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Squirrel search algorithm (SSA) is a new biological-inspired optimization algorithm, which has been proved to be more effective
for solving unimodal, multimodal, and multidimensional optimization problems. However, similar to other swarm intelligence-
based algorithms, SSA also has its own disadvantages. In order to get better global convergence ability, an improved version of
SSA called ISSA is proposed in this paper. Firstly, an adaptive strategy of predator presence probability is proposed to balance the
exploration and exploitation capabilities of the algorithm. Secondly, a normal cloud model is introduced to describe the randomness
and fuzziness of the foraging behavior of flying squirrels. Thirdly, a selection strategy between successive positions is incorporated
to preserve the best position of flying squirrel individuals. Finally, in order to enhance the local search ability of the algorithm,
a dimensional search enhancement strategy is utilized. 32 benchmark functions including unimodal, multimodal, and CEC 2014
functions are used to test the global search ability of the proposed ISSA. Experimental test results indicate that ISSA provides
competitive performance compared with the basic SSA and other four well-known state-of-the-art optimization algorithms.

1. Introduction

Optimization is the process of determining decision variables
of a function in a way that the function is in its maximal or
minimal value. Many real-life engineering problems belong
to optimization problems [1-3] in which decision variables
are determined in a way that the systems operate in their best
optimal point. Usually, these problems are discontinuous,
nondifferentiable, multimodal, and nonconevx, and thus the
classical gradient-based deterministic algorithms [4-6] are
not applicable.

To overcome the drawbacks of the classical algorithms,
a considerable number of stochastic optimization algorithms
known as metaheuristic algorithms [7-9] have been devel-
oped in recent decades. These algorithms are mainly inspired
by biological behaviors or physical phenomena and can be
roughly classified into three categories: evolutionary algo-
rithms, swarm intelligence, and physical-based algorithms.
The evolutionary algorithms simulate the evolution of the
nature such as reproduction, mutation, recombination, and
selection, in which a population tries to survive based on

the evaluation of fitness value in a given environment.
Genetic algorithm (GA) [10] and evolution strategy (ES)
[11] are the most popular evolutionary algorithms. Swarm
intelligence algorithms are the second category, which are
based on movement of a swarm of creatures and imitate
the interaction of swarm and their environment in order to
enhance their knowledge of a goal (e.g., food source). The
most well-known swarm intelligence algorithms are particle
swarm optimization (PSO) [12], artificial bee colony (ABC)
[13] algorithm, ant colony optimization (ACO) [14], and
grey wolf optimization algorithm (GWO) [15], to name a
few. The physical-based algorithms are inspired by the basic
physical laws in universe such as gravitational force, elec-
tromagnetic force, and inertia force. Several representatives
of this category are simulated annealing (SA) [16], big-bang
big-crunch (BB-BC) [17], and gravitational search algorithm
(GSA) algorithm [18]. Some of the recent nature-inspired
algorithms are lightning attachment procedure optimization
(LAPO) [19], spotted hyena optimizer (SHO) [20], weighted
superposition attraction (WSA) [21], and many more [22, 23].
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Unfortunately, most of the abovementioned basic meta-
heuristic algorithms fail to balance exploration and exploita-
tion, thereby yielding unsatisfactory performance for real-
life complicated optimization problems. Exploration stands
for global search ability and ensures the algorithm to
reach all over the search space and then to find promising
regions, whereas exploitation represents local search ability
and ensures the searching of optimum within the identified
promising regions. Emphasizing the exploration capability
only results in a waste of computational resources on search-
ing all over the interior regions of search space and thus
reduces the convergence rate; emphasizing the exploitation
capability only, by contrast, causes loss of population diversity
early and thus probably leads to premature convergence or to
be stuck in local optimal. This fact motivates the introduction
of various strategies for improving the convergence rate
and precision of the basic metaheuristic algorithms. As an
illustration, premature convergence of PSO was prevented
in CLPSO by proposing a comprehensive learning strategy
to maintain the population diversity [24]; a social learning
component called fitness-distance-ratio was employed to
enhance local search capability of PSO [25]; a self-organizing
hierarchical PSO with time-varying acceleration coefficients
(HPSO-TVAC) was introduced to efficiently control the local
search and convergence to the global optimal solution [26];
a distance-based locally informed PSO (LIPS) enabled the
algorithm to quickly converge to global optimal solution
with high accuracy [27]. Likewise, many modified versions
have been proposed to enhance the global search ability of
the basic ABC: an improved-global-best-guide term with
a nonlinear adjusting factor was employed to balance the
exploration and exploitation [28]; a multiobjective covari-
ance guided artificial bee colony algorithm (M-CABC) was
proposed to obtain higher precision with quick convergence
speed when solving portfolio problems [29]; the slow conver-
gence and unsatisfactory solution accuracy were improved in
the variant IABC [30]. As for fruit fly optimization algorithm
(FOA) [31], an escape parameter was introduced in MFOA
to escape from the local solution [32]; and modified versions
for balancing between exploration and exploitation abilities
include, for example, IFOA [33], MSFOA [34], IFFO [35], and
CMFOA [36].

Squirrel search algorithm (SSA), proposed by Mohit et al.
in 2018, is a new and powerful global optimization algorithm
inspired by the natural dynamic foraging behavior of flying
squirrels [37]. In comparison with other swarm intelligence
optimization algorithms, SSA has the advantages of better
and efficient search space exploration because a seasonal
monitoring condition is incorporated. Moreover, three types
of trees (normal tree, oak tree, and hickory tree) are available
in the forest region, preserving the population diversity and
thus enhancing the exploration of the algorithm. Test results
of 33 benchmark functions and a real-time controller design
problem confirm the superiority of SSA in comparison with
other well-known algorithms such as GA [10], PSO [25], BA
(bat algorithm) [38], and FF (firefly algorithm) [39].

However, SSA still suffers from premature convergence
and easily gets trapped in a local optimal solution, especially
when solving highly complex problems. The convergence rate
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of SSA, like other swarm intelligence algorithms, depends on
the balance between exploration and exploitation capabilities.
In other words, an excellent performance in dealing with
optimization problems requires fine-tuning of the explo-
ration and exploitation problem. According to “no free
lunch” (NFL) theorem [40], no single optimization algorithm
is able to achieve the best performance for all problems, and
SSA is not an exception. Therefore, there still exists room for
improving the accuracy and convergence rates of SSA.

Based on the discussion above, this study proposes an
improved variant of SSA (ISSA) which employs four strate-
gies to enhance the global search ability of SSA. In brief, the
main contributions of this research can be summarized as
follows:

(i) An adaptive strategy of predator presence probability
is proposed, which dynamically adjusts with the iteration
process. This strategy discourages premature convergence
and improves the intensive search ability of the algorithm,
especially at the latter stages of search. In this way, a balance
between the exploration and exploitation capabilities can be
properly managed.

(ii) The proposed ISSA employs a normal cloud generator
[41] to generate new locations for flying squirrels during the
course of gliding, which improves the exploration capability
of SSA. This is motivated by the fact that the gliding behaviors
of flying squirrels have characteristics of randomness and
fuzziness, which can be simultaneously described by the
normal cloud model [42].

(iii) A selection strategy between successive positions is
proposed to maintain the best position of a flying squir-
rel individual throughout the optimization process, which
enhances the exploitation ability of the algorithm.

(iv) A dimensional search enhancement strategy is orig-
inally put forward and results in a better quality of the best
solution in each iteration, thereby strengthening the local
search ability of the algorithm.

The general properties of ISSA are evaluated against 32
benchmark function including unimodal, multimodal, and
CEC 2014 functions [43]. Meanwhile, its performance is
compared with the basic SSA and other four well-known
state-of-the-art optimization algorithms.

The rest of this paper is organized as follows: Section 2
briefly recapitulates the basic SSA. Next, the proposed ISSA
is presented in detail in Section 3. Experimental comparisons
are illustrated in Section 4. Finally, Section 5 gives the
concluding remarks.

2. The Basic Squirrel Search
Optimization Algorithm

SSA mimics the dynamic foraging behavior of southern flying
squirrels via gliding, an effective mechanism used by small
mammals for travelling long distance, in deciduous forest of
Europe and Asia [37]. During warm weather, the squirrels
change their locations by gliding from one tree to another
in the forest and explore for food resources. They can easily
find acorn nuts for meeting daily energy needs. After that,
they begin searching hickory nuts (the optimal food source)
that are stored for winter. During cold weather, they become
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less active and maintain their energy requirements with
the storage of hickory nuts. When the weather gets warm,
flying squirrels become active again. The abovementioned
process is repeated and continues throughout the life space
of the squirrels, which serves as a foundation of the SSA.
According to the food foraging strategy of flying squirrels,
the optimization SSA can be modeled by the following phases
mathematically.

2.1. Initialize the Algorithm Parameters. The main parameters
of the SSA are the maximum number of iteration Iter,,,,,
the population size NP, the number of decision variables #,
the predator presence probability P, the scaling factor sf,
the gliding constant G, and the upper and lower bounds for
decision variable FS;; and FS;. These parameters are set in
the beginning of the SSA procedure.

2.2. Initialize Flying Squirrels’ Locations and Their Sorting.
The flying squirrels’ locations are randomly initialized in the
search apace as follows:

FS;; = FS; +rand () * (FSy — FS;), 0
i=1,2,...,NP, j=1,2,....n

where rand() is a uniformly distributed random number in
the range [0, 1].

The fitness value f = (f,f, ..., fyp) of an individual
flying squirrel’s location is calculated by substituting the value
of decision variables into a fitness function:

fi=fi(FS;1,FSi5,...,FS;,), i=1,2,...,NP (2)

Then the quality of food sources defined by the fitness value of
the flying squirrels’ locations is sorted in an ascending order:

[sorted_f, sorte_index| = sort (f) (3)

After sorting the food sources of each flying squirrels
location, three types of trees are categorized: hickory tree
(hickory nuts food source), oak tree (acorn nuts food source),
and normal tree. The location of the best food source (i.e.,
minimal fitness value) is regarded as the hickory nut tree
(FSy;), the locations of the following three food sources are
supposed to be the acorn nuts trees (FS,,), and the rest are
considered as normal trees (FS,,):

ES,,, = FS (sorte_index (1)) (4)

FS,, (1:3) = FS (sorte_index (2:4)) (5)

FS,; (1: NP — 4) = FS (sorte_index (5: NP)) (6)

2.3. Generate New Locations through Gliding. Three scenarios

may appear after the dynamic gliding process of flying
squirrels.

Scenario 1. Flying squirrels on acorn nut trees tend to move
towards hickory nut tree. The new locations can be generated
as follows:

1d 1d 1d .
FS™v = FS +dyG (FS,' — FSi'), if Ry 2 Py @)
o random location, otherwise

where d; is random gliding distance, R, is a function which
returns a value from the uniform distribution on the interval
[0,1], and G, is a gliding constant.

Scenario 2. Some squirrels which are on normal trees may
move towards acorn nut tree to fulfill their daily energy needs.
The new locations can be generated as follows:

1d 1d 1d .
ES — Fs(r)n + dch (FSZt - FSZt ) ’ lfRz 2 Pdp )
" random location, otherwise

where R, is a function which returns a value from the uniform
distribution on the interval [0, 1].

Scenario 3. Some flying squirrels on normal trees may move
towards hickory nut tree if they have already fulfilled their
daily energy requirements. In this scenario, the new location
of squirrels can be generated as follows:

1d 1d 1d .
FSev stlt + dch (FSZt - FSZt ) > lfR3 2 Pdp (9)
" random location, otherwise

where R; is a function which returns a value from the uniform
distribution on the interval [0, 1].

In all scenarios, gliding distance d, is considered to be
in the interval between 9 and 20 m [37]. However, this value
is quite large and may introduce large perturbations in (7)-
(9) and hence may cause unsatisfactory performance of the
algorithm. In order to achieve acceptable performance of the
algorithm, a scaling factor (sf) is introduced as a divisor of

dg and its value is chosen to be 18 [37].

2.4. Check Seasonal Monitoring Condition. The foraging
behavior of flying squirrels is significantly affected by season
variations [43]. Therefore, a seasonal monitoring condition is
introduced in the algorithm to prevent the algorithm from
being trapped in local optimal solutions.

A seasonal constant Sc and its minimum value are
calculated firstly:

k=1

10E -
Scmin = 0—6 (11)

365Iter/(ltermax)/2.5
Then the seasonal monitoring condition is checked. Under
the condition of S < S_,,,,» the winter is over, and the flying
squirrels which lose their abilities to explore the forest will



randomly relocate their searching positions for food source
again:

FS;:" = FS; + Lévy (n) x (FSy — FS;) (12)
where Lévy distribution is a powerful mathematical tool to

enhance the global exploration capability of most optimiza-
tion algorithms [44]:

, B T, X 0o
LCVY (x) =0.01 x W (13)

where r,, and 7, are two functions which return a value from
the uniform distribution on the interval [0, 1], 8 is a constant
(B = L5 in this paper), and o is calculated as follows:

1/B
) (14)

0=< I (1+ ) xsin(7B/2)
I ((1+ B)/2)x B x 2D/

where I'(x) = (x = 1).

2.5. Stopping Criterion. The algorithm terminates if the
maximum number of iterations is satisfied. Otherwise, the
behaviors of generating new locations and checking seasonal
monitoring condition are repeated.

2.6. Procedure of the Basic SSA. The pseudocode of SSA is
provided in Algorithm 1.

3. The Improved Squirrel Search
Optimization Algorithm

This section presents an improved squirrel search optimiza-
tion algorithm by introducing four strategies to enhance the
searching capability of the algorithm. In the following, the
four strategies will be presented in detail.

3.1. An Adaptive Strategy of Predator Presence Probability.
When flying squirrels generate new locations, their natural
behaviors are affected by the presence of predators and this
character is controlled by predator presence probability P,
In the early search stage, flying squirrels’ population is often
far away from the food source and its distribution range is
large; thus it faces a great threat from predators. With the
evolution going on, flying squirrels’ locations are close to the
food source (an optimal solution). In this case, the distri-
bution range of flying squirrels’ population is increasingly
smaller and less threats from predators are expected. Thus, to
enhance the exploitation capacity of the SSA, an adaptive P,
which dynamically varies as a function of iteration number,
is adopted as follows:

10
Py, = (Pdpmax - Pdpmin) x (1 — Iter/Iter ) )

+ Pdpmin

where Py, and P,,,;, are the maximum and minimum
predator presence probability, respectively.
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3.2. Flying Squirrels’ Random Position Generation Based on
Cloud Generator. Under the condition of Ry, Ry, Ry < Py,
the flying squirrels randomly proceed gliding to the next
potential food locations, different individuals generally have
different judgments and their gliding directions and routines
vary. In other words, the foraging behavior of flying squirrels
has the characteristics of randomness and fuzziness. These
characteristics can be synthetically described and integrated
by a normal cloud model. In the model, a normal cloud model
generator instead of uniformly distributed random functions
is used to reproduce new location for each flying squirrel.
Thus, (7)-(9) are replaced by the following equations:

FS™Y
| PS4 d G (FS) - FSy'), iRy 2Py (16)
Cx (FSthd, En, He) , otherwise
FSY
FSo! +d,G, (FSo' - FSy'), ifRy 2By, (17)
~|ex (PSflltd, En, He) , otherwise
anew

nt
FSO! +d,G, (FSpy - FSy),
Cx (FSy

nt >

if Ry > Py, (18)

En, He) , otherwise

where En (Entropy) represents the uncertainty measurement
of a qualitative concept and He (Hyper Entropy) is the
uncertain degree of entropy En [42]. Specifically, in (16)-
(18), En stands for the search radius, and He = 0.1En is
used to represent the stability of the search. In the early
iterations, a large En is requested because the flying squirrels’
location is often far away from an optimal solution. Under the
condition of final generations where the population location
is close to an optimal solution, a smaller En is appropriate for
the fine-tuning of solutions. Therefore, the search radius En
dynamically changes with iteration number:

En = En,,,, x (1 - Iter/Iter,,,)" (19)

where En,,,,. = (FS;— FS;)/4 is the maximum search radius.

3.3. A Selection Strategy between Successive Positions. When
new positions of flying squirrels are generated, it is possible
that the new position is worse than the old one. This suggests
that the fitness value of each individual needs to be checked
after the generation of new positions by comparing with
the old one in each iteration. If the fitness value of the
new position is better than the old one, the position of the
corresponding flying squirrel is updated by the new position.
Otherwise, the old position is reserved. This strategy can be
mathematically described by

stlew, lff‘new < fpld
FS; = ’Dl : T (20)
FS™,  otherwise
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Set Iter,,,., NP, n, Py, sf, G, FS; and FS;
Randomly initialize the flying squirrels locations
FSLJ- =FS; +rand() * (FSy, - FS;), i=1,2,...,NP, j=1,2,...,n

Calculate fitness value

fi = fFS,\,FS,5,...,FS,,), i=1,2,...,NP
while Iter < Iter,,,,
[sorted_f, sorte_index] = sort(f)

FS,, = FS(sorte_index(1))

FS,,(1:3) = FS(sorte_index(2: 4))

FS,,(1: NP — 4) = FS(sorte_index(5: NP))
Generate new locations
for t = 1: nl (nl = total number of squirrels on acorn trees)

Calculate fitness value of new locations
fi= f(FS}Y", FSY, ..
Iter = Iter + 1

end

for t =1: n2 (n2 = total number of squirrels on normal trees moving towards acorn trees)

for t = 1: n3 (n3 = total number of squirrels on normal trees moving towards hickory trees)

if R, > P,
FSi® = FSO + d G (FSp" — FSo))
else
FS = random location
end
end
if R, > P,
new __ old old old
FS;;" = FS,, +dgGC(FSm - FS,;
else
FS'? = random location
end
end
if Ry > Py,
FSnew _ FSuld d old old
nt wt T ch(FSht - ant
else
FS'*" = random location
end
end
Si = \jz(FStat,k - Fsht,k)z’ Scmin =
k=1
if SZ < Scmin
FS!™ = FS; + Lévy(n) x (FSy, — FS;)
end

L FS™), i=1,2,...,NP

10E-6
3651ter/(1termax)/25

ALGORITHM 1: Pseudocode of basic SSA.

3.4. Enhance the Intensive Dimensional Search. In the basic
SSA, all dimensions of one individual flying squirrel are
updated simultaneously. The main drawback of this pro-
cedure is that different dimensions are dependent and the
change of one dimension may have negative effects on others,
preventing them from finding the optimal variables in their
own dimensions. To further enhance the intensive search
of each dimension, the following steps are taken for each
iteration: (i) find the best flying squirrel location; (ii) generate
one more solution based on the best flying squirrel location
by changing the value of one dimension while maintaining
the rest dimensions; (iii) compare fitness values of the new-
generated solution with the original one, and reserve the

better one; (iv) repeat steps (ii) and (iii) in other dimensions
individually. The new-generated solution is produced by

FSpeu . = Cx (FSp, ,En,He), j=1,2,....,n  (21)

3.5. Procedure of ISSA. The pseudocode of SSA is provided in
Algorithm 2.

4. Experimental Results and Analysis

The performance of proposed ISSA is verified and compared
with five nature-inspired optimization algorithms, including
the basic SSA, PSO [12], fruit fly optimization algorithm
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Set Iter ., NP, 1, P> Pipmins Sf> G, FSy and FSp
Randomly initialize the flying squirrels locations
FSi)j =FS; +rand() = (FSy, - FS;), i=1,2,...,NP, j=1,2,...,n
Calculate fitness value
fi = fiFS;1,FS,,,...,FS,;,), i=1,2,...,NP
while Iter < Iter,,,,
[sorted_f, sorte_index] = sort(f)
FS,, = FS(sorte_index(1))
FS,,(1:3) = FS(sorte_index(2:4))
FS,,(1: NP — 4) = FS(sorte_index(5: NP))
Generate new locations
Iter

Pdp = (Pdpmux - Pdpmin) x (l -

for t = 1: nl (nl = total number of squirrels on acorn trees)

Iter
) + Pdpmin

if R, > P,
FSi = FSo! + d G (FSp' — FSo)')
else
FS'“ = Cx(FS?“, En, He)
end
end

for t = 1: n2 (n2 = total number of squirrels on normal trees moving towards acorn trees)
if R, > P,,
new old old old
FS." =FS, + dch(FSm - FS)")
else
FS' = Cx(FS2

nt >

En, He)
end
end
for t =1: n3 (n3 = total number of squirrels on normal trees moving towards hickory trees)
if Ry > Py,
ES™evw — Fsold +d G (Fsold _ Fsold
nt nt g-c ht nt

else
FS = Cx(FSfftd,En, He)

end
end
Sttt = \/ZZ:l (Fsztzt,k - Fsht,k)z’ Scmin = %
lf SZ < Scmin

FS'* = FS; + Lévy(n) x (FS; — FS;)

end

Calculate fitness value of new locations
1 = fi (FS)¥, FS[5®,... . FSi*), i =1,2,...,NP
if finew < ﬁ

FS, = FS}"

ﬁ — ﬁnew
end

Enhance intensive dimensional search
Find Fshest’ fhest
for j=1:n
FSpeqy i = Cx(FSyey j» En, He)
Calculate fitness value of the new solution
P~ F(FSpostts FSpostas > FSIY ... FS_ )

best best, j> best,n
: new
if fbest < fbest ow
FSpes; = FS
best,j

best,j
f best — f l:leesl;)
end
end
Iter = Iter + 1
end

ALGORITHM 2: Pseudocode of basic ISSA.
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TABLE 1: Parametric settings of algorithms.
Parameter ISSA SSA PSO CMFOA IFFO FOA
Iter,,,. 10000 10000 10000 10000 10000 10000
NP 50 50 50 50 50 50
G, 1.9 1.9 - - - -
sf 18 18 - - - -
Pdpmax 0.1 - - - - -
Pipmin 0.001 - - - - -
Py, - 0.1 - - - -
C,and C, - - 2 - - -
w - - 0.9 - - -
En_max - - - (UB-UL)/4 - -
Ao - - - - (UB - UL)/2 -
Ao - - - - 0.00001 -
randValue - - - - - 1
TaBLE 2: Unimodal benchmark functions.
Function Range Fmin
n
Fl(x) = ) ix; [-10, 10] 0
i=1
n
F2(x) = )i (2x) - xy) + (%, - 1) [-10, 10] 0
i=2
F3(x) = —exp <—o.5 > x?) [-1,1] -1
i=1
u i-1)/(n-1
Fa(x) = Y (109) 770 2 (=100, 100] 0
i=1
F5(x) = ) ix{ +rand () [~1.28,1.28] 0
i=1
n—1
F6(x) = . [100 (%0 = 27) + (3, - 1)’ [-30,30] 0
i-1
_ 2 _
F7(x) = Zl <Zl xj> [~100, 100] 0
i= j=
F8(x) = max {|x;|, 1 <i<n} [-100,100] 0
n n
F9(x) = ) |x;| + [ ] | [~10, 10] 0
i=1 i=1
F10(x) = ) x; [~100, 100] 0
i;l .
Fll(x) = ) |x|” [-1,1] 0
i=1

(FOA) [31], and its two variations: improved fruit fly opti-
mization algorithm (IFFO) [35] and cloud model based
fly optimization algorithm (CMFOA) [36]. 32 benchmark
functions are tested with a dimension being equal to 30, 50,
or 100. These functions are frequently adopted for validating
global optimization algorithms, among which FI-Fll are
unimodal, F13-F25 belong to multimodal, and F26-F32 are
composite functions in the IEEE CEC 2014 special section
[43]. Each function is calculated for ten independent runs in
order to better compare the results of different algorithms.

Common parameters are set the same for all algorithms,
such as population size NP = 50; maximal iteration number
Iter,,,, =10,000. Meanwhile, the same set of initial random
populations is used. The algorithm-specific parameters are
chosen the same as those used in the literature that introduces
the algorithm at the first time. The parameters of PSO, FOA,
IFFO, CMFOA, and SSA are chosen according to [12], [31],
[35], [36], and [37], respectively. Table 1 summarizes both
common and algorithm-specific parameters for ISSA and
other five algorithms. The error value, defined as (f(x) -



Fmin), is recorded for the solution x, where f (x) is the optimal
fitness value of the function calculated by the algorithms,
and Fmin is the true minimal value of the function. The
average and standard deviation of the error values over all
independent runs are calculated.

4.1. Test 1: Unimodal Functions. Unimodal benchmark func-
tions (Table 2) have one global optimum only and they
are commonly used for evaluating the exploitation capacity
of optimization algorithms. Tables 3-5 list the mean error
and standard deviation of the results obtained from each
algorithm after ten runs at dimension n = 30, 50, and 100,
respectively. The best values are highlighted and marked
in italic. It is noted that difficulty in optimization arises
with the increase in the dimension of a function because
its search space increases exponentially [45]. It is clear from
the results that on most of unimodal functions ISSA has
better accuracy and convergence precision than other five
counterpart algorithms, which confirms that the proposed
ISSA has good exploitation ability. As for F2 and F5, ISSA can
obtain the same level of accurate mean error as IFFO, while
the former outperforms the latter under the condition of n =
100. It is also found that both ISSA and CMFOA can achieve
the true minimal value of F3 at n = 30 and 50, while ISSA is
superior at n =100.

Figures 1-3 show several representative convergence
graphs of ISSA and its competitors at n = 30, 50, and 100,
respectively. It can be observed that ISSA is able to converge
to the true value for most unimodal functions with the
fastest convergence speed and highest accuracy, while the
convergence results of PSO and FOA are far from satisfactory.
The IFFO and CMFOA, with the improvements of search
radius though, yield better convergence rates and accuracy
in comparison with FOA, but still cannot outperform the
proposed ISSA. It is also found that ISSA greatly improves
the global convergence ability of SSA mainly because of
the introduction of an adaptive strategy of P, a selection
strategy between successive positions, and enhancement
in dimensional search. In addition, the accuracy of all
algorithms tends to decrease as the dimension increases,
particularly on F6 and FI1.

4.2. Test 2: Multimodal Functions. Different from the uni-
modal functions, multimodal functions have one global
optimal solution and multiple local optimal solutions, and
the number of local optimal solutions exponentially increases
with the increase of dimension. This feature makes them
suitable for testing the exploration ability of an algorithm.
Details of these multimodal functions are listed in Table 6.
The recorded results of statistical analysis over 10 inde-
pendent runs are presented in Tables 7-9 for n = 30,
50, and 100, respectively. It is revealed from these tables
that ISSA is superior on F12, F13, F14, F16, F19, and F24,
regardless of dimension number. On other functions, ISSA
tends to have comparable level of accuracy with some of
its competitors. For example, both ISSA and CMFOA are
able to obtain the exact optimal solution of F21 and F22;
both ISSA and SSA have the same level of accuracy on
F15, F18, and F23. It is noticeable that ISSA tends to get
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better performance in accuracy on more functions as the
dimension number increases. This is mainly contributed by
normal cloud model based flying squirrels’ random position
generation and dimensionally enhanced search. These two
strategies can help the flying squirrels to escape from local
optimal.

Figures 4-6 show the recorded convergence charac-
teristics of algorithms for several multimodal benchmark
functions at n = 30, 50, and 100, respectively. It is evident
that ISSA offers better global convergence rate and precision
in comparison with other five algorithms among which both
PSO and FOA are easy to be trapped to the local optimal and
the rest three algorithms (IFFO, CMFOA, and SSA) produce
fair convergence rates. It is interesting to note that SSA
becomes much poorer as the dimension number increases,
while ISSA still has excellent exploration ability and its
convergence curve ranks No. 1 at all iterations in the case of n
=100. This is due to the incorporation of attributes regarding
normal cloud model generators and search enhancement on
each dimension.

4.3. Test 3: CEC 2014 Benchmark Functions. Next, the bench-
mark functions used in IEEE CEC 2014 are considered for
investigating the balance between exploration and exploita-
tion of optimization algorithms. These functions include
several novel basic problems (e.g., with shifting and rotation)
and hybrid and composite test problems. In the present
test, seven CEC 2014 functions are selected with at least
one function in each group and the details are provided
in Table 10. Statistical results obtained by different algo-
rithms through 10 independent runs are recorded in Tables
11-13. It is worth mentioning that CEC 2014 functions are
specifically designed to have complicated features, and thus
it is difficult to reach the global optimal for all algorithms
under consideration. Nevertheless, in contrast to other five
algorithms, ISSA is able to get highly competitive results for
most CEC 2014 functions in Table 10, especially at higher
dimension number. As a matter of fact, ISSA always has
the best solution at n = 100 although the solution is still
far away from optimal. The results of convergence studies
(Figures 7-9) show that ISSA has promising convergence per-
formance with the comparison of other five algorithms. The
superior performance of the proposed ISSA is mainly ben-
efited from an equilibrium between global and local search
abilities because of the use of the four strategies described
in Section 3.

4.4. Statistical Analysis. In order to analyze the performance
of any two algorithms, the most frequently used nonpara-
metric statistical test, Wilcoxon’s test [46], is considered for
the present work and results are summarized in Tables 14-16
for n = 30, 50, and 100, respectively. The test is carried
out by considering the best solution of each algorithm on
each benchmark function with 10 independent runs and a
significance level of « = 0.05. In Tables 14-16, ‘+’ sign indicates
that the reference algorithm outperforms the compared one,
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FIGURE 2: Convergence rate comparison for representative unimodal functions (1 = 50).



14

Mean Errors(log) Mean Errors(log) Mean Errors(log)

Mean Errors(log)

10

=50

2000 4000 6000 8000

0 10000
Iteration
— ISSA — PSO — IFFO
— SSA —— CMFOA FOA
(a) F1
10
8
6
4
2 \‘R
0 " " " "
0 2000 4000 6000 8000 10000
Iteration
— ISSA — PSO — IFFO
— SSA —— CMFOA FOA
(c) F6

_8 L L L I
0 2000 4000 6000 8000 10000
Iteration
— ISSA° — PSO — IFFO
— SSA —— CMFOA FOA
(e) F8
10
0
-10
=20
-30
-40
_50 L L L I
0 2000 4000 6000 8000 10000
Iteration
— ISSA — PSO —— IFFO
— SSA —— CMFOA FOA
(g) F10

Complexity

20
10
b
2 0
&
= —10
23]
§ 2
=
-30
_40 L L L L
0 2000 4000 6000 8000 10000
Iteration
— 1ISSA — PSO — IFFO
— SSA —— CMFOA FOA
(b) F4
10
0
b
2 -10
&
g 20
23]
§ _30
=
—40
_50 n 1 n L
0 2000 4000 6000 8000 10000
Iteration
— ISSA — PSO — IFFO
— SSA —— CMFOA FOA
(d) F7
50
40 | E
\l‘—
> 30 1
2
% 20
3
= 10
j25)
§ 0 P
= -10
-20
_30 " L " N
0 2000 4000 6000 8000 10000
Iteration
— ISSA — PSO — IFFO
— SSA —— CMFOA FOA
(f) F9
20
0
> —20
2
% —40
3
= —60
23]
§ -80
= -100
-120
~140 ' ' ' '
0 2000 4000 6000 8000 10000
Iteration
—— ISSA — PSO — IFFO
— SSA —— CMFOA FOA
(h) F11

FIGURE 3: Convergence rate comparison for representative unimodal functions (n = 100).



15

Complexity

) [ [ ” " 0007 \ \ ~ ~
0 [00T “001-] NANx|Q+NANx|«xvoE =44 < 1+ (Md)s00 - e VWW (x)szd
0= 0=y ] 1=!
0 [60°6°0-] [(s70,92¢) 500 p] Ns u—1{[((50+*) ,quc)s0d _Ns N (x)ped
1=! 1=!
0 [00T 001-] o {fro+ | g |soo -1 = (¥)gea
. ' 4
50> 1% gy pmos
0 [zrsTrs-] (*x0)p = [or + (Mug)soo01 - ] { = (¥)zea
g0 > |'x| dx “
1=t
0 [ers Trs-] [0t + (xg) soo o1 - x] { = (¥)124
(T + T - x) 10000 + 1)
0 (001 “001-] ” - = (¥ozd
A?.?é X + X001 v Emv +m0v e
o— 1=t
(= )+ G : :w (1= = @61
A . 8 ~
u-| [S‘s—] Aimxmxm 0+ Mx+ Mx\/vv 00 (g0 Tx s xvl dxs W:| = (%)814
— 000F
0 [00T 001-] :A VSUE x % = (%)L1d
p<ix ¢ (v-"x-)y
vs'xso- 0f = (wopwtn (1) Ear =
v<ix ¢ (v-'x)y
[0S ‘051 = = u
0 “(Fr00T 01 xX) 1"+ 1, (1= "€) + [("4a) juwsor + 1] (1~ ) ' + (M) uwsor - = (¥)91d
u 1-u
NAANR+NXV AOO.O+.: _ A\ﬁdmv w..\.
m.o|A A+ x v Emvm.o
0 [00T001-] A £ ¢ .
(xR -4 () = (%514
T+( (A4+x)os) uis (A +x)=Ux)Y
0 (00T “001-] [ .mxaxvv%;r | 5 (e =)
: = (P14
0 [oT‘0T-] |'x1°0 + () urs ‘x| W X)ETd
=y, 1=y,
0 [zeze-] (1)dxo + 0z + | (*xx7) m0uW T dxa — MRW T 70~ | dx2 07— = (%)71d
urur] ABuey uonoun,j

"SUOIOUN YIRWYDU [EPOWN[NIA 19 HTEV],



Complexity

16

€0+H8E88’T 00+H26€0°6 10+45896°¢ 90+4909T°¢ 10+4008T°S 10+H¢evL6C PiS

€0+HITYC6 00+H0€5€°6 10+429%0°% LOFITLETT c0+d¥CL0’T 10+376¥6C UesN scd

00+d6555°¢ Y0-dSL6CY 60-dC¥C8C 00+d6¥9T'T S0-H9¥88°6 VI-H9CCL'T PiS

10+d¥C69°C €0-HeSSTy 60-48SVLY 10+HCI¥Te Y0-deecL'e PI-HIC6V'T UesN ved

C0-HI€LT9 10-4S041'C 10-49459°¢ 10-470¢6'v 10-4LISC'T 10-9904I'C PIS

00+48481°C 00+d66<VT 00+d66S¢T 10+466IT°T [0-H486C°S 10-4486€6 UeIN €d

10+Hd2669°C 11-40¢8¢°¢ 00+H0000°0 10+HCV6S'T €1-46L69°¢ 00+H0000°0 PIS

20+46055°C [I-4<€0%¥'9 00+H0000°0 c0+ds¢eee’T CI-HL9VLL 00+40000°0 UeaN d

10+HS0€LC 11-42886°T 00+H0000°0 00+d€L60°6 CI-d19¢s ¥y 00+H0000°0 PIS

¢0+4I880°¢ I-460vSv 00+H0000°0 0+d69.L5°C €I-HI¥80L 00+40000°0 UeIN Icd

20-961L9°S LO-ATIOT'E L0-0SE€0'T 20-49S¥CT 90-H.48¢EL L0-HEBE6'S PiS

10-490%S'T £0-45988°1 80-H69%V ¥ C0-HC65¢°¢ 90-4900L% L0-H6865C UesN 0cd

€0+468¢0°9 c0+de6vIcT CO+HTLSOT SO+d90L¥'T CO+HIL6S'T 80-H619C°¢ P3S

¥0+H97C0°¢ 20+d860%°C C0+dLL961 S0+48086'% 20+dT6T6'1 L0-dI¥89°C Ues\ 61

00+d699¢'T 00+dII¥0°C 00+dLELTC 10-49589%L 00+3L297%'T 00+d¥I09°T P3S

10+d46¥1°C 00+d8706'% 00+4sCC6'v 10+49¥60°C 00+H¢€SC8°€ 00+d6¥80°¢ UeIN 8T

¢0-499L0°T C0-HSSI0'T €0-480762Z 10-981ST¥ 20-dCe9T'T 20-49987'1 PiS

00+d1L60°T 20-d€64T°T €0-dCeer Vv 00+dTseey C0-dTee0’T CO-dI8LET UBIN L1

10-9¥508°S SI-HVLeS™8 SC-HLT0LY 90+H891LT 91-d4691L°'S 8¥-H0588°C PiS

00+dZ8¥T'¢ SI-99CL6°6 §C-40620°S 90+4SCL9°S SI-H4690€°T CE-HS0LS'T U 914

10-988¢L°T 10-40695°¢ 10-4996CF% 10-4s6¥I'C 10-9cesee 10-49¢68°¢ PiS

10+HLVICT 00+d7€00°T 10-4¢8676 10+396ST'T 10-40SI9F 10-42S56°6 Ues\ SId

10+48980°S €0-H4S80°T 90-HEVE6'T 00+99¢€80°S 20-4S0I8°T I-vL8L°T PiS

20+4S048°T 20-406¢LT S0-HVS65°€ C0+d9LSTT C0-dvIvLy I1-99858°C UeIN VI

00+d064L°S 90-dSCI6T CI-dv100°C 00+d6¥.8°C £0-46680°T SI-H9I0L'T PIS

10+30996°C 90-4L0STT CI-HI8.8°¢ 10+35980°¢ £0-40L9L°T SI-HIS96°T UeIN €ld

00+4SSLS ¥ 80-d¥C0¢'S €1-d9LTT'S 10-90€85V L0-4S8LI'T SI-9€I8T'6 PIS

00+d€860%Z L0-H0L6E'F CI-dIv 9Ty 10+d€VE9'T L0-d804T°C PI-HT69I'S UBIN [4E!
vOod OddI VOIWD 0OSsd VSS VSSI ung

"0€ = U YIIM SUOTIOUNJ YIRWPUIq [epowrnnur uo suni juspuadapur 0 ySnoayy vOJ pue ‘OJd1 ‘VOIIND ‘OSd “VSS VSSI £q paureiqo sjnsai [esnsnels :/ a14vy,



17

Complexity

Y0+HCE89'T [10+H6I8EV 10+d¥S6v'6 L0+d1601°C C0+H8EIle 0+d2660°T PIS

Y0+HCyC8'8 10+d2666°¢ 10+H0845°9 80+dSLCI'T C0+dTCLY'8 10+4€959°9 UesN gcd

00+4689T°S Y0-d1£0L°6 60-45L01°9 00+d726¢€T'C €0-d084LY VI-HIT9LT PiS

10+H€9CLY €0-42€09°6 80-4€€06'T 10+4060¢9 0-49789°C PI-HVS0IZ UesN ved

10-94¥CCT 10-9€L6C°9 10-dE161'Y 10-d€€08°9 C0-4£999°9 10-d¥6S¢'C PIS

00+45565°¢ 00+d6685C 00+4669T°C 10+d4¢eCl'e [0-H4866°8 00+4669¢'T UBIN €d

10+H0€TT¥ 11-H4688SZ 00+H0000°0 10+HT8EV'C L0-H91CE9 00+H0000°0 PIS

20+4090T°s 0T-420¥¥°C 00+40000°0 0+d67L8V 90-HL919°T 00+H0000°0 UeIN d

10+42056°C T-HLEVS T 00+H0000°0 10+4ZI1TE L0-A¥I9¢’E 00+H0000°0 PIS

C0+A8VL8'S OT-dT1LEC 00+40000°0 20+49vIc’S 90-d0IcT'T 00+H0000°0 UeIN 1cd

10-450€9°C 90-d1886% 80-d4¥CS°6 C0-dLIv6'E ¥0-d4945L°C 80-Hr6Cr ¥ PiS

10-44¥00°S 90-48669°'T 80-459¢T’S 10-96ISI'T 70-42045°C 80-¥90¢€¥ Ues\ 0cd

VO+dVLIL'6 ¥0+d600¢T Y0+d86¥C'T 90+d60.L1°C YO+HHEVLIT [0+d¥7608°¢ P3S

SO+HSI00Z PO+HSSIET YO+AS8IIOT 90+d48990°8 ¥0+H€€89C [10+H295S 'V Ues\ 611

00+dS10€'T 00+d6201°C 10-490S8Z 10-9919LL 00+4cersT 00+47L09°C P3iS

10+49748°¢ 00+d1¥09°6 00+d.29¥6°8 10+46896°¢ 00+H.¥06Z 00+d<0Ic™8 UBIN 8Td

0-4989°1 0-Hes6¢eT €0-42080%Z 10-928¢9% 20-46801°C €0-d8I¥L'S PIS

00+dI¥9TT 0-H0800°T €0-46£07°9 T10+4909T°T C0-d6ITV'T €0-dLLE9L UBIN L1

10-467C16'8 EI-H6TVLT ¥C-H7606'1 LOFHTILIT 0I-HEesL'e 8Y-HSChr'T PIS

00+d1266'9 VI-d8¥97°8 VT-ASSLLT LO+S669L 60-dL50€°T €E-HEECT 6 UBIN 914

10-d¥Esv'S 10-9¥LS€9 10-9249L% 10-9¥10€°¢ 10-4586€F 10-42L99Z PIS

10+HZI9T'C 00+d.Le67'1 00+H2269°1 [0+H1¥CTC 00+d6¥.LC'T 00+d91L9°1 UeIN SId

10+4.4210°8 €0-dLESO°T 90-4SL6V°S 10+45S0¥'1 10-902L0°S II-4059%'¢ PIS

20+4699CY 0-dveeee G0-HT89LL 0+40eveT 00+d1920°C II-46SL1Z UeIN VI

00+d499L¥'¥ 90-d¥¢ceS’T T1-9598S°T 00+d¥6£S T Y0-HCLEO'T SI-H8898'T PIS

10+36560°9 90-d¥00T’¢ II-41%01°C 10+d¥6S1L ¥0-d26¥6°C SI-H8ESCT UeIN €ld

00+dLISTY 80-H¢CC0'8 €I-H6€18°8 10-44¥¥6'1 S0-d¥LTS'S VI-H09€L'T PIS

00+497CT'8 L0-H€L9CL -AVYOvL 10+H6S¥8'1 V0-d¥LIV'C PI-H86.S°8 UBIN [4E!
vOod OddI VOIWO 0Ssd VSS VSSI ung

"0S = U YIIM SUOTIOUNJ YIRWYOUSq [epowW-Hnut uo suni judpuadapur o[ ySno1y) yOI pue ‘0141 ‘VOIIND ‘OSd VSS “VSSI £4q paurejqo sjnsai [esnsiels :g a1 v,



Complexity

18

SO+HSICTT 20+49269v C0+HLTEV'S L0+466£82L C0+d8CIce co+gecrev 12N

90+d8€08'T c0+dc86v' v 20+40649°S 60+d¥Cee’T €0+d8LIT'8 CO+HL86C Y UesN gcd

10+d€48T'T €0-H269LT 80-d¥L0L°¢ 00+40€8TY 10-949€€°9 VI-HI908°8 12

C0+d8.L¥0°1 ¢0-49L¥6°C L0-dVL88'T c0+dSsyIST 00+46¢79°C €I-44260F UesN ¥ed

10-9686LT 10-9%819°S 10-4IS16°S 10-49676'9 10-4¢60S°'T 10-48489°¢ PiS

00+d169¢Z 00+4669¢¥ 00+d660LF 10+d¥086°¢ 00+d66¥0°C 00+d6655°C UesN €cd

10+H480L6°S 01-4€546°C 00+40000°0 10+40016C 00+dTeLeT 00+40000°0 PIS

€O+ASTLTT 60-4€8¢0°C 00+40000°0 €0+4609CT 00+d8¥8LL 00+40000°0 UesN d

10+49660°9 0I-4S18C°¢ 00+40000°0 10+3068C°C 00+4928L°T 00+40000°0 PiS

€0+4€79¢’T 60-49200°¢C 00+40000°0 €0+HS0EET 00+dvIvIS 00+40000°0 UesN Icd

10-489¢0°8 S0-499.8°S 90-HSSIST 10-9¢¥Sv 'y €0-9S6I¢°S £0-4CCIT9 PiS

00+49991°C SO-HEVILT 90-d1€9¢'T 10-48¥89°6 €0-H8891'8 L0-H0€ILS UesN 0cd

90+dCLLTL SO+ALETILT SO+ATLSY'C LO+HSILI'6 S0+H€0L68 VO+HCELS'S PiS

LO+I0C6'Y S0+HS920°9 SO+HSIV8'C 80+d9708F% 90+d¥¥6L°C VO+HIOPC'8 UesN 611

00+d6S1S°T 00+d4L€ST 00+996¢6°C 10-dcceee 00+46IE8°¢ 00+d7996°T PiS

10+48S¥T'8 10+48¢88°T 10+H6IC8T 10+49789°8 [0+H908L°'T 10+Hd€c08°T UesN 8Td

0-465¢V'S €0-H¢€S19'8 €0-499L9'% 00+H7C6S'T €0-9€9€5°9 €0-45950°9 PiS

00+408¢I'C €0-dS88I'¥ €0-4605V°¢c 10+d918L°¢ C0-H968T'T €0-dr6rr'e UesN L1

€O+HHICTy v YI-d¥095°S ¥C-H856.L9 £0+d586¥°9 S0-40596°S 6V HVCICL PiS

€0+dL¥9LT VI-dLyET9 ¥C-40681'8 80+478¢0°6 Y0-dvSvv'C EC-HIIILY UesN 91d

10-d¥166'9 10-4¢€820°9 10-48¥19% 10-9€15C°C 00+d8¢€¢9'T [0-HIS8¢Z PiS

10+H6585V 00+dscer'e 00+4€808°C 10+4€80LV 10+4d8ZI0°T 00+d¥I89°C e SId

10+4€7SE°S 0-4276S0°T S0-HE8CYV'T 10+99868°1 10+d¥¥16°T Ir-deceLe PisS

0+Hyess6 ¢0-dv€ese8 ¥0-4998C°C €0+HCEI0T 10+H6SCVL 0I-49¢€48°'T e VI

T0+ACIECT 90-HI00S°S T1-426S8°¢ 00+4€597°9 C0-d119¢°S SI-HIvL9°C pPiS

20+d6.LE9°T SO-HI6TC'T 01-d¢sve'l C0+HLVY6'T 10-99€LLT SI-HIL8CT Uea €ld

00+41¢80°9 £0-90¢€68°T C1-d6s16°1 20-461€0°6 20-40CLE°S VI-49950°C PiS

T10+d¥SSE'T 90-d¥VLV'T 11-96082°T 10+H9666°'L 10-d¥859°1 €I-96868'T UBIN ad
vOod OddI VOIWD 0Ssd VSS VSSI ung

"001 = ¥ YIIM SUOT)OUN] YIRWDUI] [epOW-Hnw uo suni judspuadopur o1 ydnoIry) vOI pue ‘0111 VOIIND ‘OSd VSS “VSSI £q paurejqo sjnsa [esnsie)s :¢ a19vy,



Complexity 19

5
b Y 0 1
=2 =
= = -5 1
43 23
g ]
5 5
= S -10 ]
-14 . . . . -15 . . . .
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Iteration Iteration
— ISSA — CMFOA — ISSA —— CMFOA
— SSA — IFFO — SSA —— IFFO
— PSO FOA — PSO FOA
(a) F12 (b) F13
4 10

Mean Errors(log)
Mean Errors(log)

-12 s s s s -40 s s s s
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Iteration Tteration
— ISSA —— CMFOA — ISSA — CMFOA
— SSA — IFFO — SSA — IFFO
— PSO FOA — PSO FOA
(c) F14 (d) F16

Mean Errors(log)
Mean Errors(log)

— n n n n ,14 " " " "
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Iteration Iteration
— ISSA —— CMFOA — ISSA — CMFOA
— SSA — IFFO — SSA — IFFO
— PSO FOA — PSO FOA
(e) F19 (f) F24

FIGURE 4: Convergence rate comparison for representative multimodal functions (1 = 30).

-’ sign indicates that the reference algorithm is inferior to
the compared one, and ‘=’ sign indicates that both algorithms
have comparable performances. The results of last row of the
tables show that the proposed ISSA has a larger number of ‘+’
counts in comparison to other algorithms, confirming that
ISSA is better than the other five compared algorithms under
95% level of significance.

The quantitative analysis is also carried out for six algo-
rithms with an index of mean absolute error (MAE) which is
an effective performance index for ranking the optimization
algorithms and is defined by [47]

z;\il 'mj B kj| (22)
N

MAE =



20 Complexity
oD =)
2 2
s} &
g g
= =
~14 ' ' ' ' -15 ' ' s
0 2000 4000 6000 8000 10000 0 4000 6000 8000 10000
Iteration Iteration
— ISSA — CMFOA — ISSA — CMFOA
— SSA — IFFO — SSA — IFFO
— PSO FOA — PSO FOA
(a) F12 (b) F13
4 10
2
@ 0 o
=2 =2
% -2 %
= 55
g g
= -8 =
-10
-12 . . . . -40 s A A
0 2000 4000 6000 8000 10000 0 4000 6000 8000 10000
Iteration Iteration
— ISSA — CMFOA — ISSA —— CMFOA
— SSA — IFFO — SSA — IFFO
— PSO FOA — PSO FOA
(c) F14 (d) F16
8 5
A
Z 51 4
£ E -5
mogf 5
= =
g 31 3
= = -10
2+
1 . . . ' -15 ' ' '
0 2000 4000 6000 8000 10000 0 4000 6000 8000 10000
Iteration Iteration
— ISSA —— CMFOA — ISSA — CMFOA
—— SSA — IFFO — SSA — IFFO
— PSO FOA — PSO FOA
(e) F19 (f) F24
FIGURE 5: Convergence rate comparison for representative multimodal functions (n = 50).
TaBLE 10: CEC 2014 benchmark functions.
Function Range Fmin
F26 (CECI: Rotated High Conditioned Elliptic Function) [-100, 100] 100
F27 (CEC2: Rotated Bent Cigar Function) [-100, 100] 200
F28 (CEC4: Shifted and Rotated Rosenbrock’s Function) [-100, 100] 400
F29 (CEC17: Hybrid Function 1) [-100, 100] 1700
F30 (CEC23: Composition Function 1) [-100, 100] 2300
F31 (CEC24: Composition Function 2) [-100, 100] 2400
F32 (CEC25: Composition Function 3) [-100, 100] 2500
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FIGURE 6: Convergence rate comparison for representative multimodal functions (n = 100).

where m; is the mean of optimal values, k; is the actual global
optimal value, and N is the number of samples. In the present
work, N is the number of benchmark functions. The MAE of
all algorithms and their ranking for all functions are given in
Table 17. It is clear to find that ISSA ranks No. 1 and provides
the minimum MAE in all cases. ISSA reaches the optimum
solution 653 times out of 960 runs (10 runs for each test

function for n = 30, 50, and 100, respectively) and comes in

the first rank as shown in Figure 10. It is concluded that ISSA
provides the best performance in comparison to other five
optimization algorithms.

5. Conclusions

The SSA is a new algorithm for searching global optimization
based on the food foraging behavior of the flying squirrels.
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TaBLE 17: Ranking of algorithms using MAE.
Algorithm MAE (n=30) MAE (n=50) MAE (n=100) Rank
ISSA 1.2399E+03 9.6479E+03 4.0880E+04 1
CMFOA 3.7162E+04 8.7565E+04 4.3758E+05 2
IFFO 4.6305E+04 1.0037E+05 5.8554E+05 3
SSA 4.6440E+04 1.0550E+05 1.7913E+06 4
FOA 1.9074E+07 5.5874E+07 4.4101E+25 5
PSO 2.7147E+08 1.4513E+09 2.2646E+31 6

To balance the exploration and exploitation capacities of the
SSA, an improved SSA (ISSA) is proposed in this paper
by introducing four strategies, namely, an adaptive predator
presence probability, a normal cloud model generator, a selec-
tion strategy between successive positions, and enhancement
in dimensional search. The adaptive strategy of predator
presence probability assists to reach the potential search
region at the early stage and then to implement the local
search at the later stage. The normal cloud model is utilized
to describe the randomness and fuzziness of the gliding
behavior of the flying squirrel population. The selection
strategy enhances the local search ability of an individual
flying squirrel. In addition, enhancing dimensional search

results in a better quality of the best solution in each
iteration. Extensive comparative studies are conducted for 32
benchmark functions (including 11 unimodal functions, 14
multimodal functions, and 7 CEC 2014 functions). Results
confirm that the proposed ISSA is a powerful optimiza-
tion algorithm and in general significantly outperforms five
state-of-the-art algorithms (PSO, FOA, IFFO, CMFOA, and
SSA).

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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