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ABSTRACT Data clustering is a well-known data analysis technique for organizing unlabeled datapoints
into clusters on the basis of similarity measures. The real-world applications of data clustering include bioin-
formatics, vector quantization, data mining, geographical information systems, pattern recognition, image
processing, and wireless sensors. The data in a cluster are similar (minimizing the intra-cluster distance) and
differ from the data in other clusters (maximizing the inter-cluster distance). The cluster problem has been
proven to be NP-hard, but can be solved using meta-heuristic algorithms, such as ant colony optimization,
genetic algorithms, gravitational search algorithm (GSA), and particle swarm optimization (PSO). This paper
proposes a memetic clustering algorithm with efficient search and fast convergence, respectively, based
on PSO and GSA, called the memetic particle gravitation optimization (MPGO) algorithm. The two main
mechanisms of MPGO are hybrid operation and diversity enhancement. The former involves the exchange
of individuals from two subpopulations after a predefined number of function evaluations (FEs), whereas the
latter involves an enhancement operator, which is similar to the crossover process of differential evolution,
for enhancing the diversity of each system. Individuals from the PSO and GSA systems are selected for the
exchange of solutions by using the roulette-wheel approach. The performance of the proposed algorithm was
evaluated on 52 benchmark test functions, six UCI machine learning benchmarks, and image segmentation
of six well-known images. A comparison with existing algorithms verified the superior performance of the
proposed algorithm in terms of a fitness value, an accuracy rate, and a peak signal-to-noise ratio.

INDEX TERMS Data clustering, gravitational search algorithm, image segmentation, memetic algorithm,

particle swarm optimization.

I. INTRODUCTION

Data clustering has been attracting increasing attention in the
field of data analysis. Typically, data clustering is used to
organize data into relevant clusters on the basis of similarity
criteria for identifying groupings that minimize intra-cluster
distances and maximize inter-cluster distances. Each cluster
comprises data that are similar and differ from data in other
clusters, and the clustering problem has been proven to be an
NP-hard problem [1], [2].

Clustering algorithms can be classified into two main
types: hierarchical and partitional [3]. Hierarchical clusters
can be presented as a dendrogram in which the input data
are organized in a tree structure according to the agglom-
erative mode or divisive mode in a greedy manner [4].
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A typical hierarchical algorithm comprises the following
steps: (1) assigning of each datapoint to a separate cluster
and (2) joining of the two most similar clusters until all the
datapoints can be contained in a single cluster. Hierarchi-
cal clusters are employed in microarray informatics [5], [6]
and signal processing [7], [8]. In contrast, partitional clus-
ters are assigned according to the similarity between the
data and each cluster centroid. The partitional approach
has been one of the most important and complex research
domains in data clustering since the proposal of the k-means
algorithm [9]. The k-means algorithm involves the follow-
ing steps: (1) determination of the initial K cluster centers
with randomization, (2) assignment of each datapoint to the
nearest cluster center, and (3) updating of the new cluster
center. The algorithm repeats steps 2 and 3 until all the cluster
centers stabilize. In recent years, the partitional approach has
attracted considerable research attention [10]-[13].
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Meta-heuristic algorithms have recently been extensively
developed to solve large-scale NP-hard combinatorial opti-
mization problems [14], [15]. Many of them are inspired by
natural, physical, and biomedical phenomena, including the
artificial bee colony (ABC) algorithm [16], bat algorithm
(BA) [17], butterfly optimization algorithm (BOA) [18],
crow search algorithm (CSA) [19], cuckoo search algorithm
(CA) [20], differential evolution (DE) [21], elephant algo-
rithm (EA) [22], farmland fertility algorithm (FFA) [23], fire-
fly algorithm (FA) [24], grasshopper optimization algorithm
(GOA) [25], gray wolf optimizer (GWO) [26], gravitational
search algorithm (GSA) [27], lion optimization algorithm
(LOA) [28], lightning search algorithm (LSA) [29], mon-
key algorithm (MA) [30], moth search (MS) [31], moth
swarm algorithm (MSA) [32], particle swarm optimiza-
tion (PSO) [33], sine cosine algorithm (SCA) [34], symbi-
otic organisms search (SOS) [35], shark smell optimization
(SSO) [36], and whale optimization algorithm (WOA) [37].

In addition, meta-heuristic algorithms have attracted con-
siderable research attention for use in partitional clustering
models. These include ant colony optimization (ACO) [38],
artificial bee colony algorithm (ABC) [39]-[41], bat algo-
rithm (BA) [42], black hole (BH) [43], differential evolu-
tion (DE) [44], [45], elephant algorithm (EA) [46], firefly
algorithm (FA) [47], [48], genetic algorithm (GA) [49], [50],
k-means based genetic algorithm (GKA) [51], [52], gravi-
tational search algorithm (GSA) [53], [54], gray wolf opti-
mizer (GWO) [55], lion optimization algorithm (LOA) [56],
monkey algorithm (MA) [57], moth swarm algorithm
(MSA) [58], particle swarm optimization (PSO) [59], [60],
simulated annealing (SA) [61], [62], symbiotic organism
search (SOS) [63], and whale optimization algorithm
(WOA) [64]. The clustering approach has been adopted in
various research fields, such as bioinformatics [65]-[67],
vector quantization [68]—[71], data mining [72]-[74], geo-
graphical information systems [75], [76], pattern recognition
[77]-[79], and sensor applications [80]-[82]. Image seg-
mentation is a well-known application of clustering in the
field of computer vision [83]-[87], and it is an important
research area in image processing. The objective of image
segmentation is to partition pixels into several regions accord-
ing their characteristics; all the pixels in a divided region
are similar to each other but differ from those in other
regions.

PSO is a well-known swarm-based intelligence algorithm
that has the advantage of rapid convergence. However, this
rapid convergence makes it susceptible to the critical issue
of premature convergence during the evolutionary procedure
when solving complex problems. In addition, the result of
PSO is strongly dependent on inertial weight and social and
cognitive coefficients. Consequently, the diversity of a pop-
ulation often decreases rapidly when approaching a global
or local optimum, and in such cases, there is no efficient
operator that can finetune the search space for PSO and
improve the quality of its solution. GSA, a new meta-heuristic
method based on the Newtonian laws of gravity and motion,
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has recently been proposed. Owing to the use of masses,
GSA has arelatively high computing efficiency. Furthermore,
previously published experimental studies have shown that
GSA adopts an efficient search strategy for solving complex
problems that enables it to achieve better performance than
PSO [27]. However, when the population is in a convergence
state, GSA exhibits poor performance and loses the ability to
explore better solutions [88].

This study was conducted with the primary objective
of developing a PSO and GSA hybrid that improves their
individual search abilities, retains their advantages, and over-
comes their disadvantages. To this end, this paper pro-
poses a memetic clustering algorithm with the advantages
of fast convergence based on PSO and efficient search
based on GSA called the memetic particle gravitation opti-
mization (MPGO) algorithm. The two main mechanisms of
MPGO are hybrid operation and diversity enhancement. The
former involves the exchange of individuals from two sub-
populations after a predefined number of iterations, whereas
the latter involves an enhancement operator, which is similar
to the crossover process of DE, for enhancing the diversity of
each system. Individuals from the PSO and GSA systems are
selected for the exchange of solutions via the roulette-wheel
approach [89].

The procedure employed by MPGO is as follows. First,
the solution of each system is initialized randomly. Second,
center particle swarm optimization (CPSO) [90] is adopted to
obtain the center particle and center agent. Third, the PSO and
GSA systems are executed simultaneously. Fourth, a global
update hybridizes the PSO and GSA systems to enhance
their exploitation and exploration abilities in order to obtain a
better solution. Fifth, the diversity of the systems is enhanced
using the crossover process of the DE algorithm [91]. Finally,
specific individuals from the PSO and GSA systems are
selected for exchange via roulette-wheel selection [89] after
a predefined number of function evaluations (FEs). The per-
formance of the proposed algorithm was compared with that
of existing meta-heuristic algorithms on 52 benchmark test
functions, six UCI machine learning benchmarks, and image
segmentation of six well-known images. The results verified
the superior performance of the proposed algorithm in terms
of fitness value, accuracy rate, and peak signal-to-noise ratio
(PSNR).

The remainder of this paper is organized as follows.
Section Il reviews background and related studies. Section I1I
presents the problem definition of clustering. Section IV
describes the proposed MPGO algorithm. Section V evaluates
the performance of the proposed algorithm for data clustering
and image segmentation. Finally, Section VI states the con-
clusions and briefly explores future research directions.

Il. BACKGROUND KNOWLEDGE AND RELATED WORK
This section reviews relevant background and related studies,
focusing on particle swarm optimization (PSO), gravitational
search algorithm (GSA), and Center PSO (CPSO).
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A. PARTICLE SWARM OPTIMIZATION

PSO is a stochastic swarm-based intelligence algorithm is
inspired by the collective behavior of schools of fish or flocks
of birds [33], [92]. It is inspired by the collective behavior of
schools of fish or flocks of birds. In the PSO, the positions and
velocities of N particles in d-dimensional space represent the
potential solutions based on a randomly initialized. In PSO,
the positions and velocities of N particles are represented in
d-dimensional space to offer randomly initialized potential
solutions. The solution for particle i in iteration ¢ is given by
Eq. (1). The current solution for each particle is updated with
regard to the local and global optima, which are computed
using Egs. (2), and (3) respectively. Given N particles for
which the positions are represented as potential solutions,
the solution particle 7 in iteration ¢ can be defined as follows:

! ot oy o
X; ={xl-’1,xi’j,...,xl-’d} i=1,2...,N. €))]
41 t t t t

Vil = vl el — X)) + o (pgpest; — i) (2)
t+1 _ t 141

xi,j _xi’j—i-vl-’j 3)

where xl.” j and vf’ ; denote the position and velocity, respec-
tively, of particle i in dimension j, and o is an inertial weight
that influences the convergence speed. The local optimum p
and global optimum p;b o5 TEpresent the current best position
and best position in the swarm among all the particles at
time ¢, respectively. The small constants ¢; and ¢; represent
the cognitive parameter and social parameter, respectively,
and r; and r, are random variables in the interval [0, 1].

B. GRAVITATIONAL SEARCH ALGORITHM

GSA is a population-based intelligence approach inspired by
the laws of gravity and mass interactions [27]. In the GSA
system, the mass aggregates are described as agents that
achieve mutual interaction through Newtonian gravity and
the laws of motion. First, each agent is randomly generated
with a solution (called the position and velocity) by GSA. The
algorithm computes the fitness values and updates the posi-
tion and velocity of each agent among the current population.
Then, the position of agent i in iteration ¢, which indicates a
potential solution for N agents, is defined by Eq. (4):

Xf:{x-t’ xl-”z,xf’i,...,x;’d} i=1,23...,.N. 4

where xl?’j is the potential solution or position of agent i in
dimension j, and d is the number of dimensions of the solution
space.

The fitness can be evaluated in several steps, as expressed
by Egs. (5) to (10). First, the gravitation coefficient G’ in
iteration ¢ is calculated as follows:

Gr = G x exp(—f——) 5)
tmax
where S is the shrinking constant.
Next, the best and worst agents (denoted as best’ and
worst!, respectively) are obtained using equations:

. fitl —worst'

m;

(6)

" best! — worst!
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M= — 1 7
l Z}cvzl .
where fit! represents the fitness value of agent i at time ¢. The
masses and overall average mass are computed using Egs. (6)
and (7), respectively.
The total force acting on agent i from other agents is
weighted randomly and calculated using Egs. (8) and (9),
respectively.

Mpi' x Mac'
Fij = Z rand; X R’-—+a(x£'f -x;) 8
kbeKbest kb i kb
Mpi:Mac:M[i:M[’ l:l,2,3,N (9)

where ¢ is a constant to avoid the division by zero exception,
rand; is a random variable in the interval[0, 1], and Rﬁ’ b 1S
the Euclidean distance between agent i and kb.

Finally, the acceleration in this iteration a; j is computed
using Egs. (10) and (11):

t
. Fij

ij = Vlz (10)

Mc!
a .= rand; x G;———(x. . —x! ) (11)
§ : 7 cj Mg
ceKbest,c#j Ri’C +eps

The fittest agent Kbest is the agent with the greatest mass
among the top K agents. K is initialized to the number of
agents N and decreases over time. Further, K will be updated
in each iteration according to Eq. (12), as follows [93]:

t

K=[(y+0—-—)10=y)N] 12)

max
where y imposes a controlled linear decrease on K. In the
next iteration, the solution space of each agent is updated
using Egs. (13) and (14):
vﬁ"}'l = rand; x vi’j + af’j (13)
it =+t (14)
C. CENTRALIZED APPROACH
CPSO is an improved PSO approach involving a population
of N particles, with their positions representing potential
solutions [90]. After the positions of NAL'l particles have
been updated, a central individual ci is added to the popu-
lation, as defined by Eq. (15):

Y
1 _ ~i=1 i _
i = TN 1 forj=1,2...,d. (15)
where xgrjl is the position of the center particle in dimension j

in iteration ¢t + 1.

llIl. PROBLEM DEFINITION

Clustering is an unsupervised learning process in which
data are classified into groups, where each cluster comprises
similar data that differ from the data in other clusters. For
a set of n patterns (datapoints ) and k clusters, let T =
{t1, ©2, 13, ..., T}, where 7;; denotes the j-th dimension of
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the i-th pattern. Each pattern exists in d-dimensional space.
The partitional clustering algorithm creates a partition of
C = {C1, (3, Cs, ..., Cy} clusters such that similar patterns
are partitioned into the same cluster. The partition process is
defined by Eq. (16) [1], [94]:

Ci#¢ Vie(l,2,3,..k). (16a)
CNCi=¢ Vi #j, i,je(l,2,3,...k}.  (16b)
U Ci=1 (16¢)

A. OBJECTIVE FUNCTION
The Euclidean distance between two patterns i and j can be
calculated using Eq. (17):

d(ti, 7)) =

d
> Ty — 1)? (17)
f=1

To find the optimal grouping, in this study, we combine
the inter-cluster distance, intra-cluster distance, and mean
squared error (MSE) as a multi-objective problem that must
be minimized. The three parts of the fitness function are
expressed as follows in Eq. (18) [95], [96]:

f(C,Z2)= wlgmax(Z, C) + w2(Zmax — dmin(C)) + w3MSE
(18)

where Z represents all the patterns; Emax(Z , C) is the max-
imum average Euclidean distance within each cluster; zmax
is the maximum pattern value among all the patterns; d,;;,(C)
is the minimum Euclidean distance between any two clusters;
w1, w2, and w3 are constants; and MSE represents the com-
pactness of the clusters. MSE is defined as the mean squared
error of the distance of the patterns from the centroid of the
cluster to which they belong as follows in Eq (19):

k
D=1 erecj(fp —mj)?
N

where 7, represents the p — th pattern and m; is the j — th
centroid of cluster C;. In this study, wi, @, and w3 were set
as 0.3, 0.3, and 0.4, respectively.

MSE =

(19)

IV. PROPOSED ALGORITHM

Partitional clustering is an NP-hard problem that involves
dividing n patterns into k clusters on the basis of a predefined
similarity measure. Thus, a meta-heuristic algorithm is suit-
able for solving this type of problem. The proposed MPGO
algorithm combines PSO and GSA with a hybrid operator
and enhancement operator to determine the best partition for
dividing each pattern with a suitable clustering center.

A. SOLUTION REPRESENTATION

To use a meta-heuristic algorithm for solving the clustering
problem, all the individuals need to be encoded into the
appropriate solution as cluster centers. As both PSO and
GSA are population-based algorithms that were originally
proposed to solve continuous problems, we can easily encode
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Particle 1 | 1.2 | 23 | 45 | 6.5 | 2.6 | 1.8 |

Particle 2 | 2.7 | 45 | 9.1 | 3.6 | 1.8 | 6.5 |

Particle 3 | 3.6 | 8.2 | 73 | 36 | 1.8 | 6.5 |

\ ) L J
T T

Y ¢

Agent1 | 51 | 03 [ 27 | 15 [ 47 [ 23 |

Agent2 | 47 [ 30 [ 59 | 21 | 36 | 41 |

Agent3 [ 62 [ 14 [ 38 [ 19 | 33 [ 07 ]

L ) L J
T T

Y ¢

FIGURE 1. Example of solution encoding with two clusters and three
dimensions.

the cluster center of each particle and agent. First, each parti-
cle or agent, including the position and velocity, is generated
randomly. Each solution for the individual consists of a vector
whose size is equal to the number of dimensions multiplied by
k, the number of cluster centroids. Figure 1 shows an example
for two cluster centroids, where each cluster center has three
dimensions of data. In this example, we assume three particles
and three agents in each system. From the encoding form of
Particle 1, we can easily determine that the solution should
be encoded as (1.2, 2.3, 4.5) and (6.5, 2.6, 1.8), respectively.
From the encoding form of Agent 1, the solution should be
encoded as (5.1, 0.3, 2.7) and (1.5, 4.7, 2.3), respectively.

B. INDIVIDUAL VELOCITY

Each individual (particle or agent) searches for and updates
each solution according to Egs. (2) and (13). In this study,
the oscillations in the PSO and GSA systems are controlled
by a time-varying maximum velocity V... The velocity
thresholds [97] are expressed as follows in Egs. (20) and (21):

t

Vinar = (1 = (—)") X Vipan0 (20)
max
Vinaxo = o X (xmax - xmin) (21)

where the exponent 4 is a constant; « is used to control the
maximum bounds of the search space, and x,; and Xy
are the position thresholds set as 0.0 and 4.0, respectively,
in this study. For example, if V,,,, is calculated as 6.0 and the
velocity of Particle 1 is calculated as (1.0, 2.0, 3.0, 4.0, 5.0,
7.0), then according to the V,,, value, the new velocity of
Particle 1 will be (1.0, 2.0, 3.0, 4.0, 5.0, 6.0).

C. GLOBAL UPDATE
This section presents the hybridization method, i.e., the
global update, of PSO and GSA. Each particle and agent in
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Velocity of Particle 1 l 1.0 [ 2.0 [ 3.0 [ 4.0 [ 5.0 [ 6.0

+

Velocity of Agent 1 [ 6.0 [ 5.0 [ 40 [30 20 ] 10

Velocity of MPGO 1 [ 3.5 [ 3.5 [ 3.5 [35[35]35

+

Originally Position of MPGO 1 l 12 [_240[ 2.5 [ 4.2 [-0_5[ 1.1

} Velocity of MPGO 1 [ 3.5 [ 35 [ 35 [ 35 [ 35 35 ]

New Positionof MPGO 1 [ 4.7 [ 15[ 6.0 [ 6.1 [ 3.0 [ 46 |

FIGURE 2. Example of the of global update process.

Each of dimensions

——

Original X{ D]:I:I:I] Fitness value = 38.24
Trial Xl-”1 |:|:|:|:|:|:| Fitness value = 50.75

¥

X< xt+

il Xitﬂ B |:|:|:|:|:|:|

(2)

Each of dimensions

——

D:I:I:I:I] Fitness value = 50.75
Trial X/ ** |:|:|:|:|:|:| Fitness value = 38.24

¥

t t+1
Xf= X

Trial Xi” - D]:I:I:I]

(b)

Original X}

FIGURE 3. Example of the diversity enhancement operator.

the global update process, given by Egs. (22) and (23), are
integrated into the MPGO individual by combining the PSO
velocity and GSA acceleration with social coefficients ¢3 and
C4:

V;:}_I(MPGO) = C3mﬂdi(vﬁjl)psa +ca(1 — mndi)(vﬁjl)GSA
(22)
X pco) = x} j(mpco) + (VT wmpco) (23)

where c3 and ¢4 denote the cognitive parameter and social
parameter, respectively, and rand; is a random number in the
range [0,1].

Figure 2 shows an example of the global update process.
In this example, we assume that the velocities of Particle 1 and
Agent 1 are (1.0, 2.0, 3.0, 4.0, 5.0, 6.0) and (6.0, 5.0, 4.0, 3.0,
2.0, 1.0), respectively. According to Eq. (22), in step (a) we
can obtain the new velocity of individual 1 of MPGO as (3.5,
3.5, 3.5, 3.5, 3.5, 3.5). In addition, we assume the original
position of individual 1 of MPGO as (1.2,-2.0, 2.5, 4.2, -0.5,
1.1). According to Eq. (23), in step (b), we can obtain the
new position of individual 1 of MPGO as (4.7, 1.5, 6.0, 6.1,
3.0, 4.6).

D. DIVERSITY ENHANCEMENT OPERATOR

Owing to its the fast convergence, the PSO algorithm may
suffer from the critical issue of premature convergence during
the evolutionary procedure when solving complex problems.
Furthermore, when the population is in a convergence state,
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GSA exhibits poor performance and loses the ability to
explore better solutions. Therefore, in this paper, we propose
a diversity enhancement operator, which is similar to the
crossover process of the DE algorithm [91], to enhance the
diversity of each system. The main idea of the diversity
enhancement operator is to replace the current solution by
the previous one. For example, if the original particle (agent)
is xif and the new trial particle (agent) is xl&l, the diver-
sity enhancement operator will arrange the new trial parti-
cle (agent) in each dimension as follows in Eq. (24):

it Sl <feh
otherwise

t .
+1_ )i
[N t+1 .
xi,j N

X 24)

An example of the enhancement operator is shown in
Figure 3. The figure shows two scenarios. In iteration ¢,
assuming that the fitness value of individual i is 38.24, after
the evolution in iteration ¢ + 1, the fitness value is changed
to 50.75. As the original individual is better than the trial
one, the new trial solution will be replaced by the original
one. On the other hand, assuming that the fitness value of
individual i is 50.75, the new trial solution in the next iteration
t + 11s 38.24. According to the rule, the new trail solution is
retained because it is better.

E. HYBRID OPERATOR
The diversity enhancement operator can improve the individ-
ual diversification of the PSO and GSA systems, but it cannot
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PSO

0

GSA 0.94 o0

uPl mAl

= P2 A2
P3 A3
P4 A4 075

uP5 mAS

= P6 = A6 028

0.63

FIGURE 4. Example of the hybrid operator.

improve the overall diversity because the PSO and GSA
systems easily fall into local optima when they are running
independently. The main idea of the hybrid operator is to
trigger the diversity of all the individuals of PSO and GSA.
If we can exchange some individuals between the systems in
a suitable period, the quality of the solution may be improved
considerably. Thus, the hybrid operator is triggered after a
specified number of function evaluations (FEs). At this point,
certain individuals are selected and exchanged between the
two systems via roulette-wheel selection [89], with probabil-
ities that depend on their fitness values.

The roulette-wheel approach is expressed as follows in
Eq. (25):

fiti
N
D i fiti

where pn; represents the probability that each individual will
be selected, and fit; is the fitness value of particle/agent i.

An example of the hybrid operator is shown in Figure 4.
In the PSO system, the random number is 0.45, which is
located in region P2. In the GSA system, the random num-
ber is 0.83, which is located in region AS5. Thus, in the
hybrid operator, particle P2 and agent A5 will be selected for
exchange between the two systems.

pni = (25)

F. SUMMARY OF MPGO ALGORITHM

Figure 5 shows the procedure of the proposed MPGO algo-
rithm. In the initial step, each particle (agent) is generated
randomly. Second, CPSO is implemented to determine the
center particle and agent. Third, the MPGO algorithm simul-
taneously executes the PSO algorithm and GSA along with
the diversity enhancement operator. Fourth, a global update
is performed by combining the PSO and GSA individuals
to generate the new MPGO individual. Finally, the hybrid
operator is triggered when a predefined maximum number
of FEs is reached, and some individuals of the PSO and GSA
systems will be exchanged via the roulette-wheel approach.

V. EXPERIMENTAL RESULTS
A. ENVIRONMENT SETTING

All the simulations were performed on a computer with
an Intel Xeon E3-1225 (3.30 GHz) CPU and 16 GB main
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memory, running Windows 7 as the OS. All the programs
were implemented in Python.

B. BENCHMARK FUNCTIONS

To evaluate the performance of the MPGO algorithm,
we employed 30 simply test functions in our experi-
ments. All the 30 simply benchmarks are summarized
in Table 1 [98]-[100]. Here, the constant d denotes the num-
ber of dimensions of the function.

C. PARAMETER SETTINGS

The basic parameter settings of each algorithm are listed
in Table 2. The parameters of the PSO and GSA systems are
listed in the second and third rows, respectively, and the fourth
row lists the parameters used in the global update (hybridiza-
tion of the PSO and GSA systems). All the experimental
results were collected from 20 independent runs.

According to the convergence curve for the selected test
function f> shown in Figure 6, it is difficult for the function
to find the optimal solution. Thus, in accordance with [101],
we replaced the maximum number of iterations with maxi-
mum number of FEs for each experiment on the test function
benchmarks. The performance of MPGO was compared
with that of PSO [102], GSA [27], lightning search algo-
rithm (LSA) [29], moth search (MS) [31], butterfly opti-
mization algorithm (BOA) [18], symbiotic organisms search
(SOS) [35], and moth swarm algorithm (MSA) [32]. The
maximum number of (FEs) for all the benchmark test func-
tions was 50000. The results indicated that for the PSO, BOA,
LSA, and MS, the curve tends to fall gradually (convergence
occurs after 25000 FEs), and for MPGO, the convergence
speed remains in the descending state. On the basis of these
experimental results the number of FEs was consequently set
to 25000.

D. COMPARISON OF MPGO WITH SIMPLY TEST
FUNCTIONS

1) COMPARISON RESULTS

In this section, the performance of MPGO is compared with
that of PSO [102], GSA [27], lightning search algorithm
(LSA) [29], moth search algorithm (MS) [31], butterfly opti-
mization algorithm (BOA) [18], symbiotic organisms search
(SOS) [35], and moth swarm algorithm (MSA) [32] for a
maximum of 25000 function evaluations (FEs) on all the
30 simply benchmark test functions.

Table 3 lists the average best fitness value for each simula-
tion. The mean values in bold font represent the algorithms
that achieve superior performance. The proposed MPGO,
MS and MSA showed the best overall performance. Accord-
ing to the results, MPGO is superior to PSO, GSA, LSA,
BOA, and SOS on most of the functions, whereas it is inferior
to LSA on functions fi3 and f30, and inferior to BOA on
function f>3. MPGO is superior to MS, it performs worse
than MS on function fo, but outperforms MS on functions
fis, f26, and f30. In addition, MPGO is better than MSA,
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TABLE 1. Test functions.
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No. Name Formula d Search space Optimal
fi Sphere Flx)= ):;’:1 X7 10 [-100,1001¢ 0
f»  Rosenbrock F) =X (100(xi41 —x7)% + (xi — 1)?) 10 [-10,101¢ 0
f3  Ackley fx) = —20exp (—0.2. [ivd, x,2> 10 [-32,32)¢ 0

—exp(JXd, cos(27rxi)) +20+exp(1)
fi  Griewank FO) =¥, 7o —T1¢, cos ( /) +1 10 [-600,6001¢ 0
fs  Schwefel FOO) =X bl +TI x|l 10 [-10,10]4 0
fo Rastrigin F) =&, (x? — 10cos(27x;) + 10) 10 [-5.12,5.12)4 0
f»  Cigar Fx) =22 +100%4, 57 10 [-100,1001 0
fo  Step F@) =X, (|x+0.5])? 10 [-100,100]¢ 0
fo Quartic flx) = ):;1: L ixt + rand(0,1) 10 [-1.28,1.28Y 0
fio  Alpine Fx) =T |xisin(x;) 4 0.1x]| 10 [-10,10] 0

2

fii  Schwefel 12 f(x)= (z] lx,) 10 [~10,10 0
fiz  Schwefel 221 f(x) = max(||x||,1 < i< d) 10 [~10,10) 0
fis Schwefel 226 f(x) =~ XL, [wsin(y/Jx])] 10 [-500,5001  -418.982
fi4  Sum Squares fx) =YL, ix? 10 [-10,101¢ 0
fis  Trid f) = z;’ (i = 1)? = X5 (i) 10 [~d*d’] 210
fie  Beale Fx) = (L5 —x1 +x122)% 4+ (2.25 —x1 +x133)% + (2.625 —x; +x133)% 2 [-4.5,4.5 0
fi7  Bohachevsky F(x) =23 4+2x5 — 0.3cos(37mx; ) — 0.4 cos(4mxz) +0.7 2 [~100,100] 0
fis  Levy F(x) = sin?(3mxy) + (x1 — 1)2 [1+sin(3x2)] 2 [—10,10] 0

+(x1 — 1)% [1+sin®(27x2)]

o 2m

fio Michalewicz Fx)=—Y4  sin(x;) {sin (%)} ; m=10 10 [0,7] 9.66015
fo  Schaffer 1) = (2 +22)"7 [50(3 +23)01 +1] 2 [-100,100]  ©
f21 Easom F(x) = —cos(x1)cos(x2)exp [~ (x1 — ) — (x2 — )] 2 [—100, 100] -1
f»  Shubert Fx) = (X icos((i+1)xy +1)) (L icos((i+ 1)xz +1)) 2 [-10,10] -186.7309
f3 Booth Fx) = (x1 +2x0 = 7)% 4+ (2x1 +x2 — 5)? 2 [-10,10] 0
S Goldstein price  f(x) = [1 4 (x; +x2+ 1)2(19 — 14x; 4 3x} — 14xy + 6x1x2 + 3:3)] % 2 [-2,2] 3

[30+ (2x1 —3x2)? (18 — 32x; + 1247 4 48x) — 36x1x, +27x3)]
f>s  Matyas (%) = 0.26(x% +3) — 0.48x1.x2 2 [—10,10] 0
fis  Powell F@) =T Cais + 10x472)% +5(xai_1 — x47)? 32 [-4,5] 0

+(xai—2 — 2x4i-1)* + 10(xai—3 — x45)*

2

fr7 Power Sum Fe) =X, [(Td %) —b;] 4 [0,d] 0
fs  Shekel 4.5 f)=xt, W 4 [0,10] -10.5364
fro Zett F(x) = (63 +x3 — 2x1) +0.25x 2 [-1,5] -0.00379
fio  Leon F(x) =100(x2 —x3)2 + (1 —x1)? 2 [-1.2,12] 0
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Step Description

N kAE W=

Initialize each solution of the PSO and GSA systems.

Obtain the center particle and agent according to Eq. (15).

Execute the PSO and GSA processes and apply the enhancement operator to increase diversity.
Execute the global update to obtain the position and velocity in the MPGO algorithm.

Apply the hybrid operator after a specified number of function evaluations.

If the stopping criterion is not satisfied, repeat Steps 2 to 5.

The best cluster center of the MPGO algorithm is determined.

FIGURE 5. Proposed MPGO algorithm.

2 (Rosenbrock)

— GSA
MPGO
—— PSO
—— BOA
—— LSA
— MS
MSA
—— SOS

Average Best Fitness Value
=

6250 12500 18750

25000 31250 37500 43750 50000
Number of FEs

FIGURE 6. Comparison of convergence curves of MPGO with different meta-heuristic algorithms for function £,

(Rosenbrock).

TABLE 2. Parameter settings for the proposed algorithm.

Method Parameter Value
Number of Particles 25
PSO System Inertia @ 0.91t00.2
c1 2
c 2.4
Number of Agents 25
initial value of G 150
B 20
GSA System Y 0.02
[ 0.1
h 0.05
€ 0.00001
global update  c¢3, ¢4 1.4

it performs worse than MSA on functions f13, f2¢ and f39, but
outperforms MSA on functions f3, f3, fig, and f>3. Table 3
shows that the superior performance of MPGO is statistically
significant with PSO, GSA, LSA, MS, BOA, SOS and MSA
for the overall performance evaluation. On the other hand,
the performance of MPGO is degraded on functions fo, f13,
and f3p.

Table 4 reports the results of two-sided Wilcoxon rank-sum
tests [103] of MPGO, PSO, GSA, LSA, MS, BOA, SOS, and
MSA at a significance level of « = 0.05 on the basis of

VOLUME 7, 2019

the performance results presented in Table 3. The Wilcoxon
rank-sum test was conducted between MPGO and each com-
pared algorithm on every test function. The sign + indicates
that MPGO is significantly better than the compared algo-
rithm, the sign - indicates that MPGO is significantly worse
than the compared algorithm, and the sign ~ indicates that
there is no significant difference between their performances.
The results show that MPGO also dominates PSO, GSA,
LSA, BOA and SOS. In addition, MPGO achieves slightly
better results than the MS and MSA algorithm. In sum-
mary, Table 4 indicates that the superior performance of
MPGQO is statistically significant with PSO, GSA, LSA, MS,
BOA, SOS, and MSA for the overall performance evaluation.
On the other hand, the performance of MPGO is degraded on
functions f>g, and f3¢.

E. SCALABILITY OF MPGO WITH TEST FUNCTIONS ON
MEDIAN DIMENSIONS

1) COMPARISON RESULT

In this section, the performances of MPGO is compared with
the that of PSO [102], GSA [27], lightning search algorithm
(LSA) [29], moth search algorithm (MS) [31], butterfly opti-
mization algorithm (BOA) [18], symbiotic organisms search
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TABLE 3. Comparison of MPGO versus various meta-heuristic algorithms.

Dataset MPGO PSO [102] GSA [27] LSA [29] MS [31] BOA [18] SOS [35] MSA [32]
A 0.0000E+00  1.6965E-08 (+)  24968E-11 (+)  4.6957E-97 (+)  0.0000E+00 (~)  2.0579E-12 (+)  2.8246E+00 (+)  3.6135E-239 (+)
I 2.1972E+00  7.4576E+00 (~)  6.5652E+00 (+)  4.3353E+00 (+)  8.8554E+00 (+)  8.9192E+00 (+)  1.2446E+01 (+)  3.0232E+00 (~)
B 0.0000E+00  4.9573E+00 (+)  8.2315B-02 (+)  1.2867E+00(+)  0.0000E+00 (~)  1.8465E-09 (+)  1.7272E+00 (+)  8.8818E-16 (+)
I 0.0000E+00  6.6428E-01 (+)  1.1776E-01 (+)  13I51E-01 (+)  0.0000E+00 (~)  2.8297E-11 (+)  9.4177E-01 (+)  0.0000E+00 (~)
1 0.0000E+00  7.2121E-01 (+)  5.6901E-06 (+)  1.2878E-06(+)  0.0000E+00 (~)  1.0524E-09 (+)  5.6983E-01 (+)  6.8613E-123 (+)
fs 0.0000E+00  7.4277E+01 (+)  4.5113E+01 (+)  1.5024E+01 (+)  0.0000E+00 (~)  1.9619E+01 (+)  4.1202E+01 (+)  0.0000E+00 (~)
B 0.0000E+00  1.4032E-06 (+)  3.9396E+01 (+)  43471E-91 (+)  0.0000E+00 (~)  32117E-12(+)  1.3911E+06 (+)  1.0153E-237 (+)
fi 0.0000E+00  8.8500E+00 (+)  0.0000E+00 (~)  4.2944E-30 (+)  0.0000E+00 (~)  1.0000E-01 (~)  3.4412E+00 (+)  5.3786E-05 (+)
fo 32951E-04  1.0019E-02(+)  52551E-03 (+)  34701E-03 (+)  1.0512E-04(-)  4.1697E-03 (+)  2.3410E-02(+)  3.5276E-04 (~)
fio 0.0000E+00  6.9067E+00 (+)  2.6190E+00 (+)  6.8105E-09 (+)  0.0000E+00 (~)  1.6494E-01 (+)  5.5679E-01 (+)  1.4105E-123 (+)
S 0.0000E+00  3.0260E-05 (+)  1.4531B-05(+)  9.9245B-10(+)  0.0000E+00 (~)  1.8294E-12 (+)  1.0358E+00 (+)  4.9291E-201 (+)
fia 0.0000E+00  1.0183E-03 (+)  7.9127E-07 (~)  1.8363E-02(+)  0.0000E+00 (~)  1.I019E-10(~)  1.5576E-01 (+)  2.0276E-106 (+)
fi 2.6339E+03  -1.5627E+03 (+) -1.4481E+03 (+)  -3.0646E+03 (-)  -1.3485E+03 (+) -2.2268E+03 (+) -1.5420E+03 (+)  -4.0640E+03 (-)
fia 0.0000E+00  0.0000E+00 (~)  0.0000E+00 (~)  4.0888E-80 (+)  0.0000E+00 (=)  0.0000E+00 (~)  1.4479E-01 (+)  1.5416B-239 (+)
fis 2.1000E+02  -2.0597E+02 (+)  -2.0999E+02 (+)  -2.0937E+02 (+)  2.6257E+00 (+)  -8.4070E+00 (+) -9.9127E+01 (+)  -2.1000E+02 (+)
fi 0.0000E+00  2.2862E-01 (+)  1.1906B-01 (+)  1.9875E-32(+)  2.4444E-01 (+)  2.0721E-01 (+)  2.1352E-04(+)  0.0000E+00 (~)
fir 0.0000E+00  0.0000E+00 (~)  6.6613E-17 (=)  0.0000E+00 (~)  0.0000E+00 (~)  1.4476E-01 (+)  1.5562E-03(+)  0.0000E+00 (=)
fi 1.3498E-31  8.0564E-03 (~)  6.1820E-03 (+)  1.3498E-31(+)  24047E-01 (+)  6.0097E-03 (+)  1.8278E-03(+)  1.0987E-02 (+)
fio  -87569E+00  -4.4484E+00 (+) -4.6153E+00 (+) -8.8596E+00 () -3.6706E+00 (+) -4.6720E+00 (+)  -5.0298E+00 (+)  -8.3204E+00 (+)
fao 0.0000E+00  2.8434E-02 (+)  4.7740B-02 (+)  0.0000E+00 (~)  0.0000E+00 (~)  1.0914E-02 (+)  2.3722E-03(+)  0.0000E+00 (=)
o -1.0000E+00  -5.3344E-06 (+)  -1.5623E-01 (+)  -7.0000E-01 (+)  -8.8447E-01 (+)  -3.8146E-01 (+)  -7.7510B-01 (+)  -9.0000E-01 (~)
fo -1.8673E+02  -1.4800E+02 (+) -1.4416E+02 (+) -1.8673E+02(~) -1.7188B+02 (+) -1.8650E+02 (+) -1.8100E+02 (+) -1.8673E+02 (~)
f 0.0000E+00  0.0000E+00 (~)  3.8757B-17 (+)  0.0000E+00 (~)  7.7451E-02(+)  2.0814E-01 (+)  6.2439E-04 (+)  8.1208E-11 (+)
Foa 3.0000E+00  3.0622E+00 (~)  5.8161E+00 ()  3.0000E+00 (~)  2.9999E+00 (~)  3.2361E+00 (+)  3.0026E+00 (+)  3.0000E+00 (~)
fos 0.0000E+00  6.3152E-67 (+)  2.5958E-18 (+)  7.8314E-235(+)  0.0000E+00 (~)  1.0636E-13 (+)  1.4472E-06(+)  0.0000E+00 (~)
fae -1.3490B-09  6.9342E-05 (+)  -2.9438E-04 (+)  2.6641E+00 (+)  3.0839B-06 ()  9.0831E-07 (~)  4.5873E+00 (+)  3.4840E-209 (~)
for 0.0000E+00  0.0000E+00 (~)  0.0000E+00 (~)  2.1071E-03 (+)  0.0000E+00 (~)  0.0000E+00 (~)  4.8188E-01 (+)  2.8566E-02 (+)
fos -7.2974E+00  -54891E+00 (+)  -8.7999E+00(-)  -7.1551E+00 (~) -2.4950E+00 (+) -9.5767E+00(~) -5.8719E+00 (+)  -9.5664E+00 (-)
foo 3.7912B-03  -3.7912B-03(~)  -3.7908E-03(~)  -3.7912B-03 (+)  -3.7912E-03 (+)  -3.7912B-03 (+)  -3.7904E-03 (+)  -3.7912E-03 (+)
f30 23936E-21  1.6928E-03(+)  4.0088E-02 (+)  33656E-30(-)  2.8741E-01 (+)  3.7240E-02 (+)  5.5421E-03(+)  0.0000E+00 (-)

TABLE 4. Two-tailed Wilcoxon rank-sum test of MPGO versus compared algorithms with 10 dimensions.

Compared algorithm

Significantly better(+)

Significantly worse(-)

No significantly difference (~)

(MPGO, PSO) 22
(MPGO, GSA) 22
(MPGO, LSA) 21
(MPGO, MS) 12
(MPGO, BOA) 24
(MPGO, SOS) 30
(MPGO, MSA) 15

0
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(SOS) [35], and moth swarm algorithm (MSA) [32] ffor scal-
ability to 30 and 50 dimensions for a maximum of 25000 FEs
on benchmark functions fj to fis.

For scalability of the median size to 30 and 50 dimensions,
Table 5 lists the average best fitness value for each simulation.
The proposed MPGO, MS, and MSA showed the best overall
performance. According to the results, MPGO is superior to
PSO, GSA, LSA, BOA, and SOS on most of the functions,
whereas it is inferior to LSA on function fij3. MPGO is
superior to MS, it performs worse than MS on function fo, but
outperforms on functions f13, and f15. In addition, it performs
worse than MSA on functions fi3, and fi5, it outperforms
MSA on functions f> and fg. In summary, Table 5 indicates
that the superior performance of MPGO is statistically sig-

80958

nificant with PSO, GSA, LSA, MS, BOA, SOS, and MSA for
the overall performance evaluation, but is weak on functions
Jo, f13, and fis.

Table 6 reports the results of two-sided Wilcoxon rank-sum
tests [103] of MPGO, PSO, GSA, LSA, MS, BOA, SOS,
and MSA at ¢« = 0.05 significance level on the basis of
the performance results presented in Table 5. The Wilcoxon
rank-sum test was performed between MPGO and each
compared algorithm on every test function. The results show
that MPGO also dominates PSO, GSA, LSA, BOA, SOS,
and MSA algorithm. In addition, MPGO achieves slightly
better results than MS. In summary, Table 6 indicates that
the superior performance of MPGO is statistically significant
with PSO, GSA, LSA, MS, BOA, SOS, and MSA for the
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TABLE 5. Comparison of MPGO versus various meta-heuristic algorithms with larger dimensions (30, 50).

Dataset  Dims MPGO PSO [102] GSA [27] LSA [29] MS [31] BOA [18] SOS [35] MSA [32]
fi 30 0.0000E+00  1.5300E-02 (+)  8.3938E-05(+)  3.0706E-03 (+)  0.0000E+00 (~)  2.8756E-12(+)  6.1438E+01 (+)  4.7826E-232 (+)
50  0.0000E+00  1.5238E-01 (+)  2.5169E-01(+)  2.3378E-01 (+)  0.0000E+00 (~)  3.0704E-12(+)  1.8902E+02 (+)  4.7996E-216 (+)
A 30 22518E+01  5.8459E+01 (+)  2.7623E+01 (+)  7.4772E+01 (+)  2.8904E+01 (+)  2.8955E+01 (+)  1.2520E+02 (+)  2.6615E+01 (+)
50  43341E+01  1.2586E+02(+)  5.0143E+01 (+)  24590E+02 (+)  4.8923E+01 (+)  4.8945E+01 (+)  2.9934E+02 (+)  4.8083E+01 (+)
f 30 1.7764E-16  8.3398E+00 (+)  2.1190E+00 (+)  3.2290E+00 (+)  0.0000E+00 (~)  1.4172E-09 (+)  3.3363E+00 (+)  1.0658E-15 (+)
50 1.7764E-16 ~ 9.0498E+00 (+)  3.5610E+00 (+)  4.0765E+00 (+)  5.3291B-16(~)  14859E-09 (+)  3.8272E+00 (+)  8.8818E-16 (+)
£ 30 0.0000E+00  9.0326E-02 (+)  3.1632E+00 (+)  1.0857E-02(+)  0.0000E+00 (~)  5.1296E-12 (+)  1.6994E+00 (+)  0.0000E+00 (~)
50 0.0000B+00  6.1179E-01 (+)  2.1707E+01 (+)  1.3445B-02 (+)  0.0000E+00 (~)  4.7323E-12(+)  2.4734E+00 (+)  0.0000E+00 (~)
fs 30 0.0000E+00  7.3368E+00 (+)  8.9361E-01 (+)  42114E-01 (+)  0.0000E+00 (~)  1.2514E-08 (+)  3.8738E+00 (+)  1.3916E-121 (+)
50 0.0000E+00  1.5688E+01 (+)  2.8541E+00 (+)  2.9425E+00 (+)  0.0000E+00 (~)  3.0554E+23 (+)  7.3443E+00 (+)  1.7654E-119 (+)
fo 30 0.0000E+00  2.8661E+02 (+)  2.0778E+02 (+)  7.4023E+01(+)  0.0000E+00 (~)  6.2713E+01 (+)  1.5322E+02(+)  0.0000E+00 (~)
50 0.0000E+00  4.9061E+02 (+)  3.5943E+02 (+)  1.3590E+02 (+)  0.0000E+00 (~)  7.6400E+01 (+)  2.7986E+02 (+)  0.0000E+00 (~)
f 30 0.0000E+00  2.8948E+07 (+)  4.5995E+01 (+)  1.2319E+02(+)  0.0000E+00 (~)  3.6154E-12 (+)  6.2262E+07 (+)  2.3251E-226 (+)
50 0.0000E+00  7.1949E+06 (+)  2.1217E+05(+)  1.2261E+05(+)  0.0000E+00 (~)  3.7535E-12(+)  L.5152E+08 (+)  1.9808E-221 (+)
fs 30 0.0000E+00  2.2045E+02 (+)  0.0000E+00 (~)  2.4565E-04 (+)  0.0000E+00 (~)  5.0000E-02 (~)  6.5035E+01 (+)  2.2747E-02 (+)
50 0.0000E+00  1.6147E+03 (+)  1.4000E+00 (+)  1.1875B-01 (+)  0.0000E+00 (~)  0.0000E+00 (~)  1.8541E+02(+)  1.0471E-01 (+)
fo 30 2.6927E-04  82622E-02(+)  23158E-02(+)  2.9653B-02(+)  6.6593E-05(-)  43021E-03(+)  4.7632E-02(+)  3.7194E-04 (~)
50 1.3426E-04  2.6410E-01 (+)  4.9231E-02(+)  8.6511E-02(+)  8.5307E-05(~)  4.5370E-03(+)  9.6093E-02 (+)  3.5491E-04 (+)
fio 30 0.0000E+00  2.0799E+01 (+)  4.6505E+00 (+)  3.4325E-01 (+)  0.0000E+00 (~)  6.2355E-09 (+)  2.5334E+00 (+)  1.8659E-122 (+)
50  0.0000E+00  23602E+01 (+)  4.6568E+00 (+)  2.1189E+00 (+)  0.0000E+00 (~)  5.4231E-09 (+)  3.3828E+00 (+)  5.4910E-119 (+)
fin 30 0.0000E+00  2.1656E+00 (+)  1.2872E+00 (+)  2.2038E+00 (+)  0.0000E+00 (~)  2.5571E-12(+)  S5.0992E+01 (+)  2.2533E-188 (+)
50 0.0000E+00  1.1822E+01 (+)  7.0727E+00 (+)  3.1527E+01 (+)  0.0000E+00 (~)  2.6892E-12(+)  L.6049E+02 (+)  L.1111E-186 (+)
fiz 30 0.0000E+00  -1.9200E-01 (~) -1.0633E-04 (~)  1.4971E+00(+)  0.0000E+00 (~)  3.6437E-10(~)  7.8693E-01 (+)  3.2991E-109 (+)
50  -1.3820E-129  52541E-02(~)  3.9343E-02(~)  2.9591E+00 (+)  0.0000E+00 (~)  3.7286E-10 (~)  L.1183E+00 (+)  2.6706E-108 (+)
fi3 30 -6.4948E+03  -2.7604E+03 (+)  -2.4961E+03 (+)  -7.5009E+03 (-)  -2.2140E+03 (+) -3.8674E+03 (+) -2.5189E+03 (+)  -1.2437E+04 ()
50  -L.1175B+04  -37367E+03 (+)  -3.3168E+03 (+)  -1.1955E+04 (-)  -2.8332E+03 (+) -5.0198E+03 (+)  -3.5036E+03 (+)  -2.0902E+04 (-)
fia 30 0.0000E+00  0.0000E+00 (~)  0.0000E+00 (=)  2.5098E-01 (+)  0.0000E+00 (~)  0.0000E+00 (~)  8.8337E+00 (+)  9.7271E-230 (+)
50 0.0000E+00  0.0000E+00 (=)  0.0000E+00 (~)  1.3551E+01 (+)  0.0000E+00 (~)  0.0000E+00 (~)  3.9909E+01 (+)  7.8613E-227 (+)
fis 30 24133403 -1.9007E+03 (~)  6.6502E+04 (+)  -3.5526E+03 (-)  2.3740B+01 (+)  2.2195E+01 (+)  7.4829E+03 (+)  -4.8433E+03 (-)
50  -1.7076E+03  5.0069E+03 (+)  1.8554E+07 (+) -1.1318E+03 (~) 4.4322E+01 (+)  4.2836E+01 (+)  1.2360E+05 (+)  -1.4712E+04 (-)

TABLE 6. Two-tailed Wilcoxon rank-sum test of MPGO versus compared algorithms with 30 and 50 dimensions.

Compared algorithm  Dims  Significantly better(+)

Significantly worse(-)

No significantly difference (~~)

(MPGO, PSO) 30 12
50 13
(MPGO, GSA) 30 12
50 13
(MPGO, LSA) 30 13
50 13
(MPGO, MS) 30 3
50 3
(MPGO, BOA) 30 12
50 12
(MPGO, SOS) 30 15
50 15
(MPGO, MSA) 30 10
50 11
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overall performance evaluation, and that MPGO can be scaled
to higher dimensions (30 and 50).

F. SCALABILITY OF MPGO WITH TEST FUNCTIONS ON
LARGE DIMENSIONS

1) COMPARISON RESULTS

In this section, the performances of MPGO is compared with
the that of PSO [102], GSA [27], lightning search algorithm
(LSA) [29], moth search algorithm (MS) [31], butterfly opti-
mization algorithm (BOA) [18], symbiotic organisms search
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(SOS) [35], and moth swarm algorithm (MSA) [32] ffor
scalability to 100 and 200 dimensions for a maximum
of 25000 FEs on benchmark f; to fi5.

For the scalability of median size of 100 and 200 dimen-
sions, Table 7 lists the average best fitness value for each
simulation. The proposed MPGO, MS, and MSA showed the
best overall performance. According to the results, MPGO
is superior to PSO, GSA, LSA, BOA, and SOS on most
of the functions, whereas it is inferior to LSA on func-
tion f13. MPGO performs slightly better than MS. In addition,
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TABLE 7. Comparison of MPGO versus various meta-heuristic algorithms with larger dimensions (100, 200).

Dataset  Dims MPGO PSO [102] GSA [27] LSA [29] MS [31] BOA [18] SOS [35] MSA [32]
fi 100 0.0000E+00  3.2060E+01 (+)  8.4106E+01 (+)  2.8649E+00 (+)  0.0000E+00 (~)  3.2227E-12(+)  4.5389E+02 (+)  1.6256E-226 (+)
200 0.0000E+00  1.9257E+03 (+)  2.1209E+03 (+)  1.8614E+01 (+)  0.0000E+00 (~)  3.3910E-12(+)  1.0050E+03 (+)  5.7905E-221 (+)

h 100 9.4269E+01  2.9365E+02 (+)  2.6692E+02 (+)  7.2631E+02 (+)  9.8944E+01 (+)  9.8955E+01 (+)  9.5727E+02(+)  9.8179E+01 (+)
200 1.9475B+02  32030B+03 (+)  1.6229E+03 (+)  9.5977E+02 (+)  1.9893B+02 (+)  1.9895E+02 (+)  23562E+03 (+)  1.9774E+02 (+)

f 100 1.3422E-09  1.0603E+01 (+)  S5.0741E+00 (+)  7.2605E+00 (+)  2.1316E-15(+)  1.5463E-09 (+)  4.0579E+00 (+)  8.8818E-16(-)
200 24332B-09  1.1830B+01 (+)  G.6425E+00 (+)  1.3088E+01 (+)  1.7764B-15(~)  1.5916E-09 (+)  4.2015E+00 (+)  8.8818E-16 (~)

fa 100 0.0000E+00  1.3091E+00 (+)  9.0865E+01 (+)  1.1370E-01 (+)  0.0000E+00 (~)  3.9232B-12(+)  5.6020E+00 (+)  0.0000E+00 (~)
200 0.0000E+00  1.5932E+01 (+)  2.4144E+02 (+)  6.0463E-01 (+)  0.0000E+00 (~)  3.7487E-12(+)  1.3872E+01 (+)  0.0000E+00 (~)
fs 100 0.0000E+00  3.4522E+01 (+)  13670E+01 (+)  1.8277E+01 (+)  0.0000E+00 (~)  2.1475E+50 (+)  1.5378E+01 (+)  3.5665E-115 (+)
200 0.0000E+00  5.5948E+01 (+)  4.4787E+01 (+)  4.6605E+01 (+)  0.0000E+00 (~)  9.5176E+103 (+)  3.1596E+01 (+)  1.3947E-116 (+)

fs 100 0.0000E+00  9.4403E+02 (+)  8.3233E+02(+)  3.3262E+02 (+)  0.0000E+00 (~)  7.1049E+01 (+)  5.2910B+02 (+)  0.0000E+00 (~)
200 0.0000E+00  1.9092E+03 (+)  1.7492E+03 (+)  8.9127E+02 (+)  0.0000E+00 (~)  6.1508E-10 (+)  9.0247E+02 (+)  0.0000E-+00 (~)
f 100 0.0000E+00  1.9245E+07 (+)  1.0269E+08 (+)  3.5817E+06 (+)  0.0000E+00 (~)  3.9713E-12(+)  3.6702E+08 (+)  2.1467E-227 (+)
200 0.0000E+00  15178E+09 (+)  2.1732E+09 (+)  1.7741E+07 (+)  0.0000E+00 (~)  4.0313E-12(+)  1.1356E+09 (+)  1.1977E-225 (+)

fi 100 0.0000E+00  5.4509E+03 (+)  9.0550E+01 (+)  2.9120E+00 (+)  0.0000E+00 (~)  0.0000E+00 (~)  4.9241E+02 (+)  5.8711E-01 (+)
200 0.0000B+00  1.1225B+04 (+)  24549E+03 (+)  1.8740E+01 (+)  0.0000E+00 (~)  0.0000E+00 (~)  1.3425E+03 (+)  2.4349E+00 (+)

fo 100 2.1959E-04  7.0738E-01 (+)  1.8091E-01 (+)  6.6524E-01(+)  9.3720E-05 (~)  5.0705E-03(+)  1.7571E-01 (+)  4.5570E-04 (+)
200  44852B-04  25356B+00 (+)  5.2277E-01 (+)  5.7973E+01 (+)  7.0378E-05(-)  4.8643E-03(+)  4.8178E-01(+)  3.3190E-04 (~)
fio 100 0.0000E+00  3.9324E+01 (+)  7.1913E+00 (+)  1.8236E+01 (+)  0.0000E+00 (~)  4.2260E-09 (+)  5.8238E+00 (+)  1.2449E-119 (+)
200 0.0000B+00  6.5236E+01 (+)  1.7916E+01 (+)  7.3245E+01 (+)  0.0000E+00 (~)  2.6377E-09 (+)  1.1698E+01 (+)  4.8103E-118 (+)
fin 100 0.0000E+00  3.7927E+02 (+)  3.2402E+01 (+)  3.6880E+02 (+)  0.0000E+00 (~)  29197E-12(+)  6.9631E+02 (+)  3.4357E-189 (+)
200 0.0000E+00  1.7800E+03 (+)  1.2909E+02 (+)  1.8234E+03 (+) 0.0000E+00 (~)  3.1141E-12(+)  3.4230E+03 (+)  6.3400E-175 (+)
fi2 100 0.0000E+00  -5.5320E-01 (~) -1.3879E-01(~)  5.3250E+00 (+)  0.0000E+00 (~) -1.1158E-10(~)  1.7099E+00 (+)  2.0413E-107 (+)
200 0.0000E+00  8.3946E-02 (~)  9.4088E-02(~)  6.8297E+00 (+) 1.9702E+00 (~)  2.8477E-10(~)  3.0641E+00 (+)  3.5251E-106 (+)

fi3 100 -1.9140E+04  -5.0595E+03 (+)  -5.0447E+03(+)  -2.3497E+04 (-)  -4.0494E+03 (+)  -6.8550E+03 (+)  -5.0480E+03 (+)  -4.1808E+04 (-)
200  -3.6388E+04  -7.3001E+03 (+)  -7.5360E+03(+)  -4.5921E+04 (-)  -5.5727E+03 (+)  -1.0184E+04 (+)  -6.7539E+03 (+)  -8.3633E+04 (-)
fia 100 0.0000E+00  0.0000E+00 (~)  0.0000E+00 (~)  6.8269E+01 (+)  0.0000E+00 (~)  0.0000E+00 (~)  2.0883E+02 (+)  1.3154E-222 (+)
200 0.0000E+00  0.0000E+00 (~)  0.0000E+00 (~)  1.2698E+02 (+)  0.0000E+00 (~)  0.0000E+00 (~)  1.1127E+03 (+)  2.0458E-230 (+)

fis 100 -1.1374E+03  1.4911E+06 (+)  2.0539E+09 (+)  2.0645E+06 (+)  9.46ISE+01 (+)  9.5286E+01 (+)  5.5334E+06 (+)  -1.1143E+04 ()

200 -7.9001E+02  2.5774E+08 (+) 8.3418E+10 (+)

4.2157E+408 (+)

1.9494E+02 (+)  L1.9703E+02 (+)  1.8724E+08 (+)  -2.7984E+04 ()

although it performs worse than MSA on functions f3, fi3
and fis, it is better than MSA on functions fi, f2, f5, f7, /3,
f10, fi1, fi2 and fi4. In summary, Table 7 indicates that the
superior performance of MPGO is statistically significant
with PSO, GSA, LSA, MS, BOA, SOS, and MSA for the
overall performance evaluation, whereas it is degraded on
functions degraded on functions f3, fo, f13, and fi5s.

Table 8 reports the results of two-sided Wilcoxon rank-sum
tests [103] of MPGO, PSO, GSA, LSA, MS, BOA, SOS,
and MSA at ¢ = 0.05 significance level based on the
performance results presented in Table 7. The results show
that MPGO also dominates PSO, GSA, LSA, BOA, SOS, and
MSA. In addition, MPGO achieves marginally better results
than MS. In summary, Table 8 indicates that the superior
performance of MPGO is statistically significant with PSO,
GSA, LSA, MS, BOA, SOS, and MSA for the overall per-
formance evaluation, and that MPGO can be scaled to higher
dimensions (100 and 200).

G. COMPARISON OF MPGO ON CEC BENCHMARK

In this section, the performances of MPGO is compared
with the that of PSO [102], GSA [27], lightning search algo-
rithm (LSA) [29], moth search algorithm (MS) [31], butterfly
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optimization algorithm (BOA) [18], symbiotic organisms
search (SOS) [35], and moth swarm algorithm (MSA) [32]
for scalability to 10 and 100 dimensions for the 22 more
complex CEC 2014/2017 [100], [104] testing benchmarks
shown in Table 9. The maximum number of FEs for the
CEC 2014/2017 benchmark functions with 10, 30, 50, and
100 decision dimensions were set to (10000 x number of
dimensions); that is 100000, 300000, 500000, and 1000.000,
respectively.

For scalability of the size to 10 and 30 dimensions, Table 10
lists the average best fitness value for each simulation. The
proposed MPGO, and GSA showed the best overall perfor-
mance. According to the results, MPGO is superior to PSO,
LSA, MS, BOA, SOS and MSA on most of the functions.
In addition, although MPGO performs worse than GSA on
functions f32, f36, fa0, fa1, faz, fas, fa7 and fag, it outperforms
GSA on functions f3s, fa6, f50, and fs». In summary, Table 10
indicates that the superior performance of MPGO is statisti-
cally significant with PSO, GSA, LSA, MS, BOA, SOS, and
MSA for the overall performance evaluation. whereas it is
degraded on functions f3, f36, fa5, and fs3.

For the scalability of size 50 and 100 dimensions, Table 11
lists the average best fitness value for each simulation. The
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TABLE 8. Two-tailed Wilcoxon rank-sum test of MPGO versus compared algorithms with 100 and 200 dimensions.

Compared algorithm  Dims  Significantly better(+)  Significantly worse(-)  No significantly difference (~~)

(MPGO, PSO) 100 13 0 2
200 13 0 2
(MPGO, GSA) 100 13 0 2
200 13 0 2
(MPGO, LSA) 100 14 1 0
200 14 1 0
(MPGO, MS) 100 4 1 10
200 3 1 11
(MPGO, BOA) 100 12 0 3
200 12 0 3
(MPGO, SOS) 100 15 0 0
200 15 0 0
(MPGO, MSA) 100 10 3 2
200 9 2 4
TABLE 9. CEC2014/2017 Complex Test functions.
No. Name No. Name
f31 Rotated High Conditioned Elliptic Function  fa» Shifted and Rotated Katsuura Function
f32  Rotated Bent Cigar Function fa3 Shifted and Rotated HappyCat Function
f33 Rotated Discus Function Jaa Shifted and Rotated HGBat Function
f34 Shifted and Rotated Rosenbrock’s Function  fy5 Shifted and Rotated Expanded Griewank’s plus Rosenbrock’s Function
f3s Shifted and Rotated Ackley’s Function fa6 Shifted and Rotated Expanded Scaffer’s F6 Function
f36 Shifted and Rotated Weierstrass Function a7 Shifted and Rotated Bent Cigar Function
f31 Shifted and Rotated Griewank’s Function fag Shifted and Rotated Sum of Different Power Function
138 Shifted Rastrigin’s Function fao Shifted and Rotated Zakharov Function
f39 Shifted and Rotated Rastrigin’s Function f50 Shifted and Rotated Lunacek Bi-Rastrigin Function
fao Shifted Schwefel’s Function fs1 Shifted and Rotated Non-Continuous Rastrigin’s Function
Sa Shifted and Rotated Schwefel’s Function fs2 Shifted and Rotated Levy Function

Lena

Pepper

Baboon Air Plane

Goldhill Sailboat

FIGURE 7. Six well-known images used for image segmentation.

proposed MPGO, GSA and MSA showed the best overall functions fi4 and fjs, it is better than MSA on functions f31,
performance. According to the results, MPGO is superior to 138, 139, f42, fae, and fs1. In summary, Table 11 indicates that
PSO, LSA, MS, BOA, and SOS on most of the functions. the superior performance of MPGO is statistically significant
In addition, although MPGO performs worse than MSA on with PSO, GSA, LSA, MS, BOA, SOS, and MSA for the
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TABLE 10. Comparison of MPGO versus different meta-heuristic algorithms with larger dimensions (10, 30).

Dataset  Dims MPGO PSO [102] GSA [27] LSA [29] MS [31] BOA [18] SOS [35] MSA [32]
31 10 5.87E+06  8.71E+07 (+)  1.47E+05 (+) 3.59E+03 (-) 1.05E+08 (+)  3.03E+08 (+) 7.80E+05 (+) 2.73E+05 (+)
30 2.08E+06  1.35E+09 (+)  3.65E+05 (-) 1.56E+06 (~)  1.66E+09 (+)  1.68E+09 (+) 1.14E+07 (+) 1.05E+05 (-)
2 10 321E+02  3.46E+09 (+) 2.29E+02(~) 1.17E+03(+) 7.31E+09 (+) 6.60E+09 (+) 1.66E+04 (+) 3.74E+03 (+)
30 1.19E+04  6.23E+10 (+) 7.21E+03 (~) 1.20E+04 (~) 7.59E+10(+) 7.25E+10 (+) 2.03E+06 (+) 4.32E+03 (-)
f33 10 6.27E+02  1.67E+04 (+) 6.93E+03 (+) S5.77E+02 (~) 1.67E+04 (+) 1.35E+04 (+) 5.06E+03 (+)  2.37E+03 (+)
30 5.79E+03  7.56E+04 (+)  1.89E+04 (+) 231E4+03 (-)  8.19E+04 (+)  8.07E+04 (+) 1.65E+04 (+) 7.86E+02 (-)
LN 10 2.00E+01  1.27E+03 (+) 2.64E+01 (+)  4.23E+02 (+) 2.12E+03 (+)  2.68E+03 (+) 4.17E+02 (+)  4.20E+02 (+)
30 1.44E+02 1.01E+04 (+) 7.55E401 (-) 4.96E+02 (+) 1.38E+04 (+) 1.53E+04 (+) 5.62E+02 (+) 4.16E+02 (+)
f3s 10 2.00E+01  2.06E+01 (+)  2.05E+01 (+)  5.20E+02 (+)  2.04E+01 (+)  2.04E+01 (+) 5.20E+02 (+)  5.20E+02 (+)
30 2.02E+01  2.11E+01 (+)  4.44E+01 (+) 5.20E+02 (+)  2.10E+01 (+)  2.09E+01 (+) 5.21E+02 (+) 5.20E+02 (+)
f36 10 7.87E+00  1.13E+01 (+)  2.45E-01 (+) 6.05E+02 (+)  1.09E+01 (+)  6.82E+00 (-) 6.03E+02 (+)  6.08E+02 (+)
30 3.59E+01  4.25E+01 (+)  6.03E-03 (+) 6.25E+02 (+)  4.32E+01 (+)  3.21E+01 (-) 6.16E+02 (+)  6.07E+02 (+)
f37 10 7.69E-01 1.35E+02 (+) 1.13E+01 (-) 7.00E+02 (+)  1.75E+02 (+)  2.02E+02 (+) 7.01E+02 (+)  7.04E+02 (+)
30 1.37E-01  6.05E+02 (+)  3.48E+02 (-) 7.00E+02 (+)  7.17E+02 (+)  8.05E+02 (+) 7.01E+02 (+)  7.04E+02 (+)
f38 10 3.08E+01  8.97E+01 (+)  2.45E-01 (+) 8.27E+02 (+)  9.33E+01 (+)  5.07E+01 (+) 8.34E+02 (+) 8.20E+02 (+)
30 1.31E+02  3.32E+02 (+)  3.65E+02 (+) 9.45E+02 (+) 3.76E+02 (+) 2.43E+02 (+) 9.52E+02 (+) 8.18E+02 (+)
f39 10 3.77E+01  9.48E+01 (+) 9.39E+01 (+)  9.38E+02 (+)  7.43E+01 (+) 4.24E+01 (+) 9.44E+02 (+)  9.36E+02 (+)
30 1.67E+02  3.76E+02 (+)  7.56E+03 (+) 1.14E+03 (+)  3.61E+02 (+)  2.63E+02 (+) 1.L13E+03 (+)  9.30E+02 (+)
S0 10 6.30E+02  1.58E+03 (+) 8.71E+01 (+) 1.49E+03 (+) 1.81E+03 (+)  1.25E+03 (+) 1.81E+03 (+) 1.33E+03 (+)
30 4.66E+03  7.26E+03 (+)  7.84E+03 (+) 4.27E+03(~) 8.02E+03 (+) 6.45E+03(+) 5.20E+03 (~) 1.34E+03 (-)
S 10 1.00E+03  1.87E+03 (+)  1.83E+03 (+)  2.06E+03 (+) 1.51E+03 (+)  1.19E+03 (+) 2.54E+03 (+)  2.00E+03 (+)
30 5.34E+03  8.19E+03 (+) 4.02E+00 (+)  5.14E+03 (~) 7.80E+03 (+) 6.87E+03 (+) 7.45E+03 (+) 1.99E+03 (-)
Jfa 10 7.36E-01  3.19E+00 (+)  1.72E+03 (+) 1.20E+03 (+)  1.62E+00 (+)  1.25E+00 (+) 1.20E+03 (+) 1.20E+03 (+)
30 1.32E+00  4.37E+00 (+)  4.04E-01 (+) 1.20E+03 (+)  3.02E+00 (+)  2.66E+00 (+) 1.20E+03 (+) 1.20E+03 (+)
Ja3 10 6.88E-01  2.93E+00 (+)  2.56E+00 (-) 1.30E+03 (+)  4.09E+00 (+)  4.91E+00 (+) 1.30E+03 (+) 1.30E+03 (+)
30 4.28E-01  7.28E+00 (+) 2.42E-01 (-) 1.30E+03 (+)  8.21E+00 (+)  9.10E+00 (+)  1.30E+033 (+) 1.30E+03 (+)
Jaa 10 421E-01  2.26E+01 (+) 4.02E-01 (-) 1.40E+03 (+)  3.14E+401 (+)  4.09E+01 (+) 1.40E+03 (+) 1.40E+03 (+)
30 3.21E-01 2.28E+02 (+) 1.78E+01 (-) 1.40E+03 (+) 2.79E+02 (+)  2.97E+02 (+) 1.40E+03 (+) 1.40E+03 (+)
Jas 10 4.82E+00  7.15E+02 (+)  3.84E-01 (~) 1.50E+03 (+)  3.26E+03 (+)  5.30E+03 (+) 1.50E+03 (+) 1.52E+03 (+)
30 6.90E+01  1.93E+05 (+) 1.34E+01 (-) 1.52E+03 (+)  3.75E+05 (+)  3.34E+05 (+) 1.54E+03 (+) 1.52E+03 (+)
fa6 10 3.19E+00 4.01E+00 (+)  3.84E+00 (+) 1.60E+03 (+)  3.91E+00 (+)  3.38E+00 (~) 1.60E+03 (+) 1.60E+03 (+)
30 1.25E+01  1.37E+01 (+)  1.34E+01 (+) 1.61E+03 (+) 1.36E401 (+) 1.27E+01 (~) 1.61E+03 (+) 1.60E+03 (+)
a7 10 1.38E+02  7.94E+09 (+)  3.79E+00 (-) 5.05E+03 (+) 1.33E+10(+)  1.20E+10 (+) 1.43E+04 (+)
30 2.85E+03  4.50E+10 (+) 2.04E+03 (~) 2.83E+05(+) S5.85E+10(+) 5.20E+10(+) 1.41E+06 (+)
fas 10 1.32E-04 1.LISE+13 (+)  2.42E+00 (~) 5.71E+03 (+)  4.45E+13 (+) 1.14E+11 (+) 7.18E+03 (+)
30 8.27E+26  1.68E+48 (+)  7.35E+00 (+)  2.73E+03 (+)  1.81E+52(+) 9.11E+52(+) 6.64E+03 (+)
Sao 10 1.78E-09 1.34E+04 (+) 3.93E+02 (+) 1.90E+03 (+) 1.42E+04 (+) 1.51E+04 (+) 1.90E+03 (+)
30 1.23E+04  1.02E+05 (+)  2.94E+04 (+) 1.92E+03 (+) 8.61E+04 (+)  7.98E+04 (+) 1.92E+03 (+)
fs0 10 5.14E+01  7.38E+01 (+) 1.12E+02 (+)  2.06E+03 (+) 1.31E+02(+) 9.12E+01 (+) 5.52E+03 (+)
30 4.57E+02  5.52E+02 (+) 5.28E+02 (+)  2.54E+03 (+) 7.43E+02 (+) 6.58E+02 (+) 2.21E+04 (+)
fs1 10 4.28E+01  9.43E+01 (+)  743E+01 (+) 3.24E+03 (+) 7.36E+01 (+)  3.74E+01 (+) 6.11E+03 (+)
30 1.46E+02  3.70E+02 (+) 3.97E+02 (+)  7.52E+04 (+) 3.68E+02(+)  2.55E+02 (+) 2.07E+05 (+)
fs2 10 2.57E+02  9.28E+02 (+)  7.72E+02 (+)  2.28E+03 (+) 9.37E+02 (+) 6.17E+02 (+) 2.25E+03 (+)
30 3.15E+03  9.20E+03 (+) 9.31E+03 (+) 2.86E+03 (~) 1.13E+04 (+)  8.52E+03 (+) 2.78E+03 (~)

overall performance evaluation. On the other hand, the per-

formance of MPGO is degraded on functions f31, f32, f33,

and f48 .
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Table 12 and Table 13 reports the results of the two-sided

Wilcoxon rank-sum tests [103] of MPGO, PSO, GSA, LSA,

MS, BOA, SOS, and MSA at the « = 0.05 significance

VOLUME 7, 2019



K.-W. Huang et al.: MPGO Algorithm for Solving Clustering Problems

IEEE Access

TABLE 11. Comparison of MPGO versus different meta-heuristic algorithms with larger dimensions (50, 100).

Dataset  Dims MPGO PSO [102] GSA [27] LSA [29] MS [31] BOA [18] SOS [35] MSA [32]
S 50 5.00E+06 3.85E+09 (~)  6.40E+06 (~)  2.85E+06 (-) 1.69E+09 (+) 5.82E+09 (+) 2.52E+07 (+)  5.43E+04 (+)
100 5.73E+07 7.51E+09 (+) 7.22E+06 (-)  2.53E+07 (-) 1.03E+10 (+) 9.81E+09 (+) 1.24E+08 (+)  3.14E+04 (-)
f 50 6.33E+06 1.32E+11 (+) 1.96E+09 (+)  1.16E+05 (-) 1.59E+11 (+) 1.50E+11 (+) 1.67E+08 (+)  6.82E+03 (-)
100 1.08E+08 2.82E+11 (+) 2.06E+04 (-)  4.13E+05 (-) 3.05E+11 (+) 2.94E+11 (+)  4.05E+09 (+)  5.77E+03 (-)
f33 50 4.37E+04 1.50E+05 (-) 297E+03 (-)  2.55E+03 (-) 1.49E+05 (+) 1.44E+405 (+)  5.14E+404 (~)  4.34E+02 (-)
100 1.20E+05 3.72E+05 (+)  1.03E+05 (~)  5.80E+03 (-) 3.10E+05 (+) 2.99E+05 (+) 1.06E+05 (~)  3.11E+02 (-)
S 50 1.35E+02 371E+04 (+)  4.65E+02 (+) 5.63E+02 (+)  4.78E+04 (+) 5.13E+04 (+) 6.94E+02 (+)  4.15E+02 (+)
100 4.66E+02 8.52E+04 (+) 2.96E+02 (-)  7.31E+02 (+)  1.01E+05 (+) 1.06E+05 (+) 1.24E+03 (+)  4.23E+02 (-)
S35 50 2.03E+01 2.12E+01 (+) 2.11E401 (+)  5.20E+02 (+)  2.12E+01 (+) 2.11E+01 (+) 5.21E+02 (+)  5.20E+02 (+)
100 2.04E+01 2.14E+01 (+) 2.13E401 (+)  5.20E+02 (+)  2.13E+01 (+) 2.13E+01 (+) 521E402 (+)  5.20E+02 (+)
S36 50 6.63E+01 7.49E+01 (-) 4.62E+01 (-)  6.50E+02 (+)  7.78E+01 (+) 6.35E+01 (~)  6.36E+02 (+)  6.07E+02 (+)
100 1.49E+02 1.59E+02 (+) 1.67E+02 (+)  7.19E+02 (+) 1.65E+02 (+) 1.45E+02 (-) 6.98E+02 (+)  6.07E+02 (+)
f37 50 3.18E-01 1.33E+03 (+) 2.12E+01 (+)  7.00E+02 (+) 1.45E+03 (+) 1.56E+03 (+) 7.03E+02 (+)  7.03E+02 (+)
100 2.66E+00 2.77E+03 (+) 1.24E-02 (-)  7.00E+02 (+)  3.04E+03 (+) 3.11E+03 (+) 7.37E+02 (+)  7.04E+02 (+)
f38 50 2.53E+02 6.03E+02 (+) 6.51E+02 (+)  1.14E+03 (+)  7.04E+02 (+) 4.87E+02 (+) 1.10E+03 (+)  8.19E+02 (+)
100 6.05E+02 1.23E+03 (+) 1.20E+03 (+) 1.66E+03 (+) 1.48E+03 (+) 1.11E+03 (+) 1.39E+03 (+)  8.24E+02 (+)
S39 50 3.41E+02 6.80E+02 (+) 7.58E+02 (+) 1.43E+03 (+)  7.57E+02 (+) 5.69E+02 (+) 1.33E403 (+)  9.28E+02 (+)
100 7.48E+02 1.43E+03 (+) 1.01E+03 (+)  2.16E+03 (+) 1.53E+03 (+) 1.24E+03 (+) 1.67E4+03 (+)  9.25E+02 (+)
Jao 50 9.33E+03 1.33E+04 (+) 1.45E+04 (+)  6.71E+03 (-) 1.48E+04 (+) 1.28E+04 (+)  8.87E+03 (~)  1.24E+03(-)
100 2.19E+04 2.95E+04 (+) 3.15E+04 (+)  1.43E+04 (-) 3.20E+04 (+) 2.97E+04 (+) 1.99E+04 (-) 1.28E+03 (-)
fu 50 1.02E+04 1.48E+04 (+) 1.47E+04 (+)  8.62E+03 (-) 1.49E+04 (-) 1.35E+04 (-) 1.25E+04 (+) 1.97E+03 (-)
100 2.37E+04 3.30E+04 (+) 3.18E+04 (+)  1.73E+04 (-) 3.10E+04 (+) 2.86E+04 (+) 2.54E+04 (+)  1.95E+03 (-)
fa2 50 1.60E+00 5.48E+00 (+) 5.29E+00 (+)  1.20E+03 (+)  3.86E+00 (+) 3.53E+00 (+) 1.20E+03 (+)  1.20E+03 (+)
100 2.06E+00 5.67E+00 (+) 5.30E+00 (+) 1.20E+03 (+) 4.75E+00 (+) 4.17E+00 (+) 1.20E+03 (+) 1.20E+03 (+)
Jaz 50 5.39E-01 7.66E+00 (-) 4.72E-01 (-) 1.30E+03 (+)  8.62E+00 (+) 8.75E+00 (+) 1.30E+03 (+)  1.30E+03 (+)
100 5.24E-01 8.97E+00 (+) 5.40E-01 (~) 1.30E+03 (+)  9.49E+00 (+) 9.66E+00 (+) 1.30E+03 (+)  1.30E+03 (+)
Jaa 50 7.26E+00 3.12E4+02 (~)  3.19E-01 (~) 1.40E+03 (+)  3.65E+02 (+) 3.98E+02 (+) 1.40E+03 (+)  1.40E+03 (+)
100 3.52E-01 8.47E+02 (+) 3.51E-01 (~) 1.40E+03(+)  8.99E+02 (+) 9.40E+02 (+) 1.40E+03 (+)  1.40E+03 (+)
fas 50 1.67E+02 2.83E+06 (-) 2.64E+01 (-)  1.54E+03 (+)  4.71E+06 (+) 6.29E+06 (+) 1.63E+03 (+)  1.53E+03 (+)
100 5.11E+02 1.71E+07 (+) 6.16E+01 (-)  1.60E+03 (+)  3.03E+07 (+) 2.75E+07 (+) 3.01E+03 (+)  1.53E+03 (+)
Jas 50 2.21E+401 2.33E+01 (+) 2.30E401 (+)  1.62E+03 (+)  2.30E+01 (+) 2.24E+01 (+) 1.62E+03 (+)  1.60E+03 (+)
100 4.53E+01 475E+01 (+)  4.75E+01 (+)  1.64E+03 (+)  4.75E+01 (+) 4.65E+01 (+) 1.65E+03 (+)  1.60E+03 (+)
S 50 1.22E+06 9.46E+10 (-) 4.19E+03 (-)  7.68E+04 (-) 1.13E+11 (+) 1.10E+11 (+) 2.47E+06 (+)
100 2.09E+08 2.46E+11 (+) 2.01E+08 (-) 1.39E+05 (-) 2.68E+11 (+) 2.61E+11 (+) 1.23E+407 (-)
Jas 50 6.40E+39 1.09E+82 (+) 5.73E+09 (+)  1.35E+04 (-) 1.86E+84 (-) 1.73E+94 (-) 3.93E+03 (+)
100 7.38E+115  1.52E+181(+)  1.01E+51(-)  2.44E+04 (-) 4.53E+177(+) 8.78E+195(+)  1.40E+05 (-)
Ja9 50 1.03E+05 2.38E+05 (-) 8.48E+04 (-) 1.96E+03 (+) 1.87E+05 (+) 1.55E+05 (+) 1.97E+03 (+)
100 3.05E+05 4.56E+05 (+) 2.18E+05 ()  2.04E+03 (-) 3.43E+05 (+) 3.29E+05 (+) 2.12E+03 (-)
S50 50 8.74E+02 1.24E+03 (+) 1.02E+03 (+)  2.62E+03 (+) 1.37E+03 (+) 1.21E+03 (+) 3.00E+04 (+)
100 2.43E+03 3.25E+03 (+)  2.36E+03 (~) 2.00E+04 (+)  3.32E+03 (+) 3.08E+03 (+) 9.10E+04 (+)
fs1 10 -3.31E+02  6.87E+02 (+) 727E402 (+)  1.04E+06 (+)  7.39E+02 (+) 5.75E+02 (+) 1.30E+06 (+)
30 -9.38E+02 1.67E+03 (+) 1.21E+03 (+)  2.91E+05 (+) 1.80E+03 (+) 1.53E+03 (+) 5.30E+06 (+)
fs2 10 -1.23E+04  3.55E+04 (+) 3.29E+04 (+)  3.55E+03 (-) 3.69E+04 (+) 3.31E+04 (+) 3.48E+03 (-)

30 -3.01E+04 749E+04 (+)  3.66E+04 (~)  5.50E+03 (-) 8.13E+04 (+) 7.12E+04 (+) 4.65E+03 (-)

level on the basis of the performance results presented
in Tables 10 and 11. The results show that MPGO also
dominates PSO, GSA, LSA, BOA, SOS, and MSA algorithm.
In addition, MPGO achieves slightly better results than the
MS. In summary, Tables 12 and 13 indicate that the superior
performance of MPGO is statistically significant with PSO,
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GSA,LSA, MS, BOA, SOS, and MSA for the overall perfor-
mance evaluation.

H. COMPARISON OF MPGO WITH DIFFERENT VARIANTS

The performance of MPGO in terms of application to
data clustering was also evaluated. We employed six UCI
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TABLE 12. Two-tailed Wilcoxon rank-sum test of MPGO versus compared algorithms with 10 and 30 dimensions on CEC benchmark.

Compared algorithm  Dims  Significantly better(+)  Significantly worse(-) ~ No significantly difference (~~)
(MPGO, PSO) 10 22 0 0
30 22 0 0
(MPGO, GSA) 10 15 4 3
30 14 6 2
(MPGO, LSA) 10 20 1 1
30 16 1 3
(MPGO, MS) 10 22 0 0
30 22 0 0
(MPGO, BOA) 10 20 1 1
30 20 1 1
(MPGO, SOS) 10 22 0 0
30 20 0 2
(MPGO, MSA) 10 16 0 0
30 11 5 0

TABLE 13. Two-tailed Wilcoxon rank-sum test of MPGO versus compared algorithms with 50 and 100 dimensions on CEC benchmark.

Compared algorithm  Dims  Significantly better(+)  Significantly worse(-) ~ No significantly difference (~~)
(MPGO, PSO) 50 22 0 0
100 22 0 0
(MPGO, GSA) 50 14 6 2
100 9 7 5
(MPGO, LSA) 50 14 8 0
100 13 9 0
(MPGO, MS) 50 20 2 0
100 22 0 0
(MPGO, BOA) 50 19 2 1
100 21 1 0
(MPGO, SOS) 50 19 1 2
100 16 5 1
(MPGO, MSA) 50 12 4 0
100 10 6 0
TABLE 14. UCI instances. TABLE 16. Comparison of different variants of MPGO.
Dataset Number of Patterns ~ Number of Dims ~ Groups Variants  Iris Wine  Breast cancer
Tris 150 4 3 1 977 786 979
Wine 178 13 3 2 982 776 979
Breast cancer 683 9 2 3 97.1 717  97.8
Car evaluation 1728 6 4 4 973 772 97.9
Statlog 6435 36 7 5 97.5 767  97.8
Yeast 1484 8 10 6 97.8  76.6 97.9

TABLE 15. Parameter settings for six variants of the MPGO.

Variant ~ Specific FEs  Specific individuals
1 250 2

2 250 5

3 1250 2

4 1250 5

5 1875 2

6 2500 10

benchmarks (http://archive.ics.uci.edu/ml/datasets.html),

with pattern numbers ranging from 150 to 1728, as listed
in Table 14. Several variants of the MPGO algorithm were
compared in the simulations. The number of FEs and indi-
viduals exchanged among the composite algorithms of each
variant are listed in Table 15. MPGO exchanged two individ-
uals between PSO and GSA every 250 FEs and 10 individuals
in a maximum of 25000 FEs in the 20 runs.

In this experiment, the datasets Iris, Wine, and Breast can-
cer were selected to verify each MPGO variant. In summary,
the performances of all the variants were approximately equal
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for 25000 FEs. The average accuracy rates are summarized
in Table 16; the results indicate that MPGO2 exhibited the
highest average accuracy on the Wine and Breast cancer
benchmarks, whereas MPGO|1 exhibited the highest accuracy
on the Wine benchmark. Thus, MPGO2 was used for compar-
ison with the other algorithms in the remaining experiments.

I. EXPERIMENTAL RESULTS OF DATA CLUSTERING

The performance of MPGO was compared with that
of the k-means algorithm, PSO, GSA, black hole (BH)
algorithm [43], and WOA [64] on six UCI datasets (Iris,
Wine, Breast cancer, Car evaluation, Statlog, and Yeast). The
performance measure is defined by Eq. (26):

Qalgo - Qmpgo « 100%

AAccuracy = 0
mpgo

(26)

where, AAccuracy denotes the improvement in the accuracy
rate, Qupgo denotes the accuracy of the MPGO algorithm,
and Que, denotes the accuracy of k-means algorithm [9],
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TABLE 17. Comparison of accuracy values obtained with k-means, PSO, GSA, BH, and WOA.

Dataset k-means [9] PSO[59] GSA[105] BH[43] WOA [64]

Iris 56.6 15.1 5.1 2.4 0.9

Wine 50.3 10.9 8.3 4.6 4.2

Breast Cancer  44.3 1.9 1.7 0.3 0.3

Car evaluation  62.6 41.5 37.0 11.4 4.6

Statlog 80.8 41.5 27.4 14.1 23.8

Yeast 78.4 53.0 38.9 26.7 222

Average 62.2 27.3 19.7 9.9 9.3

TABLE 18. Comparison of PSNR values obtained with MPGO, k-means, PSO, GSA, BH and WOA.

Dataset k-means [9] PSO [59] GSA[105] BHI[43] WOA|[64] MPGO
Lena 31.40 31.42 31.42 31.65 31.70 31.70
Baboon 30.45 30.50 30.52 31.59 31.64 31.78
Air plane  33.08 33.55 33.62 33.76 33.81 33.99
Peppers 30.43 30.55 30.53 30.71 30.76 30.77
Goldhill 30.41 30.72 30.70 30.95 30.77 30.99
Sailboat 32.00 32.30 32.29 32.29 32.34 32.34
Average 31.29 31.50 31.51 31.83 31.84 31.93

PSO algorithm [59], GSA [105], BH algorithm [43], and
WOA [64].

The experimental results are summarized in Table 17. The
AAccuracy values of the MPGO algorithm are better than
those of the k-means ( from 44.3% to 80.8%), PSO (from
1.9% to 53.0%), GSA (from 1.7% to 37.0%), BH (from
0.3% to 26.7%), and WOA (from 0.3% to 23.8%). Further-
more, MPGO is more effective than all the algorithms on
the Statlog and Yeast benchmarks (from 14.1% to 80.8%,
respectively).

J. APPLICATION TO IMAGE SEGMENTATION

In the image segmentation process, an image is divided into a
set of regions. Each pixel is classified and assigned to a region
on the basis of similarity. Thus, meta-heuristic algorithms
can be easily applied to the image segmentation problem
via partitional models [95], [106]. The performance of the
proposed MPGO algorithm was verified by segmenting six
well-known 8-bit gray images having a resolution 256 x 256,
as shown in Figure 7. The metric used to compare the results
was the PSNR value, which is defined by Eq. 27:

2552
PSNR = 10 % logo | ——— (27)

MSE
The experimental results are listed in Table 18. According
to the results, the average PSNR value of MPGO is better than
that of k-means, PSO, GSA, BH, and WOA by 0.64, 0.43,
0.42, 0.10, and 0.09, respectively.

VI. CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS

This paper proposed the MPGO algorithm for solving cluster-
ing problems. MPGO combines PSO and GSA to produce a
hybrid optimization algorithm with an efficient search strat-
egy (based on GSA) and fast convergence (based on PSO).
The performance of MPGO was evaluated on 52 benchmark
test functions, six UCI machine learning benchmarks, and
image segmentation of six well-known images. Comparisons
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conducted with five existing algorithms verified the superior
performance of the proposed algorithm in terms of fitness
value, accuracy rate, and PSNR. In future research, we will
investigate the following four aspects. (1) Use of MPGO for
image enhancement in computed tomography (CT); (2) pat-
tern reduction or dimension reduction to improve computing
performance; (3) updating of MPGO individuals via the Lévy
flight strategy to enhance diversity; and (3) implementation of
MPGO on a Raspberry Pi to enable automatic object tracking
and text recognition
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