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ABSTRACT Characterized by less parameter settings, easy implementation, and strong optimization
capacity, the crow search algorithm has been successfully applied to solve the optimization problem. As the
basic crow search algorithm is a new kind of swarm intelligent algorithm only based on the crow’s memory
foraging mode, it also contains defects like slow search speed and low optimization precision in later
iterations, which are especially obvious for the optimization of high-dimensional functions. In order to
overcome these shortcomings, a new crow search algorithm based on neighborhood search of non-inferior
solution set (NICSA) is proposed. The proposed algorithm makes the crow individual choose the memory
search mode or neighborhood search mode automatically in the course of evolution by the determination
factor of non-inferior solution. With this strategy, the local exploitation and the global exploration of the
algorithm became more balanced. In the neighborhood search, the selectivity factor is used to guide non-
inferior solutions to adaptively execute neighborhood search of Levy flight or Gaussian flight, to enhance the
neighborhood searchability of the algorithm and improve the optimization precision. The result of simulation
experiments with 23 benchmark test functions verifies that the proposed algorithm has good optimization
effect in the aspects of search veracity, convergence rate, and robustness.

INDEX TERMS Crow search algorithm, determination factor of non-inferior solution, neighborhood search,

selectivity factor.

I. INTRODUCTION

In the fields of scientific research and engineering prac-
tice, most problems encountered by people boil down to
the issue of solution optimization. As a computational pro-
cess to find the optimal solution according to the features
and requirements of the problems, it has always been the
hot research topic. The common optimization algorithms for
solving the optimization problem include traditional exact
solution method, structural algorithm and swarm intelligent
algorithm. The traditional exact solution method [1], [2] can
get the exact solution of the problem, but it is only suitable
for the fields of small-scale problem due to its complexity.
Meanwhile, it requires the problem to be continuous
and differentiable when solving the optimization prob-
lem, and lacks global optimization ability for multimodal,
strong-nonlinearity and dynamically changing problems [3].
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The structural algorithm [4] can acquire the solution rapidly,
but it has poor solution quality and can hardly meet the actual
engineering requirements. The swarm intelligent algorithms
are the global optimization methods designed through sim-
ulating the cooperative behavior mechanism among gregar-
ious biological individuals in natural world. Such method
can search the optimum solution or quasi-optimal solution
of complicated optimization problems faster than traditional
exact methods. Compared with traditional optimization meth-
ods, the swarm intelligent algorithm has simple princi-
ples, few adjustment parameters and relatively strong global
optimization ability, and does not need gradient informa-
tion of the problems. At present, common swarm intel-
ligent algorithms include particle swarm optimization [5],
differential evolution algorithm [6], artificial bee colony
algorithm [7], cuckoo algorithm [8], flower pollination
algorithm [9], krill swarm optimization algorithm [10], [11],
and sine & cosine search algorithm [12]-[14]. Moreover,
it is extensively applied to the engineering fields of function
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optimization [15]-[17], combination optimization [18], flow
shop scheduling [19]-[21] and image processing. There-
fore, it has practical and application significance to
get the optimum solution through the swarm intelligent
algorithm.

The crow search algorithm (CSA) is a new swarm intel-
ligent algorithm proposed by Askarzadeh [22] according to
the crow’s intelligent behaviors in 2016. Characterized by
easy implementation, less parameter setting and relatively
strong development capacity in the searching process, it has
already been successfully applied to solve the problems
of function optimization and engineering application fields,
and gained a very good effect [22]-[26]. Askarzadeh [22]
studied the crow’s superhigh memory ability when seeking
and hiding food, and designed the crow search algorithm.
According to the results of solving 6 constrained engineer-
ing design problems, the crow search algorithm has better
solution results than genetic algorithm and particle swarm
optimization. In literature [23], the crow search algorithm
was used to solve the optimum size and position of capacitors
in power distribution network. From the experimental results,
CSA possesses more accurate solutions than other search
methods. Oliva et al. [24] utilized the crow search algorithm
to optimize the threshold value in image segmentation tech-
nology. Compared with other separation optimization tech-
niques, CSA can avoid premature convergence of sub-optimal
solutions, and obtain an excellent effect in complicated MR
image automatic segmentation. Aleem et al. [25] optimized
the design of resonance damping capacity in filters through
the crow search algorithm. Compared with the genetic algo-
rithm, this algorithm presents a higher convergence rate and
can effectively solve the optimal design problem of third-
order passive filters in power distribution network. Besides,
Liu et al. [26] optimized the input weight of extreme learning
machine (ELM) and threshold value of hidden layer neuron
with the crow search algorithm, and proposed a groundwater
quality evaluation model (CSA-ELM) of extreme learning
machine (ELM) based on crow search algorithm. In compre-
hensive evaluation of underground water quality, the evalu-
ated precision and generalization ability of CSA-ELM model
reach a very high level. However, the primary crow search
algorithm is a swarm intelligent search algorithm established
according to the crow’s life habit of searching food via its
memory ability, so this algorithm has defects shown by other
swarm intelligent algorithms including low search precision,
high possibility of getting into local optimum, and premature
convergence, especially for multi-dimensional optimization
problems.

In order to overcome the defects of primary crow search
algorithm, many scholars proposed various improvement
strategies [27]-[35]. Jain et al. [27] introduced experience
factor to balance the exploration and development abilities
of the algorithm, promoted the algorithm to conduct global
search in the whole solution space with the Levy flight
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mode, prevented the algorithm to fall into the local opti-
mum, and avoided premature convergence. Through veri-
fication with high-dimensional nonlinear benchmark func-
tion, the improved CSA has very strong competitiveness
and is not sensitive to the dimensions. Sayed et al. [28]
proposed a sine chaotic crow search algorithm, and applied
this improved algorithm to solve feature selection prob-
lems. This algorithm has greatly improved the classifica-
tion performance and reduced the number of characteristic
values selected. Dos et al. [29] adjusted the control param-
eters via diversity information and Gaussian distribution,
and verified the effectiveness of improved CSA with bench-
mark problems of solenoid. Mohammadi and Abdi [30] pro-
posed an improved crow search algorithm by introducing
the new crow tracking target and adaptive adjustment of
flight length, and used it to solve economic load dispatch
problems. Diaz et al. [31] improved the awareness probability
(AP) of primary crow search algorithm and the method of
producing new solutions with stochastic disturbance. The
proposed algorithm has maintained population diversity, and
improved the convergence rate of solving complicated multi-
modal optimization problems. Gupta et al. [32] introduced
an availability feature extraction algorithm based on hier-
archical model, so as to extract and predict the availability
feature. In literature [33]-[35], the chaos theory was utilized
to improve the primary crow search algorithm, and used
it to solve fractional optimization problems, multi-objective
optimization problems and Parkinson’s disease prediction.
The above measures have improved the optimization per-
formance of the crow search algorithm to some extent, but
all improvement work focuses on standard CSA based on
single memory search mode. They do not consider other
search behaviors in the crow’s intelligent behaviors. When
solving the complicated and high-dimensional problems, they
still have defects like slow convergence rate, low solution
accuracy, and insufficient robustness.

In fact, except a few varieties including collared crow,
other crows in natural world are the gregarious animal of
high gregariousness. With an extremely high intelligence
quotient, a crow individual has creative thinking ability [51].
For instance, the crow will fly down when the ice fisherman in
Sweden leaves, and it will eat the fish or bait by drawing back
the fishline. Under the enlightenment of the crow’s foraging
mode, a new crow search algorithm based on neighborhood
search of non-inferior solution was proposed. According to
the determination factor of non-inferior solution set, the crow
individual will automatically choose the foraging search
mode. The comparison between the crow’s fitness value and
the current global optimum, the neighborhood search mode
of Levy flight or Gaussian flight is selected self-adaptively, to
strengthen the neighborhood search ability of the algorithm.
Compared with other swarm intelligent algorithms, the pro-
posed algorithm has better performance in search veracity,
convergence rate and stability.
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Il. ANALYSIS ON THE PRIMARY CROW SEARCH
ALGORITHM AND ITS DEFECTS

A. PRIMARY CROW SEARCH ALGORITHM

As abird living a gregarious life, the crow has very intelligent
foraging behaviors: (i) hide superfluous food (the hiding
place of food is called memory location), which can be taken
out if necessary; (ii) follow other crows to take their food,
while other crows will prevent their food from being stolen
with a certain awareness probability(AP). Suppose that n
crows are distributed in a D-dimensional space at random,
and x/ is the location of crow i in the rth iteration. The update
mode of individuals is as follows:

t % t t '
1 _ )% + ri*fl; (memj —-Xx;), r zAPj
1

6]

random position, other

where r| and r obey uniform distribution between 0 and 1,
mem]t. means the memory location of crow j in the tth itera-
tion, AP! denotes the awareness probability of crow j in the
rth iteration, and fI! indicates the flying range crow i in the
tth iteration.

B. ANALYSIS ON THE DEFECTS OF PRIMARY

CROW SEARCH ALGORITHM

As a swarm intelligent algorithm, the crow search algorithm
has relatively strong global search capability. The primary
crow search algorithm conduct search simply according to
Eq. (1), it has limitations as following:

b,
) .\.‘\g.‘ko
.//
od

FIGURE 1. Schematic diagram for the individual crow’s movement.

(i) In the search process, the crow individual will start
random search in the sector area centering on the current
position. The sector area is constructed by the other individ-
ual’s historical optimum position (memory location), current
position, and their difference value. Owing to such search
method of single mode, the crow’s flight activity lacks motil-
ity and flexibility. Figure 1 is the search schematic diagram
of the basic crow search algorithm for the case of finding the
maximum. Because the basic crow search algorithm does not
have the ability to search non-inferior solutions, it is unable
to search other possible global optimum regions (e.g. g)
effectively, which leads to easy falling into local optimum.
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The probability that the algorithm can search for better values
will be greatly increased if the local search can be carried out
in the field of individuals whose memory values are similar
to the current optimal memory values.

(i1) The primary CSA enhances the algorithm diversity by
producing new random solutions in probability, but ignores
the fine gene of advantageous positions in the learning
community. Therefore, the algorithm has defects shown by
other swarm intelligent algorithms including low search
veracity, high possibility of getting into local optimum, and
early-maturing, especially for multi-dimensional optimiza-
tion problems.

Ill. CROW SEARCH ALGORITHM BASED ON
NEIGHBORHOOD SEARCH OF NON-INFERIOR

SOLUTION SET

According to the above analysis, the basic crow search algo-
rithm has relatively strong global search capability, but its
local search capability is not good. In order to balance the
local exploitation and the global exploration capability of
the algorithm, an independent global search and local search
mode should be designed. As you can see in figure 1, if the
crow individual conducts neighborhood search near the cur-
rent optimum individual position, the algorithm’s probability
of finding a better value will be increased greatly. Under
the inspiration of this idea, this algorithm makes the crow
individual choose the memory search mode or neighborhood
search mode automatically in the evolution process by intro-
ducing the determination factor of non-inferior solution. The
principle of the proposed algorithm is as followings: When
the difference between the optimum value searched by a crow
and the current global best value in the population is small,
the solution searched by this crow will be the non-inferior
solution. As there might be better solutions in the field, this
crow will carry out neighborhood search around, rather than
executing the mode of memory search. Neighborhood search
of Levy flight is executed for the crow individuals far away
from the global optimum, to enhance the global exploration
of the algorithm. Neighborhood search of Gaussian flight is
executed for the crow individuals bear the global optimum,
so as to enhance the local exploitation capability of the algo-
rithm. This mechanism possesses mutability when searching
the nearby areas in detail, so it can fully traverse all solution
areas.

A. SELF-ADAPTIVE DETERMINATION FACTOR OF
NON-INFERIOR SOLUTION SET

In the primary crow search algorithm, the crow will execute
memory search mode or stochastic search mode with a fixed
awareness probability (AP). However, this search strategy
does not consider features of the current crow, and the search
process has a certain blindness. Neighborhood search should
be conducted for superior individuals with a relatively high
probability, so as to acquire a better solution. The search mode
of fixed probability will miss a comparatively excellent solu-
tion in the current field. The primary crow search algorithm
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prevents the food from being stolen in a random way. Though
the early-maturing risk is increased, but the convergence
rate is lowered. In order to realize full neighborhood search
around non-inferior solutions, we designed a self-adaptive
judgment method of non-inferior solutions. The self-adaptive
judgment method of non-inferior solutions is as follows:

ﬁtt(memi) _ﬁtt(membest)
> w: lﬁtl(memavg) _ﬁtt(membestﬂ ()

where fit' (mem;), fit' (mempeg;) and fit' (memgy,4) are the mem-
ory value of crow i in the ¢th iteration, the memory value about
the best position in the population and the average memory
value respectively. w means the coordinating parameter used
to adjust the scale of non-inferior solution set.

Neighborhood search of non-inferior solutions in the pop-
ulation can help to excavate possible better solutions around
the non-inferior solutions, and to improve the search veracity
of the algorithm. But if too many non-inferior solutions are
chosen, the algorithm might fall into local optimum easily and
show insufficient global development ability. In this paper,
a self-adaptive non-inferior solution adjustment parameter
was designed, and its definition is as follows:

o = logg 5(t/Titer) 3)

where ¢ and Titer are the current number of iterations and
maximum number of iterations. The value of parameter w
decreases with the increase of iterations, and the correspond-
ing number of non-inferior solution sets rises. In early iter-
ations, most crow individuals execute the mode of memory
search, so as to enhance the global search capability. In later
iterations, more and more crows will execute neighborhood
search of non-inferior solutions, so as to improve the local
search capability and increase the search veracity of the
algorithm.

B. SELF-ADAPTIVE NEIGHBORHOOD SEARCH STRATEGY
GUIDED BY SELECTIVITY FACTOR

In order to give the algorithm sufficient ergodicity and muta-
bility during neighborhood search of non-inferior solution
set, a neighborhood search strategy of dynamic self-adaptive
selection is designed in this paper.

1) NEIGHBORHOOD SEARCH MODE OF LEVY FLIGHT

Levy flight originates from the French statistician Paul Lévy,
and many colonial organisms’ life styles can be described
with Levy flight. Levy flight is often reflected as the combina-
tion of long-term short-distance wander and occasional long-
distance jump. Such long-distance jump is characterized by
directional variability. The neighborhood search mode based
on Levy flight can not only guarantee sufficient ergodicity
near non-inferior solutions, but also has mutation perfor-
mance, which will help to balance the local development
capacity and global exploration capability of the algorithm.
The neighborhood search mode is as follows:

x! = mem! + levy(D).* mem! 4)
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a)

b)

FIGURE 2. Comparison chart of Gaussian flight and Levy flight.
(a) Gaussian flight. (b) Levy flight.

where mem! is the memory value of crow j in the rth iter-
ation. levy(D) means the D-dimensional Levy flight mode.
Figure 2 is the effect picture when Gaussian flight and Levy
flight are executed for 1,000 times in the two-dimensional
space of initial position (0,0).

As can be seen from the figure 2, Levy flight is appropriate
for the crow individuals far away from the global optimum,
and a strong development capacity is presented. Gaussian
flight can enhance the local development capability of the
algorithm, and it is suitable for individuals near the optimum
individual.

2) NEIGHBORHOOD SEARCH MODE OF

GAUSSIAN MUTATION

The neighborhood search mode of Gaussian mutation can
make the crow individual fully traverse the surrounding posi-
tion, and improve the search veracity of the algorithm. The
traversal mode is as follows:

xl.H'l = memf + normrnd (0, 1, 1, D).*mem§ ®)
where memf is the memory value of crow j in the ¢th iteration.
normrnd (0, 1, 1, D) are the D random numbers which obey
standard Gaussian distribution.

It can be seen from Eq.(5): The Gaussian disturbance term
is controlled by the crow individual’s current position, so it
can not only effectively prevent the crow individual from
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Set the initial parameters, including
n, Iter, fl, and AP.

calculate the fitness fit(x).

| Generate a population x, and |

v

| Initialize the memory library of the crows mem |

Is stopping criterion met?

Calculate the self-adaptation criterion of non-
inferior solutions according to Eq.(1).

Jit' (memy) — fit' (memy,,,) > a>| fit' (mem,,,) — fit' (mem,.,) | 7

Perform the selective factors of the neighborhood
search mode using Eq.(6).

y
Perform the memory search
according to according to
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| Perform Eq.(5) |

- random number r < &

No

d

Perform Eq.(4) |

v

]

Cross-border processing for x, and Evaluate the
fitness fit(x)

l

| Update memory mem |

¥

| Output the best solutionmem,w,|

FIGURE 3. The flowchart of the proposed algorithm.

falling into local extreme point but also guarantee the crow
individual’s self-learning ability and increase the conver-
gence rate. This improvement strategy provides a mechanism
for the crow individual in the population to converge quickly
and avoid early-maturing.

3) SELECTIVITY FACTOR OF NEIGHBORHOOD

SEARCH MODE

In order to make the crow individual choose the suitable
neighborhood search strategy according to its’ evolution
state, neighborhood search of Gaussian flight is executed
for non-inferior solutions near the optimum, which can help
to develop better solutions and increase the convergence
rate. Neighborhood search of Levy flight is executed for
non-inferior solutions far away from the optimum, so as to
increase the development capacity of the algorithm. There-
fore, a self-adaptive selectivity factor was introduced in this
paper, to make the crow individual in this algorithm choose a
reasonable neighborhood search mode. The selectivity factor
is shown in Eq. (6).

o = 1 — exp(—|fit (mem;) — fit'(memy,,)|) (6)

where fit! (mem;) and fit' (memypes,) are the memory value of
crow i in the rth iteration and the memory value of the best
position in the population. The self-adaptive neighborhood
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search mode guided by selectivity factor is shown in Eq. (7).

t * t
L men; + levy(d).* mem; rand < o

! mem!; + normrnd(0, 1, 1, d).*mem; else

)

From Eq. (6) and (7), the difference between the crow
individual’s fitness value and the optimum fitness value is
relatively huge at starting period, and most crow individuals
in the population execute neighborhood search of Levy flight.
With the increase of iterations, the crow individuals approach
the optimum crow individual gradually, so the algorithm
focuses on development near the optimum solution.

C. ALGORITHM FLOW
The flowchart of the proposed algorithm discussed above is
presented in figure 3 and the procedure is shown as follow.

IV. EXPERIMENTAL SIMULATION

In order to verify the performance of NICSA, the experiment
will be conducted from the following four aspects:(1) The
NICSA is compared with bat algorithm (BA) [36], [37],
cuckoo optimization algorithm (CS) [8], differential evo-
lution (DE) [38], flower pollination algorithm (FPA)
[9], [39], grey wolf optimizer (GWO) [40], particle swarm
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TABLE 1. The pseudocode of the proposed algorithm.

(1). Set the initial parameters, including the total population size n,
the maximum number of generations /zer, flight distance f , and
the awareness probability(AP) .

(2). Generate a population x = (x;,X,,...,X;,...X, ) -

(3). Calculate the fitness fir(x,) and find the best solution X;,, of the
population.
(4). Initialize the memory library of the crows mem? =x,.

(5). for t=1: Iter
6).  Calculate the self-adaptation criterion of non-inferior solutions
p
according to Eq.(1).
7). fori=];
& L nem) i mem, > | it (mem, ) fi (e, )|

Perform the memory search according to

X=X A * (mem —x)) -

). else

(10). Perform the selective factors of the neighborhood search
mode using Eq.(6).

(1. Generate a random number r;

(12). ifr<o

(13). X" = mem! +levy(d).* mem!

(14). else

(15). X" = mem! +normrnd(0,1,1,d).* mem,

(16). end if

17). end if

(18). Cross-border processing for x,.t .
(19). Evaluate the fitness fiz( x!) of the new crow i.
(20). If fir(x)) < fit(mem,)

2D). mem'”' =x"
(22). else
(23). mem’Hl =ment’

24). end if
25). end for
(26). end for

(27). Output the best solution 7*¢ey .

optimization (PSO) [5], teaching-learning-based optimiza-
tion (TLBO) [41] and crow search algorithm (CSA) [22] for
solving the optimal problems with dimensions lower than 30.
(2) A contrastive analysis is made on the search perfor-
mance of NICSA and other swarm intelligent algorithms with
50 dimensions and 100 dimensions. (3) The significance of
NICSA’s performance is analyzed via wilcoxon rank sum
test. (4) Different values are selected for the determination
factor w of non-inferior solution and selectivity factor o of
neighborhood search mode.

A. BENCHMARK FUNCTION AND TEST PLATFORM

1) TEST PLATFORM

For providing a full test environment, the simulation exper-
iment is conducted in the test environment with operat-
ing system of Windows 7, CPU of Intel (R) Core (TM)
i5-7400 (4 cores), dominant frequency of 3.0GHZ and
internal memory of 8GB, and programming tool of
Matlab 2016b.

2) BENCHMARK FUNCTION

In order to validate the effectiveness of the proposed algo-
rithm, 23 benchmark functions in literature [42]-[44] are
selected as the experiment object, and the function type,
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serial number, expression, dimension, search scope and
theoretically optimum value are shown in table 2. This test
functions have diversity, and can reflect the search perfor-
mance of the algorithm more objectively, fairly and compre-
hensively. The 23 benchmark functions can be categorized
into three types: f] ~ f;7 are unimodal high-dimensional func-
tions (I) to investigate the search veracity of the algorithm;
Jfs ~ fi3 are the multimodal high-dimensional functions (II)
with many local extreme points used to test the global search
performance of the algorithm; fi4 ~ f>3 are the multimodal
low-dimensional functions (IIT). f5 is a mutated function,
the global optimum is at valley bottom of a parabola (the
change of the fitness value near the valley bottom is quite
small); moreover, it is hard to search the global optimum
of this function. A large number of local minimum values
exist for fo in the multimodal high-dimensional functions,
which increases the search difficulty of the algorithm. In the
multimodal low-dimensional functions, most functions have
strong oscillation features.

B. EXPERIMENTAL RESULTS AND ANALYSIS ABOUT THE
COMPARISON OF NICSA WITH OTHER SWARM
INTELLIGENT ALGORITHMS

In experimental comparison, the selection of parameters has
a huge influence on the algorithm performance. For fairness
and reasonability, the parameters of the contrast algorithm
are consistent with that of the original literature. Parameters
of the algorithms are presented in table 3. Meanwhile, for
each test function, evaluation is conducted for 50,000 times,
and each algorithm runs independently for 30 times. The
four indexes of optimum value, average value, worst value
and variance are used to measure the performance of various
algorithms, and the experimental statistical results are shown
in table 4-table 6.

It can be seen from table 4 that NICSA has relatively good
performance for unimodal high-dimensional functions. For
functions fi, f2, f3, f5 and f7, the search results of NICSA
are superior to that of the other 8 algorithms in optimum
value, average value, worst value and standard deviation,
presenting very strong robustness. Especially for f5, NICSA
shows strong search performance. For f;, NICSA is a little
inferior to GWO and TLBO, but it is much better that other
algorithms in search performance. This means that GWO
and TLBO are applicable to solve such functions. For fg,
the search result of NICSA is a little inferior to that of DE
algorithm, but superior to that of the other 7 algorithms. For
the comparison algorithms, the overall performance of BA
is the worst, BA and PSO algorithm shows relatively weak
stability and big variance.

As seen from table 5, in terms of multimodal high-
dimensional functions, NICSA can search the global opti-
mum of three functions including f3, fo and f11, and presents
very good stability. Especially for f3 which is a typical
deceptive function, the distance from the position of global
optimum to the position of another local optimum is long.
Once the algorithm falls into the local optimum, it can hardly
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TABLE 2. Standard test functions.
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serial . . . .
Type number Benchmark test functions Dimension  Scope Optimum
D
£i(x) f=Yx 30 [-100,100] 0
i=1
D D
£ () f=>x \+1‘{\x,,| 30 [-10,10] 0
i=1 =
D i
£ () f)=>0x) 30 [-100,100] 0
=l j=l
D
I Ja(®) S (x)=max{| x, |} 30 [-100,100] 0
i=1
n-1
£2(x) F@)=Y[100(x,,,x]) + (1)’ | 30 [-30,30] 0
i=1
D
FAES) F) =X (x, +05)y 30 [-100,100] 0
o
£ (x) f(x)=2i-x} +random(0,1) 30 [-1.28,1.28] 0
i=1
D
S5 () f(x)= Z—x sm(J D 30 [-500,500] -418.9829*n
i=1
fo(x) ()= (x-10-cos (2- 7 x,)+10) 30 [-5.12,5.12] 0
i=l
Fio(x) f()=-20exp(~02 Eixf)-exp%icos(znx,mzme 30 [32,32] 0
: 30 -600,600 0
S () = 2000 Zx ] [ ]
II /'(x):E{IOSin (lr-y‘)+z(y, —l)'[]+lOsin‘(7r~yH)]+(y” —1y }
+iu(x,,10,100,4)
[0y, :1+% 30 [-50,50] 0
k(x,—a)",x,>a
u(x,o,k,m)=40,—a<x, <a
k(—x,—a)",x,<a
f(x):0.1{]05in2(3ﬂ-,x,)+§(1,7[)2[]+]05m2(3/r<x,4)]+(x”7]):}
S (), 30 [-50,50] 0
+u(x,10,100,4)
_
. . 1 & 1
Sia(x) I@= 55+ S—m—— 2 [-65.56,65.56]  0.9980
3 B je Y (x—ay)’
2
2
Sis(x) fx)= zl[ M} 4 [-55]  0.0003075
i1 b +bx;+x,
Sie(X)  f(x)=4x7 —2.1x} +x7 /3+x.x, —4x] +4x; 2 [-5,5] -1.031629
1 Fr () f@=(n -t 25 -6 4100 7&)005)(\ +10 2 [-5,10:0,15] 0398
f(,\)—[lJr(xI +x, +1)? (19 14x, +3le —14x, +6x,x, +3x§)]
Y [30+(2x, —3x,)2(18-32x, +12x7 +48x, —36x,x, +27x7)] 2 (-2.2] 3
S0 () f(x)= ZC exp|: Zav ;- p;) } 3 [0,1] -3.8628
Sro(X) fx)= Zn exp[ Za,, (x,-p,) } 6 [0,1] 332
Sor () f(x)= —Z[(x—ai)(x—ai)r +ci:|71 4 [0.10] -10.1532
i=1
7 —
for () f)==3[(x-a)x-a) +¢] 1 4 [0,10] -10.4029
i=1
10 _
S (%) f@==3[(x-a)x-a) +c] ‘ 4 [0,10]  -10.5364
i=1
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TABLE 3. The parameters set of the algorithms.

Algorithms Parameters
BA the population size is 50,Qmin=0,Qmax=2, R’=0.1,4=09,=095,y =0.9.
CS the population size is 50, discovery rate of alien eggs pa is 0.25.

DE the population size is 50, pCR=0.2, B.=02, B =08

FPA the population size is 50, probability switch p is 0.8.

GWO the population size is 50.

PSO the population size is 50,c1 = 1.49445,c2 = 1.49445,5=0.729
TLBO the population size is 50, TF is randomly selected with 1 or 2.

CSA the population size is 10, awareness probability 4P is 0.2,and flight length /7 is 2.
NICSA the population size is 10 ,and flight length f7 is 2.

TABLE 4. Test statistical results of functionf; ~ f5.

Benchmark function BA CS DE FPA GWO PSO TLBO CSA NICSA

Best 8.07154E+03 5.84693E+00 1.81806E-12 2.27835E+02 8.86632E-73 7.77048E+01 5.50209E-88 8.77126E-05 5.44220E-261

Mean 1.28469E+04 1.47276E+01 5.74286E-12 5.31297E+02 1.88445E-70 2.98215E+02 9.40763E-87 3.38482E-04 7.21320E-210

fl = Worst 2.31105E+04 3.17336E+01 1.32869E-11 7.80119E+02 2.14177E-69 6.74886E+02 3.67128E-86 7.43627E-04 2.16200E-208
Std 3.46491E+03 5.39555E+00 2.50351E-12 1.37176E+02 4.47695E-70 1.50655E+02 9.89714E-87 1.56006E-04 0

Best 9.07062E+00 6.77554E+00 3.00964E-08 1.58711E+01 3.79814E-42 8.57450E+00 2.33445E-44 5.39687E+00 8.11000E-215

. Mean 8.04129E+01 1.08963E+01 5.16045E-08 2.56253E+01 5.89125E-41 1.71013E+01 1.59798E-43 1.87895E+01 2.74360E-191

S Worst 9.63393E+02 1.49832E+01 8.50427E-08 3.98884E+01 2.71300E-40 3.02752E+01 5.16495E-43 3.48761E+01 8.22420E-190
Std 1.69120E+02 2.20621E+00 1.36665E-08 5.47876E+00 6.31089E-41 5.69461E+00 1.05459E-43 6.87753E+00 0

Best 1.26536E+04 1.92777E+03 1.78369E+04 1.76558E+02 3.31339E-25 1.18689E+03 2.35068E-18 1.82642E+00 1.53857E-47

Mean 3.41976E+04 2.95978E+03 2.39658E+04 4.47046E+02 2.54522E-19 2.52699E+03 1.27516E-16 4.89778E+00 1.61584E-21

S>(®) Worst 1.06206E+05 4.07593E+03 3.12445E+04 7.33714E+02 2.43563E-18 5.02924E+03 6.15546E-16 7.81543E+00 2.18939E-20

Std 1.87025E+04 5.28750E+02 3.35239E+03 1.14518E+02 6.10088E-19 1.09847E+03 1.69407E-16 1.57783E+00 5.09004E-21

Best 3.05197E+01 8.56850E+00 1.46740E+00 1.17106E+01 6.70742E-19 8.70281E+00 1.17299E-35 2.47061E+01 4.95432E-14

. Mean 4.52879E+01 1.11093E+01 2.00157E+00 1.67896E+01 1.93352E-17 1.43200E+01 3.87286E-35 5.27968E+01 1.29906E-04

Sa() Worst 6.88328E+01 1.60052E+01 2.63504E+00 2.25055E+01 8.22734E-17 2.08613E+01 1.04594E-34 2.46625E+02 8.20484E-04

Std 6.59024E+00 1.54076E+00 2.60063E-01 2.60257E+00 2.29672E-17 2.96473E+00 2.43478E-35 5.45146E+01 2.47276E-04

Best 2.57772E+05 3.90603E+02 2.60570E+01 8.44411E+03 2.51758E+01 2.47961E+03 2.15580E+01 1.02591E-04 1.24479E-05

. Mean 5.20020E+06 6.83190E+02 4.51097E+01 3.50347E+04 2.63923E+01 1.82747E+04 2.30890E+01 3.20455E-04 1.32343E-04

S5 Worst 3.24417E+07 1.32314E+03 1.00007E+02 6.63404E+04 2.79015E+01 5.78775E+04 2.43256E+01 9.02797E-04 7.04931E-04

Std 5.67074E+06 2.06929E+02 2.20033E+01 1.65081E+04 7.51441E-01 1.10659E+04 7.86560E-01 1.64139E-04 1.35865E-04

Best 4.81290E+03 8.17890E+00 2.79734E-12 1.94898E+02 8.20012E-06 4.72411E+01 2.17525E-11 9.93531E-03 1.49318E-10

Mean 1.18043E+04 1.43148E+01 5.14675E-12 5.18777E+02 3.66968E-01 3.43127E+02 2.06329E-09 1.91013E-02 6.69778E-10

Jo) Worst 2.09629E+04 1.97574E+01 9.81516E-12 9.32918E+02 9.94811E-01 7.27500E+02 1.73203E-08 4.01609E-02 1.66068E-09

Std 4.57641E+03 3.36828E+00 1.74688E-12 1.71868E+02 2.76152E-01 1.73491E+02 3.58576E-09 7.46737E-03 3.59720E-10

Best 6.00374E-01 4.20477E-02 1.22125E-02 4.45896E-02 1.68131E-04 3.02112E-01 4.27566E-04 5.39687E+00 2.25397E-05

. Mean 2.85574E+00 8.06440E-02 2.33801E-02 1.21472E-01 5.68317E-04 7.34756E-01 1.05109E-03 1.87895E+01 2.71506E-04

S7() Worst 6.08099E+00 1.28901E-01 3.20297E-02 2.00965E-01 1.49561E-03 2.25510E+00 1.70801E-03 3.48761E+01 9.83674E-04

Std 1.30947E+00 2.32909E-02 5.05492E-03 3.52022E-02 3.05922E-04 4.05018E-01 2.91967E-04 6.87753E+00 2.47235E-04

jump out. NICSA has searched the global optimum in 30,
50 and 100 dimensions (Section 4.3). For the comparison
algorithms, only TLBO algorithm has searched the global
optimum for fi;. For fjo, NICSA is superior to the other
8 algorithms in optimum value, average value, worst value
and variance. For fj» and fi3, NICSA is a little inferior to
DE algorithm, but superior to the other 7 algorithms. This
means that DE algorithm is applicable to such multimodal
high-dimensional functions. But generally speaking, NICSA
has a better search effect.

Table 6 shows the statistical results of 9 algorithms when
multimodal low-dimensional functions are solved. It is shown
that NICSA can search the global optimum of all 10 test
functions, and shows good stability and robustness.

figure 4—figure 26 are the convergence curves of opti-
mal results for 9 algorithms when solving 23 test functions,
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and figure 27 — figure 49 are the variance analysis charts.
It can be seen from figure 4 — figure 26, BA shows the
lowest convergence rate, and the convergence rate of the other
7 algorithms varies as the characteristics of test functions
change. For fg, f12 and f13, DE algorithm shows the highest
convergence rate and search veracity, and TLBO algorithm
also presents good convergence performance. But for other
test functions, NICSA shows obviously higher convergence
rate than the other 8 algorithms. Therefore, different algo-
rithms have different advantages in convergence rate, but
NICSA has more comprehensive advantages. From the vari-
ance analysis charts, NICSA has the smallest variance except
for f and f19, and it shows good stability for different types of
test functions. On the contrary, the test results of other com-
parison algorithms are unstable, and NICSA has very strong
robustness.
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TABLE 5. Test statistical results of function fg ~ f;3.

Benchmark function BA CS DE FPA GWO PSO TLBO CSA NICSA
Best -5196.2 -8677.6 -12569.5 -8260.4 -7365.3 -7369.7 -9951.4 -10036.1 -12569.5
Gy Men -3205.0 -8195.1 -12553.3 -7577.2 -6179.0 -6060.3 -7848.0 -7643.95 -12569.5
b Worst 2292.8 -7842.5 -12429.3 -7059.2 33123 -4286.7 -5565.2 -5309.14 -12569.5
Std 812.5 2004 389 2674 750.9 759.7 1049.1 1235.51 0
Best 2.48769E+01 6.00766E+01 5.26591E+01 1.05670E+02 0 7.29271E+01 0 238791E+01 0
foy  Mem 7.85379E+01 1.07896E+02 6.10728E+01 1.31387E+02 5.68434E-15 1.44104E+02 1.04036E+01 4.90517E+01 0
X
7 Worst 2.15908E+02 1.37146E+02 7.35561E+01 1.64148E+02 5.68434E-14 2.43434E+02 2.62432E+01 8.85514E+01 0
Std 3.87595E+01 1.48800E+01 4.85934E+00 1.20234E+01 1.73446E-14 3.56633E+01 6.56653E+00 1.30465E+01 0
Best 1.24919E+01 5.81139E+00 4.71154E-07 4.01453E+00  7.99361E-15 5.18331E+00 4.44089E-15 1.64632E+00 8.88178E-16
fio(x)  Mean 1.49313E+01 8.95929E+00 6.38600E-07 5.34853E+00 1.37964E-14 7.89693E+00 6.80937E-15 3.71975E+00 3.73035E-15
Worst 1.72078E+01 1.36754E+01 9.29271E-07 7.00990E+00  2.22045E-14 1.01234E+01 7.99361E-15 6.32806E+00 4.44089E-15
Std 1.17821E+00 1.98751E+00 1.19152E-07 7.69467E-01 2.87314E-15 1.12453E+00 1.70340E-15 1.14351E+00 1.45039E-15
Best 7.16985E+01 1.06420E+00 1.06479E-11 4.16891E+00 0 1.72070E+00 0 4.04997E-03 0
fi,(x) Mean 1.39455E+02 1.15604E+00 5.30328E-11 5.85309E+00  2.21854E-03 4.03778E+00 0 1.77231E-02 0
Worst 2.48865E+02 1.27604E+00 3.21346E-10 1.00272E+01 3.04707E-02 7.71118E+00 0 5.00918E-02 0
Std 439194E+01 5.00261E-02 6.24705E-11 132619E+00  6.18942E-03 1.56712E+00 0 1.19795E-02 0
Best 1.13505E+02 1.77548E+00 2.30376E-13 6.2087SE+00  6.48000E-03 3.25486E+00 4.85971E-13 1.32266E+00 5.68181E-10
fi(x) Mean 2.93943E+06 3.25869E+00 5.71409E-13 1.02036E+01 2.35032E-02 1.01703E+01 2.76691E-11 5.09167E+00 4.87848E-09
Worst 2.23418E+07 4.60098E+00 1.50431E-12 1.58354E+01 5.52255E-02 2.17416E+01 2.91293E-10 8.28434E+00 2.12224E-08
Std 5.60381E+06 7.25969E-01 2.79092E-13 2.44288E+00 1.22219E-02 4.36040E+00 5.81830E-11 1.81494E+00 5.38263E-09
Best 3.99761E+05 3.66447E+00 1.57921E-12 2.10399E+01 1.88807E-05 2.19679E+01 4.17506E-10 1.69966E-03 2.90656E-09
) Mean 1.28537E+07 21545EH 3.81172E-12 78786EH 26447E- 5.11438E+01 83021E- 31052E+ .11787E-~
P 28537E+0 8.21545E+00 1.78786E+02 3.26447E-01 438E+0 2.83021E-02 431052E+00 2.11787E-08
X
" Worst 4.81967E+07 1.93343E+01 1.20399E-11 1.32474E+03 8.31130E-01 1.01034E+02 9.73712E-02 4.99597E+01 9.90463E-08
Std 1.33038E+07 3.12897E+00 2.11554E-12 3.17286E+02 1.82779E-01 1.80726E+01 2.48752E-02 1.21877E+01 232719E-08
TABLE 6. Test statistical results of function ;4 ~ f55.
Benchmark function BA cs DE FPA GWO PSO TLBO CSA NICSA
Best 0.998004 0.998004 0.998004 0.998004 0.998004 0.998004 0.998004 0.998004 0.998004
Fiy Men 9.450481 0.998004 1031138 0.998004 3485311 1262551 0.998004 0.998004 0.998004
14 Worst 23.809434 0.998004 1.992031 0.998004 10.763181 2.982105 0.998004 0.998004 0.998004
Std 6.99E+00 5.59E-16 1.81E-01 9.33E-11 3.44E+00 6.86E-01 0 1.60E-16 2.49E-16
Best 0.000723 0.000310 0.000442 0.000308 0.000307 0.000313 0.000307 0.000307 0.000307
£.(x) Mean 0.012420 0.000400 0.000678 0.000338 0.003749 0.003207 0.000350 0.000945 0.000307
J1s Worst 0.020687 0.000548 0.001223 0.000433 0.020363 0.020363 0.000669 0.001223 0.000308
Std 9.55E-03 7.14E-05 1.36E-04 2.67E-05 7.56E-03 5.98E-03 9.46E-05 4.11E-04 3.86E-09
Best -1.031628 -1.031628 -1.031628 -1.031628 -1.031628 -1.031628 -1.031628 -1.031628 -1.031628
Fi(xy Men -1.004423 -1.031628 -1.031628 -1.031628 -1.031628 -1.031627 -1.031628 -1.031628 -1.031628
16 Worst -0.215464 -1.031628 -1.031628 -1.031628 -1.031628 -1.031622 -1.031628 -1.031628 -1.031628
Std 1.49E-01 5.08E-16 6.78E-16 1.16E-10 3.37E-09 1.78E-06 6.78E-16 4.97E-16 6.71E-16
Best 0397887 0397887 0397887 0397887 0397887 0397888 0.397887 0397887 0397887
Fo(xy Men 0397887 0397887 0397887 0397887 0397888 0397895 0.397887 0397887 0397887
v Worst 0397887 0.397887 0397887 0.397887 0.397890 0397920 0.397887 0397887 0.397887
Std 1.83E-10 2.97E-14 0.00E+00 2.58E-08 5.23E-07 7.32E-06 0 0 5.89E-16
Best 3 3 3 3 3 3.000006 3 3 3
£i0(x) Mean 3 3 3 3 3.000003 3.000139 3 3 3
J1s Worst 3 3 3 3 3.000021 3.000913 3 3 3
Std 2.50E-08 1.54E-15 1.15E-15 4.05E-15 4.93E-06 1.93E-04 1.31E-15 2.92E-15 8.73E-09
Best -3.862782 -3.862782 -3.862782 -3.862782 -3.862782 -3.862782 -3.862782 -3.862782 -3.862782
Fo(x) Mean -3.862782 -3.862782 -3.862782 -3.862782 -3.861300 -3.862781 -3.862782 -3.862782 -3.862385
Jio Worst -3.862782 -3.862782 -3.862782 -3.862782 -3.854900 -3.862779 -3.862782 -3.862782 -3.854901
Std 2.40E-08 2.39E-15 2.71E-15 LOIE-14 2.94E-03 8.03E-07 271E-15 2.42E-15 1.57E-03
Best 3321994 3321995 -3.321995 3321901 -3.321995 3321922 -3.321995 -3.321995 -3.321995
Foo (%) Mean -3.254620 -3.321995 -3.321995 -3.320793 -3.279817 -3.204598 -3.305866 -3.321995 -3.273171
720 Worst -3.203094 -3.321995 -3.321977 -3.318925 -3.086677 -2.896747 -3.203102 -3.321995 -3.133436
Std 5.99E-02 1.17E-07 3.38E-06 8.00E-04 6.90E-02 1.07E-01 3.84E-02 2.00E-14 6.72E-02
Best -10.153200 -10.153200 -10.153200 -10.153200 -10.153180 -10.148810 -10.153200 -10.153200 -10.153200
fo(xy Men -5.473106 -10.153199 -10.135711 -10.153199 -9.474729 -6.198967 -10.153200 -7.114147 -10.153200
S Worst -2.630471 -10.153197 -9.915133 -10.153191 -5.055192 2.616143 -10.153200 -5.055198 -10.153200
Std 3.26E+00 4.64E-07 5.61E-02 1.92E-06 1.76E+00 3.55E+00 146E-14 2.52E+00 5.84E-15
Best -10.402940 -10.402941 -10.402941 -10.402940 -10.402884 -10.401963 -10.402941 -10.402941 -10.402941
Fo(xy Men -5.256186 -10.402940 -10.402929 -10.402842 -10.402634 -7.272706 -10.223097 -7.781414 -10.402941
S22 Worst -1.837593 -10.402939 -10.402641 -10.401640 -10.402275 -2.736282 -5.007628 -2.765897 -10.402941
Std 3.29E+00 5.22E-07 5.51E-05 2.60E-04 1.62E-04 3.55E+00 9.85E-01 2.91E+00 1.98E-15
Best -10.536409 -10.536410 -10.536410 -10.536404 -10.536360 -10.535326 -10.536410 -10.536410 -10.536410
fi(xy Men -5.142954 -10.536405 -10.536410 -10.536197 -10.357348 -7.388032 -10.325986 -9.017735 -10.536410
S Worst -1.676553 -10.536361 -10.536410 -10.534857 -5.175303 -1.859323 -4.223693 -2.806631 -10.536410
Std 3.90E+00 1.19E-05 7.00E-15 3.11E-04 9.79E-01 3.65E+00 1.1SE+00 2.57E+00 3.97E-15

Table 7 shows the average running time (in second) spent
by each comparison algorithm for solving 23 benchmark
functions in table 2. The total average running time of NICSA
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algorithm is 0.93 s, which is less than that of DE and TLBO,
and more than that of other algorithms, but it is also within
the time range of 1s.
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FIGURE 4. Evolution curves of fitness value for f;. FIGURE 8. Evolution curves of fitness value for f.

FIGURE 5. Evolution curves of fitness value for f,.
FIGURE 9. Evolution curves of fitness value for fg.

FIGURE 6. Evolution curves of fitness value for f;.
FIGURE 10. Evolution curves of fitness value for f;.

FIGURE 7. Evolution curves of fitness value for f;.
FIGURE 11. Evolution curves of fitness value for fg.

C. TEST OF HIGH-DIMENSIONAL FUNCTIONS

In order to verify the search performance of NICSA for high- test function is evaluated for 50,000 times, and each algo-
dimensional functions, independent tests are also conducted rithm runs independently for 30 times. Other parameters of
for 13 high-dimensional test functions including f; ~ fi3 various algorithms are consistent with parameters in table 3.
with 50 dimensions and 100 dimensions. Meanwhile, every The performance of various algorithms is measured through
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FIGURE 12. Evolution curves of fitness value for fg.

FIGURE 13. Evolution curves of fitness value for f,.

FIGURE 14. Evolution curves of fitness value for f;;.

FIGURE 15. Evolution curves of fitness value for f,,.

four indexes covering optimum value, average value, worst
value and variance, and the experimental statistical results are
shown in table 8.
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FIGURE 16. Evolution curves of fitness value for f;3.

TABLE 7. The average running time of the different algorithms.

Fun BA CS DE FPA GWO PSO TLBO CSA NICSA
A 064 054 152 057 044 031 072 045 0.65

f, 062 057 158 065 048 032 077 048 0.70
fi 169 165 264 179 155 147 175 153 1.69
fi 057 053 144 058 043 028 070 042 065
fs 062 058 160 064 048 034 076 048 0.74
fe 056 052 151 057 043 028 0.69 043 0.64
f; 080 076 169 083 0.66 052 083 0.66 073
S 067 064 159 071 052 039 072 049 054
Jfo 060 059 147 064 045 034 068 045 072
fio 066 065 1.63 067 049 038 069 0.50 0.66
fii 071 069 170 072 053 040 074 054 113
fi, 133 126 253 135 119 1.04 150 116 123
fi; 136 128 251 137 117 1.04 150 1.16 131
Sfia 253 242 372 257 220 244 271 247 260
fis 054 042 140 053 023 029 063 045 0.70
fie 046 035 131 047 0.7 022 057 042 073
fi; 044 033 128 044 0.5 021 053 040 082
fig 044 033 126 043 0.5 020 053 039 052
fio 062 050 150 062 032 037 071 055 085
Soo 063 052 154 065 037 038 073 053 0.68
Jfo 082 070 174 081 053 056 092 073 085
foy 095 084 190 095 0.65 070 1.03 087 1.06

S 1.15 1.02 218 1.16 0.84 091 126 1.05 127
avage 084 0.77 179 086 0.63 058 094 0.72 0.93

It can be seen from table 8, for high-dimensional functions
with 50 dimensions and 100 dimensions, NICSA shows better
search results than the other 8 algorithms except for f4 and f11.
For f11, both TLBO and NICSA have searched the global
optimum. For f4, the results of NICSA is inferior to GWO
in the research results of 30 and 50 dimensions, but NICSA
shows better results than GWO in optimum value, average
value, worst value and variance in 100 dimensions. There-
fore, NICSA has better performance for high-dimensional
functions.
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FIGURE 17. Evolution curves of fitness value for f,.

FIGURE 18. Evolution curves of fitness value for f,5.

FIGURE 19. Evolution curves of fitness value for f,g.

D. NONPARAMETRIC STATISTICAL ANALYSIS
In order to better verify the significance of the search effect
of the proposed algorithm, Wilcoxon rank sum test was
conducted for the results in low-dimensional (D <=30),
50-dimensional and 100-dimensional functions. The value of
effective level p is 0.05. Table 9 — table 11 show the results
of Wilcoxon rank sum test in low-dimensional (D <=30),
50-dimensional and 100-dimensional functions respectively.
“+”” means that NICSA has obvious advantages when com-
pared with other algorithms, and “~” indicates that NICSA
has no obvious difference from other algorithms.

It can be seen from table 9, in the comparison with 5 algo-
rithms including BA, CS, FPA, PSO and CSA, the p values
of 22 functions are smaller than 0.05, showing that NICSA
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FIGURE 20. Evolution curves of fitness value for f,5.

FIGURE 21. Evolution curves of fitness value for f;g.

FIGURE 22. Evolution curves of fitness value for fq.

FIGURE 23. Evolution curves of fitness value for f,,.

is superior to the above 5 algorithms. In the comparison with
DE, GWO and TLBO, the p values of 20, 21 and 17 functions
are smaller than 0.05. According to the analysis from the
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FIGURE 24. Evolution curves of fitness value for f,;.

FIGURE 25. Evolution curves of fitness value for f,,.

FIGURE 26. Evolution curves of fitness value for f,5.

angle of statistics, NICSA has obvious search effects for low-
dimensional functions.

Table 10 and table 11 show 50-dimensional (D = 50) and
100-dimensional (D = 100) Wilcoxon rank sum test results.
In the comparison with BA, CS, DE, FPA, PSO and CSA,
the p values of 13 high-dimensional functions are smaller
than 0.05, showing that NICSA is superior to the above
6 algorithms. In the comparison with GWO and TLBO, the p
values of 12 and 11 functions are smaller than 0.05. This
further proves that NICSA has obvious search effects for
high-dimensional functions.

E. PARAMETER SENSITIVITY ANALYSIS
1) PARAMETER ANALYSIS ON THE SELF-ADAPTIVE
DETERMINATION FACTOR » OF NON-INFERIOR SOLUTIONS

In order to discuss the influence of the self-adaptive deter-
mination factor @ of non-inferior solutions on the algorithm
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FIGURE 27. ANOVA test of global optimum for f;.

FIGURE 28. ANOVA test of global optimum for f,.

FIGURE 29. ANOVA test of global optimum for f5.

performance, 23 standard test functions in table 1 are selected
for verification. The value of w is 0.1~0.9 with step 0.1,
and independent experiments are conducted for the proposed
strategy in this paper under 10 situations. Other parameters
are consistent with that in table 2. Table 12 shows the results
when different values of w were chosen. The black bold
represents the winner in the comparison. According to the last
column of table 12, the number of average optimum gained
by way of determination factor is 16, obviously better than
the results with other situations. In order to further calculate
the advantages and disadvantages when different values of
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TABLE 8. Test statistical results of benchmark functions for different algorithm (D = 50 and D = 100).

Test function D=50 D=100
Min Mean Worst Std Min Mean Worst Std
BA 123E+04  231E+04  3.79E+04 6.44E+03 342E+04  5.19E+04 8.92E+04  1.34E+04
cs 1.46E+02  2.38E+02  3.52E+02 5.97E+01 1.85E+03  2.77E+03 3.61E+03  4.83E+02
DE 243E-05  3.76E-05  535E-05 7.46E-06 131E+01  2.14E+01 281E+01  3.50E+00
FPA 129E+03  1.91E+03  3.42E+03 4.06E+02 5.10E+03  6.67E+03 8.97E+03  1.03E+03
f,(x) GWO  720E-54  7.68E-52  7.18E-51 1.33E-51 1.73E-35  1.59E-34 1.06E-33  2.04E-34
PSO 7.97E+01  3.59E+02  9.71E+02 1.69E+02 1.64E+03  2.46E+03 3.50E+03  4.67E+02
TLBO  3.10E-83  7.61E-82  3.51E-81 7.40E-82 429E-79  1.05E-77 642E-77  1.15E-77
CSA 120E-02  3.08E-02  8.10E-02 1.53E-02 1.10E+02  143E+02 1.87E+02  1.83E+01
NICSA 1.22E-146  8.11E-84  2.43E-82 4.44E-83 6.36E-93  4.75E-38 9.79E-37  1.93E-37
BA 1.96E+01  1.33E+07  3.30E+08 6.11E+07 7.52E+01  128E+17 3.85E+18  7.03E+17
cs 230E+01  3.44E+01  4.55E+01 5.80E-+00 6.42E+01  8.16E+01 126E+02  1.32E+01
DE 3.59E-04  545E-04  7.44E-04 7.98E-05 1.84E+00  223E+00 2.69E+00  2.11E-01
FPA 290E+01  431E+01  5.97E+01 6.45E+00 6.40E+01  830E+01 1.05E+02  1.04E+01
S22 GWO  3.64E-31 1.32E-30  2.69E-30 7.97E-31 2.09E-21  699E-21 1.78E-20  4.03E-21
PSO 1.67E+01  2.48E+01  3.86E+01 5.19E+00 475E+01  5.99E+01 846E+01  8.93E+00
TLBO  6.67E-42  3.55E-41  1.74E-40 3.32E-41 6.97E-40  232E-39 5.80E-39  1.17E-39
CSA LA7E+00  3.82E+00  7.05E+00 1.44E+00 121E+01  1.53E+01 1.88E+01  1.78E+00
NICSA 7.40E-182  6.75E-153 2.02E-151  3.69E-152 4.28E-143 7.46E-123 2.24E-121 4.08E-122
BA 3.58E+04  1.02E+05  2.54E+05 5.16E+04 1.49E+05  4.40E+05 9.98E+05  2.10E+05
cs 1.20E+04  1.57E+04  2.19E+04 2.13E+03 730E+04  9.55E+04 1.15E+05  1.06E+04
DE 7.10E+04  9.02E+04  1.05E+05 7.42E+03 321E+05  3.91E+05 4.59E+05  3.33E+04
FPA 121E+03  2.04E+03  2.93E+03 4.12E+02 448E+03  826E+03 1.25E+04  2.08E+03
£,(x) GWO  9.56E-14  8.11E-09  1.14E-07 2.79E-08 8.54E-04  3.86E-01 2.90E+00  7.17E-01
PSO 1.80E+03  4.32E+03  8.30E+03 1.90E+03 1.18E+04  2.15E+04 4.05E+04  7.46E+03
TLBO  9.11E-13 1.49E-10  1.20E-09 2.28E-10 3.58E-07  1.19E-05 5.44E-05  1.64E-05
CSA 123E+02  2.13E+02  3.36E+02 6.05E+01 236E+03  3.58E+03 6.30E+03  7.43E+02
NICSA  1.22E-18  245E-09  4.72E-08 8.72E-09 3.18E-15  7.04E-09 6.83E-08  1.63E-08
BA 3.98E+01  5.11E+01  6.89E+01 7.32E+00 3.99E+01  5.34E+01 6.70E+01  6.32E+00
cs 8.86E+00  1.11E+01  1.34E+01 1.38E-+00 2.04E+01  2.59E+01 3.01E+01  2.53E+00
DE 1.89E+01  2.24E+01  2.73E+01 1.63E-+00 7.59E+01  822FE+01 8.56E+01  2.47E+00
FPA 1.90E+01  2.28E+01  2.65E+01 1.95E-+00 231E+01  2.77E+01 3.42E+01  2.90E+00
f2(xX) GWO  9.24E-13  2.93E-11  1.35E-10 3.52E-11 1.12E-06  823E-04 1.64E-02  3.02E-03
PSO 9.12E+00  1.29E+01  1.71E+01 2.15E+00 124E+01  1.70E+01 2.07E+01  2.21E+00
TLBO  153E-33  563E-33  1.58E-32 3.22E-33 131E-31  3.77E-31  1.11E-30  2.42E-31
CSA 4.06E+00  8.42E+00  1.08E+01 1.41E+00 7.64E+00  9.72E+00 1.15E+01  1.14E+00
NICSA  5.52E-06 2.00E-04  9.35E-04 2.33E-04 1.26E-07  6.45E-04 4.36E-03  8.25E-04
BA 233E+06  1.19E+07  4.54E+07 9.93E+06 758E+06  3.65E+07 9.49E+07  2.00E+07
cs 533E+03  1.46E+04  3.58E+04 7.42E+03 1.70E+05  3.27E+05 4.84E+05  9.02E+04
DE 6.49E+01  2.09E+02  2.88E+02 5.92E+01 1.62E+04  291E+04 3.81E+04  525E+03
FPA 931E+04  2.23E+05  3.82E+05 7.27E+04 461E+05  1.16E+06 2.20E+06  3.89E+05
Sf5(X) GWO  451E+01  4.68E+01  4.84E+01 8.57E-01 9.50E+01  9.73E+01 9.84E+01  8.60E-01
PSO 4.11E+03  1.56E+04  5.63E+04 1.23E+04 499E+04  1.69E+05 3.32E+05  7.45E+04
TLBO  424E+01  443E+01  4.55E+01 7.38E-01 934E+01  9.55E+01 9.81E+01  1.18E+00
CSA 4.65E+01  9.60E+01  2.29E-+02 5.37E+01 1.93E+03  331E+03 4.75E+03  7.03E+02
NICSA  5.52E-06  2.00E-04  9.35E-04 2.33E-04 2.85E-02  1.29E+01 9.64E+01  3.32E+01
BA 1.25E+04  2.44E+04  3.99E+04 7.30E+03 292E+04  5.59E+04 9.65E+04  1.55E+04
X Cs 1.75E+02  2.76E+02  5.21E+02 8.44E+01 234E+03  2.88E+03 4.02E+03  4.01E+02
Jo@) DE 1.94E-05  3.78E-05  6.77E-05 1.12E-05 1.49E+01  2.17E+01 3.08E+01  3.64E+00
FPA 1.16E+03  1.84E+03  2.69E+03 4.34E+02 447E+03  6.74E+03 8.58E+03  1.09E+03
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TABLE 8. (Continued.) Test statistical results of benchmark functions for different algorithm (D = 50 and D = 100).

GWO 5.02E-01 1.79E+00  2.76E+00 5.40E-01 5.49E+00  7.66E+00 9.26E+00 9.39E-01
PSO 1.83E+02 4.11E+02  8.93E+02 1.47E+02 1.28E+03  2.25E+03  3.00E+03 4.50E+02
TLBO 6.74E-05 2.38E-03 3.34E-02 6.29E-03 4.87E-01 1.20E+00  2.37E+00 4.82E-01
CSA 1.15E-02 2.97E-02 5.58E-02 1.04E-02 9.81E+01 1.45E+02  1.95E+02 1.88E+01
NICSA  6.50E-08 2.85E-07 8.08E-07 1.77E-07 1.51E-05 4.55E-05 1.68E-04 3.22E-05
BA 2.27E+00 6.42E+00  1.20E+01 2.48E+00 8.12E+00 1.43E+01 2.33E+01 3.61E+00
CS 9.83E-02 2.15E-01 3.61E-01 5.91E-02 6.62E-01 1.15E+00  2.07E+00 3.91E-01
DE 4.41E-02 7.63E-02 1.05E-01 1.38E-02 4.75E-01 5.70E-01  7.56E-01 6.10E-02
FPA 1.65E-01 3.68E-01 8.58E-01 1.48E-01 1.24E+00  2.15E+00 3.26E+00 5.41E-01
S5 (x) GWO 2.19E-04 8.35E-04 2.44E-03 4.54E-04 9.10E-04 1.65E-03  3.88E-03 7.33E-04
PSO 3.46E-01 9.28E-01 1.79E+00 4.16E-01 3.24E+00  8.40E+00 3.64E+01 6.99E+00
TLBO 5.10E-04 1.02E-03 1.80E-03 3.36E-04 7.14E-04 1.32E-03  2.22E-03 3.33E-04
CSA 2.30E-02 4.85E-02 7.61E-02 1.41E-02 1.04E-01 2.00E-01  2.77E-01 3.60E-02
NICSA  3.68E-05 4.20E-04 2.31E-03 5.19E-04 1.89E-05 2.89E-04 7.80E-04 2.07E-04
BA -5.74E+03  -4.16E+03  -2.92E+03 8.08E+02 -1.13E+04  -5.97E+03 -3.62E+03  1.74E+03
CS -1.28E+04  -1.22E+04 -1.18E+04 2.45E+02 -2.11E+04  -1.98E+04 -1.90E+04  4.58E+02
DE -1.44E+04  -1.32E+04 -1.25E+04 4.25E+02 -1.94E+04 -1.83E+04 -1.73E+04  5.38E+02
FPA -1.12E+04  -1.05E+04 -9.98E+03 2.82E+02 -1.67E+04  -1.60E+04 -1.54E+04  3.32E+02
Je(x) GWO -1.18E+04  -9.36E+03  -5.86E+03 1.18E+03 -2.04E+04 -1.64E+04 -5.86E+03  2.44E+03
PSO -1.18E+04  -9.99E+03  -7.89E+03 9.31E+02 -1.96E+04  -1.58E+04 -1.19E+04  1.74E+03
TLBO  -1.39E+04  -1.16E+04 -6.62E+03 2.02E+03 -2.49E+04  -1.72E+04 -9.84E+03  4.19E+03
CSA -1.43E+04  -1.12E+04 -5.71E+03 2.44E+03 -2.64E+04 -1.96E+04 -1.02E+04  4.49E+03
NICSA -2.09E+04  -2.09E+04 -2.09E+04 1.61E-03 -4.19E+04 -4.07E+04 -3.01E+04  3.61E+03
BA 6.47E+01 1.25E+02  2.41E+02 4.55E+01 1.29E+02  2.46E+02 3.92E+02 6.62E+01
CS 1.89E+02 2.29E+02  2.54E+02 1.73E+01 5.45E+02  6.26E+02 7.15E+02  4.38E+01
DE 1.81E+02 1.97E+02  2.17E+02 8.12E+00 6.31E+02  6.96E+02 7.35E+02 2.66E+01
FPA 2.39E+02 2.90E+02  3.32E+02 2.24E+01 6.76E+02  7.29E+02 8.13E+02 3.10E+01
Jfo(x) GWO 0.00E+00 3.02E-01 5.68E+00 1.19E+00 0.00E+00 3.43E-01  6.71E+00 1.37E+00
PSO 1.82E+02 2.29E+02  2.71E+02 2.51E+01 539E+02  6.38E+02 7.20E+02 5.39E+01
TLBO 0.00E+00 1.62E+01  4.01E+01 1.20E+01 0.00E+00  6.21E+00 1.01E+02 2.37E+01
CSA 4.58E+01 8.49E+01 1.62E+02 2.68E+01 1.29E+02 1.75E+02  2.22E+02 2.42E+01
NICSA 0 0 0 0 0 1.33E+01 9.95E+01  3.44E+01
BA 1.42E+01 1.55E+01 1.76E+01 9.84E-01 1.39E+01 1.62E+01 2.00E+01 1.73E+00
CsS 8.25E+00 1.22E+01 1.71E+01 2.29E+00 1.05E+01 1.48E+01  1.82E+01 1.95E+00
DE 8.03E-04 1.25E-03 1.67E-03 1.97E-04 1.65E+00  2.00E+00 2.41E+00 2.20E-01
FPA 4.94E+00 5.88E+00  8.98E+00 7.74E-01 5.15E+00  6.24E+00 7.81E+00 5.98E-01
Sio (x)GWO 1.87E-14 2.67E-14 3.29E-14 3.95E-15 5.77E-14 6.92E-14  7.55E-14 4.82E-15
PSO 5.30E+00 7.54E+00  9.49E+00 9.14E-01 7.35E+00  8.69E+00 1.03E+01 6.83E-01
TLBO 4.44E-15 7.76E-15 7.99E-15 9.01E-16 7.99E-15 7.99E-15  7.99E-15 0.00E+00
CSA 3.48E+00 5.64E+00  2.00E+01 3.97E+00 4.04E+00  5.19E+00 2.00E+01 2.83E+00
NICSA  8.88E-16 4.32E-15 7.99E-15 1.47E-15 4.44E-15 7.05E-15  7.99E-15 1.60E-15
BA 1.05E+02 2.35E+02  4.79E+02 8.28E+01 3.16E+02  5.32E+02 7.32E+02 1.12E+02
CS 2.23E+00 3.32E+00  4.51E+00 5.51E-01 1.67E+01 2.44E+01  3.13E+01 2.97E+00
DE 2.49E-05 8.94E-05 3.12E-04 5.97E-05 1.12E+00 1.19E+00  1.25E+00 2.52E-02
) FPA 1.18E+01 1.89E+01  2.62E+01 3.73E+00 4.53E+01 6.45E+01  9.20E+01 9.40E+00
Ju () GWO 0.00E+00 2.83E-03 1.84E-02 5.51E-03 0.00E+00 1.09E-03  1.17E-02 3.33E-03
PSO 1.59E+00 431E+00  8.56E+00 1.66E+00 9.95E+00  2.35E+01 3.46E+01 5.32E+00
TLBO 0 0 0 0 0 0 0 0
CSA 8.80E-02 1.49E-01 2.11E-01 3.36E-02 1.92E+00  2.36E+00 2.73E+00 2.24E-01
NICSA 0 0 0 0 0 1.11E-17  3.33E-16 6.08E-17
Jf1(x)BA 2.28E+04 1.07E+07  6.73E+07 1.48E+07 9.55E+05  3.18E+07 1.50E+08 3.32E+07
CsS 5.53E+00 7.27E+00  9.09E+00 1.09E+00 1.40E+01 1.80E+01 2.71E+01 3.21E+00

VOLUME 7, 2019

52885



IEEE Access

C. Qu, Y. Fu: CSA Based on NICSA

TABLE 8. (Continued.) Test statistical results of benchmark functions for different algorithm (D = 50 and D = 100).

DE 8.97E-06 2.25E-05 5.62E-05 9.47E-06 235E+01  4.18E+01 1.30E+02  2.17E+01
FPA 9.80E+00 1.79E+01  2.57E+01 3.56E+00 1.65E+01 3.99E+02 3.92E+03 8.67E+02
GWO 3.07E-02 6.15E-02 1.18E-01 2.28E-02 1.27E-01 2.01E-01 3.18E-01 4.50E-02
PSO 4.65E+00 8.59E+00  1.51E+01 2.85E+00 8.12E+00 1.31E+01 2.07E+01 3.26E+00
TLBO 3.64E-07 2.10E-03 6.22E-02 1.14E-02 4.89E-03 1.26E-02  2.48E-02 4.89E-03
CSA 1.86E+00 5.80E+00  1.04E+01 2.05E+00 2.57E+00  5.38E+00 8.04E+00 1.27E+00
NICSA 1.72E-08 1.33E-07  4.69E-07 1.20E-07 7.52E-07 5.76E-06  3.59E-05 7.60E-06
BA 4.64E+06 2.96E+07  8.02E+07 2.20E+07 2.12E+07  9.61E+07 3.21E+08 6.71E+07
CS 2.74E+01 5.15E+01 1.21E+02 2.00E+01 2.97E+03  2.02E+04 5.95E+04 1.63E+04
DE 5.45E-05 1.14E-04 3.02E-04 5.22E-05 6.40E+02  4.94E+03 1.12E+04  3.04E+03
FPA 8.85E+02 2.61E+04  1.06E+05 2.62E+04 3.74E+04  3.74E+05 1.16E+06  3.01E+05
S () GWO 8.33E-01 1.39E+00  2.56E+00 3.89E-01 4.75E+00  5.55E+00 6.78E+00 4.93E-01
PSO 3.62E+01 7.70E+01 1.60E+02 2.70E+01 1.44E+02  7.46E+02 1.15E+04  2.06E+03
TLBO 3.13E-03 1.72E-01 6.31E-01 1.65E-01 2.67E+00  4.32E+00 5.87E+00 8.34E-01
CSA 8.54E+00 5.48E+01  9.11E+01 2.28E+01 1.50E+01 547E+01 1.78E+02  4.66E+01
NICSA  2.67E-07 1.17E-06 3.66E-06 9.32E-07 1.62E-05 4.50E-05 1.28E-04 2.24E-05

FIGURE 30. ANOVA test of global optimum for f;.

FIGURE 31. ANOVA test of global optimum for f5.

o are adopted, tests are conducted with Friedman. Friedman
test is a nonparametric test method to analyze whether pop-
ulation distribution has significant differences via the rank.
The smaller the average value of rank is, the better the results
will be. According to the ranking situations of Friedman test
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FIGURE 32. ANOVA test of global optimum for fg.

FIGURE 33. ANOVA test of global optimum for f;.

when different values of w are adopted in table 13, the lowest
rank by using Eq. (3) is 3.24, further showing that the search
effect of the proposed strategy in this paper is better than that
under other w values.
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FIGURE 34. ANOVA test of global optimum for fg.

FIGURE 35. ANOVA test of global optimum for fq.

FIGURE 36. ANOVA test of global optimum for f;.

2) PARAMETER ANALYSIS ON THE SELECTIVITY FACTOR o
OF NEIGHBORHOOD SEARCH MODE

In the neighborhood search mode, the value of the selec-
tivity factor o has a big effect on the algorithm perfor-
mance. In order to discuss the influence of parameter on
the search performance of the algorithm, the standard test
functions in table 2 are selected for verification. The value
of o is 0.1~0.9 with step 0.1, and independent experiments
are conducted for the proposed strategy in this paper with
10 situations. Other parameters are consistent with that in
table 3.
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FIGURE 37. ANOVA test of global optimum for f;;.

FIGURE 38. ANOVA test of global optimum for f;,.

FIGURE 39. ANOVA test of global optimum for f,5.

Table 14 shows the results that NICSA adopts different
values of the selectivity factor o. The optimum results are
bold. It can be seen from table 14, when the o value is adopted
according to Eq. (6), 15 values are acquired on average opti-
mal, better than the situation when a fixed value is adopted
for o. Therefore, it is reasonable to choose neighborhood
search according to Eq.(6). According to the ranking situa-
tions of Friedman test when different values of o are adopted
in table 15, the lowest rank of choosing o value according to
Eq.(6) is 4.39, further showing that the search effect of the
proposed strategy in this paper is better than that under other
fixed o values.
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TABLE 9. Test statistical results of wilcoxon rank sum test (D<= 30).

NICSAvs
Fun BA CS DE FPA GWO PSO TLBO CSA
b 3.0E-11(+) 3.0E-11(#) 3.0E-11(+) 3.0B-11(#)  3.0BE-11(#+) 3.0E-11(+) 3.0E-11(+) 3.0E-11(+)
5 3.0E-11(+) 3.0E-11(#) 3.0E-11(+) 3.0B-11#)  3.0BE-11(#) 3.0E-11(+) 3.0E-11(+) 3.0E-11(+)
A 3.0E-11(+)  3.0E-11(+)  3.0E-11(+)  3.0E-11(+) 33E-06(+) 3.0E-11(+) 3.0E-11(+) 3.0E-11(+)
fa 30E-11(+) 3.0E-11(#) 3.0E-11(+) 3.0B-11#)  3.0BE-11(#) 3.0E-11(+) 3.0E-11(+) 3.0E-11(+)
s 30E-11(+) 3.0E-11(#) 3.0E-11(+) 3.0B-11#)  3.0BE-11(#) 3.0E-11(+) 3.0E-11(+) 3.0E-11(+)
I 3.0E-11(+) 3.0E-11(+)) 3.0E-11(+) 3.0B-11#)  3.0BE-11(#) 3.0E-11(+) 43E-0l(=) 3.0E-11(+)
/s 3.0E-11(+)  3.0E-11(+)  3.0E-11(+)  3.0E-11(+) 6.4E-05(+) 3.0E-11(+) 3.5E-10(+) 3.0E-11(+)
s 30E-11(+) 3.0E-11(#) 3.0E-11(+) 3.0B-11#)  3.0BE-11(#) 3.0E-11(+) 3.0E-11(+) 3.0E-11(+)
s 12E-12(+)  12E-12(#)  12E-12(+) 12E-12(#)  8.1E-02(+) 12E-12(+) 4.6E-12(+) 12E-12(+)
So 63E-12(+)  63E-12(#) 63E-12(+) 63B-12(#)  2.6E-12(+) 63E-12(+) 3.5E-08(+) 6.3E-12(+)
iy 12E-12(+) 12E-12(+) 12E-12(+) 12E-12(+)  2.7E-02(+) 1.2E-12(+) NaN(¥)  12E-12(+)
fis 30E-11(+) 3.0E-11(#) 3.0E-11(+) 3.0B-11#)  3.0BE-11(#) 3.0E-11(+) 3.0E-11(+) 3.0E-11(+)
S 3.0E-11(+)  3.0E-11(+) 3.0E-11(+) 3.0E-11(+)  3.0E-11(+) 3.0E-11(+) 3.4E-04(+) 3.0E-11(+)
fra 12E-11(+)  13E-04+) 64E-09(+) 12E-11(+) 12B-11(+)  12E-11(#) 24E-10(+) 1.6E-03(+)
fis 30E-11(+) 3.0BE-11(+) 3.0E-11(+) 3.0B-11#)  9.1B-08(+) 3.0E-11(+) 4.5E-0l(=) 6.7E-10(+)
fie 1.7E-12(+)  1.1E-08(+)  3.3E-01(=) 1.7BE-12(#)  1JE-12(+) 17B-12(#) 3.3E-01(=) 6.0E-10(+)
£, 3.6E-12(+) 28E-06(+) 8.1E-02(=) 32E-12(#)  3.6B-12(#) 3.2E-12(+) 8.1E-02(=) 8.1E-02(<)
Sis 54E-10(+) 4.5B-01(+) 19E-06(+) 2.7B-02(+)  4.8B-11(+) 26E-11(+) 32E-05(+) 4.3E-02(+)
fio 5.6E-04(+) 8.8E-12(+) 12E-12(+) 29B-11#)  7.5B-02(x) 23E-01(=) 12E-12(+) 1.6E-11(+)
Sro 77E-02(%) 17E-01(%) 24E-11(+) 7.7E-02(=)  12E-02(+) 24E-05(+) 8.6E-05(+) 2.4E-09(+)
I 2.1E-11(+) 2.1E-11(+) 48E-01(=) 2.1E-11(#)  2.1E-11(+) 2.1B-11(#) 4.8E-01(=) 1.1E-09(+)
T 23E-11(+) 23E-11(#)  3.3E-05(+) 23E-11(#)  23E-11(+) 23B-11#) 6.2E-08(+) 8.1E-08(+)
T 1.6E-11(+)  1.6E-11(+)  9.1E-09(+) 1.6E-11(+)  1.6E-11(+) 1.6B-11#) 19E-09(+) 4.3E-05(+)
number of 22/1 22/1 20/3 22/1 2172 22/1 17/6 22/1

winners(+/~)

FIGURE 40. ANOVA test of global optimum for f;,.

F. COMPARISON OF NICSA WITH OTHER

ENHANCED CSA METHODS

In order to verify the superiority of NICSA, we compare
the proposed algorithm with other improved CSA, including
improved crow search algorithm based on variable-factor

52888

FIGURE 41. ANOVA test of global optimum for f;5.

weighted learning and adjacent-generations dimension
crossover strategy (C*SA) [45], sine cosine crow search
algorithm (SCCSA) [46], and ICSA [27]. For the comparative
analysis between ICSA [27] and NICSA, the test func-
tions including f; ~ f13 with 50 dimensions are conducted.
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TABLE 10. Test statistical results of wilcoxon rank sum test (dim = 50).

NICSAvs

Fun
BA cS DE

FPA

GWO PSO TLBO CSA

f 30E-I() 302E-1I(H  302E-11() 302E-11(H) 302E-11(+ 3.02E-11(H)  739E-11(+) 3.02E-11()
£, 302E-1I(#H) 302E-11(H  302E-11(H)  302E-11(+  3.02E-11(H  3.02E-11(+)  3.02E-11(+) 3.02E-11(+)
f, 3O2E-II(#H) 302E-11(H)  3.02E-11(H  3.02E-11(+)  T.06E-01(=) 3.02E-11(+) 8.88E-01(=) 3.02E-11(+)
£, 30IE-LI(#)  30IE-11(#)  301E-11(#)  301E-1(#H  30IE-11(H)  301E-11(H)  301E-11(+) 3.01E-11(+)
i BO2E-LI(#H) 302E-11(H)  3.02E-11(H  3.02E-11(+)  3.02E-11(+)  302E-11(H) 3.02E-11(+) 3.02E-11(+)
fo 3O2E-II(#H) 302E-11(H)  3.02E-11(H  3.02E-11(+)  3.02E-11(+)  302E-11(H) 3.02E-11(+) 3.02E-11(+)
S, BO2E-11() 302E-1I(#H  302E-11(H)  3.02E-11(+H)  674E-06(+) 3.02E-11(+) L4TE07(H) 3.02E-11(+)
fo BO2E-LI(#H) 302E-11(H)  3.02E-11(H  3.02E-11(+)  3.02B-11(H)  302E-11(H) 3.02E-11(+) 3.02E-11(+)
£ 121E-12()  121E-12(8)  L21E-12(H)  121E-12()  SS4B-03(H)  121E-12(H)  L70E-08(+) 1.21E-12(+)
fi,  S20E-12(+) S20E-12(H)  520E-12(H) S20E-12(+) 326E-12(+) S20E-12(+) S6IE-11(+) 5.20E-12(+)
£ 121E12() 121E-12()  121E-12)  121E-12(+)  SS8E-03(H  121E-12(H)  NaN()  121E-12(+)
£, 302G 302E-11(+)  3.02E-11(H)  3.02E-11(+)  3.02E-11(H)  3.02E-11(+) 408E-11(+) 3.02E-11(+)
£, 3O2E-LI(#H) 302E-1I(H)  302E-11(H  3.02E-11(+)  3.02E-11(+)  302E-11(H)  3.02E-11(+) 3.02E-11(+)

number of 13/0 13/0 13/0
winners(+/=)

13/0

12/1 13/0 11/2 13/0

FIGURE 42. ANOVA test of global optimum for f;¢.

FIGURE 43. ANOVA test of global optimum for f;;.

For the comparative analysis between other algorithms
(SCCSA and C*SA) and NICSA, the test functions includ-
ing fi ~ fi3 with 30 dimensions are conducted. Table 16
shows the experimental statistical results of various

VOLUME 7, 2019

FIGURE 44. ANOVA test of global optimum for f;g.

FIGURE 45. ANOVA test of global optimum for fq.

9

various comparison algorithms. means that the compara-
tive algorithms did not test the function. Meanwhile, for each
test function, evaluation is conducted for 50,000 times, and
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TABLE 11. Test statistical results of wilcoxon rank sum test (dim = 100).

NICSAvs
BA CS DE FPA GWO PSO TLBO CSA
N 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(#) 3.02E-11(#) 3.02E-11(+)  5.57E-10(+) 3.02E-11(+)
A 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(#) 3.02E-11(#) 3.02E-11(+)  3.02E-11(+) 3.02E-11(+)
/s 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(+) 3.02E-11(#) 3.02E-11(+)  3.02E-11(+) 3.02E-11(+)
fa 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(#) 2.53E-04(+) 3.02E-11(+)  3.02E-11(+) 3.02E-11(+)
/s 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(#) 1.33E-10+) 3.02E-11(+) 1.73E-07(+)  3.02E-11(+)
/e 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(#) 3.02E-11(#) 3.02E-11(+)  3.02E-11(+) 3.02E-11(+)
2 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(#) 3.02E-11(#) 3.02E-11(+)  3.69E-11(+) 3.02E-11(+)
s 3.02B-11(+) 3.02B-11(+) 3.02E-11(#) 3.02E-11(#) 3.02E-11(#) 3.02E-11(+)  3.02E-11(+) 3.02E-11(+)
A 4.11B-12(+) 4.11E-12(+) 4.11E-12(+) 4.11E-12(+) 195E-05(+) 4.11E-12(+)  4.02E-01(=) 4.11E-12(+)
fio  8.86E-12(+) 8.87E-12(+) 8.87E-12(+) 8.87E-12(+) 6.67E-12(+) 8.87E-12(+)  2.70E-03(+) 8.87E-12(+)
i 1.72E-12(+) 1.72E-12(+) 1.72E-12(+) 1.72E-12(+) 2.89E-01(%) 1.72E-12(+)  3.34E-01(%) 1.72E-12(+)
fis  3.02E-11(+) 3.02E-11(+) 3.02E-11(+) 3.02E-11(+) 3.02E-11(+) 3.02E-11(+)  3.02E-11(+) 3.02E-11(+)

S 3.02E-11(+) 3.02E-11(+) 3.02E-11(+) 3.02E-11(+) 3.02E-11(+)  3.02E-11(+) 3.02E-11(+) 3.02E-11(+)
number of 13/0 13/0 13/0 13/0 12/1 13/0 11/2 13/0
winners(+/~)

Fun

FIGURE 46. ANOVA test of global optimum for f,,. FIGURE 48. ANOVA test of global optimum for f5,.

FIGURE 47. ANOVA test of global optimum for f,;. FIGURE 49. ANOVA test of global optimum for f;.

the experimental results are the average of 30 independent (the result of the two algorithms is basically the same).
test. It can be seen from Table 16, the search results of Compared with SCCSA [46], the search results of NICSA
NICSA are better than those of ICSA [27] except function fi¢ for all test functions are better than SCCSA [46]. To solve
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TABLE 12. Statistical results with different » values.

Fun 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 Eq.(3)
fi  1.60E-171 7.70E-185 3.90E-200 8.30E-204 130E-216 3.40E-218 3.10E-222 5.00E-233 2.30E-228 7.21E-210
o 1.20E-163 220E-175 3.10E-179 4.60E-187 1.60E-189 7.90E-193 1.60E-196 6.80E-196 3.60E-200 2.74E-191
fi  294E-01 2.18E-01 1.19E-01 395E-02 3.93E-01 2.10E-01 252E+00 1.85E+01 141E+02 1.62E-21
f,  L77E+01 129E+01 7.71E+00 2.86E+00 393E+00 9.01E-01 327E-01 239E-02  183E-01 1.30E-04
£ 1.09E+01 437E+00 8.04E+00 1.76E+00 1.80E+00 849E-01 1.75E+00 8.61E-01 1.73E+00 1.32E-04
f.  199E-01 1.I0E-01 408E-13 259E-13 3.90E-13 641E-13 133E-12 2.18E-12  1.76E-11 6.70E-10
f,  G6A3E-02 446E-02 5.70E-02 523E-03 4.16E-03 3.55E-03 182E-03 7.52E-04 3.56E-04 2.72E-04
fi  -9.5IE+03 -9.21E+03 -9.20E+03 -1.0SE+04 -9.22E+03 -1.04E+04 -1.02E+04 -1.07E+04 -1.07E+04 -1.26E-+04
fo  379E+01 4.58E+01 2.49E+01 3.86E+01 338E+01 2.18E+01 2.09E+01 9.95E+00  8.92E+00 0

fio  124E+00 1.06E+00 224E+00 2.57E+00 123E+00 4.19E-01 S38E-01 4.19E-01  4.44E-15 3.73E-15
fi,  598E-03 4.04E-03 4.59E-11 0 0 0 3.97E-03 0 0 0

f, SASE+00 7.57E-01 294E-06 835E-01 252E-11 1.04E-01 631E-11 2.41E-04 3.68E+00 4.88E-09
fis 10SE+01 631E+00 7.01E-04 3.66E-04 132E-10 3.66E-04 322E-10 7.26E-10 2.61E-09 2.12E-08
f. 243E+00 191E+00 197E+00 197E+00 4.18E+00 1.59E+00 1.65E+00 1.06E+00 2.50E+00 9.98E-01
fis  3AGE-04 374E-04 3.08E-04 3.15E-04 4.00E-04 339E-04 3.50E-04 3.18E-04 3.08E-04 3.07E-04
fie -1.03163 -1.03163 -1.03163 -1.03163 -1.03163 -1.03163 -1.03163 -1.03163  -1.03163 -1.03163
f, 0397887 0397887 0.397887 0397887 0.397887 0.397887 0397887 0.397887  0.397887 0.39789

Sis 3 3 3 3 3 3 3 3 3 3

fis 386252 -3.86278 -3.86262 -3.86252  -3.8625  -3.86259 -3.86268 -3.86200  -3.86278 -3.86238
foo 327792 326413 32672 326035 -325868  -3.24155 -3.25036  -3.26043  -327196 -3.27317
for 754951 854753 78138 -7.20965 -7.63664 646937 -830027 -8.38238  -8.04822 -10.15320
foy 830024 835721 9.04215 -7.74783 927139 848005  -9.0876  -9344  -9.51706 -10.40294
fos 87027 801908 -7.32397 -7.94023 -7.97081 -8.80512  -8.8727  -9.66801  -8.87485 -10.53641

numberof 5 4 4 5 6 4 4 5 4 16

winners

TABLE 13. Rankings of friedman test with different » values.

[0 mean rank
Eq.(3) 3.24
0.9 4.09
0.8 4.11
0.7 4.78
0.6 5.20
0.5 6.07
0.4 6.30
0.3 6.39
0.2 6.98
0.1 7.85

unimodal high-dimensional functions, the results of NICSA
is better than C*SA. But the results of C*SA is better than
NICSA for solving multimodal high-dimensional functions,
which shows that the C*SA is suitable for solving these

functions.
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G. ENGINEERING OPTIMIZATION PROBLEMS

In order to validate the performance of NICSA for constraint
problems, it is tested against the following three engineering
structure design optimization.

FIGURE 50. Threebar truss design.

1) THREEBAR TRUSS DESIGN

This test case considers a three-bar planar truss design
problem shown in figure 50. The problem has 2 con-
tinuous variables and 3 nonlinear inequality constraints
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TABLE 14. Statistical results under different o values.

Fun 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Eq.(6)
£, 8.00E-272 0 0 0 0 0 0 0 0 7.21E-210

1o 6.50E-256 7.70E-279 1.00E-296 6.70E-290 1.10E-286 1.40E-280 2.30E-270 1.10E-249 8.60E-221 2.74E-191
fa 5.37E-19 8.80E-50 2.20E-120 3.80E-101 6.71E-97 1.55E-95 8.05E-72 4.96E-20 2.53E-17 1.62E-21
fu 3.89E-01 131E-04 9.24E-05 3.50E-04 3.22E-04 6.58E-05 1.18E-06 8.10E-06 1.06E-07 1.30E-04
s 6.13E+00 3.50E+00 3.49E+00 1.79E+00 3.59E+00 1.79E+00 2.70E+00 8.92E-01 1.83E+00 1.32E-04
s 8.64E-10 9.09E-10 5.73E-09 4.15E-11 2.95E-09 221E-09 1.25E-09 146E-10 7.99E-10 6.70E-10
f7 5.07E-04 8.35E-04 5.69E-04 5.19E-05 3.34E-04 596E-04 648E-04 592E-04 6.18E-04 2.72E-04
A -1.15E+04 -1.22E+04 -1.21E+04 -1.22E+04 -1.23E+04 -1.25E+04 -1.25E+04 -1.21E+04 -1.21E+04 -1.26E+04

1 0 0 0 0 0 0 0 0 0 0
flo 1.48E-15 1.24E-15 148E-15 1.36E-15 148E-15 148E-15 1.01E-15 136E-15 1.72E-15 3.73E-15
1 0 0 0 0 0 0 0 0 0 0

1., 8.34E-09 1.05E-09 9.63E-09 3.46E-11 3.28E-11 1.72E-11  1.05E-11  5.04E-12 2.46E-12 4.88E-09
fis 3.66E-08 9.87E-08 1.19E-09 0.000367 4.58E-08 2.37E-08 1.16E-09 7.99E-08 4.95E-08 2.12E-08
fia 1.45E+00 9.98E-01 1.06E+00 1.13E+00 1.39E+00 1.06E+00 9.98E-01 1.39E+00 9.98E-01 9.98E-01
Jis 3.07E-04 3.07E-04 3.07E-04 3.08E-04 3.08E-04 3.08E-04 3.08E-04 3.08E-04 3.10E-04 3.07E-04
fie -1.03163 -1.03163  -1.03163  -1.03163  -1.03163  -1.03163  -1.03163  -1.03163 -1.03163 -1.03163
S 0.397887 0.397887 0.397887  0.397887  0.397887  0.397887  0.397887  0.397887 0.397887 0.397887
Sis 3 3 3 3 3 3 3 3 3 3

Sfio -3.85842  -3.85967 -3.8595 -3.85882  -3.85956  -3.85967  -3.85917  -3.85976 -3.86134 -3.86238
Fro -3.21379  -3.24289  -3.22602 -3.2223 -3.22642 -3.2193 -3.21316  -3.23168  -3.22367 -3.27317
I -9.81333  -9.98479  -10.1532  -10.1532  -10.1532  -9.98479  -10.1532  -9.98479 -10.1532 -10.1532
fo -10.0486 -10.4029  -10.4029 -10.2271  -10.4029  -10.4029  -10.2271  -10.2258 -10.4029 -10.40294
fo -10.5364  -10.5364  -10.5364  -10.3577  -10.5364  -10.5364  -10.5364  -10.5364 -10.3577 -10.53641

number of 6 8 12 3

. 7 6 8 6 10 15
winners

TABLE 15. Rankings of Friedman test under different s values. TABLE 16. The result obtained by NICS and other enhanced CSA methods.

o mean rank C'SA[46] SCCSA[47] NICSA ICSA[27]  NICSA

Fun

Eq.(6) 439 D=30 D=30 D=30 D=50 D=50

07 513 f, 1.26E-27 922E-69 721E-210 4.06E-30  8.11E-84
03 522 f, 4.19E-14 825E-41 274E-191 1.03E-14  2.02E-151
0.6 528 1 - 431E31  1.62E-21 - 2.45E-09
02 5.48

fa - 1.06E-16  1.30E-04 - 2.00E-04
04 5.48
08 548 /s - 5907939 1.32E-04  7.98 2.00E-04
05 5.50 fo 1.58E-08 4.14E-08 6.70E-10 3.99E-3  2.85E-07
0.9 572 £ . 0.001336  2.72E-04 - 4.20E-04
01 7.33 fio 1.47E-21 - 3.73E-15 3.02E-15  4.32E-I5

as follows:
()= —=—"2—P-0=<0
. g (x) = -0 <
min f(x) = V2 x1 +x2) x [ x/ixlz + 2x1x2
V2x1 +x2 1
st.gix) = ———P—0 <0 g3(x)=——P—-0 <0
\/§x12 + 2x1x2 V230 +x1
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TABLE 17. Comparison of the best solution obtained by different
algorithm for three-bar truss design problem.

Neeo [51] CSA[22] HCPS[50] NICSA

X 0.8699 0.7886751284  0.78867515  0.788675135

X2 0.2164 0.4082483080  0.40824826  0.4082482903
g -5.8363¢-08 -1.68753%-14 -7.55x10-14 0

-1.4641015952  -1.46410165 -1.4641016162
-0.5358984048 -0.53589835 -0.53589838376

263.89584338  263.895843

& -1.7008
g -02992

f(x) 279.7245 263.895843

rank 3 2 1 1
X1+ x2
g4(x) 15 <

where 0 < x1 < 1,0 < x» < 1, = 100cm,P =
kN /cm?, o = 2kN [cm?.

The comparison of obtained by other methods such as
NCCO [50], CSA [22], and HCPS [49]. The best results of the
various methods for solving the three-bar truss design prob-
lem are shown in table 17. It can be seen from table 17 that
the optimal solution of the NICSA algorithm is better than
NCCO and CSA. Compared with HCPS, NICSA provides
similar results.

Q{ G
Al

FIGURE 51. Tension-compression spring.

2) TENSION COMPRESSION SPRING DESIGN PROBLEM

As figure 51 indicates, the objective of the tension-
compression spring problem is to minimize the weight with
four inequality constraints and three continuous variables.
The approaches has previously been applied to solve this
problem including many different numerical optimization
techniques, such as IAPSO [47], CSA [22], and HCPS [49].

min f(x) = (x3 + 2)x2)c12

g =1 5B _ g
S.L X) = _
8l 71785xF
4x§ — X1x2 1
X) = <0
820 = S0t — ) T 510857
140.45x,
) =1 — o
XZX3
X1+ x2
g4(x) 15 <

where 0.05 < x;1 <2,025 <x <1.3,2 <x3 <15.

Table 18 shows the best solution and the values of the
constraints obtained by NICSA and other algorithm for this
design problem. According to the table 18, the optimal value
of NICSA is superior to that of other 3 methods.

VOLUME 7, 2019

TABLE 18. Comparison of the best solution obtained by different
algorithm for tension-compression spring problem.

IAPSO[48] ~ CSA[22]  HCPS[50] NICSA

X 0.051685  0.0516890284 0.0516891 0.05

X2 0.356629  0.3567169544 0.3567178 0.374432870717

X3 11.294175  11.2890117993 11.288955 8.546569316461
2 ~1,97E-10  -4.4408%-16  3.46e-6 0

£ -4,64E-10  -4.10783¢-15  -1.98e-6  -1.1102230E-16
g -4.053610 -4.0537841  -4.053793 -4.86073376802

g -1.091686 -0.7277293  -0.72773  -0.7170447528

fix)  0.0126653 0.01266523  0.012665  0.00987245556

rank 4 3 2 1

TABLE 19. Comparison of the best solution obtained by different
algorithm for pressure vessel design problem.

HCS-LSAL

IAPSO[48]  CSA[22] NICSA
[49]

xi 0.8125 0.812500 08125 0.7781686413

X 04375 0.437500 04375 0.39034742182

xa 420984 42098445  42.09844  40.3196187240

X 176.6366  176.636598  176.6366 200

2 -4.09E-13  -4.024098¢-9  -2.01e-09  -4.4408921E-16

2 -3.58E-2 -0.0358808  -0.0331588  -0.005698259
& -1.39E-07  -7.122662e-4  -0.002495  -1.3969838E-08
2 -63.3634  -63.3634014 -63.3634 -40

fix) 6059.71433  6059.71436 6059.714  5901.80420020

rank 3 4 2 1

T, L
* i

:
(i
f

U

FIGURE 52. The pressure vessel design problem.

3) PRESSURE VESSEL DESIGN PROBLEM

The pressure vessel design problem proposed by Kannan
and Kramer is often used to validate the performance of the
method for solving constraint problems. Figure 52 shows
a pressure vessel with four variables and four nonlinear
inequality constraints. The objective function of the problem
can be expressed as follows:

min f(x) = 0.6224x1x3x4 + 1.7881x2x7 4 3.1661x7x4
+19.84x7x3
s.t. g1(x) = —x1 +0.0193x3 < 0
g2(x) = —x2 + 0.00954x3 <0
4
g3(x) = —mxdng — gnxg + 1296000 < 0
84(x) =x4—-240<0
where 0 < x1, x2 <100, 10 < x3, x4 < 200.

The comparison results obtained for the pressure vessel
design problem with previous studies including IAPSO [47],
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CSA [22],and HCS-LSAL [48]. From table 19, it is clear that
the best solution obtained by NICSA is better than those by
IAPSO, CSA,and HCS-LSAL.

V. CONCLUSIONS

Aiming at the defects of the crow search algorithm based
on memory search mode, a new crow search algorithm
based on neighborhood search of non-inferior solution is
proposed. The new algorithm can make the crow individ-
ual choose a suitable foraging search mode through the
self-adaptive determination factor of non-inferior solutions.
Hence, the algorithm can conduct optimum search more rea-
sonably, and sufficient neighborhood search can be conducted
around non-inferior solutions. In neighborhood search, the
determination factor of neighborhood search mode was
designed. The crow individuals choose the neighborhood
search mode of Levy flight or Gaussian flight self-adaptively,
so as to enhance the neighborhood search capacity of the
algorithm. According to the experimental results about the
comparison with other swarm intelligent algorithms in con-
vergence rate, search veracity, variance analysis, nonparamet-
ric statistical analysis and parameter sensitivity, the proposed
algorithm is effective.
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