 6.59E+03 2.01E+03 2.34E+03 9.37E+03
CCMWOA 2.64E+03 4.58E+01 2.58E+03 2.75E+03 7.79E+03 1.26E+03 4.58E+03 9.85E+03
LWOA 2.53E+03 4.43E+01 2.45E+03 2.62E+03 6.93E+03 1.16E+03 2.31E+03 8.56E+03

F23 F24

Avg Std Min Max Avg Std Min Max
VCSWOA 2.97E+03 9.02E+01 2.80E+03 3.21E+03 3.11E+03 8.03E+01 2.95E+03 3.32E4+03
CWOA 3.09E+03 8.76E+01 2.92E+03 3.26E+03 3.22E+03 1.10E4+02 3.03E+03 3.44E+03
OBWOA 3.07E+03 1.11E4+02 2.87E+03 3.28E+03 3.13E4+03 9.43E+01 2.95E+03 3.34E+03
ACWOA 3.06E+03 7.47E+01 2.90E+03 3.24E+03 3.19E+03 7.18E+01 3.07E+03 3.35E+03
BMWOA 2.98E+03 6.15E+01 2.86E+03 3.12E+03 3.08E+03 6.56E+01 2.95E+03 3.22E+03
IWOA 3.01E+03 8.57E+01 2.83E+03 3.24E+03 3.15E+03 9.02E+01 2.96E+03 3.33E+03
BWOA 3.06E+03 1.00E+02 2.86E+03 3.26E+03 3.20E+03 1.03E+02 3.00E+03 3.42E+03
CCMWOA 3.20E+03 1.04E+02 3.02E+03 3.37E+03 3.32E+03 9.79E+01 3.09E+03 3.56E+03
LWOA 2.99E+03 6.36E+01 2.91E+03 3.16E+03 3.19E+03 1.05E+02 2.98E+03 3.39E+03
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Table 4 (continued)

F25 F26

Avg Std Min Max Avg Std Min Max
VCSWOA 2.91E+03 2.18E+01 2.88E+03 2.95E+03 7.23E+03 2.08E+03 2.80E+03 9.57E+03
CWOA 3.05E+03 8.44E+01 2.94E+03 3.42E4+03 7.97E+03 1.02E+03 5.44E+03 9.55E+03
OBWOA 2.99E+03 4.11E+01 2.92E+03 3.13E4+03 7.38E+03 1.27E+03 4.62E+03 9.50E+03
ACWOA 3.15E+03 1.10E+02 3.06E+03 3.48E+03 7.32E+03 1.07E+03 4.52E+03 8.75E+03
BMWOA 3.03E+03 4.64E+01 2.95E+03 3.14E+03 6.50E+03 1.54E+03 3.17E+03 8.81E+03
IWOA 2.93E+03 2.89E+01 2.89E+03 3.05E+03 7.13E+03 9.12E+02 5.37E+03 9.73E+03
BWOA 3.01E+03 4.95E+01 2.95E+03 3.10E+03 8.02E+03 1.12E+03 6.04E+03 1.02E+04
CCMWOA 3.35E+03 1.18E+02 3.12E+03 3.58E+03 8.86E+03 8.31E+02 6.62E+03 1.03E+04
LWOA 2.90E+03 1.99E+01 2.88E+03 2.95E+03 6.28E+03 1.26E+03 2.90E+03 7.64E+03

F27 F28

Avg Std Min Max Avg Std Min Max
VCSWOA 3.36E+03 7.04E+01 3.24E+03 3.55E+03 3.20E+03 3.45E401 3.10E+03 3.26E+03
CWOA 3.40E+03 9.54E+01 3.28E+03 3.63E4+03 3.50E+03 1.02E+02 3.30E+03 3.77E+03
OBWOA 3.40E+03 1.27E+02 3.24E+03 3.74E+03 3.37E+03 4.90E+01 3.30E+03 3.51E4+03
ACWOA 3.46E+03 1.03E+02 3.26E+03 3.73E+03 3.70E+03 1.59E+02 3.48E+03 4.16E+03
BMWOA 3.34E+03 6.58E+01 3.23E+03 3.47E+03 3.41E+03 4.98E+01 3.34E+03 3.51E+03
IWOA 3.30E+03 7.80E+01 3.23E+03 3.65E+03 3.30E+03 2.63E401 3.24E+03 3.37E+03
BWOA 3.39E4+03 1.22E+02 3.27E+03 3.77E+03 3.40E+03 3.81E+01 3.33E+03 3.47E+03
CCMWOA 3.63E4+03 2.03E+02 3.39E+03 4.37E+03 4.69E+03 3.86E+02 4.00E+03 5.56E+03
LWOA 3.27E+03 4.04E+01 3.22E+03 3.38E+03 3.23E4+03 2.46E+01 3.19E+03 3.26E+03

F29 F30

Avg Std Min Max Avg Std Min Max
VCSWOA 4.34E+03 3.54E+02 3.70E+03 5.26E+03 2.79E+05 2.73E+05 2.55E+04 1.05E+06
CWOA 4.75E+03 3.69E+02 3.97E+03 5.86E+03 1.08E+07 8.12E4+06 5.94E+05 2.99E+07
OBWOA 4.80E+03 4.25E+02 3.87E+03 5.56E+03 1.37E+07 8.53E+06 4.19E+06 4.59E+07
ACWOA 4.82E+03 3.71E4+02 4.23E+03 5.65E+03 5.69E+07 4.15E+07 6.80E+06 1.53E408
BMWOA 4.72E+03 3.68E+02 4.01E+03 5.59E+03 6.01E+06 4.00E+06 9.54E+05 2.02E+07
IWOA 4.16E+03 2.61E+02 3.66E+03 4.79E+03 6.12E4+05 5.82E+05 1.58E+4+05 2.88E+06
BWOA 5.01E+03 4.38E+02 4.29E+03 5.84E+03 2.15E+07 1.55E+07 1.14E4+06 5.25E+07
CCMWOA 5.36E+03 5.60E+02 4.32E+03 6.56E+03 5.91E+07 4.13E4+07 3.35E+06 1.78E+08
LWOA 4.18E+03 2.41E+02 3.80E+03 4.74E4+03 8.88E+05 3.82E+05 3.76E+05 2.32E+06

Bold are the best values

&) = (4x§ — x1%,/12,566 (x,x; —x‘]‘) + (1/5108x$ )
-10<0

g3(x) =1 — (140.45x, /x%x; ) <0
g4(x) = (x2 +x,)/1.5 -1 <0,

Variable Range

0.05 <x; £2.00

025 <x, <130

2.00 <x3 <15.00

The statistical results to this problem are shown in
Table 8 in which the proposed algorithm is compared with
GA, WOA, MVO, GSA, PSO and MFO and it’s noticed that
VCSWOA has the best result.
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5.2.4 Cantilever beam design problem

The last engineering problem introduced in this subsection
is the Cantilever beam design problem which consists of
5 square hollow cross-sections. It intends to dwindle the
Cantilever beam mass. The problem formulation is shown
as follows:

Minimize:

S(x) =0.6224(x; + x, + x5 + x4 + x5)
Subject to:

Gx) = 61/x? + 37/x; + 19/x§ +7 /x4 + 1/xg
Variable Range

0.1 <x; <100, i=1,2,3,4,5
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Fig.2 Unimodal and multi- . . K :
modal functions convergence Soc0a0s
curve
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Table 5 The calculated p values

from the signed-rank test

F. CWOA OBWOA ACWOA BMWOA IWOA BWOA CCMWOA LWOA

Fl1 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E—06 1.73E—06 1.73E-06
F2  1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E—06 5.45E-02
F3 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06
F4  1.73E-06 1.73E-06 1.73E-06 1.73E-06 8.92E-05 1.73E-06 1.73E-06 3.93E-01
F5 148E-03 5.67E-03 5.67E-03 1.20E-01 1.71E-01 8.29E—01 1.13E-05 2.71E-01
F6  4.72E-06 1.36E—04 237E-05 1.06E-04 6.88E—01 1.15E-04 1.73E-06 2.96E-03
F7  095E-01 3.18E-01 229E-01 6.00E-01 4.29E-06 9.75E—01 4.05E—01 1.97E-05
F8  2.61E-04 698E-06 260E-05 4.90E-04 1.41E-01 2.54E-01 1.92E-06 1.66E—02
FO  5.75E-06 3.88E—06 1.92E-06 192E-06 1.04E-03 2.60E-05 2.13E-06 4.53E-04
F10 1.73E-06 6.98E—06 1.92E-06 1.73E-06 1.36E-04 1.02E-05 1.73E-06 5.45E-02
F11 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E—06 1.73E—06 2.16E-05
F12 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.25E-04 1.73E-06 1.73E-06 5.45E-02
F13 931E-06 1.73E-06 1.73E-06 1.73E-06 1.59E—03 1.73E-06 1.73E—06 1.73E-06
F14 1.73E-06 2.13E-06 1.73E-06 1.92E-06 1.92E-06 1.73E-06 1.73E—06 6.73E-01
F15 1.73E-06 1.92E-06 1.73E-06 5.22E-06 1.20E-01 1.92E-06 1.73E-06 2.35E-06
F16 7.69E-06 197E-05 2.88E-06 1.36E—04 6.27E-02 3.88E—06 6.34E—06 5.30E-01
F17 241E-03 1.85E-01 6.73E-01 9.26E—01 7.50E-01 2.43E-02 4.11E-03 8.77E-01
F18 2.12E-06 1.89E—04 1.73E-06 1.73E-06 5.75E-06 6.98E—06 2.13E-06  4.28E—02
F19 1.73E-06 1.73E-06 1.73E-06 1.73E-06 5.86E—01 1.73E—06 1.73E—06 1.73E—06
F20 1.59E-03 1.85E-02 1.11E-02 5.29E-04 3.18E-01 6.04E—03 4.99E—03 4.39E-03
F21 2.84E-05 1.71E-03 149E-05 6.73E-01 2.71E-01 1.38E—03 2.35E—06 6.14E-01
F22 1.15E-01 8.13E-01 1.11E-02 5.19E-02 2.71E-01 7.19E-01 3.85E—03 2.62E-01
F23 1.05E-04 148E—03 6.16E-04 221E-01 2.18E-02 6.84E—03 4.29E—06 3.09E-01
F24 7.15E-04 1.85E-01 3.06E-04 1.59E-01 4.72E-02 1.48E—03 3.18E—06 5.67E-03
F25 1.73E-06 1.73E-06 1.73E-06 1.73E-06 4.90E—04 1.73E—06 1.73E—06 3.49E-01
F26 7.52E—02 8.29E-01 7.50E-01 6.27E-02 2.71E-01 3.18E-01 7.71E-04 3.33E-02
F27 1.58E—01 2.62E-01 1.60E-04 1.71E-01 1.48E-03 6.14E—01 2.60E—06 1.36E—05
F28 1.73E-06 1.73E-06 1.73E-06 1.73E-06 1.73E—06 1.73E—06 1.73E—06 6.16E—04
F29 1.60E—04 8.31E-04 4.20E-04 3.59E-04 3.87E—02 7.69E—06 2.35E—06 2.21E-01
F30 1.73E-06 1.73E-06 1.73E-06 1.73E-06 2.26E—03 1.73E—06 1.73E—06 1.13E-05

Table 6 Optimization results for pressure vessel design problem

Table 7 Optimization results for welded beam design problem

Algorithm  Optimization results Cost Algorithm  Optimization results Cost
T, T, R L Cost h ! ! b

VCSWOA  0.87451 0430244 4524849 1424528 5515211  YCSWOA 0.18885  3.5685  9.025806  0.207104 172003
SMA[12] 08125 04375 42.09844 176.6366 6059.715 A 02054 32589 9.0384 02068 173604
WOA [88]  0.812500 04375  42.0982 176.638 6059.7410  WOA 0205 34842 9.0374 02062 173049
GWO[89] 08125 04345 420892 1767587 6051.5630 ~ MVO 02054 34731 9.0445 02056 172645
MFO[90] 0.8125 04375 42.0984 176.6366 6059.7143  MFO 02057 34703 90364 02057  1.72452
ACO[91] 08125 04375 42.1036 176.5727 6059.0888  SSA[941 02057 34714 9.0366  0.2057 172491
HPSO[92] 0.8125 04375 42.0984 176.6366 6059.7143

BA [93] 0.8125 04375  42.0984 176.6366 6059.7143 to these cases and it can be applied to more complex cases

Table 9 compares VCSWOA with many algorithms

MFO, SOS, CS, MMA, and GCA. It is seen that VCSWOA

achieved the best result. As per results, we can find the
potential of the proposed WOA-based method is not limited
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such as image classification [95, 96].

5.3 Image segmentation

In literature, many techniques are existed to segment images
such as Otsu [97], Kapur [98], etc which are used to divide
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Table 8 Optimization results for the Tension/compression design
problem

Algorithm Optimization results Cost
d D N

VCSWOA 0.05169 0.356736 11.28791 0.012665
GA 0.05010 0.31011 14.0000 0.013036
WOA 0.05120 0.34521 12.0040 0.012676
MVO 0.05251 0.37602 10.3351 0.012790
GSA 0.05027 0.32368 13.5254 0.012702
PSO 0.05000 0.31041 15.0000 0.013192
MFO 0.05000 0.31350 14.0327 0.012753

image histogram to different groups based on threshold
values. Figure 3 shows the flowchart of Berkeley image
segmentation(MIS) for 241,004. Here, to validate our
algorithm VCSWOA, 8 images from BSDS500 are used
namely: 291,000, 38,092, 86,068, 170,057, 61,060, 175,032,
223,061, and 19,021. Figure 4 shows these images and their
2D histogram. Different metaheuristic algorithms are used
in order to compare their results with VCSWOA: WOA,
BA, CS, CBA, SCA, BLPSO, IGWO, IWOA, and SCADE.
Finally, Peak Signal to Noise Ratio (PSNR) [99], Struc-
tural Similarity Index (SSIM) [100], and Feature Similarity
Index (FSIM) [101] are used to evaluate image segmentation

Table 9 Optimization results for

. Algorithm Optimization results Cost
cantilever beam problem
X X, X3 Xy Xs
VCSWOA 6.015106 5.307156 4.499152 3.49513 2.157171 1.33996
MFO 5.9830 5.3167 4.4973 3.5136 2.1616 1.33998
SOS 6.0188 5.3034 4.4959 3.4990 2.1556 1.33996
CS 6.0089 5.3049 4.5023 3.5077 2.1504 1.33999
MMA 6.0100 5.3000 4.4900 3.4900 2.1500 1.3400
GCA 6.0100 5.3000 4.4900 3.4900 2.1500 1.3400
Fig.3 Flowchart of MIS for [ Grayscaledimage | Segmented image

241,004

Gray processing

Input image

Non-local means filter oo

Apply Kapur’ s entropy based VCSWOA

2D histogram

Apply Kapur’ s entropy based VCSWOA

Non-local means image

Jet colormap image

19021:Color image 19021:2D histogram

g
£

291000:2D histogram

o Pair occurance

Fig.4 Three-dimension view about 2D histograms of 19,021 and 291,000
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Table 10 The PSNR

. Image Thres. Item  VCSWOA WOA BA CS CBA
comparison results of
VCSWOA and other methods 291,000 2 AVG  1.5469E+01  14139E+01  13897E+01  14769E+01  1.4254E+01
STD  14761E+00  2.1959E+00  2.4638E+00  1.8668E+00  1.7854E+00
4 AVG  1.7513E401  1.7192B+01  1.7589E+01  1.7643E+01  1.7404E+01
STD  1.2496E+00  1.9756E+00  1.2213E+00  1.4215B400  1.6360E+00
6 AVG  2.0709E+01  2.0247E+01  1.9773E+01  2.0307E+01  2.0642E+01
STD  9.5755E-01  1.6762E+00  2.1459E+00  1.3320E+00  1.6209E+00
12 AVG  2.6933E+01  2.5977E+01  2.6811E+01  2.5762E+01  2.6791E+01
STD  3.6690E—01  1.0349E+00  5.0902E—01  9.7953E—01  6.7301E—01
16 AVG  29321E+01  2.8230E+01  2.8879E+01  2.8027E+01  2.8797E+01
STD  3.4656E—01  8.1473E—01  5.9989E—01  8.9664E—01  7.5941E—01
18 AVG  3.0097E+01  2.9088E+01  2.9594E+01  2.8607E+01  2.9684E-+01
STD  3.9234E—01 7.2479E-01  1.0276E+00  1.1026E+00  8.7337E-01
38,092 2 AVG  15387E+01  1.5384E+01  1.5215E+01  1.5382E+01  1.5351E+01
STD  4.3936E—02  3.8515E—02  1.2991E+00  4.7546E—02  7.4480E—01
4 AVG  2.0529E+4+01  2.0395E+01  2.0206E+01  2.0125E+01  2.0273E+01
STD  2.0084E—01  2.8220E—01  1.2453E+00  3.8400E—01  8.0005E—01
6 AVG  23475E+01  23283E+01  22896E+01  2.2677E+01  2.2158E+01
STD  8.3431E—02 42648E—01  8.7902E—01  6.1763E—01  2.3798E+00
12 AVG  2.6377TE+01  25152E+01  2.6043E+01  2.5512E+01  2.6331E+01
STD  6.6003E—01  7.9456E—01  2.6720E+00  7.1953E-01  8.0805E—01
16 AVG  29265E+01  2.7852E+01  2.8393E+01  2.7846E+01  2.8177E+01
STD  4.4913E—01  8.9518E—-01  1.2202E+00  9.0842E-01  9.9741E—01
18 AVG  3.0408E+01  2.8551E+01  2.9355E+01  2.8475E+01  2.9228E+01
STD  3.5656E—01  1.0112E4+00  1.0705E+00  1.0019E+00  1.4376E+00
86,068 2 AVG  1.5408E+01  1.5386E+01  15121E+01  1.5403E+01  1.5401E+01
STD  7.2269E—15  3.6534E—02  7.4762E—01  59756E—03  4.7379E—02
4 AVG  1.9891E+01  19796E+01  1.8567E+01  1.9638E+01  1.9081E+01
STD  2.9325E—01  29573E—01  2.5709E+00  3.3398E—01  7.2704E—01
6 AVG  2187T1E+01  2.1561E+01  2.1677E4+01  2.1716E+01  2.1774E+01
STD  9.7778E—02  3.6714E-01  1.0208E+00  2.9527E—01  2.4534E—01
12 AVG  2.6344E+01  23444E+01  2.6248E+01  2.3161E+01  2.5491E+01
STD  24088E+00  2.6082E+00  24976E+00  2.8482E+00  2.8115E+00
16 AVG  29412E401  2.5078E+01  2.8657E+01  2.6035E+01  2.7680E+01
STD  6.3045E—01  2.9563E+00  2.2350E+00  2.3166E+00  3.2288E+00
18 AVG  29456E4+01  2.6956E+01  2.8479E+01  2.6916E+01  2.7836E+01
STD  1.2954E+00  2.4324E+00  2.6393E+00  2.2689E+00  2.7271E+00
170,057 2 AVG  13852E4+01  1.3751E+01  13791E+01  1.3603E+01  1.3921E+01
STD  2.0594E—01  9.5548E—01  1.0196E+00  9.2202E—01  9.1945E—01
4 AVG  1.8865E+01  1.8325E+01  1.8256E+01  1.9270E+01  1.8254E+01
STD  2.8104E—01  1.3948E+00  1.5323E+00  7.7237E-01  1.5720E+00
6 AVG  2.1849E+01  2.1050E+01  2.1672E+01  2.1564E+01  2.1592E+01
STD  7.6181E—01  1.3121E+00  9.2326E-01  8.3760E-01  1.1731E+00
12 AVG  27977E+01  2.6917E+01  2.6576E+01  2.6004E+01  2.6967E+01
STD  7.0969E—01  1.1501E+00  1.9470E+00  1.1942E4+00  1.3415E+00
16 AVG  3.0352E4+01  2.9215E+01  2.8094E+01  2.7853E+01  2.9023E+01
STD  5.3477E—01  1.3431E+00  24247E+00  1.3126E+00  1.2279E+00
18 AVG  3.1418E4+01  2.9568E+01  29102E+01  2.8827E+01  2.9675E+01

STD  5.3128E—01 1.4872E+00 2.2030E+00 1.3816E4+00 1.7367E4+00
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Table 10 (continued) Image  Thres. Item VCSWOA  WOA BA cs CBA

61,060 2 AVG  14356E+01  1.4049E+01  14032E+01  1.4234E+01  1.4139E+01

STD  LIS16E—01  6.7220E-01  6.6207E-01  2.8012E—01  2.9366E—01

4 AVG  1.8815E+01  1.8423E401  188I3E+01  1.8539E+01  1.8862E+01

STD  24711E—01 83974E-01  7.6752E-01  3.6267E-01  3.4265E—01

6 AVG  2.1473E+01  2.1380E401  2.1197E+01  2.1126E+01  2.1474E+01

STD  33790E—01  52729E-01  1.6500E+00  7.2119E-01  3.9212E—01

12 AVG  26133E+01  2.5162E+01  2.5128E+01  2.5321E+01  2.5634E+01

STD  83500E—01  13203E+00  22377E400  1.1990E+00  1.5028E+00

16 AVG  2.8816E+01  2.7887E+01  2.7648E+01  2.7137E+01  2.8255E+01

STD  1.000IE+00  1.6246E+00  1.6622E+00  1.5419E+00  1.0464E+00

18 AVG  2.9906E+01  2.8653E+01  2.8864E+01  2.8714E+01  2.8606E+01

STD  1.I216E+00  12467E+00  1.6273E400  9.9666E—01  1.2067E+00

175032 2 AVG  13812E+01  1.3835E401  1.281SE+01  13847E+01  1.3253E+01

STD  1.7202E-01  14738E—02  1.6036E+00  14902E—02  1.1813E+00

4 AVG  1.8419E+01  1.8385E+01  1.8259E+01  1.8336E+01  1.8320E+01

STD  12114E—01  17594E—01  82320E-01  1.7005E-01  8.060SE—01

6 AVG  2.1213E4+01  2.1003E401  2.1209E+01  2.0931E+01  2.1055E+01

STD  1.6797E—01  6.5009E—01  7.4971E-01  34788E-01  1.1952E+00

12 AVG  2.8808E+01 2.7681E+01  2.6606E+01  2.6680E+01  2.7890E+01

STD  4.6737E—01  12573E400  3.1113E+00  9.7908E—01  8.5450E—01

16 AVG  3.1056E+01  3.0001E+01  2.8702E+01  2.8608E+01  2.8856E+01

STD  6.8160E—01  83821E-01  1.7951E+00  1.0730E+00  1.5784E+00

18 AVG  32171E4+01  29859E+01  2.8629E+01  2.9102E+01  2.9760E+01

STD  3.6441E—01  1.8403E+00  2.6881E+00  1.9095E+00  2.4370E+00

223061 2 AVG  16721E+01  15206E+01  1.5525E+01  1.558SE+01  1.6131E+01

STD  42365E-01  2.2905E400  2.1146E+00  2.8287E400  8.8540E—01

4 AVG  2.0451E+01  1.9366E+01  19038E+01  1.6999E+01  1.9424E+01

STD  13275E+00  1.7030E400  3.4719E+00  3.6009E+00  2.1386E+00

6 AVG  22436E4+01  1.9660E+01  2.0656E+01  1.9185E401  2.0641E+01

STD  23760E+00  3.7313E+00  3.0777E+00  3.6299E+00  3.5669E+00

12 AVG  2.7966E+01  2.6284E+01  2.6744E+01  2.6247E+01  2.6837E+01

STD  1.8689E—01  1.1467E400  1.2547E+00  7.5128E-01  1.5959E+00

16 AVG  3.0086E+01  2.8589E+01  2.851SE+01  2.8092E+01  2.8809E+01

STD  3.1224E—01  9.1802E-01  2.0070E+00  83237E-01  1.1132E+00

18 AVG  31237E+01  2.9520E+01  2.9461E+01  2.8892E+01  2.9660E+01

STD  12594E—01  8.5945E—01  12496E+00  7.5785E—01  1.0214E+00

19021 2 AVG  1.6238E+01  1.6036E+01  1.5678E+01  1.6014E+01  1.5379E+01

STD  9.9054E—02 8.8069E—01  1.4377E+00  3.5023E—01  1.4737E+00

4 AVG  19356E+01  1.9011E+01  19246E+01  1.8680E+01  1.9125E+01

STD  5.7631E-01  4.8208E-01  6.4570E-01  3.5639E—01  9.8518E—01

6 AVG  22709E+01  2.1677E+01  2.1817E+01  2.1411E401  2.1857E+01

STD  24533E—01  1.1769E+00  1.6717E+400  1.1426E+00  1.1902E+00

12 AVG  2.6861E+01  2.6606E+01  2.6950E+01  2.6774E+01  2.7311E+01

STD  5.2986E—01  1.1172E+00  1.1677E+00  6.7277E-01  8.2237E—0l

16 AVG  29153E+01  2.8754E+01  2.8813E+01  2.8531E+01  2.8813E+01

STD  5.3685E—01  12670E+00  24828E+00  1.1967E+00  1.5402E+00

18 AVG  3.0062E+01  2.9528E401  2.9770E+01  2.9300E+01  3.0362E+01

STD  5.7887E—01  1.3410E400  1.7697E+00  1.0482E+00  9.2978E—01

Bold are the best values
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Table 11 The PSNR

. Image Thres. Item VCSWOA WOA BA CS CBA
comparison results of
VCSWOA and other methods 291,000 2 AVG  1.1540E+01  1.4249E+01  14272E+01  1.4199E+01  1.4009E+01
STD  2.7555E+00  2.4146E-01  2.8738E—01  2.0941E—01  5.4376E—01
4 AVG  1.5859E+01  1.8789E+01  1.8579E+01  1.7861E+01  1.6217E+01
STD  1.8047E+00  2.8304E—01  3.4108E-01  9.097IE—-01  1.2937E+00
6 AVG  1.6921E+01  2.0607B+01  2.0686E+01  2.0446E+01  1.8123E+01
STD  1.7870E+00  7.6795E-01  7.2809E—01  8.9592E—01  1.3799E+00
12 AVG  22402E+01  24778B+01  2.4480E+01  2.5059E+01  2.2004E+01
STD  1.8687E+00  1.0563E+00  1.0990E+00  1.0182E+00  1.7773E+00
16 AVG  24270E+01  2.6785E+01  2.5787E+01  2.6458E+01  2.4438E+01
STD  1.7749E+00  9.4010E-01  1.5702E+00  1.2329E+00  1.9780E-+00
18 AVG  25003E+01  2.7446E+01  2.6855E+01  2.6773E+01  2.5366E+01
STD  2.3659E+00  1.1111E4+00  1.5033E+00  2.3238E+00  1.5514E+00
38,002 2 AVG  15402E+01  12963E+01  1.3846E+01  1.3546E+01  1.3705E+01
STD  7.6257E—-01  4.0976E-01  1.0417E—02  4.5647E—01  2.1328E—01
4 AVG  1.8406E+01  1.8066E+01  1.8335E+01  1.7927E+01  1.6334E+01
STD  1.8150E+00  8.0144E-01  2.3587E—01  7.5284E—01  1.1044E+00
6 AVG  19858E+01  2.0521E+01  2.0417E+01  1.9891E+01  1.7911E+01
STD  1.7718E+00  9.8209E-01  5.6960E—01  1.1738E+00  1.6814E+00
12 AVG  2.1656E+01  2.4457E+01  2.3778E+01  24082E+01  2.2171E+01
STD  1.6223E+00  9.0147E—01  1.6145E+00  1.6152E+00  1.6195E-+00
16 AVG  24075E+01  2.6534E+01  2.5590E+01  2.6587E+01  2.4074E+01
STD  1.6939E+00  1.2584E+00  1.2455E+00  1.2201E+00  1.9278E-+00
18 AVG  25049E+01  2.6977E+01  2.6481E+01  2.6554E+01  2.5369E+01
STD  2.0921E+00  9.0452E—01  1.2262E+00  1.2410E+00  1.6953E+00
86,068 2 AVG  15178E+01  1.6710E+01  1.6731E+01  1.6019E+01  1.5724E+01
STD  3.3427E-01  2.6455E-01  1.1641E-01  1.0228E+00  1.2836E+00
4 AVG  1.7427E+01  19875E401  1.9536E+01  1.9578E+01  1.7006E+01
STD  1.7686E+00  2.0890E+00  1.9036E+00  1.4426E+00  3.1604E+00
6 AVG  19143E+01  2.0526E+01  1.9740E+01  2.0408E+01  1.7993E+01
STD  1.8736E+00  2.6564E+00  3.3539E+00  3.0873E+00  3.0954E+00
12 AVG  2.1071E+01  2.4087E+01  2.1381E+01  2.2957E+01  2.1852E+01
STD  2.5240E+00  1.6310E+00  2.7945E+00  2.4905E+00  2.7815E+00
16 AVG  22750E+01  2.5571E+01  2.4100E+01  24791E+01  2.4665E+01
STD  3.6002E+00  1.9866E+00  2.0990E+00  2.6484E+00  2.4248E-+00
18 AVG  24333E+01  2.6632E+01  2.5276E+01  2.6121E+01  2.4252E+01
STD  22138E+00  1.5505E+00  2.6093E+00  2.5882E+00  3.1475E+00
170,057 2 AVG 13505401  13619E+01  1.6233E+01  1.5743E+01  1.5989E+01
STD  1.1268E+00  1.3194E+00  1.7764E—01  9.1626E-01  8.0962E—01
4 AVG  1.7908E+01  1.8248E+01  1.9210E+01  1.7810E+01  1.8220E+01
STD  1.6775E+00  1.5512E400  6.7226E-01  1.4543E+00  1.9514E+00
6 AVG  1.9306E+01  2.0350E+01  2.1469E+01  2.0503E+01  1.9188E+01
STD  1.7152E+00  1.2832E+00  1.3550E+00  1.6392E+00  1.9084E+00
12 AVG  23672E+01  2.4131E+01  2.5379E+01  24856E+01  2.2474E+01
STD  2.1226E+00  19157E+00  1.8850E+00  2.1013E+00  2.6435E+00
16 AVG  24800E+01  2.6165E+01  2.6705E+01  2.7230E+01  2.5273E+01
STD  1.8292E+00  1.6078E+00  2.1586E+00  1.6927E+00  1.7392E+00
18 AVG  25049E+01  2.7035E+01  2.7071E+01  2.8110E+01  2.5473E+01

STD  2.3897E+00 1.4866E+00 1.4915E+400 1.5644E+400 2.4709E+400
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Table 11 (continued)

Image Thres. Item VCSWOA WOA BA CS CBA
61,060 2 AVG  1.3884E+01 1.3183E+01 1.4867E+01 1.3281E+01 1.2860E+01
STD  5.4384E-01 1.6621E+00 1.3692E400 2.0230E+00 2.0075E+00
4 AVG  1.6508E+01 1.7109E+01 1.6907E+01 1.7027E+01 1.5479E+01
STD 1.3925E+00 1.3877E+00 1.4644E+00 1.8427E+00 2.5192E4+00
6 AVG  1.8484E+01 1.8822E+01 1.9271E+01 1.8890E+01 1.8108E+01
STD 1.2882E+400 1.7603E+400 1.5250E+400 1.9604E+00 2.0635E+00
12 AVG  2.2464E+01 2.4174E+01 2.4230E+01 2.3987E+01 2.2343E+01
STD  2.1438E+00 2.1911E+400 1.3344E400 1.6406E+400 3.1568E+400
16 AVG  2.3939E+01 2.6533E+01 2.6404E+01 2.5781E+01 2.5068E+01
STD  2.9817E+00 2.0090E+00 1.4375E+00 2.4686E+00 1.9827E+00
18 AVG  2.5627E+01 2.7636E+01 2.7320E+01 2.7151E+01 2.5723E+01
STD  2.2776E+00 1.5247E+00 1.2747E4+00 2.1666E+00 2.0443E+00
175,032 2 AVG  1.3524E+01 1.4766E+01 1.5383E+01 1.5272E+401 1.5537E+01
STD  3.8959E-01 1.2054E+00 3.7511E-02 3.3892E-01 5.9322E-01
4 AVG  1.5754E+01 1.8646E+01 2.0356E+01 1.9651E+01 1.8942E+01
STD 1.6555E+00 1.5270E+00 2.9627E-01 8.4606E-01 1.6884E+400
6 AVG  1.7960E+01 2.1199E+01 2.3097E+01 2.2207E+01 2.0319E+01
STD 1.8154E+400 1.2152E4+00 6.8594E-01 1.1725E+00 1.9910E+00
12 AVG  2.3648E+01 2.3977E401 2.5698E+01 2.6197E+01 2.3586E+01
STD 1.9610E+00 1.6781E+00 1.6910E+00 1.4663E+00 1.9628E+00
16 AVG  2.5858E+01 2.6156E+01 2.7215E401 2.7661E+01 2.4820E+01
STD 1.9990E+00 1.3185E+00 2.0427E+00 2.1651E+00 1.9969E+00
18 AVG  2.5432E+01 2.7299E+01 2.7602E+01 2.8041E+01 2.6381E+401
STD  2.0126E+400 1.2310E400 1.6108E+400 1.8014E+400 1.6936E+00
223,061 2 AVG  1.5080E+01 1.5402E+01 1.5403E401 1.5369E+01 1.5253E+01
STD 1.6679E+00 1.7161E-02 1.4723E-02 1.0240E-01 1.8501E-01
4 AVG  1.6531E+01 1.9020E+01 1.9640E+01 1.9489E+01 1.7854E+01
STD  3.0394E+00 4.8091E-01 3.2839E—-01  4.5413E-01 1.2589E+00
6 AVG  1.6743E+401 2.1258E+401 2.1421E+401 2.1104E+01 1.8141E+01
STD 3.3762E+00 4.9606E—01 7.2741E-01 1.0828E+00 1.9674E+00
12 AVG  2.3033E+01 2.4495E+401 2.5389E+01 2.5219E+401 2.2500E+401
STD 1.4262E+00 1.5994E+00 1.1023E+00 1.1338E+00 1.9331E+00
16 AVG  2.4610E+01 2.6106E+01 2.6615E+01 2.6965E+01 2.4468E+01
STD 1.8484E+00 1.2718E+400 1.6195E+00 1.5873E+400 1.5348E+00
18 AVG  2.5363E+01 2.7304E+01 2.6930E+01 2.7834E+01 2.5219E+01
STD 1.4702E4-00 1.3278E+400 8.1205E-01 1.2441E400 1.8808E+00
19,021 2 AVG  1.5450E+01 1.4130E+01 1.3846E+01 1.3931E+01 1.3626E+01
STD  9.1065E-01 4.2569E-01 3.0575E-01 7.0591E-01 1.0463E+400
4 AVG  1.6878E+01 1.8872E+01 1.8946E+01 1.8744E+401 1.7852E+01
STD  2.4115E+400 9.4882E-01 1.1093E+00 9.1329E-01 1.3193E+00
6 AVG  1.8983E+01 2.1017E401 2.1098E+01 2.0980E+01 1.8807E+01
STD  2.1188E+00 9.6586E—-01 1.1209E+00 1.5207E+00 1.7535E+4+00
12 AVG  2.2867E+01 2.4693E+01 2.4628E+01 2.4482E+01 2.3319E+401
STD  2.3472E+00 1.4290E+00 1.7702E+00 1.5539E+400 1.3545E+00
16 AVG  2.5079E+01 2.7020E+01 2.6847E+01 2.7504E+01 2.5438E+01
STD  2.0556E+00 1.3793E+400 1.8186E+00 1.2652E+400 1.9875E+00
18 AVG  2.6227E+01 2.8093E+01 2.6960E+01 2.7801E+01 2.5510E+01
STD 1.6849E+400 1.4210E400 1.7548E+400 2.0122E400 2.1284E+400

Bold are the best values
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Table 12 The SSIM comparison

Image Thres. Item  SCA BLPSO IGWO IWOA SCADE
results of VCSWOA and other
methods 291,000 2 AVG  7.0750E+01 6.8577E-01  6.9009E-01  7.0093E-01  7.0022E-01
STD  4.0932E-02  4.4047E—02 7.9963E—02  4.4785E—02  4.0458E—02
4 AVG  7.8451E-01  7.7853E—-01 7.8563E—01  7.8200E-01  7.7637E-01
STD  2.9222E-02  4.0825E—02 3.2227E-02  3.4994E—-02  4.1429E-02
6 AVG  8.2647E—01  8.2891E—01 8.2036E—01  8.2539E-01  8.3739E-01
STD 1.3973E—02 2.7519E—02 5.6508E—02  3.5432E—-02  3.6554E—02
12 AVG  9.6328E—01 9.5016E-01 9.6195E-01  9.4784E-01  9.6094E-01
STD  3.0024E—03  1.3255E—02 4.0376E—03  1.2800E—02  5.0739E—03
16 AVG  9.7680E—01 9.6795E—-01 9.7410E-01  9.6552E-01  9.7308E-01
STD  1.8180E—03 6.2520E—03 3.2901E—-03  7.8420E—03  4.7776E-03
18 AVG  9.8019E—-01 9.7320E-01 9.7599E—-01  9.6795E-01  9.7666E—01
STD  1.5076E—03 5.9712E—-03 9.6273E—03  1.0099E—-02  5.1768E—-03
38,092 2 AVG  6.2308E—01 6.2288E-01 6.0298E—-01  6.2272E-01  6.1547E-01
STD  24614E-03  2.1863E—03  8.6580E—02  2.6885E—03  4.5442E-02
4 AVG 8.3939E—-01 8.3607E—-01  8.2633E—-01  8.2707E-01  8.3190E-01
STD  5.7686E—03  7.0205E—03 5.4741E—02  1.1822E—-02  2.4842E-02
6 AVG  9.0610E—01 9.0314E—-01 8.9403E-01  8.8821E-01  8.6704E-01
STD  1.8303E—03 8.4161E—03 2.0440E—02 1.4146E-02  9.1687E-02
12 AVG  9.2602E—01 9.0919E-01 9.0245E—-01  8.9843E-01  9.1824E-01
STD  5.7827E—03 1.9579E-02 8.0001E-02  1.2397E-02  8.6744E-03
16 AVG  94331E—-01 9.2835E-01 9.3737E-01  9.2707E-01  9.3673E-01
STD  3.7487E—03  1.1904E—02 1.1511E—-02  9.5202E-03  9.9155E-03
18 AVG  9.5197E—-01 9.3895E-01  9.4432E-01  9.3188E-01  9.4418E-01
STD  3.5307E—03  1.1701E—02  7.4438E—03 1.0033E-02  1.4255E-02
86,068 2 AVG  59149E-01 5.8995E-01 5.7178E-01  5.9107E-01  5.9094E-01
STD  0.0000E+00 2.9551E-03 5.1163E-02 49198E—04  5.6689E—03
4 AVG 7.3581E—-01 7.3535E-01 6.8994E—01  7.2221E-01  7.1168E-01
STD  2.0623E-02  2.2504E—02 1.0607E—01 1.8031E—02  1.4961E—02
6 AVG  8.0293E-01  8.0109E-01  7.9468E—01  8.0326E-01  8.0416E—01
STD  5.3442E—03  1.4904E—02 3.8238E—02  7.1383E—03  1.1158E-02
12 AVG 8.8515E—01 8.0882E—01 8.8426E—01  8.0364E—01  8.6052E-01
STD  5.8698E-02  7.2453E—02 5.0091E-02  8.1405E—02  7.8881E—-02
16 AVG  9.3622E—01 8.4816E—01 9.1945E—01  8.7446E-01  8.9950E-01
STD  84199E—03  7.6800E—02 5.2352E—02  5.1664E—02  7.4478E-02
18 AVG  9.3468E—01 8.8587E—-01 9.1062E-01  8.8884E—-01  9.0655E-01
STD  1.8505E—02 5.2156E—02 6.0175E—02  4.8963E—02  5.1292E-02
170,057 2 AVG 3.0783E-01  3.0303E-01 3.0515E-01  2.9158E-01  3.1472E-01
STD  1.3500E-02  6.5662E—02  6.7872E—02  6.0551E—02  6.3481E-02
4 AVG  5.9428E-01  5.7925E-01 5.7007E-01  6.3169E—01 5.7648E-01
STD 1.9756E—02 9.2155E—02 8.5237E—-02 5.7476E—02  1.0435E-01
6 AVG  7.5435E-01  7.2196E—-01 7.4046E—01  7.6859E—01 7.3305E-01
STD  6.1642E-02  7.3403E-02 6.9059E-02  5.1298E-02  8.0715E-02
12 AVG 8.7523E—01 8.5637E-01 8.4788E—01  8.3779E-01  8.5440E-01
STD  14766E—02 2.2417E—02 4.2398E—02 2.3517E-02  3.0003E-02
16 AVG 9.1676E—01 8.9721E—-01 8.7888E-01  8.7322E-01  8.9544E-01
STD  8.5209E—03 2.6442E—-02 4.5063E—02  2.5155E-02  2.0110E-02
18 AVG 9.3128E—01 9.0198E—01 8.9513E—01  8.8833E—01  9.0643E-01

STD  7.7082E—03  2.5766E—02  3.9526E—02  2.4795E-02  2.6755E-02
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Table 12 (continued) Image  Thres. Item SCA BLPSO IGWO IWOA SCADE

61,060 2 AVG  6.1249E-01  59833E-01  6.0373E—-01  6.0785E-01  5.9648E—01

STD  53193E—03  3.1855E—02 3.1901E—02  1.1648E—02  3.4409E—02

4 AVG  82624E—01 8.0688E—01 82157E—01 8.1638E-01  8.2428E—01

STD  6.0356E—03 3.0819E—02 2.6377E—02 1.0649E—02  9.2444E—03

6 AVG  89253E-01 8.8783E-01 8.8081E-01 8.8214E-01  8.9307E—01

STD  6.9314E—03 12132E-02 6.4144E—02 1.7825E-02  8.7795E—03

12 AVG  89537E-01 8.8738E—-01 8.8872E-01  8.8321E-01  8.9549E—01

STD  1.1862E—02 1.5930E—02 2.7100E—02  1.8845E—02  1.5305E—02

16 AVG  9.1822E-01 9.0873E-01 9.1197E-01  9.0453E—-01  9.1614E—01

STD 7.2328E—03 1.8396E—02 1.7480E—02 1.6677E-02  1.0762E—02

18 AVG  92993E—01 92100E-01 9.2380E-01  9.1697E—-01  9.1827E—01

STD  6.4478E—03 12494E—02 1.9422E—02  1.1379E-02  1.0356E—02

175032 2 AVG  5.8057E-01  5.8009E-01 5.5525E—01  5.7998E—01  5.6445E—01

STD  2.1412E—04 9.9839E—04 7.2444E—02  12530E-03  5.5825E—02

4 AVG  74176E-01  7.3965E-01 7.3603E—01  7.4345E-01  7.3374E—01

STD  1.9383E—03 8.0498E—03 1.8426E-02  7.1059E—03  2.6450E—02

6 AVG  82938E-01 82192E-01 82516E-01 82321E-01  8.2380E—01

STD 8.8811E—03 1.5585E—02 1.6730E-02 1.6116E-02  2.0313E—02

12 AVG  9.6968E—01 9.5804E—01 9.3703E-01  9.4757E-01  9.6226E—01

STD 5.2624E—03 1.5741E—02 6.4654E—02 14190E-02  9.4679E—03

16 AVG  9.8180E—01 9.7513E-01 9.6484E—01  9.6418E-01  9.6687E—01

STD  3.6244E—03  6.1267E-03  1.5769E—02  1.0701E-02  1.4065E—02

18 AVG  9.8587E—01 9.7146E—01 9.5867E—01  9.6566E—01  9.6926E—01

STD  1.7245E-03 1.5078E—02 4.0355E-02  1.8742E—02  2.3520E—02

223,061 2 AVG  5.0820E-01  4.4229E-01 4.6267E—01 4.4419E-01  4.8709E—01

STD  73582E-03  1.1271E-01 1.0247E—01  1.4086E—01  2.6769E—02

4 AVG  7.793E-01  6.6357TE-01  6.4474E—01  5.4944E—01  6.6839E—01

STD  6.2271E-02 84107E-02 1.5357E-01  1.6765E-01  9.9450E—02

6 AVG  7.8055E-01  6.7863E—01 7.I514E—01  6.4804E-01  7.2012E—01

STD  83824E-02 1.3973E-01 1.1921E-01  1.5406E-01  1.3017E—01

12 AVG  9.0960E—01 8.8953E—01 8.9052E—01  8.9069E—-01  8.9661E—01

STD  4.6542E—03 1.7343E-02 2.6912E—02  8.7706E—03  1.4244E—02

16 AVG  9.3546E—01 92143E-01 9.1809E—01  9.1640E-01  9.2192E—01

STD  2.8794E—03 9.2572E—03 2.7222E—02  9.8862E—03  1.0409E—02

18 AVG  9.4638E—01 9.3282E-01 9.2849E—01  9.2252E—01  9.3089E—01

STD  2.1149E—03 1.0176E—02 1.5405E—02 1.0511E-02  1.0858E—02

19021 2 AVG  5.0150E-01 4.9367E-01 4.8862E-01  5.2260E—01 4.8417E—01

STD  1.0962E—02 2.6513E-02 6.4508E-02 2.8011E-02  6.9677E—02

4 AVG  63442E-01  62631E-01 6.3445E—01 6.1553E-01  6.3290E—01

STD  20514E-02 1.6180E—02 2.5335E—02 1.1524E—02 2.8441E—02

6 AVG  7.3927E—01 7.2084E-01 7.1990E—01  7.0949E—01  7.1848E—01

STD 8.8549E—03 3.0854E—02 4.0684E—02 2.7736E—02  3.4378E—02

12 AVG  89878E-01  8.8927E-01 8.9460E—-01  8.9343E-01  9.0646E—01

STD  13060E—02 3.0974E—02 3.8897E—02  19555E—02  2.1584E—02

16 AVG  92831E—01 9.2337E-01 9.1942E-01  9.1776E-01  9.2031E—01

STD  1.0435E—02 2.4393E—02 5.6828E-02 2.1612E—02  3.3894E—02

18 AVG  93914E-01  9.3316E-01 9.3077E-01  9.2745E-01  9.4220E—01

STD  1.0910E—02 22138E—02 4.0618E—02 18392E-02  1.3422E—02

Bold are the best values
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Table 13 The SSIM comparison

Image Thres. Item SCA BLPSO IGWO IWOA SCADE
results of VCSWOA and other
methods 291,000 2 AVG  6.1946E-01  6.0962E—01 6.0573E-01 6.1313E-01  5.7531E-01
STD  9.9228E—02  1.1589E—-02 1.3046E—02 1.0378E—02  3.8211E-02
4 AVG  7.3921E-01 8.2417E-01 8.1523E—01  7.8385E-01 6.9818E—01
STD  4.5514E—-02  8.2364E—03  1.0249E-02  4.5811E—02  7.2511E-02
6 AVG  7.6770E-01  8.6577E—01 8.7099E—-01  8.6335E-01  7.7685E—01
STD  5.2197E-02  2.0964E—02  2.1715E-02  2.0962E-02  6.0402E—02
12 AVG  8.8554E—01  9.3329E-01 9.2718E—01 9.3822E—01 8.7807E-01
STD  4.3002E-02  1.5064E-02 1.8303E-02 1.3806E—02  4.4532E-02
16 AVG  9.1604E-01  9.5259E-01 9.4131E-01 9.4968E—01  9.1819E-01
STD  3.1284E—-02  1.0160E—02  2.1185E-02 1.6484E—02  3.5560E—02
18 AVG  9.2403E-01  9.5773E-01 9.5130E—01 9.4874E—01  9.3249E-01
STD  4.5679E—-02  1.0511E-02 1.6941E—02  4.3992E—-02  2.2788E—02
38,092 2 AVG  6.2244E-01  5.6425E-01 5.8037E—01 5.7453E—-01  5.7753E-01
STD  4.3249E—-02  4.5159E-02  3.8395E—04  1.0258E—02  1.0849E-02
4 AVG  7.5602E-01  7.1492E-01 7.4841E-01 7.2640E-01  6.9008E-01
STD  8.5241E-02  3.0235E-02 8.9293E-03 2.4957E-02  5.2709E—02
6 AVG  8.1024E-01  7.9673E—01 8.2543E-01 79136E—-01  7.4565E—01
STD  6.3805E—-02  2.7558E-02 1.6421E-02 3.2382E-02  4.2548E—02
12 AVG  84203E-01  8.8224E-01 8.8065E—-01 8.8065E—-01  8.4099E-01
STD  3.3746E-02  1.7476E—02  2.6199E-02 3.0004E—-02  4.1269E-02
16 AVG  8.7294E-01  9.0736E—01 9.0275E-01 9.1150E-01  8.7610E—01
STD  3.3762E—02  1.4946E-02  2.0977E-02 1.9038E—02  3.0696E—02
18 AVG  8.9236E-01  9.1429E-01 9.1733E-01 9.1195E-01  8.8960E—01
STD  3.2714E-02  1.3605E-02 1.7159E-02 2.2826E—-02  2.4152E-02
86,068 2 AVG  5.9060E-01  5.0924E—01 5.0634E—01 4.7694E—01  4.6222E-01
STD  3.1461E-02  3.7387E-03 5.5275E-03 5.3351E-02  5.1335E-02
4 AVG  7.0262E-01  6.9369E—01 6.7428E—01 6.7969E—01  5.4352E-01
STD  4.6485E—02  8.3645E-02  7.2661E—02  6.3391E-02  1.4312E-01
6 AVG  7.6044E-01  7.1886E—01 6.7936E—01 7.0111E-01  5.9677E-01
STD  4.9403E-02  1.0052E-01 1.3245E-01 1.1952E-01 1.3037E-01
12 AVG  7.2788E-01  8.2104E-01 7.4037E-01 7.9400E-01  7.6571E-01
STD  9.5552E—02  4.7243E—02  1.0278E—01 7.2176E—02  8.2964E—02
16 AVG  7.7526E-01  8.6185E-01 8.1914E-01 8.4280E-01 8.3317E-01
STD  1.0349E—-01  4.5636E—02  6.1815E—02  7.3580E-02  6.5863E—02
18 AVG  8.2417E-01  8.8461E-01 8.4393E-01 8.6901E-01  8.2128E-01
STD  6.2206E-02  2.6121E-02  7.2092E-02  5.7395E—02  8.9906E—02
170,057 2 AVG  2.9228E-01  4.4150E-01 5.0363E-01 4.9095E-01  5.0893E—01
STD  8.8439E-02  7.8113E-02 1.3179E—02  1.8736E-02  2.1368E-02
4 AVG  6.1598E-01  6.0809E—01 6.3059E—01 5.9935E—01  6.2060E—01
STD  1.1359E-01  4.4607E-02  2.4905E-02  4.4062E—02  5.3154E-02
6 AVG  6.8010E-01  6.8036E-01 7.1607E—01 6.9188E—01  6.6296E—01
STD  8.4881E—02  3.7774E—02  3.1906E—02  4.3949E-02  4.9811E-02
12 AVG  7.8294E—01  7.9229E-01 8.2281E-01 8.1267E-01  7.5666E—-01
STD  5.0065E—02  4.4907E-02  3.9594E-02  4.6353E—-02  6.3464E-02
16 AVG  8.0790E-01  8.3700E—01 8.4904E-01 8.6385E-01  8.2014E-01
STD  4.2569E—02  3.3225E—02  4.1804E—02 3.1851E-02  3.8581E-02
18 AVG  8.1488E-01 8.5308E-01 8.5741E-01 8.7637E-01 8.2242E-01

STD  52113E-02  2.9931E-02 2.7588E—02 3.0477E—-02  5.4885E—02

@ Springer



Engineering with Computers (2023) 39:1935-1979 1957
Table 13 (continued) Image  Thres. ltem  SCA BLPSO IGWO IWOA SCADE

61,060 2 AVG  5.6909E-01 6.8293E-01  6.9395E—01  6.7246E-01  6.5617E—01

STD  3.5898E—02 3.7547E-02  3.2108E-02  5.5533E—02  5.5491E—02

4 AVG  T.I777E-01  7.5946E—01  7.5537E-01  7.6000E-01  7.2231E—01

STD  6.2687E—02 34992E-02  4.3028E-02  3.0975E-02  6.0069E—02

6 AVG  7.8982E-01 8.0834E-01  8.1478E-01  8.0187E—-01  7.7633E—0I

STD  53734E—02 3.8980E—02  3.1480E—02  3.9574E—02  5.2972E—02

12 AVG  85813E-01 8.7735E-01  8.7750E-01  8.7378E—01  8.5724E—0l

STD  3.6994E—02  2.6488E-02  22433E—02  2.2273E-02  3.3585E—02

16 AVG  87319E-01 89806E-01  8.9826E-01  8.9485E-01  8.8762E—01

STD  4.0437E-02 23194E-02  1.6524E—02  2.8387E—02  2.2206E—02

18 AVG  89267E-01  9.1142E-01  9.0682E-01  9.0403E-01  8.8765E—01

STD  2.6672E-02  1.5608E-02  1.6757E-02  2.2163E-02  2.8638E—02

175,032 2 AVG  5.7654E-01 5.7659E-01  62279E-01  6.1642E-01  6.2996E—01

STD  14813E-02  8.1274E-02  2.1352E-03  1.8952E—02  3.1700E—02

4 AVG  67135E-01 7.6775E-01  8.3382E—01  8.0864E—01  7.8047E—01

STD  5.6142E-02  64600E—02  8.8566E—03  2.9843E—02  7.2086E—02

6 AVG  75544E-01 84872E-01  8.9854E-01  8.7711E-01  8.1874E—0I

STD  3.8021E-02 3.6189E-02  14764E—02  3.1345E-02  7.0547E—02

12 AVG  89911E-01 9.0691E-01  9.3376E-01  9.410SE-01  8.9900E—01

STD  4.4068E—02 33551E—02  24482E-02  1.9067E—02  4.7434E—02

16 AVG  93458E-01 9.3965E-01  9.4798E-01  9.5134E—01  9.1543E—01

STD  29545E-02  1.6755E-02  2.4440E-02  3.3991E—-02  3.9050E—02

18 AVG  92402E-01 9.5289E-01  9.5186E-01  9.5695E-01  9.3896E—01

STD  3.8323E-02 1.3194E-02  1.7363E—02  1.8245E—02  2.7126E—02

223,061 2 AVG  43255E-01 59101E-01  59125E-01  5.9020E-01  5.9181E—01

STD  85152E-02 1.2020E—03  1.7262E—03  5.0076E—03  2.3584E—02

4 AVG  5.1063E-01  7.0411E-01  7.2625E-01  7.3405E-01  7.2174E—01

STD  13311E-01  1.5043E-02  2.0017E—02  2.5265E—02  4.7389E—02

6 AVG  55316E-01 7.9430E-01  7.9417E-01  7.8915E-01  7.2293E—01

STD  12672E-01  1.6546E-02  2.5729E—02  2.8980E—02  6.1359E—02

12 AVG  84524E-01 8.6297E-01  8.7568E-01  8.8219E-01  8.3590E—01

STD  32835E—02  2.8562E-02  2.1970E—02  1.8716E—02  3.6741E—02

16 AVG  87860E-01 89577E-01  89501E-01  9.0154E—01  8.6872E—01

STD  23706E—02  19861E-02  2.3738E—02  2.2749E—02  3.2460E—02

18 AVG ~ 88383E-01 9.0938E-01  9.0298E-01  9.1203E-01  8.8178E—0I

STD  2.8633E-02  1.7344E-02  12031E-02  1.6716E-02  2.9742E—02

19021 2 AVG  49638E-01  3.2640E-01  3.0758E-01  3.1480E-01  2.9347E—01

STD  33653E—02 2.8324E-02  2.0051E-02  4.9948E—02  6.9040E—02

4 AVG  58309E-01  6.1460E-01  6.1863E—01  6.1424E—01  6.2140E—01

STD  63368E—02 4.7882E-02  7.8348E-02  63777E—-02  9.0202E—02

6 AVG  65350E-01 7.2726E-01  7.3746E-01  7.3561E-01  6.5244E—01

STD  5.6019E—02  54658E—02  6.8044E—02  7.1856E—02  9.6081E—02

12 AVG  8.0363E-01 83915E-01  8.4465E-01  8.4439E—01  8.1150E—0l

STD  9.1751E-02 4.8262E-02  5.5329E-02  4.3168E-02  5.0831E—02

16 AVG ~ 84832E-01 8.8766E-01  8.8663E-01  9.0301E-01  8.6395E—01

STD  5.7471E-02  2.8272E-02  47704E—02  3.0503E—02  4.9316E—02

18 AVG  87734E-01 9.0627E-01  8.8445E-01  8.9725E-01  8.5547E—01

STD  3.9458E-02  3.0534E—02  4.6023E—02  5.2585E-02  5.7292E—02

Bold are the best values
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Table 14 The FSIM comparison

Image Thres. Item  VCSWOA WOA BA CS CBA
results of VCSWOA and other
methods 291,000 2 AVG  7.0070E-01 6.9890E—-01 6.9549E-01 7.0450E-01 7.0290E-01
STD  1.1661E-02 9.4608E-03 5.1055E-02  7.9145E—-03  2.4177E-02
4 AVG  7.7925E-01 7.7417E-01 7.7789E-01 7.7352E-01 7.7117E-01
STD  2.3654E-02 3.0673E-02 3.0574E-02  3.2551E-02 3.1773E-02
6 AVG  8.1991E-01 8.2828E-01 8.1425E-01 8.2040E-01 8.3567E-01
STD  1.6554E—02  2.1939E-02 4.9927E-02  3.0920E-02 2.9815E-02
12 AVG  9.5748E-01 9.5302E-01 9.5986E-01  9.5118E—01 9.6234E—01
STD  4.3092E-03 1.1912E-02 6.0902E-03 1.0445E-02 5.4623E-03
16 AVG  9.7197E-01 9.6682E-01 9.7320E-01  9.6783E—01 9.7397E—01
STD  3.5724E—03  8.2113E-03 4.5181E-03  8.4288E-03 6.3335E-03
18 AVG  9.7550E-01 9.7340E-01 9.7713E-01 9.7320E-01 9.7795E—01
STD  4.7209E—-03  6.1495E-03 7.0184E-03  6.5624E—03 6.1864E—-03
38,092 2 AVG  7.8783E-01 7.8765E-01 7.7250E-01 7.8747TE-01 7.8254E-01
STD  5.0869E—04 1.7996E—-03 5.8843E-02  2.1247E-03 2.8013E-02
4 AVG  9.1677E—01  9.1325E-01 9.1084E-01  9.1059E-01 9.0919E-01
STD  2.1157E—-03  8.0268E-03 2.6569E-02  8.1979E-03 1.6676E—02
6 AVG  94553E—01  9.4298E-01 9.4023E-01  9.3557E-01 9.2596E-01
STD  8.7705E—04  4.0596E-03 9.3801E-03  8.9414E-03 4.7719E-02
12 AVG  9.5018E—01  9.3429E-01 9.3533E-01  9.2988E—01 9.4605E-01
STD  4.5188E—03  1.6393E-02 5.4889E-02  9.4892E-03 5.8335E-03
16 AVG  9.6563E—01  9.5312E-01 9.6076E—-01 9.5154E-01 9.5948E-01
STD  3.3109E—03  8.8835E-03 8.9581E—03  7.6994E-03 9.5660E—03
18 AVG  9.7156E—01  9.6001E—01 9.6568E—-01  9.5441E-01 9.6485E—-01
STD  2.4592E—-03  7.8032E-03 6.7922E-03  9.1200E—03 1.2665E—-02
86,068 2 AVG  6.9772E-01 6.9756E-01 6.8708E-01  6.9776E-01 6.9753E-01
STD  4.5168E—16  1.3138E-03 2.7579E-02  5.4580E—-05 4.1799E-03
4 AVG  8.1103E-01  8.0925E-01 7.7829E-01 8.0213E-01 7.9413E-01
STD 1.2264E-02 1.2592E-02 7.2398E-02 1.0679E-02 1.0241E—02
6 AVG  8.6375E—01  8.6105E-01 8.5829E-01 8.6319E-01 8.6342E-01
STD  3.8694E—03  9.2373E-03 2.6310E-02  5.4492E-03 6.9830E-03
12 AVG  9.2535E—01  8.6999E-01 9.2520E-01 8.6717E-01 9.0718E-01
STD  4.2958E-02 5.3628E—02  3.5500E-02  5.8894E—02 5.8320E-02
16 AVG  9.6238E—01  8.9641E—01 9.5029E-01  9.1650E—01 9.3599E-01
STD  5.5611E—03  5.6312E-02 3.6110E-02  3.8206E—02 5.5433E-02
18 AVG  9.6211E—-01  9.2558E-01 9.4269E-01 9.2796E-01 9.4129E-01
STD  1.1611E—-02  3.6864E—-02 42241E-02  3.6018E-02 3.8895E-02
170,057 2 AVG  6.4696E—01 6.4337E-01 6.4547E-01  6.4142E-01 6.4752E—01
STD 5.3170E-03 2.0947E-02 2.2744E-02 2.1008E-02 2.0341E-02
4 AVG 7.9878E—01  7.7579E-01 7.7825E-01  7.8679E—01 7.7892E-01
STD  1.4397E-02 3.3107E-02 4.3738E-02 1.9850E-02 3.5195E-02
6 AVG 8.5724E—01  8.3689E-01 8.5337E-01 8.4393E-01 8.5500E-01
STD  8.5633E—03  3.4431E-02 1.3274E-02  2.0593E-02 1.8953E-02
12 AVG  9.2135E—-01  8.9727E-01 8.8950E-01 8.7737E-01 9.0005E-01
STD  1.1982E—02  2.4365E-02 4.7029E-02  2.4043E-02 2.5985E-02
16 AVG  9.5452E—01  9.3156E-01 9.1476E-01  9.0949E-01 9.3388E-01
STD  7.0951E—03  2.4275E-02 4.4259E-02  2.3961E-02 1.7933E-02
18 AVG  9.6466E—01  9.3480E-01 9.2970E-01  9.2304E-01 9.3848E-01

STD  4.9502E—03  2.3498E—-02 3.7675E-02  2.3890E—02 2.6902E-02
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61,060 2 AVG  7.1748E-01 7.0891E—01 7.2519E-01 7.1445E-01 7.1589E-01
STD 8.1343E—03 3.5622E-02 1.9980E—-02 1.2501E-02 2.9874E-02

4 AVG  8.5331E-01 8.3927E-01 8.4565E-01 8.4551E-01 8.5010E-01

STD 7.3224E—-03 1.9380E—-02 1.8130E-02 9.1219E-03 1.1118E-02

6 AVG  8.9331E-01 8.9483E—-01 8.8594E-01 8.9435E-01 9.0592E—01

STD 1.2214E-02 1.4995E-02 3.8322E-02 1.5642E-02 1.4075E-02

12 AVG  8.9958E-01 8.9836E—01 8.9630E—01 8.9632E—01 9.0489E—-01

STD 1.4515E-02 1.5846E—-02 3.0335E-02 1.3909E—-02 2.0093E-02

16 AVG  9.3040E-01 9.2195E-01 9.2595E-01 9.1989E-01 9.3237E—01

STD 1.2679E-02 1.9575E-02 1.6986E—-02 1.4124E-02 1.1164E—02

18 AVG  9.4228E-01 9.3336E-01 9.3606E—-01 9.3493E-01 9.3582E-01

STD 1.1868E—-02 1.3914E-02 2.5076E-02 8.8969E—03 9.6902E—-03

175,032 2 AVG  6.8060E-01 6.8074E-01 6.5587E—-01 6.8073E-01 6.6627E—-01
STD 2.3246E-03 5.7789E-04 5.0062E—-02 5.0307E—04 3.7293E-02

4 AVG  8.2631E-01 8.2370E-01 8.2037E-01 8.2639E—-01 8.1918E—-01

STD 8.7769E—04 6.2964E-03 1.5501E-02 4.8918E-03 1.9267E-02

6 AVG  8.8953E-01 8.7890E—01 8.8554E-01 8.7925E-01 8.7873E-01

STD  4.3267E—03 1.4926E-02 1.3150E-02 1.1055E-02 2.3207E-02

12 AVG  9.7563E—01 9.6847E-01 9.5743E-01 9.6348E-01 9.7316E-01

STD  5.8186E—03 1.1149E-02 3.5995E-02 1.0838E—-02 7.7710E-03

16 AVG  9.8546E—01 9.8014E-01 9.7494E-01 9.7393E-01 9.7665E—-01

STD  3.3522E—-03 7.3528E-03 1.2420E-02 6.7361E-03 1.0546E—-02

18 AVG  9.8897E—01 9.7948E-01 9.6929E-01 9.7513E-01 9.7841E-01

STD 2.1669E—03 1.0156E-02 3.1243E-02 1.2187E-02 1.4986E-02

223,061 2 AVG  6.5119E-01 6.0015E-01 6.2876E—01 6.1073E-01 6.3239E-01
STD 2.5413E-03 7.3998E-02 5.7373E-02 7.7352E-02 3.8263E-02

4 AVG  7.9614E-01 7.4998E-01 7.4249E-01 6.7030E-01 7.5887E—-01

STD  4.0972E-02 6.9305E-02 9.7403E-02 1.0828E-01 7.0548E—-02

6 AVG  8.4644E-01 7.7189E-01 7.9972E-01 7.4799E-01 8.0293E-01

STD  4.8518E-02 9.3150E-02 8.2070E-02 9.2415E-02 9.1564E—-02

12 AVG  9.5067E—01 9.3027E-01 9.3434E-01 9.3194E-01 9.3919E-01

STD  2.6151E—03 1.5993E-02 2.2934E-02 7.7854E-03 1.3703E-02

16 AVG  9.6754E—01 9.5286E-01 9.5179E-01 9.4867E-01 9.5570E-01

STD  2.3170E—03 6.3910E-03 2.6621E—-02 8.6569E-03 1.1097E-02

18 AVG  9.7397E-01 9.6039E-01 9.5962E-01 9.5361E-01 9.6165E-01

STD 1.0467E—03 7.2699E-03 1.3577E-02 7.6458E—-03 1.0427E-02

19,021 2 AVG  6.1058E-01 6.0635E—-01 6.0220E-01 6.0841E-01 5.9866E—-01
STD 7.0456E—04 1.5484E-02 2.1174E-02 4.2819E-03 2.0878E—-02

4 AVG  7.1348E-01 7.0338E-01 7.0856E-01 6.9980E-01 7.0737E-01

STD 1.0369E—-02 1.2482E-02 1.9192E-02 1.0697E—-02 2.0816E-02

6 AVG  7.9887E-01 7.7742E-01 7.7921E-01 7.6760E-01 7.7818E-01

STD 5.4582E—03 2.767T4E—-02 4.2613E-02 2.9266E—-02 2.7107E-02

12 AVG  9.3434E-01 9.2946E-01 9.3415E-01 9.3145E-01 9.3910E—01

STD 5.6745E—03 1.4145E-02 1.2954E-02 1.0225E-02 9.6392E-03

16 AVG  9.5381E—01 9.5062E-01 9.4684E-01 9.4839E-01 9.5237E-01

STD 4.2524E—03 1.2688E—-02 4.2393E-02 1.3163E-02 1.4745E-02

18 AVG  9.6131E-01 9.5524E-01 9.5745E-01 9.5494E-01 9.6447E—-01

STD 4.3954E—-03 1.4416E-02 1.6545E-02 1.0629E—-02 7.7567E-03

Bold are the best values
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Table 15 The FSIM comparison

Image Thres. Item  SCA BLPSO IGWO IWOA SCADE
results of VCSWOA and other
methods 291,000 2 AVG  6.8504E-01 7.1725E-01 7.0959E-01 7.2611E—-01  6.9056E—-01
STD  3.9609E-02 1.3296E-02 1.7158E-02 1.5747E-02  3.5720E-02
4 AVG  7.3226E-01 8.4928E—01  8.4130E-01 8.2290E-01 7.6658E—-01
STD  4.3904E-02  7.8390E—03  1.0009E-02 3.0863E-02  4.3329E-02
6 AVG  7.6460E-01 8.8770E-01  8.8268E-01 8.7471E-01 8.3043E-01
STD  5.3785E-02 1.7816E-02 1.9311E-02 1.8018E-02  4.0168E—-02
12 AVG  9.1006E-01 9.4548E-01 9.3861E-01 9.4394E-01 9.0064E—-01
STD  3.1633E-02 1.3812E-02 1.6379E-02 1.3462E-02  3.0314E-02
16 AVG  9.3217E-01 9.6036E—-01 9.5001E-01 9.5710E-01 9.3348E-01
STD  2.1568E-02 1.0207E-02 1.8272E-02 1.4109E-02  2.5438E-02
18 AVG  9.3986E-01 9.6506E—01 9.5995E-01 9.5404E-01 9.4730E-01
STD  3.2963E-02 8.9836E—-03 1.1006E-02  3.2786E-02 1.5031E-02
38,092 2 AVG 7.8788E—01  6.5818E-01 6.8094E-01 6.7485E-01 6.7698E—-01
STD  3.2519E-02  2.7284E-02 1.9469E—04  8.1337E—03 5.5071E-03
4 AVG  8.5056E-01 7.8815E-01 8.2923E-01 8.0362E-01 7.5312E-01
STD  5.8036E-02  2.9217E-02  4.4658E-03 2.7607E-02  4.8267E-02
6 AVG  8.8231E-01 8.5112E-01 8.7198E-01 8.4097E-01 7.9134E-01
STD  4.2566E-02  2.5614E-02 1.5645E—-02 3.2772E-02 3.4630E-02
12 AVG  8.7283E-01 9.1330E-01 9.1122E-01 9.0927E-01 8.7771E-01
STD  2.9843E-02 1.4335E-02  2.0066E—02  2.7314E-02  3.6543E-02
16 AVG  9.0118E-01 9.3464E—-01 9.2872E-01 9.3779E-01 9.0212E-01
STD  3.3386E-02 1.4774E-02 1.6655E—-02 1.5460E-02  3.0410E-02
18 AVG  9.1941E-01 9.3920E-01 9.3943E-01 9.3621E-01 9.1739E-01
STD  2.8801E-02 1.1480E-02 1.2827E-02 1.9982E-02  2.1468E—-02
86,068 2 AVG  6.9817E—01  6.5155E-01 6.4658E—-01 6.2517E-01 6.0191E-01
STD  2.4264E-02  7.0345E-03 8.4831E-03 4.4489E-02  4.8406E—02
4 AVG  7.7075E-01 7.7119E-01 7.5884E—-01 7.6311E-01 6.5990E-01
STD  4.0727E-02  6.4022E-02  5.1197E-02  4.7038E-02  8.8118E-02
6 AVG  8.1552E-01 8.0059E-01 7.7385E-01 7.8179E-01 7.0825E-01
STD  4.4406E-02  6.0239E-02 8.8061E—02 8.0707E-02 8.9830E—-02
12 AVG  8.1078E-01 8.7711E-01 8.2187E-01 8.5489E-01 8.3247E-01
STD  6.5279E-02  3.8091E-02  7.4580E-02  5.2587E-02  6.8163E-02
16 AVG  8.3807E-01 9.0701E-01 8.7482E-01 8.9038E-01 8.8604E—01
STD  8.4103E-02  3.2650E—02  4.4935E-02  5.4829E-02  4.6049E-02
18 AVG  8.7553E-01 9.2209E-01 8.9527E-01 9.1039E-01 8.7737E-01
STD  4.8306E—02  2.0764E—02  5.3433E—02  4.2872E-02  6.6435E—-02
170,057 2 AVG  6.3280E-01 5.6354E-01 6.1072E-01 6.0318E-01 6.1039E-01
STD  2.7164E-02 1.5082E—02  1.0571E-03 1.5745E-02  9.8482E-03
4 AVG  7.3469E-01 6.8375E-01 7.0728E-01 6.8063E-01 6.7538E-01
STD  4.4299E-02 3.4373E-02 1.3411E—02  2.5465E-02  4.4694E-02
6 AVG  7.8061E-01 7.3831E-01 7.6842E—-01 7.4922E-01 7.0686E—01
STD  5.1478E-02  3.5289E-02 3.4131E-02 3.7340E-02  4.3564E-02
12 AVG  8.2199E-01 8.3324E-01 8.6113E-01 8.4981E-01 7.9377E-01
STD  4.5864E—02  4.1669E—-02  39118E-02  4.7835E-02  5.5509E-02
16 AVG  8.4286E-01 8.7519E-01 8.8293E-01 8.9642E—-01 8.5377E-01
STD  4.0296E—02  3.2778E—02  4.2345E-02  3.0496E-02  3.4664E—02
18 AVG  8.4958E-01 8.8883E-01 8.8822E—01 9.0903E-01 8.5540E—01

STD  4.8137E-02 2.8999E-02 2.7299E-02 2.8287E-02 4.7737E-02
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1961

Table 15 (continued)

Image Thres. Item  SCA BLPSO IGWO IWOA SCADE
61,060 2 AVG  6.8124E-01 7.0455E-01 6.8972E-01 6.9770E-01 6.9219E-01
STD 3.3539E-02 1.2719E-02 1.7646E—02 1.5637E-02 2.3358E-02
4 AVG  7.7451E-01 7.5495E-01 7.5170E-01 7.5331E-01 7.3314E-01
STD  4.3350E-02 3.2929E-02 3.7290E—-02 2.8240E—-02 4.6566E—02
6 AVG  8.3365E-01 8.0619E-01 8.1301E-01 8.1011E-01 7.8026E-01
STD  3.3729E-02 3.5709E-02 3.2194E-02 3.6639E—-02 5.4715E-02
12 AVG  8.6080E-01 8.8946E—01 8.8433E-01 8.8246E-01 8.6747E-01
STD 3.2775E-02 2.3408E—-02 2.2919E-02 1.7405E-02 3.0230E-02
16 AVG  8.8404E-01 9.1038E-01 9.0786E-01 9.0678E-01 8.9510E-01
STD 3.4109E-02 2.0798E—-02 1.5007E—-02 2.8825E-02 2.4979E-02
18 AVG  9.0008E-01 9.2321E-01 9.1954E-01 9.1852E-01 8.9836E—01
STD  2.8883E-02 1.4348E-02 1.3571E-02 1.9475E-02 2.8358E-02
175,032 2 AVG  6.7289E-01 7.6164E-01 7.8741E-01 7.8519E-01 7.9197E-01
STD 1.0620E-02 5.3794E-02 1.5850E—-03 1.4197E-02 2.0773E-02
4 AVG  7.2743E-01 8.7155E-01 9.1364E-01 8.9343E-01 8.6866E—-01
STD  5.6077E-02 4.2053E-02 6.1767E-03 2.3350E-02 4.9100E-02
6 AVG  7.9945E-01 9.1370E-01 9.3703E—01 9.2388E-01 8.8326E-01
STD  4.2175E-02 2.1585E-02 1.2234E-02 2.1068E-02 5.1686E—02
12 AVG  9.3592E-01 9.4048E-01 9.5315E-01 9.5670E-01 9.3800E—-01
STD 2.9879E-02 2.1350E-02 1.5712E-02 1.1687E-02 2.4527E-02
16 AVG  9.5400E-01 9.6008E—-01 9.6393E-01 9.6712E-01 9.4663E-01
STD 2.3395E-02 1.1611E-02 1.6449E-02 1.9518E-02 2.1149E-02
18 AVG  9.5251E-01 9.6783E-01 9.6597E-01 9.6881E-01 9.5988E-01
STD 2.1760E—-02 8.2453E-03 1.1766E—-02 1.1373E-02 1.4608E—-02
223,061 2 AVG  5.8882E-01 6.9772E-01 6.9806E—-01 6.9561E-01 6.9891E—01
STD  7.1601E—-02 4.3030E—04 1.2765E-03 7.7364E-03 1.9142E-02
4 AVG  6.3998E-01 7.8809E-01 8.0422E-01 8.0588E—01 7.8421E-01
STD  7.8363E-02 9.3914E—03 1.0819E-02 1.6162E—-02 3.6719E-02
6 AVG  6.7012E-01 8.5355E—01 8.5329E-01 8.4834E-01 7.8462E-01
STD 9.3119E-02 1.3016E—02 2.1119E-02 2.4915E-02 5.1957E-02
12 AVG  8.8270E-01 9.0529E-01 9.1626E-01 9.1839E-01 8.7667E—01
STD 2.8263E-02 2.4384E-02 1.7842E-02 1.7963E-02 3.1097E-02
16 AVG  9.0938E-01 9.2622E-01 9.2868E—-01 9.3361E-01 9.0203E-01
STD 2.3454E-02 1.8472E-02 2.2655E-02 2.1025E-02 3.1211E-02
18 AVG  9.1604E-01 9.3827E-01 9.3255E-01 9.4110E-01 9.1249E-01
STD 2.7712E-02 1.6411E-02 1.1320E-02 1.4023E-02 2.7069E—-02
19,021 2 AVG  6.0140E-01 6.5356E—01 6.4706E-01 6.4792E-01 6.4120E-01
STD 1.2928E-02 9.9495E-03 7.0396E-03 1.4862E-02 2.4277E-02
4 AVG  6.4593E-01 7.6776E-01 7.8351E-01 7.7538E-01 7.3994E-01
STD 5.1147E-02 3.4036E-02 2.2740E-02 2.7825E-02 4.6925E-02
6 AVG  7.0133E-01 8.2950E-01 8.3456E—01 8.3222E-01 7.7088E—-01
STD  4.6472E-02 2.4903E-02 3.0463E-02 4.0733E-02 5.3160E-02
12 AVG  8.6153E-01 9.0051E-01 8.9191E-01 8.9564E—01 8.7273E-01
STD  4.8497E-02 2.2729E-02 3.3421E-02 2.7298E-02 3.0208E—-02
16 AVG  8.9911E-01 9.2804E-01 9.2647E-01 9.3556E-01 9.0567E-01
STD 3.3839E-02 2.0246E—-02 2.3065E—-02 1.6082E—02 3.3119E-02
18 AVG  9.1525E-01 9.4142E-01 9.2670E-01 9.3858E-01 9.0330E-01
STD 2.6264E—-02 1.4152E-02 2.1946E—-02 1.9481E-02 3.5614E-02

Bold are the best values
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Table 16 The PSNR comparison results of VCSWOA and other methods

Thres. VCSWOA WOA BA CS CBA

2
+/—/= 3/0/5 5/0/3 3/0/5 5/0/3
Mean 3.0000 5.8750 6.8750 4.3750 5.1250
Rank 1 5 9 3 4

4
+/—-/= 3/0/5 1/0/7 6/1/1 2/0/6
Mean 2.5000 4.6250 5.2500 5.2500 4.8750
Rank 1 3 6 6 4

6
+/—/= 4/0/4 3/0/5 6/0/2 4/0/4
Mean 1.3750 5.1250 4.1250 5.3750 3.5000
Rank 1 5 3 6 2

12
+/—/= 7/0/1 4/0/4 7/0/1 3/1/4
Mean 1.2500 4.1250 3.2500 4.5000 2.1250
Rank 1 4 3 5 2

16
+/—/= 7/0/1 6/0/2 8/0/0 7/0/1
Mean 1.0000 3.5000 3.0000 4.8750 2.7500
Rank 1 4 3 5 2

18
+/—/= 7/0/1 6/0/2 8/0/0 7/0/1
Mean 1.1250 3.5000 3.1250 4.6250 2.6250
Rank 14 3 5 2

Thres. SCA BLPSO IGWO IWOA SCADE

2
+/—/= 6/0/2 6/2/0 4/4/0 5/3/0 5/2/1
Mean 7.5000 6.3750 3.6250 5.8750 6.3750
Rank 10 7 2 5 7

4
+/—/= 8/0/0 3/1/4 3/3/2 5/112 6/1/1
Mean 9.1250 5.1250 4.1250 5.7500 8.3750
Rank 10 5 2 8 9

6
+/—/= 8/0/0 6/0/2 5/1/2 6/1/1 7/0/1
Mean 9.3750 5.8750 4.6250 6.0000 9.6250
Rank 9 7 4 8 10

12
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.3750 6.7500 7.1250 7.0000 9.5000
Rank 9 6 8 7 10

16
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.6250 6.8750 7.6250 6.5000 9.2500
Rank 10 7 8 6 9

18
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.6250 6.6250 7.5000 6.8750 9.3750
Rank 10 6 8 7 9
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Table 17 The SSIM comparison results of VCSWOA and other methods

Thres. VCSWOA WOA BA CS CBA

2
+/—/= 4/0/4 1/0/7 4/1/3 1/0/7
Mean 3.1250 5.7500 6.5000 4.7500 5.7500
Rank 1 5 9 2 5

4
+/—/= 2/0/6 2/0/6 5/1/2 2/0/6
Mean 3.2500 5.2500 5.6250 4.8750 5.5000
Rank 1 4 6 3 5

6
+/—/= 3/0/5 3/0/5 4/0/4 3/0/5
Mean 2.8750 5.0000 5.2500 5.2500 4.2500
Rank 1 4 6 63

12
+/—/= 6/0/2 4/0/4 7/0/1 4/0/4
Mean 1.2500 3.8750 3.5000 4.6250 2.1250
Rank 1 4 3 5 2

16
+/—/= 7/0/1 5/0/3 8/0/0 6/0/2
Mean 1.0000 3.3750 3.1250 4.8750 2.7500
Rank 1 4 3 5 2

18
+/—/= 7/0/1 5/0/3 8/0/0 7/0/1
Mean 1.1250 3.2500 3.2500 4.7500 2.6250
Rank 1 3 3 5 2

Thres. SCA BLPSO IGWO IWOA SCADE

2
3/0/5 4/3/1 4/4/0 4/4/0 4/4/0
Mean 6.7500 6.0000 5.0000 5.7500 5.6250
Rank 10 8 3 54

4
+/—/= 7/1/0 5/2/1 3/3/2 3/1/4 4/2/2
Mean 8.0000 5.6250 4.6250 5.6250 6.6250
Rank 10 62 69

6
+/—/= 8/0/0 4/2/2 4/2/2 4/2/2 7/0/1
Mean 8.7500 5.0000 4.1250 5.3750 9.1250
Rank 9 4 2 8 10

12
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.2500 7.0000 7.1250 6.6250 9.6250
Rank 9 7 8 6 10

16
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.7500 6.8750 7.6250 6.5000 9.1250
Rank 10 7 8 6 9

18
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.3750 6.6250 7.3750 7.0000 9.6250
Rank 9 6 8 7 10
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Table 18 The FSIM comparison results of VCSWOA and other methods

Thres. VCSWOA WOA BA CS CBA

2
+/—/= 1/0/7 2/1/5 2/2/4 3/1/4
Mean 4.0000 5.5000 6.1250 4.8750 5.5000
Rank 1 5 8 2 5

4
+/—-/= 6/0/2 4/0/4 6/0/2 4/0/4
Mean 2.7500 5.2500 5.2500 5.3750 5.5000
Rank 1 5 5 7 8

6
+/—/= 5/172 3/0/5 5/0/3 4/2/2
Mean 3.3750 5.2500 5.1250 5.7500 4.2500
Rank 1 6 4 8 2

12
+/—/= 6/0/2 4/0/4 6/0/2 3/2/3
Mean 1.5000 4.0000 3.3750 4.6250 1.7500
Rank 1 4 3 5 2

16
+/—/= 6/0/2 5/0/3 7/0/1 5/0/3
Mean 1.3750 3.7500 3.2500 4.6250 2.1250
Rank 1 4 3 5 2

18
+/—/= 6/0/2 5/172 7/0/1 6/0/2
Mean 1.3750 3.7500 3.0000 4.6250 2.2500
Rank 1 4 3 5 2

Thres. SCA BLPSO IGWO IWOA SCADE

2
+/—/= 6/0/2 4/4/0 4/4/0 4/4/0 4/3/1
Mean 6.8750 5.3750 5.1250 5.5000 6.1250
Rank 10 4 3 5 8

4
+/—/= 8/0/0 4/3/1 4/3/1 4/3/1 4/2/2
Mean 8.1250 5.1250 4.7500 5.1250 7.7500
Rank 10 3 2 3 9

6
+/—/= 8/0/0 4/3/1 4/3/1 4/3/1 6/0/2
Mean 8.0000 5.1250 4.5000 5.3750 8.2500
Rank 9 4 3 7 10

12
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.6250 6.5000 7.3750 7.0000 9.2500
Rank 10 6 8 7 9

16
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.7500 6.8750 7.6250 6.5000 9.1250
Rank 10 7 8 6 9

18
+/—/= 8/0/0 8/0/0 8/0/0 8/0/0 8/0/0
Mean 9.5000 6.5000 7.5000 7.0000 9.5000
Rank 9 6 8 7 9
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Evalution of PSNR
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Fig.5 Average of PSNR at each threshold level
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results. PSNR, SSIM, FSIM can be calculated from the fol-
lowing equations:

21

Average of PSNR

20
19

18

Method

Fig. 6 Average of PSNR for all threshold levels

255

Z?:l Z/m=1 (IiJ_]seq)2
N.M

PSNR = 20log,,

(22)

where I and I, refers to the original image and segmented
one. /;; refers to image gray level at (i, j)th pixel

(zﬂlﬂlseg + Cl)(20'“seg +¢,)
SSIM(Z, ) =

23
(”Izﬂlzseg +c))(o] + Glzseg +¢y) (23)

py and p; refers to image mean intensity of / and /g, ,
seg
respectively and, o; and o, refers to the standard deviation

of / and /,, respectively.

Evalution of SSIM

Method

VCSWOA

Threshold

Fig.7 Average of SSIM at each threshold level

0.7836 0.7877 . o00

Average of SSIM
g

s
D éy?
Method
Fig.8 Average of SSIM for all threshold levels
S;(x).PC, (x
Fsim = Zca SO PCLW (24)
erg PC,,(x)

where Q refers to the spatial domain of the whole image and
S, (x) and PC,, can be calculated as follows:

S1(0) = [Spc]*[Sg ()] (25)

where a, f§ refers to PC and GM relative important param-
eters and S;(x) can be calculated as follows:

2G,(x).G,(x) + T,

S.(x) =
N = R wGm T, (26)
_2PC,(0.PC,(0) + T,
T PC () PC () + T, @7)
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Evalution of FSIM

0.85750.8596 0.8632
0.8541

Average of FSIM
o
g

0.8145

078
077
©
O
> \(’$ $°?~ &
S 3
<

Method

Fig. 10 Average of FSIM for all threshold levels

Method

veswoa Threshold

Fig.9 Average of FSIM at each threshold level

Fig. 11 Threshold values of 28—

F v T AR ] T iy i ”48: v " ¥ r T T WY A T ¥
291,000 obtained by each algo- sk MW’M \\ i wmt WM “\\

rithm at level 6 a //\f \\mﬁ m _ //w \NM@
0 E L n n 1 n L n 1 n n k| E n L L 1 L L ' n L

100 200 100 200

(A)VCSWOA (B)WOA

1248 T

T [T 1 ST T
AT TS

1
100 200 100 200

(C)BA (D)CS
1248 —————— AT 1248 ———— e ]
832 ~ ,.WM ~ 832 :— MMM\_\/\;
. _ m / " " I \,\Wﬁ . :_ ; //M I edll B
(E)CBA (F)SCA
1248 ——T———————— ——— 1248 ———1— — —
L 172 1 N I B TR B o Gt N R
m? /ﬂ | I\J 416? /M | | \W\é
(G)BLPSO (HIGWO

1248

O T T T T T T T M T T T 1248 - T T T T ]MW T T
sl M \\\ 1 sl M\\
a6 /NJJN \\MA e I/N'MNJ

oL L L L Il L L L L 1 n L - oL L L L I s L L L 1
100 200 100 200

uélnlnu

(DIWOA (1)SCADE

Furthermore, Figs. 5 and 6 respectively show the average  threshold level and all threshold levels. Figures 9 and 10
PSNR for each threshold level and all threshold levels. Fig-  respectively show the average FSIM for each threshold level
ures 7 and 8 respectively show the average SSIM for each and all threshold levels. And, Tables 10, 11, 12, 13, 14,
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and 15 and Figs. 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and
21 show the results of VCSWOA compared with other
metaheuristics algorithms.

Also, Tables 16, 17 and 18 show the ranking of compared
algorithms. It can be noticed that the proposed algorithm
ranked first in almost all images.

As said by our findings, the developed WOA-based
technique has obtained enhanced results based on its core
exploitative patterns in engineering and image process-
ing tasks. Hence, we suggest the application of our WOA
variant to problems on the evaluation of human lower limb
motions [102], Lunar impact crater detection and age estima-
tion [103], social recommendation and QoS-aware service

composition [104—106], shape registration [107], and regres-
sion tasks [108]. Also, its continuous and binary variants
can be applied to gate resource allocation [109, 110], and
shape analysis [111, 112]. Also, we need to apply this vari-
ant of WOA to more real-world problems and investigate its
full explorative features based on more cases such as brain
function prediction [113, 114], covert communication sys-
tem [115-117], epidemic prevention and control [118, 119],
large scale network analysis [120], energy storage planning
and scheduling [121], medical diagnosis [95, 122-124],
pedestrian dead reckoning [125], image dehazing [126-128],
and feature selection [129-131].
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Fig. 13 Threshold values of E T [ [
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6 Conclusion and future works

As there are some core shortcomings for WOA, such as
immature convergence and stagnation, we proposed an
enhanced VCSWOA method with two active cores of the
WOA and VCS optimizers as a new structure. We consid-
ered a set of functions from the IEEE CEC2017 competition,
and four different engineering problems are utilized to vali-
date the efficacy of the developed VCSWOA. Also, the VSC-
WOA has been verified in dealing with image segmentation
problems over many threshold values. We observed that the
VSCWOA achieves the best results than other WOA-based
algorithms, namely CWOA, OBWOA, ACWOA, BMWOA,

@ Springer

200 100 200

()SCADE

IWOA, BWOA, and CCMWOA. The proposed approach is
also applied to several well-known methods of image cases.
The results indicate the convergence speed and quality of
searching has enhanced significantly based on the better bal-
ance amongst the essential diversification and intensification
trends.

For future works, we intend to develop the binary and
multi-objective version of the WOA-based method. Apply-
ing this variant to the training of neural networks is another
valuable direction that is in line with the higher exploratory
power of the VCSWOA.
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Fig. 14 Threshold values of
170,057 obtained by each algo-
rithm at level 6
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Fig. 16 Threshold values of
61,060 obtained by each algo-
rithm at level 6
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Fig. 18 Threshold values of
19,021 obtained by each algo-

rithm at level 6
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VCSWOA: Segmented image and Jet colormap image WOA: Segmented image and Jet colormap image

Fig. 20 Segmented results of 61,060 obtained by each algorithm at threshold value 18
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