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ABSTRACT Aiming at the problem of ease of falling into local optimum and low solution quality when
solving optimization problems, this paper proposes an adaptive hybrid cuckoo search (AHCS) algorithm.
AHCS improves the Lévy flight method and population evolution strategy of the cuckoo search (CS)
algorithm, and introduces a mutation operation operator. Inspired by the idea of position update of particle
swarm optimization (PSO) algorithm, this paper introduces the inertia weight w in the Lévy flight method
of CS algorithm, and gives the new dynamic adjustment methods of parameters o and S respectively.
In order to enhance the local search ability and optimization speed of the algorithm, this paper introduces the
mutation operation operator, and presents a new evolution strategy of the hybrid cuckoo search algorithm.
In addition, in order to verify the performance of AHCS, 30 benchmark functions and CEC 2017 optimization
problems were selected. The calculation results of the 30 benchmark functions and CEC 2017 optimization
problems show that compared with other algorithms, the number of winning cases of 7-test values and
the Friedman average ranking for AHCS are significantly better than other algorithms. Finally, AHCS and
various intelligent optimization methods in the literature are used to optimize the structural parameters of
the reducer and the cantilever beam. The optimization results show that the quality of AHCS solution is
significantly better than other algorithms.

INDEX TERMS Hybrid cuckoo search algorithm, adaptive parameter adjustment, mutation operator,

evolutionary strategy.

I. INTRODUCTION
In 2009, Yang and Deb [1] proposed a random optimization
algorithm for swarm search, namely cuckoo search (CS)
algorithm, based on the interesting breeding behavior such
as brood parasitism of certain species of cuckoos. Com-
pared with other intelligent optimization algorithms, CS has
fewer parameter settings, simple operation, and clear process.
Therefore, it is easier to implement. At present, CS has
been widely used in travel sales problem [2]-[4], job
scheduling [5]-[8], location problem [9], [10], fault diag-
nosis and prediction [11], [12] and image processing and
classification [13]-[16].

In recent years, CS has gradually attracted people’s
attention with its unique and excellent performance.
Many scholars have conducted in-depth research on CS and
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obtained some research results. According to the mechanism
and technology used, the progress and attempts made by CS
can be divided into the following categories: (1) research on
the improvement of position update mechanism of CS [12],
[17]-[23]; (2) improvement of the parameter adjustment
method of CS [17], [18], [20]-[28]; (3) application research
of CS [3], [8], [25], [29]-[40]. The improvement and research
of these algorithms not only improve the optimization perfor-
mance of CS, but also promote the development of CS theory
and application.

The individual position update method of the CS is a
major factor affecting the performance of the CS. There-
fore, many scholars have focused their research on the
position update of CSs. In 2012, Ranieral. [17] intro-
duced a linearly decreasing inertia weight with increasing
number of iterations in the Lévy flight of CS. In 2013,
Kaveh and Bakhshpoori [18] proposed a Lévy flight
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method with contemporary optimal individual guidance in
CS. In 2018, Dhabal and Venkateswaran [19] proposed
an optimal individual guidance position update method
in the CS, which solved the problem of slow conver-
gence of the algorithm by replacing the contemporary
individuals with the random generation method. In 2019,
Chen and Wang [20] improved the Lévy flight method in
the CS, avoiding the situation where the individual in the
population is the optimal individual and the position update
fails. In 2019, Zhang et al. [12] improved the Lévy flight
method by fully combining the information of individual
fitness values in the CS. In 2019, Gmili et al. [21] pro-
posed a hybrid particle swarm optimization-cuckoo search
(PSO-CS) algorithm, and applied the improved hybrid algo-
rithm to quadrotor control and trajectory tracking. In 2019,
Thirugnanasambandam et al. [22] proposed an improved CS.
In the improved algorithm, the original discarding strat-
egy is modified, and a parameter memory matrix is intro-
duced to guide the individuals of the population. In 2019,
Zhang et al. [23] proposed an improved CS. The improved
algorithm proposes a new boundary processing method.
At the same time, a new Lévy flight method and a random
search method are also given.

In the research of the parameter adjustment methods
of CS, in 2015, Maribel Guerrero et al. described the
enhancement of the CS Algorithm via Lévy flights using a
fuzzy system to dynamically adapt its parameters. In 2017,
Jaballah and Meddeb [25] proposed a CS with adaptive
parameter adjustment. The algorithm adopts an adjustment
method that linearly decreases with the increase of the num-
ber of iterations for the parameter p,, and adopts an adjust-
ment method that nonlinearly increase with the increase
of the number of iterations for the parameter «. In 2017,
Chi et al. [26] combined CS with PSO to propose a hybrid
CS-PSO. At the same time, the hybrid algorithm uses an
adjustment method for the parameter « in the Lévy flight
with a linear decrease as the number of iterations increases.
In 2018, Ma et al. [27] introduced a parameter adaptive
parameter adjustment method in CS. In order to avoid falling
into local optimum, this method draws on the idea of grey
wolf optimization (GWO) and gives certain weights to the
best individuals in the three optimal subpopulations to gener-
ate new individuals. At the same time, each of individual in
the population is compared with the newly generated individ-
ual to complete the adaptive adjustment of the parameter «.
In 2019, Zhang et al. [12] proposed a CS algorithm with
dynamic adjustment parameters. The algorithm adopts differ-
ent adjustment methods for the parameter « and the param-
eter p,, which are nonlinearly decreasing as the number of
iterations increases. In 2019, Chen and Wang [20] proposed
a hybrid CS that uses a method of nonlinear decrement as
the number of iterations increases to adjust the parameter «.
In 2019, Ong and Zainuddin [28] proposed a CS with adaptive
parameter adjustment. In the adjustment of the parameter «,
the algorithm fully considers the information of the aver-
age fitness value of the contemporary population. In 2019,

145490

Thirugnanasambandam et al. [22] proposed a CS with adap-
tive parameter adjustment and applied it to multi-peak
numerical optimization problems. In the improved algorithm,
the information of the optimal individual fitness value in the
contemporary population is considered, and the parameter «
is adaptively adjusted.

In the application research of CS, in 2013,
Ouaarab et al. [3] proposed an improved discrete CS and
applied it to the traveling salesman problem. In 2016,
Gonzalez et al. [16] presented the optimization of a fuzzy
edge detector based on the traditional Sobel technique com-
bined with interval type-2 fuzzy logic, and applied the CS
and genetic algorithm to optimize the fuzzy inference sys-
tems. In 2017, Mohammadrezapour et al. [29] used the CS
for the optimization of water allocation and crop planning
under different weather conditions. In 2017, Zhang et al. [30]
proposed an improved CS and applied it to solve linear
equation problems. In 2017, Jaballah and Meddeb [25]
proposed an improved CS with a new adaptive parameter
adjustment and applied it to solve complex RFID network
planning problems. In 2018, Raha et al. [31] applied the
CS to the unpowered scheduling based on superconducting
magnetic energy storage systems. In 2018, Zhu et al. [8]
proposed a hybrid cuckoo-differential evolution (CS-DE)
algorithm, and applied the hybrid algorithm to the no-wait
flow shop scheduling. In 2018, Agasthian er al. [32] opti-
mized the parameters of the support vector machine by
the CS, and applied the support vector machine optimized
by the CS to the fault classification and detection of the
wind turbine. In 2018, Hosseinalizadeh et al. [33] proposed
a hybrid CS and applied it to the improvement of steam
turbine speed regulation and excitation system identification
procedures. In 2018, Biswal et al. [34] proposed an adap-
tive CS algorithm and applied the improved algorithm to
time-frequency analysis and classification of power signals.
In 2018, Cheng et al. [35] proposed a CS with memory and
used it in the fault diagnosis of hydroelectric generating
sets. In 2018, Chen et al. [36] proposed an improved CS and
applied it to solve the inverse geometric heat conduction
problem. In 2018, Prasath and Kumanan [37] proposed a
distance-oriented CS, and applied the improved algorithm to
the problem of water quality analysis based on water quality
images. In 2019, Wu et al. [38] proposed a hybrid model
based on an improved multi-objective CS for short-term load
forecasting of power systems. In 2019, Chen and Zhou [39]
proposed a hybrid CS using quasi-Newton method for bound-
ary condition identification of non-Fourier heat conduction
problems. In 2019, Meng et al. [40] proposed an improved
CS for multi-target hydropower station operation.

In summary, many scholars have contributed on the
improvement of CS. Although scholars have made some
achievements in the improvement of the CS, there are still
some problems. The improved CS proposed in the lit-
erature [12], [20], [23] and [25]-[28] only improves the
adjustment method of the parameter « or 8, and improves the
convergence speed of the algorithm. However, the algorithm
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still has the problem of premature convergence and the inabil-
ity to find the global optimal solution. A good CS should
have the following properties: (1) the position update formula
should make full use of the information of the fitness value
of the contemporary population, the average fitness value of
the population, and the number of iterations of the algorithm;
(2) the loop statement should be reduced in programming
to increase the speed of computation; (3) it can converge
faster, while avoiding premature convergence; (4) the max-
imum number of iterations should be avoided as an iterative
termination condition to ensure fairness due to differences
in the complexity of different algorithms. In response to the
above problems, this paper proposes AHCS.

The main contributions of this study are as follows:

« We propose an adaptive hybrid cuckoo search algorithm.
There are three main aspects for the improvement of
AHCS:

1) The Lévy flight method of the AHCS is improved.
In the Lévy flight method of CS algorithm, this paper
introduces the dynamic inertia weight w, and gives the
new adaptive adjustment methods of parameters « and 8
respectively.

2) The mutation operator is introduced in the AHCS.

3) An improved population evolution strategy of the
AHCS is proposed.

o The proposed AHCS and other improved algorithms
in literature have been used to optimize 30 benchmark
functions and CEC 2017 optimization problems, and the
AHCS is superior to other algorithms in the number of
winning cases of ¢-test values and the Friedman average
ranking.

o We compare the proposed AHCS with other improved
algorithms in literature in the parameter optimization of
the reducer and the cantilever beam, and the proposed
AHCS outperforms them in quality of the solutions.

The paper is organized as follows. Section II introduces the
processing method of the constraint optimization problems-
penalty function method. Section Il is a brief introduction of
the basic CS algorithm. The overall structure and improve-
ment of the AHCS are presented in section IV. The experi-
mental results of AHCS and other improved algorithms are
compared in section V and section VI. Finally, we conclude
and make a summary in section VII.

Il. PENALTY FUNCTION METHOD FOR CONSTRAINED
OPTIMIZATION PROBLEMS

The mathematical model of a constrained optimization prob-
lem can be generally expressed as follows:

mlnf(X)s X = [X19X21 1Xka 7Xn] €R
hi(X)=0, i=12---,p ey
s.t. i
gj(X)z()’ ]:1729"'9q
where s.z. is short for “subject to”, n is the population size,

hi(X) = 0 is the i-th equation constraint, p is the number of
equation constraints,g;(X) >0 is the j-th inequality constraint,
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q is the number of inequality constraints, and X; is a
m-dimensional vector Xy = (Xk1, Xk2, -+ - » Xkm)-
Eq. (1) can be expressed as

m]nf(x)sx = [X11X2’ T ’ka o Xn] €R
st.R={XIh(X)=0,i=1,2,-- ,p;gX)=0, (2)
ji=1,2--,q}

Letting X be the optimal solution to the constrained opti-
mization problem means VX € R: f(X*) < f(X). In addition,
if gj(X*) = 0, the constraint is referred to as active constraint.
Under this concept, all the equation constraints 4;(X) = 0
(i=1,2,, p) are active at X .

The penalty function method can be used to convert a
constrained optimization problem to an unconstrained opti-
mization problem. For this purpose, the penalty function is
constructed by [41]

14 q
PO M)=f(X) + My Y [COP+My Y [min(0, g;())
i=1 j=1

3

where M and M, are the penalty factors, generally chosen as
large enough positive constants; the second and third terms
on the right are the penalty terms, and P(X, M) is the penalty
function.

In Eq. (3), when X € R, there should be no penalty to the
feasible points, thus P(X, M) = f(X); when X ¢ R, for
the non-feasible points, M| and M> should be big, therefore,
the value of the second and third terms in Eq. (3) are large,
which is equivalent to the “penalty”” for the infeasible point.
Moreover, when X gets farther away from the feasible region,
the penalty should be larger. When M and M, become suf-
ficiently large, the minimal point X (M) of the unconstrained
optimization problem of Eq. (3) is close enough to the mini-
mum point of the original constrained optimization problem.
When X (M) € R, it becomes the minimal point of the original
constraint problem.

The minimum value of Eq. (3) is given by

min P(X, M) 4

which is equivalent to the minimum value of Eq. (1).

1ll. BASIC CUCKOO SEARCH ALGORITHM

CS is a novel algorithm based on the breeding behavior
of cuckoo species. For the sake of simplicity, the breeding
behavior of cuckoo species can be idealized as the following
rules [1]:

1) Each of cuckoo lays one egg at a time, and a random
nest is selected to dump the egg.

2) The best nests with high quality of eggs will carry over
to the next generations.

3) The number of available host nests is fixed, and the
egg laid by a cuckoo is discovered by the host bird
with a probability p, €[0,1]. In this case, the host bird
can either discard the egg or the nest so as to build a
completely new nest in a new position.
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In the basic CS, Yang and Deb also introduced the principle
of Lévy flight. The Lévy flight process, named by the French
mathematician Paul Lévy, is essentially a model of random
walks that is characterized by random step lengths drawn
from a power law distribution [3].

Let N be the population size and D be the dimension of the
variable. The i-th individual in the population is X; = [x;1,
Xi2, - .., Xip], The lower and upper boundaries of x;1, xj2, . . .,
X;p are aj, az, ..., ap and by, by, .. ., bp, respectively. At the
same time, leta = [ay, a2, ..., apl T, b = [b1, ba, ..., bp]T.

During the generation of new solution x;(#41), a Lévy
flight [42]is carried out as in Eq. (5).

xi(t + 1) = x;(t) + a & Lévy(B) &)

where x;(t) represents the position of the i-th nest at the
t-th iteration, @ represents dot multiplication, « is step
parameter, usually taking @ = 0.01, Lévy is the Lévy flight
utilized for arandom walk, and Lévy can be expressed as [33]

< _M®
LeVy(IB) - |U|1/B (6)
where both u and v follow the normal distribution.
M~N<0,03), v~N<0,ov2), o, =1

I'(1 4 B) xsin(r * B/2) \/#
o, =
' (14 B)/2) x B % 2B=D/2
where 8 = 1.5, and T" is a gamma distribution function.

Abandon the worst nests with a probability (p,), and build
the new ones at new locations according to Eq. (8)

(N

xi (D) +v(x®) —x @), r<pa
x;(1), r > pa

xi(t +1) = { (®)
where ¢ is the number of algorithm iterations, r and v are
uniform random number in [0,1], p, is the probability that the
nest will be discarded, x;(¢) and x;(¢) are the two randomly
selected nest positions in the ¢-th iteration.

The pseudo code of the basic CS algorithm is shown in
Algorithm 1.In Algorithm 1, N is the population size, ¢ is the
number of iterations, and MaxGen is the maximum number
of iterations, and p, is the probability of dropping.

IV. IMPROVED ADAPTIVE HYBRID CUCKOO

SEARCH ALGORITHM

A. IMPROVEMENT OF STEP SEARCH METHOD

Lévy flight is a random walk method based on the dis-
tribution of heavy-tailed probability [1], which has strong
global search ability [40], [44]. In the early stage of the CS
algorithm optimization, the Lévy flight method can enhance
the global search ability of the algorithm. However, in the
later stage of algorithm optimization, Lévy flight can generate
large random walk steps, which is not conducive to the local
search of the algorithm, resulting in slow convergence of the
algorithm. In order to solve this problem, the idea of PSO
with inertia weight is used [1], [45]. This paper introduces
the inertia weight w in the Lévy flight of CS to accelerate the
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Algorithm 1 Basic Cuckoo Search Algorithm (BCS)
Begin
Randomly generate N initial nests
Evaluate the fitness value of all initial nests
t=0
While r <MaxGen

t=t+1;

Fori=1toN

Generate new solution x;(#+1) using Egs. (5)-(7)

9: Evaluate the fitness value of x;(z+1)
10: Iff Cxi(r+ 1)) < f (xi(2))
11: Replace the i-th solution and accept the new
solution as x;(t+1)
12: End if
13:  End for
14: Abandon the worst nests with a probability (p,), and
build the new ones at new locations according to Eq. (8)
15: Keep the best nests
16: Rank the best solutions and find the current best
17: End while
18: Output the best solution and optimal value
19: End

PRI D AR

convergence of the algorithm. The improvement of the Lévy
flight method of CS is as follows:

xi(t + 1) = wxi(t) + o @ Lévy(B) @ (xi (t) — ghest (1)) (9)

where w is inertia weight, x;(¢) represents the position of the
i-th nest at the ¢-th iteration,® represents dot multiplication,
o is step parameter, and S is a parameter, gpes (¢) is the
best nest.

Technically, the larger w has the greater global search
ability whereas the smaller w has greater local search ability.
Based on (9), in order to make the CS have a better perfor-
mance, w was nonlinearly decreased from a relatively large
value to a small value. The update method of w is as follows:

-1
w=1—e (10)
where ¢ is the number of iterations.

Similar to the PSO velocity update method, the Lévy
flight method in CS is also sensitive to parameter settings.
Therefore, some new CSs have been proposed in succession
by introducing some new parameter adjustment methods.
The literature [46] summarized the types of two dynamic
parameter adjustments of the Lévy flight method in CS, and
proposed the adjustment methods of the parameters « and
B according to the two types. The literature [47] proposed
a method for adjusting the parameter 8 with nonlinear incre-
ment as the number of iterations increases. The literature [48]
proposed a method to adaptively adjust the parameter « by
fully considering the information of the optimal solution
and the optimal value in the population. The literature [49]
proposed a method to adjust the parameter 8 by referring
to the swarm information and the individual’s own experi-
ence. The literature [50] proposed a method for adjusting
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the parameter & with nonlinear decrement as the number
of iterations increases. As can be seen from the simulation
results in references [46]-[50] that the improved parame-
ter adjustment methods effectively improve the convergence
speed of CS. At the same time, through the analysis of the
parameter adjustment methods, it is found that the adjustment
of these literatures parameters is related to the maximum
number of iterations setting by the algorithm. The maximum
number of iterations is set differently, and the convergence
effect of the algorithm is also different. In order to reduce
the influence of the maximum iteration number setting on
CS optimization performance and improve the convergence
speed of CS, the new adjustment methods of parameter « and
parameter § are given respectively. The adjustment methods
of the parameters o and 8 are as follows:

Oli(t) = 05 + IS(E) Jvest O —Fworst (1) +€ (11)
0.1
H—Ff@) |
Bi(t) = 0.5+ 0.1 | Lesr® =S -
Jbest — fworst + €

where ¢ is the number of algorithm iterations, f;(¢) is the
fitness value of the i-th individual in the ¢-th iteration of
the population, fps(¢) is the optimal fitness value of the
t-th iteration of the population,f,,s (¢) is the worst fitness
value of the z-th iteration of the population, ¢ used to avoid
zero-division-error, is the smallest constant in the computer.

It can be seen from equations (9) and (10) that the algo-
rithm can converge quickly due to the introduction of inertia
weights that decrease nonlinearly with increasing number
of iterations. At the same time, the algorithm can converge
to the global optimal solution faster because of the intro-
duction of the optimal individual in the population. In the
new adjustment method of the parameter «, individuals in
the population can adaptively adjust according to their fit-
ness values and contemporary optimal fitness values. In the
adjustment method of the parameter g, the individuals in the
population adaptively adjust according to the fitness values
of the population and the number of iterations. By analyzing
the updating methods of parameters « and f, it is known that
individuals with better fitness values have larger parameter
values, and individuals with poor fitness values have smaller
parameter values. In the update formulas of parameters
o and B, the update of the parameters is not affected by the
maximum number of iterations.

B. ADDITION OF MUTATION OPERATOR

According to the iterative update mechanism of CS, the algo-
rithm adopts the position update method of Lévy flight to
generate a large search step. In the early stage of the algorithm
search, CS can perform global search with a large search
step. In the later stage of the algorithm search, the larger step
size leads to slower convergence of the algorithm and weaker
local search ability. In response to this problem, this paper
introduces a mutation operator. The operation method of the

VOLUME 7, 2019

mutation operator is as follows:

xi(1) + (xj(1) — x;(1))(1 — rf_w

ry < pe&ry < 1/2

)

t

X (t+1) = {xi(0) — () —x@e)A — ¢y, (13)
r < pe&ry > 1/2
xi(t) + ra(xj(t) — xx (1)), 12 = pe

where ¢ is the number of algorithm iterations, the parameter
A = 1.2, p. is the probability of mutation, ry, rp, r3 and
r4 are uniform random numbers in [0,1], x;(¢) represents the
position of the i-th nest at the 7-th iteration, x;(¢) represents the
position of the j-th nest at the #-th iteration, xi (¢) represents
the position of the k-th nest at the 7-th iteration, and 7, j and k
are not equal to each other.

Analysis of the mutation operator given in this paper shows
that in the late iteration of the algorithm, individuals in the
population can perform local search in a small step size. The
mutation operator given in this paper can effectively enhance
the local search ability of the algorithm.

C. EVOLUTIONARY STRATEGY OF ADAPTIVE HYBRID
CUCKOO SEARCH ALGORITHM

When the improved CS performs a local search, the algorithm
may still have a locally optimal situation. In order to reduce
the probability that CS falls into local optimum, this paper
proposes a new evolutionary strategy. The evolutionary strat-
egy of the adaptive hybrid cuckoo search is as follows:

(1) Timing begins, initialize the relevant parameters of
AHCS, such as the population size N, disturbed iteration
threshold T}, the maximum runtime of the algorithm maxrun-
time and so on.

(2) The initial population is generated as follows:

x =a+ rand(1, D). x (b — a) (14)

where x is an individual in the randomly generated initial
population, b is the upper bound vector of the variable, a is
the lower bound vector of the variable,D is the dimension of
the variable, rand (1, D) is a random uniform vector in [0,1],
and ““.x”’ shows the dot product of two vectors.

(3) Calculate the fitness values of all nest positions in the
population, and sort the fitness from small to large, and record
the best nest position and its fitness.

(4) For each nest, according to Egs. (6), (7) and (9)-(12),
the positional update of the Lévy flight is performed on the
AHCS. After that, the fitness value of the nest position after
the position update is calculated, and compared with the
fitness of the bird’s nest position before the update, the better
bird’s nest position and its fitness value are retained.

(5) For each nest, the nest position is discarded according to
Egs. (15)-(18). After that, the fitness value of the nest position
after the discarding operation is calculated, and compared the
fitness value of the nest position before the discarding, the
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better nest position and its fitness are retained.
xi(t) + Hy (xp(1) — xi(1))

+H; (xy(1) — xi(1))
x@t+1) = (15)

+rry (x(1) — xx (D)), r < Pa
xi(1), r>pg
= ! 0.5 (16)

T
0, Pa < 112

H; = {05, pa=rm (17)
1, Pa > 112
0, Pa < 113

H, = {05, pa=rr3 (18)
1, Da > 113

where ¢ is the number of algorithm iterations, parameter p,, is
the drop probability, x,(¢) is the historical optimal solution for
the i-th bird’s nest position,x,(¢) is the global optimal solution
of the population,x;(t), x;(¢), and xi(¢) are different bird nest
positions, r, rri, rra, and rr3 are uniform random numbers
in [0,1].

(6) According to Eq. (13), all nest positions are subjected to
mutation operations. After that, for each nest, the fitness value
of the nest position after the mutation operation is calculated,
and compared with the adaptability of the nest position before
the mutation, and the better nest position and its fitness are
retained.

(7) Record the optimal nest position and its fitness value
in each iteration of the algorithm. If the number of fitness
stagnations exceeds Ty, the optimal position of the population
is perturbed using Eq. (19). After that, the fitness value of the
nest position after the disturbance is calculated, and compared
with the fitness value of the best nest position before the
disturbance, the better nest position and its fitness value are
retained.

Xpest(t + 1) = Xpesr (1) + N (0, 1). * (x;(¢) — xj(t)) (19)

where xpe5 is the optimal solution in the population, and
N(0,1) is a Gaussian distribution with mean 0 and variance 1,
“.x” represents dot multiplication, and x;(t) and x;(z) are
any two different nest positions in the population of the
t-th iteration.

(8) Record the running time of the algorithm runtime, if the
iteration stop condition is satisfied, the optimal solution and
the optimal value are output; if not, then return to (4).

The pseudo code of the adaptive hybrid cuckoo search is
shown in Algorithm 2.

In Algorithm 2, N is the population size, ¢ is the iteration
number, p,, is the probability of dropping, p. is the probability
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Algorithm 2 Adaptive Hybrid Cuckoo Search (AHCS)

1: Begin

2: Let timing initial value is runtime=0, start the timer

3: Randomly generate N initial nests

4: Evaluate the fitness value of all initial nests

5:t=0;

6: While runtime <maxruntime

7. t =1t+1;

8: Fori=1toN

9: Generate a new solution x;(z+1) using Eqs. (6),
(7) and (9)-(12)

10: Evaluate the fitness value of x;(z+1)

11: If £ (xi(24+1)) < f (xi(2))

12: Replace the i-th solution and accept the new
solution as x;(r+1)

13: End if

14: End for

15: Fori=1toN

16: Abandon the worst nests with a probability

(pa), and generate a new solution x;(r+1) according to
Egs. (15)-(18)

17: Evaluate the fitness value of x;(r+1)

18: If f (xi(t+ 1)) < f (xi(1))

19: Replace the i-th solution and accept the new

solution as x;(t+1)

20: End if

21: End for

22: Fori=1toN

23: Mutation operation with a probability (p.),
and generate a new solution x;(¢+1) according

to Eq. (13)

24 Evaluate the fitness value of x;(z+1)

25: If f (xi(e+ 1)< f (xi(1))

26: Replace the i-th solution and accept the new

solution as x;(t+1)

27: End if

28: End for

29: IfT > Ty

30: generate a new solution xp,g (f41) according to

Eq. (19)

31: Evaluate the fitness value of xpeg (14+1)

32: IE f (Xbest (14 1)) < f (Xpest (1))

33: Replace the i-th solution and accept the new

solution as xpes (t+1)

34. End if

35: End if

36: Record running time runtime

35: End while
36: Output the best solution and optimal value
37: End

of mutation, runtime is the running time of the algorithm,
maxruntime is the maximum runtime of the algorithm, 7p is
the maximum number of stagnation of the optimal value in
the population, T is the number of stagnations of the optimal
value in the population.
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¥

Timing begins, initialize relevant parameters
and randomly generate N initial nests.

I}

Calculate the fitness values of all initial nests,
and record the best nest and its fitness.

)

For each nest, position update according to Egs. (6),
(7) and (9)-(12), keep the better nest and its fitness.

)

For each nest, it is discarded according to Egs.
(15)-(18), keep the better nest and its fitness.

v

For each nest, it is mutated according to Eq. (13),
keep the better nest and its fitness.

v

If T>T,, the optimal nest is perturbed using Eq.
(19), keep the better nest and its fitness.

|

Record the running time of the algorithm

Satisfy the iteration
stop condition?

Output the best solution and optimal value

v
G

FIGURE 1. The flow chart of the AHCS algorithm.

The flow chart of the adaptive hybrid cuckoo search algo-
rithm is shown in FIGURE 1.

V. NUMERICAL EXPERIMENTS
A. BENCHMARK FUNCTIONS
To evaluate the performance of the proposed AHCS and
conduct a further comparative study, a set of well-known test
functions [23], [51] are used as benchmark problems. The
dimension of these test functions can be fixed or unfixed.
Functions fi-fi4 and f>1-f>3 are unimodal functions, and
functions fis-fo0 and f>4-f30 are multimodal functions. The
30 benchmark functions are shown in TABLE 1.

In TABLE 1, Dim represents the dimension of these test
functions. D is the dimension of the variable, and it is a
variable value. This paper takes D=30.

VOLUME 7, 2019

B. ALGORITHM PERFORMANCE EVALUATION INDEX
In this section, in order to measure the performance of
AHCS, the mean value, standard deviation value, 7-test val-
ues, Friedman average ranking given in the literature [22],
and VS are used as performance evaluation indicators.

The mean value is defined as the average function value
achieved by the algorithm out of the total number of indepen-
dent runs R times. The mean value is abbreviated as MEAN,
and is represented in Eq. (20).

R
MEAN = % (20)
where f; is defined as the best fitness value that the algorithm
achieved in the i-th run.

VS is an evaluation index of the mean comparison between
the other algorithm and the proposed algorithm. “+”, “—"
and “=" are three results of the mean comparison between
the other algorithm and the proposed algorithm. “+4 sig-
nifies the condition where mean of the other algorithm is
better than the proposed algorithm, “—"" signifies the con-
dition where mean of the other algorithm is worse than the
proposed algorithm, “=" signifies the condition where both
the proposed and the algorithm in comparison have the same
mean results.

The standard deviation is defined as the actual deviation
that exists between the average function values achieved in R
times runs. The standard deviation is abbreviated as SD, and
is represented in Eq. (21).

R
SD = \/ iz i~ MEAN) 1)
R

The ¢-test values are calculated for every function using its
mean and standard deviation in each existing algorithm. The
t-test value is abbreviated as T\, and is calculated using the
Eq. (22).

MEAN| — MEAN;
Tt = e (22)
SD}+SD3 L
R

where MEAN|, MEAN, and SDi, SD; are respectively the
mean and standard deviation values of other algorithms and
AHCS algorithm, R is the number of independent runs of the
algorithm, ¢ is used to avoid zero-division-error, and ¢ is the
smallest constant in the computer. The ¢-test has been carried
out with the significance level of @« = 0.05. The winning (w),
tie (t) and lost (/) cases of ¢-test values for AHCS over existing
algorithms are represented in the last row of each table with
the attributes namely w/t/l. For each algorithm that compares
with AHCS, w represents the number of 7-test values greater
than 0, # represents the number of #-test values equal to 0, and
[ represents the number of ¢-test values less than 0.

In order to check the significant difference of the pro-
posed AHCS algorithm, the Friedman average ranking test
has been used to compare the performance of the AHCS
and other algorithms. With this test, the relative ranking
of each algorithm has been calculated based on the mean
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TABLE 1. 30 benchmark functions with dimension in experiments.

Name Function Dim Range Min
Sphere fi(xX)=Y" D  [-100, 100] 0
Schwefel 222 f, D  [-10,10] 0
Eason £ (X)==cos(x,)cos(x,) exp(—(x, — 7)* = (x, = 7)*) 2 [-100,100] -1
Step fi(X)= ZD (|_)c. +0.5 )2 D [-100,100] 0
Sum Square fi(X)= Z, X D  [-100,100] 0
Quartic f(X)= Z,:| ix! +random(0,1) D [-1.28,1.28] 0
Dixion-Price L= =D+ 27 i2x = x,) D [-10,10] 0
Schwefel 2.21 Js(X)=max {|x,|, 1<i< D} D [-100, 100] 0
Zakharov LX) =" 2+ 05i)* +(37 0.50)* D  [-5,10] 0
Matyas [10(X)=0.26(x] +x2)—0.48x,x, 2 [-10,10] 0
Trid6 H0=3" (-0 =37 xx, 6 [-36,36] -50
Powell Sz (X) = Zi/: [(XAH + 10x4,—2) 50, — %y )+ (CHPES )+ 1005 — x,,; )4} 24 [-4,5] 0
Beale [i;(X) = (1.5 —x, +x,%,)" +(2.25 - x, + ,x7)* +(2.625 - x, + x,x3)° 2 [-4.5,4.5] 0
Trid10 £:0=3" @ -1 =37 xx 10 [-100,100] 2210
Rastrigin fis(X)= I:llix,. 710005(272'):,. +10] D  [-5.12,5.12] 0

. ) 1 .
Griewank fio(X)= 2000 " -T10 cos(x,. JNi)+1 D  [-600, 600] 0
Welerstrass Fr(X)=Y" S [ cos@ab’ (x, +0.5)]) ~ DY ™ [a* cos(27b*0.5)] D [05.05] 0
a=0.5, b=3,k,, =20
Bohachevskyl fio(X) = x} +2x2 —0.3cos(37x,) — 0.4 cos(47zx,) +0.7 2 [-100,100]
Bohachevsky2  f,,(X)=x +2x; —0.3cos(37x,) cos(47x,)+0.3 2 [-100,100] 0
Bohachevsky3  f,,(X)=x? +2x> —0.3cos(37x, + 47x,) + 0.3 2 [-100,100] 0
Elliptic le(X)=Zﬁ (106)1%1)52 D [-100,100] 0
SumPower L (X)=D0 [ D [-LI] 0
Exponential S (X)= D [-1.28,1.28] 0
Rosenbrock fu(X)= Z‘ 1100(x,, — ) +(1-x,)] D [-510] 0
fos(X) =" [ 7 ~10c0s(273,) +10]
NCRastrigin X, , X, D [-5.12,5.12] 0
0.5round(2x,),
Ackley s (X) = -20exp(-0.2,/3 " x? /D)fexp([zl[i]cos(%r x)]/D)+20+¢ D  [-32,32] 0
fo(X) =7/ D{10sin* () + 3 (3, = D*[1+10sin’ (zy,,, )] +
O3+ u(x,.10,100,4)
Penalizedl k(x,—a)", x>a D [-50,50] 0
Yy =140250x, +1), u, .\, = 0 ,-a<sx<a
k(=x,—a)",x,<-a
s (X ) =0.1{sin*(zx,) + Zl:l (%, —D*[1+sin’ 3zx,,)]+
Penalized2 . » D  [-50,50] 0
(xp-1)°[1+sin’ (27x,,)]} + Z,:] u(x;,5,100,4)
Alpine Lo (X)=2 [-10,10] 0
Levy Jo(X)= Z (x, =1)[1+sin*B7x,,)] +sin®Bzx, ) +x, —1|[1+sin’ 37x,)] D [-10,10] 0
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TABLE 2. Parameter Settings for seven improved CSs.

Algorithm Year Parameters

BCS 2009 a=0.01, p =0.25, p=1.5
ICS 2018 m=0.8, k=0.2, p=5, S =0.01,p . =0.1

CS-EO 2018 a,=0.01, b =1, p,=0.25, p €10,1], s €[0,1], mE[0,1], A€ (1,3]
DCS 2019 a =05,0 =00l,p =05,p . =0.01,r€[0,1],41€(1,3]
RCS 2019 C=1,w=2, =2, a(0)=0.1, = (1,3]

MCS 2019 a =15a =0.1,1€(1,3],p €[0,1]

CV1.0 2018 a=0.01, p,=0.5, FE[0,1]

AHCS 2019 w =07,w =04,s=08, T,;=10, =12, M=10°

max
m—

in

values for every function and finally the average ranking
and final ranking of all the algorithms are given. The final
ranking of all algorithms is based on their average rank-
ing. The average ranking is computed using the following
process.

Stepl: Gather statistical results for k algorithm.

Step2: For each function i, rank mean values from 1 (best
result) to k(worst result), the average ranks are assigned in
case of ties. Denote these ranks as r{(lfj < k).

Step3: For each algorithm j, average the ranks obtained in
all functions to obtain the final average ranking R;, the R; is
computed by Eq. (23).

1 noo

R~ = - r{

J n Zi: 18

where n is the number of functions, k is the number of
algorithms for participation in comparison.

G=1,2,---,k) (23)

C. COMPARSION OF ADAPTIVE HYBRID CUCKOO SEARCH
ALGORITHM AND OTHER IMPROVED CUCKOO

SEARCH ALGORITHMS

AHCS was compared to seven improved CSs in the literature.
The seven improved CSs that participated in the comparison
are as follows: (1) the basic CS in reference [1] is abbreviated
as BCS; (2) the improved CS in reference [52] is abbreviated
as ICS; (3) the proposed CS with explosion operator in refer-
ence [20] is abbreviated as CS-EQ; (4) the proposed dynamic
CS in reference [12] is abbreviated as DCS; (5) the proposed
reinforced cuckoo search in reference [22] is abbreviated as
RCS; (6) the modified CS in reference [28] is abbreviated as
MCS; (7) the proposed cuckoo search version 1.0 in refer-
ence [53] is abbreviated as CV 1.0.

The size of all populations participating in the compar-
ison algorithm is N = 40, and the maximum runtime is
maxruntime=20 seconds. See TABLE 2 for other parameter
settings for various algorithms. For each algorithm, each test
function is run independently 30 times. In order to ensure fair-
ness of comparison, and to quickly obtain statistical results,
it is guaranteed that for the same test functions, all algorithms
participating in the comparison are tested on the same operat-
ing system of the same computer. At the same time, different
test functions can be tested in the same operating system in
different computers.

VOLUME 7, 2019

The statistical results of the mean and standard deviation
are shown in TABLE 3. The comparisons of the statistical
results are shown in TABLE 4.

As seen in TABLE 3, the algorithm proposed in this paper
can converge global optimal solution for most of the test
functions, which are fi-f3, f5s-f>3, f>5, and f>9; while other
intelligent methods have some cases where the convergence
accuracy of the test function is low, for example, BCS for
functions f1, fi6, f17, f21, f24-f28 and f39, ICS for functions f>,
fo, f15, 17, f21, and f>4-f>7, DCS for functions f;5 and so on.

As seen in TABLE 4, compared to the other seven
improved CSs, the number of winning cases of 7-test values
for AHCS is greater than the number of lost cases of ¢-test val-
ues, and the Friedman average ranking of AHCS is better than
the other seven improved CSs. Therefore, the performance of
AHCS is significantly better than the other seven improved
algorithms.

D. COMPARSION OF ADAPTIVE HYBRID CUCKOO SEARCH
ALGORITHM AND OTHER IMPROVED ALGORITHMS

AHCS was compared to seven improved algorithms in the
literature. The seven improved algorithms that participated
in the comparison are as follows: (1) the improved chicken
swarm optimization in reference [54] is abbreviated as
ICSO; (2) the improved chicken swarm optimization in refer-
ence [55] is abbreviated as MDCSO; (3) the improved firefly
algorithm in reference [56] is abbreviated as NAFA; (4) the
improved firefly algorithm in reference [57] is abbreviated as
DUPFA,; (5) the improved PSO in reference [58] is abbreviated
as OBLPSOGD; (6) the improved grey wolf optimizer in
reference [59] is abbreviated as AGWO; (7) the improved
real code genetic algorithm in reference [60] is abbreviated
as IRCGA.

The size of all populations participating in the compar-
ison algorithm is N = 40, and the maximum runtime is
maxruntime=20 seconds. See TABLE 5 for other parameter
settings for various algorithms. For each algorithm, each test
function is run independently 30 times. In order to ensure fair-
ness of comparison, and to quickly obtain statistical results,
it is guaranteed that for the same test functions, all algorithms
participating in the comparison are tested in the same operat-
ing system of the same computer. At the same time, different
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TABLE 3. The statistical results of AHCS and seven improved CSs on 30 benchmark functions.

Function E'Valluation Algorithm

indicator AHCS BCS ICS CS-EO DCS RCS MCS CV 1.0

f MEAN 0.00E+00  3.32E-03 2.31E-01 1.06E-19 3.13E-17  1.10E+03  3.42E-12  0.00E+00
1 SD 0.00E+00  1.20E-03 5.42E-02 1.77E-19 8.73E-18  6.19E+02  7.65E-12  0.00E+00
£ MEAN 0.00E+00  5.12E-01 5.07E+02  2.08E-12 3.06E-09  1.81E+11  2.12E-09  0.00E+00
2 SD 0.00E+00  5.25E-02  7.21E+02  4.65E-12 6.19E-09  2.52E+11  4.73E-09  0.00E+00
f, MEAN -1.00E+00  -1.00E+00  -1.00E+00  -1.00E+00 -1.00E+00 -4.00E-01  -1.00E+00  -1.00E+00
3 SD 0.00E+00  0.00E+00  0.00E+00 0.00E+00  0.00E+00  5.48E-01  0.00E+00  0.00E+00
MEAN 6.16E-34  3.01E-03 3.03E-03 0.00E+00 2.79E-17  9.47E+02  8.46E-06  3.24E+00

Ja SD 1.38E-33 3.10E-04  6.63E-04 0.00E+00  1.02E-17  5.38E+02  1.89E-05 5.80E-01
MEAN 0.00E+00  6.84E-03 3.17E-02 3.96E-28 3.17E-17  5.08E+00  3.71E-17  0.00E+00

/s SD 0.00E+00  2.31E-03 1.01E-02 8.85E-28 1.03E-17  2.81E+00  8.29E-17  0.00E+00
MEAN 0.00E+00  5.86E-06 1.63E-04 7.84E-31  7.29E-18  7.89E-03  2.57E-10  0.00E+00

Js SD 0.00E+00  2.24E-06  9.17E-05 1.74E-30  3.89E-19  9.52E-03  5.74E-10  0.00E+00
MEAN 0.00E+00  5.06E-04 1.33E-05 440E-29  3.33E-17  3.02E-01 1.92E-13 1.11E+01

fr SD 0.00E+00  1.50E-04 1.67E-06 9.83E-29  3.40E-18  1.80E-01  4.29E-13  4.32E+00
. MEAN 0.00E+00  4.10E+01  2.32E-01 1.14E-04  1.12E-03  1.94E+01  2.60E-03  0.00E-+00
8 SD 0.00E+00  2.23E+00  3.67E-02 1.56E-04  1.04E-03  1.77E+00  5.82E-03  0.00E-+00
f MEAN 0.00E+00  4.16E-02  1.36E+02 243E+01  4.08E-02  7.39E+08  2.30E+00  0.00E+00
9 SD 0.00E+00  5.58E-03  6.17E+01 238E+01  1.30E-02  7.93E+08 3.23E+00  0.00E+00
MEAN 0.00E+00  1.01E-58  2.44E-71 1.24E-45 1.33E-20  5.76E-02  4.00E+00  0.00E+00

Sro SD 0.00E+00  2.07E-58 3.07E-71 2.77E-45 297E-20  5.13E-02  0.00E+00  0.00E+00
MEAN -5.00E+01  -5.00E+01  -5.00E+01  -5.00E+01 -5.00E+01  3.05E+01  -5.00E+01  -5.00E+01

S SD 0.00E+00  2.56E-14  0.00E+00 0.00E+00  3.12E-14  2.05E+01  0.00E+00  0.00E+00
f MEAN 0.00E+00  9.67E-02  3.23E-01 4.68E-02 6.96E-03  5.63E+00  1.13E-03  0.00E+00
12 SD 0.00E+00  1.27E-02 8.32E-02 6.55B-02  3.13E-03  4.13E+00  6.28E-04  0.00E-+00
MEAN 0.00E+00  0.00E+00  0.00E+00 0.00E+00  2.51E-30  1.84E+00  2.17E-21 0.00E+00

Ji3 SD 0.00E+00  0.00E+00  0.00E+00 0.00E+00  S5.61E-30  8.05E-01 4.85E-21 0.00E+00
MEAN -2.10E+02  -2.10E+02  -2.10E+00  -2.10E+02 -2.10E+02 7.82E+02 -2.10E+02  -2.10E+02

Jia SD 4.07E-13 4.07E-13  0.00E+00 498E-13  4.07E-13  4.58E+02  1.11E-12 4.07E-13
f MEAN 0.00E+00  6.24E+01  1.57E+02 0.00E+00  7.79E+01  1.32E+02  9.98E+01  0.00E+00
15 SD 0.00E+00  7.59E+00  6.73E+01 0.00E+00 1.16E+01  1.89E+01  3.78E+01  0.00E+00
MEAN 0.00E+00  1.04E+01  1.61E+00 1.89E-15 1.78E-05  1.73E+02  0.00E+00  0.00E-+00

Sie SD 0.00E+00  2.77E+00  3.66E-01 422E-15 1.76E-05  2.94E+01  0.00E+00  0.00E+00
1, MEAN 0.00E+00  1.84E+01  3.71E+01 1.13E+00  3.61E+00  3.65E+01  6.41E+00  0.00E+00
17 SD 0.00E+00  8.15E-01 1.17E+00 9.87E-01  2.88E-01 1.62E+00  7.10E+00  0.00E+00
1, MEAN 0.00E+00  0.00E+00  0.00E+00 0.00E+00  0.00E+00  2.20E+02  0.00E+00  0.00E+00
18 SD 0.00E+00  0.00E+00  0.00E+00 0.00E+00  0.00E+00  1.45E+02  0.00E+00  0.00E+00
1 MEAN 0.00E+00  0.00E+00  0.00E+00 0.00E+00  0.00E+00  2.47E+02  0.00E+00  0.00E+00
19 SD 0.00E+00  0.00E+00  0.00E+00 0.00E+00  0.00E+00  1.77E+02  0.00E+00  0.00E+00
f MEAN 0.00E+00  0.00E+00  0.00E+00 0.00E+00  0.00E+00  3.19E+02  0.00E+00  0.00E+00
20 SD 0.00E+00  0.00E+00  0.00E+00 0.00E+00  0.00E+00  5.85E+01  0.00E+00  0.00E+00
£ MEAN 0.00E+00  9.56E+04  3.27E+07  1.71E-10 821E-24  3.22E+08  2.29E+05  0.00E+00
21 SD 0.00E+00  1.02E+05  1.25E+07  2.34E-10 1.84E-23  2.19E+08  5.13E+05  0.00E+00
I MEAN 0.00E+00  7.39E-08 1.62E-05 2.27E-52 8.41E-19  149E-03  8.48E-14  0.00E+00
22 SD 0.00E+00  3.84E-08 9.66E-06 5.08E-52 1.14E-18  1.04E-03  1.90E-13  0.00E+00
I MEAN 0.00E+00  1.34E-01 4.75E-01 3.56E-16 1.79E-11  5.90E-01  4.10E-13  0.00E+00
23 SD 0.00E+00  8.11E-03 5.72E-02 2.98E-16 1.52E-11  3.43E-01  9.16E-13  0.00E+00
f MEAN 3.44E-09  1.50E+01  1.33E+02  1.88E+01  1.92E+01  1.21E+03  1.03E+01  2.87E+0l
24 SD 2.52E-09  5.67E+00  1.36E+02  4.19E+00  4.23E+00  3.84E+02  1.37E+01 1.65E-02
1 MEAN 0.00E+00  6.71E+01  1.36E+02  1.22E-01  6.27E+01  9.73E+01  1.21E+02  0.00E+00
25 SD 0.00E+00  6.06E+00  1.45E+01 1.44E-01  4.35E+00 523E+01  1.62E+01  0.00E+00
P MEAN 8.88E-16  1.87E+01  1.81E+01  2.82E-10 7.70E-07  1.96E+01  2.02E-03 8.89E-16
26 SD 0.00E+00  3.33E-01 1.71E-01 3.33E-10 1.57E-06  1.48E-01  4.52E-03  0.00E+00
£ MEAN 2.07E-33  6.10E+07  8.96E+07  1.85E-07  9.05E+00  4.68E+08  2.76E-17  7.20E+00
27 SD 2.83E-33  3.34E+04  6.79E+07  4.14E-07  3.78E-01  3.08E+08  6.17E-17  1.34E+00
£ MEAN 1.75E-33 1.53E+08  1.04E+08  8.50E-11 9.58E-11  1.03E+09  129E-20  1.96E+01
28 SD 5.51E-34 1.03E+08  5.42E+07 1.90E-10 9.79E-11  9.87E+08  2.89E-20 1.01E+00
f MEAN 0.00E+00  1.87E+00  8.05E+00  1.25E-02  2.25E+00  625E+00  4.43E-03  0.00E+00
29 SD 0.00E+00 1.19E-01  447E+00  2.70E-02 6.32E-01  2.52E+00  6.17E-03  0.00E+00
f MEAN 4.19E-03 1.15E+02  9.68E+00  2.85E-02 5.58E-02  1.60E+02  2.35E-03  3.49E+00
30 SD 271E-03  3.69E+01  2.59E+00  2.84E-02  3.89E-02  3.16E+01  2.46E-03  2.89E+00
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TABLE 4. The comparison results of AHCS and seven improved CSs on 30 benchmark functions.

Function Eyal'uation Algorithm
indicator  AHCS BCS ICS CS-EO DCS RCS MCS CV1.0
Rank 1.5 6 7 3 4 8 5 1.5
fl Toar / 1.52E+01 2.33E+01 4.77E-04 1.40E-01 9.73E+00 2.45E+00 0.00E+00
VS / - - - - - - =
Rank 1.5 6 7 3 5 8 4 1.5
fz Toar / 5.34E+01 3.85E+00 2.45E+00 2.71E+00 3.93E+00 2.45E+00 0.00E+00
Vs / - - - - - - =
Rank 4 4 4 4 4 8 4 4
f3 Toal / 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.00E+00 0.00E+00 0.00E+00
Vs / = = = = - = =
Rank 2 5 6 1 3 8 4 7
A Toar / 5.32E+01 2.50E+01 -2.77E-18 1.25E-01 9.64E+00 2.45E+00 3.06E+01
VS / - - + - - - -
Rank 1.5 6 7 3 4 8 5 1.5
f5 Toal / 1.62E+01 1.72E+01 1.78E-12 1.42E-01 9.90E+00 1.56E-01 0.00E+00
VS / - - - - - - =
Rank 1.5 6 7 3 4 8 5 1.5
f6 Toar / 1.43E+01 9.74E+00 3.53E-15 3.28E-02 4.54E+00 2.45E+00 0.00E+00
VS / - - - - - - =
Rank 1 6 5 2 3 7 4 8
f7 Tvar / 1.85E+01 4.36E+01 1.98E-13 1.50E-01 9.19E+00 2.44E+00 1.41E+01
VS / - - - - - - -
Rank 1.5 8 6 3 4 7 5 1.5
f8 Tval / 1.01E+02 3.46E+01 4.00E+00 5.90E+00 6.00E+01 2.45E+00 0.00E+00
VS / - - - - - - =
Rank 1.5 4 7 6 3 8 5 1.5
f9 Tour / 4.08E+01 1.21E+01 5.59E+00 1.72E+01 5.10E+00 3.90E+00 0.00E+00
Vs / - - - - - - =
Rank 1.5 4 3 5 6 7 8 1.5
flo Ty / 4.55E-43 1.10E-55 5.58E-30 5.99E-05 6.15E+00 1.80E+16 0.00E+00
Vs / - - - - - - =
Rank 4 4 4 4 4 8 4 4
fl 1 Toar / 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.15E+01 0.00E+00 0.00E+00
VS / = = = = - = =
Rank 1.5 6 7 5 4 8 3 1.5
f12 Tour / 4.17E+01 2.13E+01 3.91E+00 1.22E+01 7.47E+00 9.86E+00 0.00E+00
VS / - - - - - - =
Rank 3 3 3 3 6 8 7 3
f13 Toal / 0.00E+00 0.00E+00 0.00E+00 1.13E-14 1.25E+01 9.77E-06 0.00E+00
VS / = = = - - - =
Rank 3.5 35 7 3.5 3.5 8 3.5 3.5
fl 4 Toul / 0.00E+00 2.79E+15 0.00E+00 0.00E+00 1.19E+01 0.00E+00 0.00E+00
Vs / = - = = - = =
Rank 2 4 8 2 5 7 6 2
f15 Tval / 4.50E+01 1.28E+01 0.00E+00 3.68E+01 3.83E+01 1.45E+01 0.00E+00
VS / - - = - - - =
Rank 2 7 6 4 5 8 2 2
fl 6 Toar / 2.06E+01 2.41E+01 1.90E+00 5.54E+00 3.22E+01 0.00E+00 0.00E+00
Vs / - - - - - = =
Rank 1 6 8 3 4 7 5 1.5
f17 Toal / 1.24E+02 1.74E+02 6.27E+00 6.87E+01 1.23E+02 4.94E+00 0.00E+00
VS / - - - - - - =
Rank 4 4 4 4 4 8 4 4
f18 Tvar / 0.00E+00 0.00E+00 0.00E+00 0.00E+00 8.31E+00 0.00E+00 0.00E+00
VS / = = = = - = =
Rank 4 4 4 4 4 8 4 4
fl 9 Tval / 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.64E+00 0.00E+00 0.00E+00
Vs / = = = = - = =
VOLUME 7, 2019 145499



IEEE Access

Z. Cheng et al.: Improvement and Application of AHCS Algorithm

TABLE 4. (Continued.) The comparison results of AHCS and seven improved CSs on 30 benchmark functions.

Rank 4 4 4 4 4 8 4 4
f20 Tyl / 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.99E+01 0.00E+00 0.00E+00
Vs / = = = = - = =
Rank 1.5 5 7 4 3 8 6 1.5
f21 Tl / 5.13E+00 1.43E+01 4.00E+00 3.70E-08 8.05E+00 2.44E+00 0.00E+00
VS / - - - - - - =
Rank 1.5 6 7 3 4 8 5 1.5
f22 Tl 1.05E+01 9.19E+00 1.02E-36 3.78E-03 7.85E+00 2.43E+00 0.00E+00
VS / - - - - - - =
Rank 1.5 6 7 3 5 8 4 1.5
f23 Tyl / 9.05E+01 4.55E+01 1.29E+00 6.45E+00 9.42E+00 2.45E+00 0.00E+00
VS / - - - - - - =
Rank 1 3 7 4 5 8 2 6
f24 Tou / 1.45E+01 5.36E+00 2.46E+01 2.49E+01 1.73E+01 4.12E+00 9.53E+03
Vs / - - - - - - -
Rank 1.5 5 8 3 4 6 7 1.5
s Toul / 6.06E+01  5.14E+01  4.64E+00  7.89E+01  1.02E+01  4.09E+01  0.00E+00
VS / - - - - - - =
Rank 1 7 6 3 4 8 5 2
f26 Tl / 3.08E+02 5.80E+02 4.64E+00 2.69E+00 7.25E+02 2.45E+00 4.50E-03
Vs / - - - - - - -
Rank 1 6 7 3 5 8 2 4
f27 Tval / 1.00E+04 7.23E+00 2.45E+00 1.31E+02 8.32E+00 1.18E-01 2.94E+01
Vs / - - - - - - -
Rank 1 7 6 3 4 8 2 5
f28 Tval / 8.14E+00 1.05E+01 2.45E+00 5.36E+00 5.72E+00 5.81E-05 1.06E+02
Vs / - - - - - - -
Rank 1.5 5 7 4 6 8 3 1.5
f29 Tl / 8.61E+01 9.86E+00 2.54E+00 1.95E+01 1.36E+03 3.93E+00 0.00E+00
Vs / - - - - - - =
Rank 2 7 6 3 4 8 1 5
f30 Tl / 1.71E+01 2.05E+01 4.67E+00 7.25E+00 2.77E+01 -2.75E+00 6.61E+00
Vs / - - - - - + -
Average Ranking 2.02 5.25 6.07 3.42 4.25 7.77 4.28 2.95
Final Ranking 1 6 7 3 4 8 5 2
wit/l / 23/7/0 24/6/0 21/8/1 24/6/0 30/0/0 22/7/1 7/23/0

Note: “/” indicates that the same items do not compare.

test functions can be tested in the same operating system on
different computers.

The statistical results of the mean and standard deviation
are shown in TABLE 6. The comparisons of the statistical
results are shown in TABLE 7.

As seen in TABLE 6, the algorithm proposed in this paper
can converge global optimal solution for most of the test
functions, which are fi-f3, f5-f23, f25, and fag; while other
intelligent methods have some cases where the convergence
accuracy of the test function is low, for example, ICSO for
functions f4, f>4, f>8 and f30, MDCSO for functions f, f7, and
f>4, and so on. For functions f1 and f3, all algorithms cannot
converge global optimal solution.

As seen in TABLES 7, compared to the other seven
improved algorithms, the number of winning cases of #-test
values for AHCS is greater than the number of lost cases of
t-test values, and the Friedman average ranking of AHCS is
better than the other seven improved algorithms. Therefore,
the performance of AHCS is significantly better than the
other seven improved algorithms.
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E. TEST ON CEC 2017 OPTIMIZATION PROBLEMS

We further tested the performance of the proposed approach
on a set of 28 CEC 2017 optimization problems. TABLE 8
show these test problems, the detail of which can be found in
reference [61].

The size of all populations participating in the compar-
ison algorithm is N = 40, and the maximum runtime is
maxruntime=20 seconds. The number of the decision vari-
ables of the optimization problems is D = 30, and the
penalty factor is M = 108. The other parameters are set
in TABLES 2 and 5. Each algorithm is run independently
30 times for each CEC 2017 optimization problem. In order
to ensure fairness of comparison, and to quickly obtain statis-
tical results, it is guaranteed that for the same test functions,
all algorithms participating in the comparison are tested in
the same operating system of the same computer. At the
same time, different test functions can be tested in the same
operating system on different computers.

TABLES 9 and 11 show the statistical results of AHCS and
other improved algorithms. The comparison results of AHCS
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TABLE 5. Parameter Settings for seven improved algorithms.

Algorithm Year Parameters

ICSO 2016 RN=0.2N, HN=0.6N, CN=0.2N, MN=0.IN, w,,,=0.4, ,,,=0.9, C=0.4, G=10

MDCSO 2018 RN=0.2N, HN=0.6N, CN=0.2N, MN=0.IN, FLe[0.4,1], G=10

NAFA 2017 a=0.5,Y=1, B =0.2, B, =1, k=3
DUFA 2018 a=0.3, y=0.9, d,=0.9, P=3

OBLPSOGD 2018 P=03,0=3.2,k=15,0=03,w =04,w =0.9

AGWO 2018 r €[0,1], ,€[0,1], rand €[0,1]

IRCGA 2019 K=5,k=5,8=5, p,=1,p,=1, M=10"

AHCS 2019 =0.4,5=0.8, T,=10,/=1.2, M=10"

w =07, w
m_a,\ it

i

and other seven improved CSs are shown in TABLE 10, and
the comparison results of AHCS and seven other improved
algorithms are shown in TABLE 12.

In TABLE 8, D is the number of decision variables, I is
the number of inequality constraints, and E is the number of
equality constraints.

As seen in TABLES 9 and 11, the algorithm proposed
in this paper can converge with high precision for most of
the test functions; while other intelligent methods have some
cases where the convergence accuracy of the test function is
low.

As seen in TABLE 10, compared to the other seven
improved CSs on CEC 2017 30-dimensional optimization
problems, the number of winning cases of #-test values for
AHCS is greater than the number of lost cases of 7-test
values, and the Friedman average ranking of AHCS on
CEC 2017 30-dimensional optimization problems is better
than the other seven improved CSs. Therefore, the perfor-
mance of AHCS is significantly better than the other seven
improved CSs.

As seen in TABLE 12, compared to the other seven
improved algorithms on CEC 2017 30-dimensional optimiza-
tion problems, the number of winning cases of #-test values
for AHCS is greater than the number of lost cases of 7-test
values, and the Friedman average ranking of AHCS on CEC
2017 30-dimensional optimization problems is better than the
other seven improved algorithms. Therefore, the performance
of AHCS is significantly better than the other seven improved
algorithms.

VI. APPLICATION STUDIES ON TWO

ENGINEERING CASES

In order to verify the effectiveness of AHCS in solving
constrained practical engineering optimization problems,
the parameter optimization problem of the reducer in litera-
ture [62] and the optimization of the cantilever beam parame-
ters in literature [63] are selected. AHCS and other improved
algorithms in the literature are used to optimize the structural
parameters of the two engineering cases.

A. REDUCER DESIGN PROBLEM
The design problem of the reducer is a classic constrained
optimization problem proposed by the famous scholar
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FIGURE 2. The reducer design structure.

Mezura-Montes. The structure of the reducer is shown in
FIGURE 2.

There are 7 variables and 11 constraints in the design opti-
mization problem of the reducer. The mathematical model of
the design optimization problem is as follows:
minf(x) = O.7854x1x§(3.3333x32 + 14.9334x3

—43.0934) — 1.508x (xZ + x3)

+ 747703 4 x3) + 0.7854(xax? + x5x3)  (24)
g1(x) =27/x1x3x3 — 1 <0
g2(x) =397.5/x1x3x3 — 1 <0
g3(x) = 1.93x3 /xox3x¢ — 1 <0
ga(x) = 1.93x3 /xox3x5 — 1 <0
g5(x)=[(745x4/x2x3)*+16.9 % 10°]/2/110x —1 <0
s.t. { g6(x)=[(745xs/x2x3)*+157.5 % 109]1/2/85x3 —1 <0
g71(x) = xx3/40 -1 <0
gs(x) =5x2/x1 —1<0
gox) =x1/12x =1 <0
g10x) =15x6+1.9)/x4 —1 <0
gnx) =1.1x7+19)/x5 =1 <0

(25)

In Eqgs. (24) and (25), the range of variables xi-x7 are
2.6< x; <3.6,0.7< xp <0.8, 17< x3 <28, 7.3< x4 <8.3,
7.3< x5 <8.3,2.9< x5 <3.9, and 5.0< x7 <5.5.

In order to verify the feasibility of AHCS in solv-
ing the design problem of constrained reducer, AHCS is
compared with seven improved CSs (BCS [1], ICS [48],
CS-EO [20], DCS [12], RCS [22], MCS [28], CV 1.0 [53]).
In addition, HCS is compared to other seven algorithms
(EOCSO [64], PSO-DE [65], MBA [66], HEAA [67],
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TABLE 6. The statistical results of AHCS and seven other algorithms on 30 benchmark functions.

Function E.val.uation Algorithm
indicator AHCS ICSO MDCSO NAFA DUFA OBLPSOGD  AGWO IRCGA
£ MEAN 0.00E+00 0.00E+00 0.00E+00 2.90E+03  5.45E-02 0.00E+00 0.00E+00  4.65E+01
! SD 0.00E+00 0.00E-+00 0.00E+00 8.36E+02  4.97E-03 0.00E+00 0.00E+00  7.78E+00
1 MEAN 0.00E+00 0.00E+00 0.00E+00 3.19E+01  6.31E+03 0.00E+00 0.00E+00  2.92E+00
2 SD 0.00E+00 0.00E-+00 0.00E+00 3.72E+00  1.34E+04 0.00E+00 0.00E+00  2.51E-01
MEAN -1.00E+00  -1.00E+00 -1.00E+00  -7.72E-01  -4.00E-01 -1.0E+00 -8.00E-01  -1.00E+00
/5 SD 0.00E+00 0.00E+00 0.00E+00 434E-01  5.48E-01 0.00E+00 4.47E-01 2.42E-09
£ MEAN 6.16E-33 2.01E+00 1.26E-05 3.02E+03  5.11E-02 8.73E-02 7.05E+00  5.19E+01
s4 SD 1.38E-33 3.79E-01 2.16E-05 1.36E+02  6.28E-03 9.48E-02 1.2E-01 7.63E+00
£ MEAN 0.00E+00 0.00E+00 0.00E+00 2.85E+02  7.18E-01 0.00E+00 0.00E+00  7.67E+00
73 SD 0.00E+00 0.00E+00 0.00E+00 9.77E+01  8.16E-02 0.00E+00 0.00E+00  2.39E+00
r MEAN 0.00E+00 0.00E+00 0.00E+00 2.31E-01  4.71E-03 0.00E+00 0.00E+00  2.03E-04
76 SD 0.00E+00 0.00E+00 0.00E+00 1.41E-01 1.57E-03 0.00E+00 0.00E+00  6.98E-05
. MEAN 0.00E+00 3.65E+00 9.08E-06 4.96E+01  5.30E-02 0.00E+00 2.63E+01  5.18E-01
S SD 0.00E+00 2.20E+00 2.00E-05 1.25E+01  5.05E-03 0.00E+00 2.19E+00  1.00E-01
£ MEAN 0.00E+00 0.00E-+00 0.00E+00 1.85E+01  9.52E-02 2.47E-03 0.00E+00  6.39E+00
8 SD 0.00E+00 0.00E+00 0.00E+00 2.01E+00  7.57E-03 1.03E-03 0.00E+00  8.69E-01
£ MEAN 0.00E+00 0.00E+00 0.00E+00 1.14E+09  9.15E-02 3.99E-01 0.00E+00  1.80E+01
° SD 0.00E+00 0.00E+00 0.00E+00 1.00E+09  8.08E-03 1.08E-01 0.00E+00  2.45E+00
f MEAN 0.00E+00 0.00E+00 0.00E+00 3.56E-05  7.71E-10 0.00E+00 0.00E+00  1.79E-12
10 SD 0.00E+00 0.00E+00 0.00E+00 5.22E-05  5.46E-10 0.00E+00 0.00E+00  9.83E-13
/ MEAN -5.00E+01  -5.00E+01 -5.00E+01  -3.18E-01 -5.00E+01 -5.00E+01 -1.33E+01  -5.00E+01
1l SD 0.00E+00 1.67E-03 8.06E-04 4.68E+01  3.34E-05 0.00E+00 1.89E+01  4.17E-04
MEAN 0.00E+00 0.00E+00 0.00E+00 1.23E+02  3.37E-01 1.54E-01 1.88E-293  2.25E+00
Jia SD 0.00E+00 0.00E+00 0.00E+00 5.48E+01 6.13E-02 1.28E-01 0.00E+00 9.11E-01
MEAN 0.00E+00 0.00E+00 0.00E+00 5.61E-01 1.90E-01 0.00E+00 1.30E-05 1.57E-11
i SD 0.00E+00 0.00E+00 0.00E+00 6.90E-01  2.60E-01 0.00E+00 2.07E-05 2.46E-11
) MEAN -2.10E+02  -2.10E+02 -2.10E+02 1.21E+02  -2.00E+00  -2.10E+02 5.08E+00  -2.09E+02
Sia SD 4.07E-13 3.06E-01 5.61E-01 1.38E+02  1.74E-09 2.05E-03 4.93E+00  4.64E-01
MEAN 0.00E+00 0.00E-+00 0.00E+00 2.21E+02  1.58E+02 0.00E+00 0.00E+00  1.43E+02
Jis SD 0.00E+00 0.00E+00 0.00E+00 1.72E+01  3.29E+01 0.00E+00 0.00E+00  6.80E+01
MEAN 0.00E+00 0.00E+00 0.00E+00 2.64E+01  1.61E+01 0.00E+00 0.00E+00  1.53E+00
Jis SD 0.00E+00 0.00E+00 0.00E+00 6.37E+00  6.50E+00 0.00E+00 0.00E+00  1.44E-01
f MEAN 0.00E+00 0.00E+00 0.00E+00 2.16E+01  2.81E+01 2.29E-02 0.00E+00 1.84E+01
17 SD 0.00E+00 0.00E-+00 0.00E+00 1.33E+00  2.04E+00 2.02E-02 0.00E+00  3.09E+00
MEAN 0.00E+00 0.00E+00 0.00E+00 2.15E-01  9.99E-08 0.00E+00 0.00E+00  4.94E-08
Jis SD 0.00E+00 0.00E+00 0.00E+00 2.86E-01  5.36E-08 0.00E+00 0.00E+00  6.65E-08
MEAN 0.00E+00 0.00E+00 0.00E+00 1.09E-01  7.47E-08 0.00E+00 0.00E+00  3.21E-08
o SD 0.00E+00 0.00E+00 0.00E+00 1.23E-01  6.13E-08 0.00E+00 0.00E+00  2.52E-08
f MEAN 0.00E+00 0.00E+00 0.00E+00 6.12E-02  2.30E-08 0.00E+00 0.00E+00  8.60E+00
J20 SD 0.00E+00 0.00E+00 0.00E+00 8.14E-02  2.06E-08 0.00E+00 0.00E+00  3.90E-09
£ MEAN 0.00E+00 0.00E+00 0.00E+00 7.71E+07  1.35E+05 0.00E+00 0.00E+00  2.28E+06
Jai SD 0.00E+00 0.00E+00 0.00E+00 3.76E+07  3.98E+04 0.00E+00 0.00E+00 1.10E+06
MEAN 0.00E+00 0.00E+00 0.00E+00 8.21E-05  2.79E-06 0.00E+00 0.00E+00  3.48E-08
o SD 0.00E+00 0.00E+00 0.00E+00 1.42E-04  1.81E-06 0.00E+00 0.00E+00  2.60E-08
£ MEAN 0.00E+00 0.00E+00 0.00E+00 3.25E+00  6.06E-01 0.00E+00 0.00E+00  2.02E-01
J23 SD 0.00E+00 0.00E+00 0.00E+00 6.66E-01  4.90E-02 0.00E+00 0.00E+00  3.76E-02
. MEAN 3.44E-09 2.80E+01 2.41E-04 7.49E+00  4.36E+01 6.10E+00 2.90E+01  1.58E+02
S SD 2.52E-09 4.33E-01 4.29E-04 2.72E+04  2.84E+01 5.10E+00 1.38E-02  7.05E+01
MEAN 0.00E+00 0.00E+00 0.00E+00 1.89E+02  1.96E+02 0.00E+00 0.00E+00  1.47E+02
Js SD 0.00E+00 0.00E+00 0.00E+00 1.37E+01  2.98E+01 0.00E+00 0.00E+00  3.32E+01
MEAN 8.88E-16 8.88E-16 8.88E-16 9.98E+00  1.84E+01 8.88E-16 8.88E-16  3.44E+00
S SD 0.00E+00 0.00E+00 0.00E+00 437E-01  3.11E-01 0.00E+00 0.00E+00  2.81E-01
MEAN 2.07E-33 4.09E+00 6.76E-02 2.79E+06  4.19E+01 7.56E+00 2.33E+01  1.63E+01
% SD 2.83E-33 7.29E-01 2.12E-02 2.63E+06  1.17E+01 1.33E+00 2.93E+00  7.74E+00
MEAN 1.75E-33 2.30E+00 2.83E-04 2.93E+07  8.27E+01 1.52E+00 2.98E+00  3.24E+02
Jas SD 5.51E-34 9.21E-01 2.99E-04 2.50E+07  8.64E+00 3.13E-01 4.28E-02  4.36E+02
MEAN 0.00E+00 0.00E+00 0.00E+00 1.46E+01  4.62E+00 0.00E+00 0.00E+00  1.24E+01
% SD 0.00E+00 0.00E+00 0.00E+00 7.31E-01  1.09E+00 0.00E+00 0.00E+00  5.56E+01
MEAN 4.19E-03 4.11E+00 1.66E-04 3.37E+01  1.38E+02 6.40E-03 2.94E+01  7.31E+01
30 SD 2.71E-03 5.02E+00 2.33E-04 5.95E+00  2.11E+01 2.49E-03 9.23E-01 6.07E+01
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TABLE 7. The comparison results of AHCS and seven improved algorithms on 30 benchmark functions.

Function Eyal.uation Algorithm
indicator AHCS ICSO MDCSO NAFA DUFA OBLPSOGD AGWO IRCGA
Rank 3 3 3 8 6 3 3 7
fi Tyar / 0.00E+00 0.00E+00 1.90E+01 6.01E+01 0.00E+00 0.00E+00 3.27E+01
VS / = = - - = = -
Rank 3 3 3 7 8 3 3 6
5 Tyar / 0.00E+00 0.00E+00 4.70E+01  2.58E+00 0.00E+00 0.00E+00 6.37E+01
VS / = = - - = = -
Rank 3 3 3 7 8 3 6 3
5 Tyar / 0.00E+00 0.00E+00 2.88E+00  6.00E+00 0.00E+00 2.45E+00 0.00E+00
VS / = = - - = - =
Rank 1 5 2 8 3 4 6 7
fa Tyt / 2.90E+01 3.20E+00 1.22E+02  4.46E+01 5.04E+00 3.22E+02 3.73E+01
VS / - - - - - - -
Rank 3 3 3 8 6 3 3 7
fi Tou / 0.00E+00  0.00E+00  1.60E+01  4.82E+01 0.00E+00 0.00E+00  1.76E+01
VS / = = - - = = -
Rank 3 3 3 8 7 3 3 6
I Tyl / 0.00E+00 0.00E+00 8.97E+00  1.64E+01 0.00E+00 0.00E+00 1.59E+01
VS / = = - - = = -
Rank 1.5 6 3 8 4 1.5 7 5
5 Tyl / 9.09E+00 2.49E+00 2.17E+01  5.75E+01 0.00E+00 6.58E+01 2.84E+01
VS / - - - - = - -
Rank 2.5 2.5 2.5 8 6 5 2.5 7
Js Tyt / 0.00E+00 0.00E+00 5.04E+01  6.89E+01 1.31E+01 0.00E+00 4.03E+01
VS / = = - - - = -
Rank 2.5 2.5 2.5 8 5 6 2.5 7
Jo Tyl / 0.00E+00 0.00E+00 6.24E+00  6.20E+01 2.02E+01 0.00E+00 4.02E+01
VS / = = - - - = -
Rank 3 3 3 8 7 3 3 6
Jio Tyl / 0.00E+00 0.00E+00 3.74E+00  7.73E+00 0.00E+00 0.00E+00 9.96E+00
VS / = = - - = = -
Rank 3.5 3.5 3.5 8 35 3.5 7 3.5
fu Tyl / 0.00E+00 0.00E+00 5.81E+00  0.00E+00 0.00E+00 1.06E+01 0.00E+00
VS / = = - = = - =
Rank 2 2 2 8 6 5 4 7
iz Tyl / 0.00E+00 0.00E+00 1.23E+01 3.01E+01 6.59E+00 8.47E-278 1.35E+01
VS / = = - - - - -
Rank 2.5 2.5 2.5 8 7 2.5 6 5
fis Tyal / 0.00E+00 0.00E+00 4.45E+00  4.00E+00 0.00E+00 3.44E+00 3.50E+00
Vs / = = - - = - -
Rank 2.5 2.5 2.5 8 6 2.5 7 5
Sfia Tyl / 0.00E+00 0.00E+00 1.31E+01 6.55E+11 0.00E+00 2.39E+02 1.18E+01
VS / = = - - = - -
Rank 3 3 3 8 7 3 3 6
fis Tyal / 0.00E+00 0.00E+00 7.04E+01 2.63E+01 0.00E+00 0.00E+00 1.15E+01
VS / = = - - = = -
Rank 3 3 3 8 7 3 3 6
fi6 Tyal / 0.00E+00 0.00E+00 2.27E+01 1.36E+01 0.00E+00 0.00E+00 5.82E+01
VS / = = - - = = -
Rank 2.5 2.5 2.5 7 8 5 2.5 6
e Tyal / 0.00E+00 0.00E+00 8.90E+01 7.54E+01 6.21E+00 0.00E+00 3.26E+01
VS / = = - - - = -
Rank 3 3 3 8 7 3 3 6
fis Tyal / 0.00E+00 0.00E+00 4.12E+00  1.02E+01 0.00E+00 0.00E+00 4.07E+00
VS / = = - - = = -
Rank 3 3 3 8 7 3 3 6
fio Tyal / 0.00E+00 0.00E+00 4.85E+00  6.67E+00 0.00E+00 0.00E+00 6.98E+00
VS / = = - - = = -
Rank 3 3 3 7 6 3 3 8
fro Tyl / 0.00E+00 0.00E+00 4.12E+00  6.12E+00 0.00E+00 0.00E+00 1.21E+10
VS / = = - - = = -
VOLUME 7, 2019 145503



IEEE Access

Z. Cheng et al.: Improvement and Application of AHCS Algorithm

TABLE 7. (Continued.) The comparison results of AHCS and seven improved algorithms on 30 benchmark functions.

Rank 3 3 3 8 6 3 3 7

fo Tyl / 0.00E+00  0.00E+00 1.12E+01 1.86E+01 0.00E+00 0.00E+00 1.14E+01
Vs / = = - - = = -
Rank 3 3 3 8 7 3 3 6

S Ty / 0.00E+00 0.00E+00 3.17E+00 8.44E+00 0.00E+00 0.00E+00 7.33E+00
VS / = = - - = = -
Rank 3 3 3 8 7 3 3 6

b Toar / 0.00E+00 0.00E+00 2.67E+01  6.77E+01 0.00E+00 0.00E+00  2.94E+01
VS / = = - - = = -
Rank 1 5 2 4 7 3 6 8

Joa Tval / 3.54E+02 3.08E+00 1.51E-03 8.41E+00 6.55E+00 1.15E+04 1.23E+01
Vs / - - - - - - -
Rank 3 3 3 7 8 3 3 6

s Toul / 0.00E+00  0.00E+00 7.56E+01  3.60E+01 0.00E+00 0.00E+00  2.43E+01
Vs / = = - - = = -
Rank 3 3 3 7 8 3 3 6

a6 Ty / 0.00E+00 0.00E+00 1.25E+02 3.24E+02 0.00E+00 0.00E+00 6.71E+01
Vs / = = - - = = -
Rank 1 3 2 8 7 4 6 5

fr T / 3.07E+01  1.75E+01  5.81E+00  1.96E+01 3.11E+01 436E+01  1.15E+01
VS / - - - - - - -
Rank 1 4 2 8 6 3 5 7

Jos Ty / 1.37E+01 5.18E+00 6.42E+00 5.24E+01 2.66E+01 3.81E+02 4.07E+00
Vs / - - - - - - -
Rank 3 3 3 8 6 3 3 7

Jro Toal / 0.00E+00  0.00E+00 1.09E+02  2.32E+01 0.00E+00 0.00E+00 1.22E+00
Vs / = = - - = = -
Rank 2 4 1 6 8 3 5 7

e Tval / 448E+00  -8.10E+00  3.10E+01  3.58E+01 3.29E+00 1.74E+02  6.60E+00
Vs / - + - - - - -

Average Ranking 2.55 3.20 2.70 7.60 6.48 3.30 4.02 6.15
Final Ranking 1 3 2 8 7 4 5 6
wit/l / 6/24/0 5/24/1 30/0/0 29/1/0 9/21/0 11/19/0 28/2/0

Note: “/” indicates that the same items do not compare.

HGA [68], SSBA [69], and GOKA [70]). The optimization
results of AHCS and the seven improved CSs in the literature
are shown in TABLE 13. The optimization results of AHCS
and other seven algorithms in the literature are shown in
TABLE 14.

In order to verify that the solution quality of the
AHCS is better than other algorithms, each algorithm is
run 30 times, and the maximum runtime for each run is
maxruntime=20 seconds, the population size is N = 40,
and the penalty factor is M = 108. The optimal value and
the worst value of the various algorithms after 30 results are
counted, and the average optimal value and standard devia-
tion of the optimal operating objective function for 30 times
are calculated. The statistical results are shown in TABLE 15.

In TABLE 15, Best represents the optimal value among
the 30 results, Worst represents the worst value of the 30 run
results, Mean represents the average value of the 30 results,
and Std represents standard deviation the 30 results.

As can be seen from TABLES 13 and 14 that the optimized
value of AHCS solution is not worse than the other seven
improved CSs and seven other algorithms involved in the
comparison. In addition, as can be seen from TABLE 15,
the optimal value, mean value, and worst value of AHCS
are better than the other 14 algorithms that participate in
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the comparison. Therefore, the quality of AHCS solution is
significantly better than other algorithms.

B. CANTILEVER BEAM DESIGN PROBLEM
The goal of the cantilever beam design optimization problem
is to determine the optimal combination of five different
cross-sectional areas to minimize the volume of the cantilever
beam. The design problem has 10 variables, namely five
width variables b;(i = 1,2, ...,5) and five height variables
hi(i = 1,2,...,5). In addition, there are 11 constraints.
The free end of the cantilever beam exerts an external force
p = 50000N, the maximum allowable stress at the left
end of each section is omax = 14000N/cm?, the mate-
rial elastic modulus E is 200 GPa, and the length [;(i =
1,2,...,5) is 100 cm. The maximum allowable distur-
bance y,.x = 2.715c¢m, and the aspect ratio of each cross
section is limited to 20 cm or less. The cantilever beam
design structure with discrete rectangular sections is shown
in FIGURE 3.

The design variables for the cantilever beam design opti-
mization problem are as follows:

X = [b1, h1, ba, hy, b3, h3, by, ha, bs, hs]”

= [x1, X2, ..., x10]7 (26)
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TABLE 8. Details of 28 CEC 2017 optimization problems.

Number of Constraints

Problem Name/Search Range Type of Objective i 7
F [-105,01100]’) Non Separable 0 Sepalrable
m C02 . Non Separable 0 1

[-100, 100] Rotated Non Separable, Rotated
F3 [-IOS,OSOO]D Non Separable Sepalrable Sepalrable
F4 [_1(5301%][) Separable 0 Sepazrable
F> [-ICO,OISO]D Non Separable 0 Non Separazble, Rotated
F6 [-2C0,0260]D Separable 6 Sepagable
F7 [_2(530270][) Separable Sepz12rab1e 0
F8 [-105,018 001” Separable Non Sezparable 0
F9 [-15,0190]0 Separable Non Sezparable 0
F10 [-105,110 00]” Separable Non Se2parable 0
F11 Cll D Separable ! !
[-100, 100] Non Separable Non Separable

Fl12 [-105,112 007 Separable 0 Sepazrable
F13 -1 Of):,lf) 00]” Non Separable 0 Sep:)rable
Fl4 [—105,11400][) Non Separable Sepalrable Sepalrable
F15 [_10&11500]0 Separable 1 1
F16 [-IOS,IfOO]D Separable Non Selparable Sepalrable
F17 [—105,11700][) Non Separable Non Selparable Sepalrable
F18 [-1 05,11800]0 Separable ! Non Sezparable
F19 [-55,1590]0 Separable 0 Non Sezparable
F20 [_105’21000][) Non Separable 0 2
Fal [-105,211 001 Rotated 0 Rotated
F22 [-105,212 001" Rotated 0 Rotated
k23 [-105,213 001" Rotated Rotated Rotated
Fd [-105,2? 007 Rotated Rotated Rotated
F25 [-105,215 001" Rotated Rotated Rotated
k26 [-105,216 001" Rotated Rotated Rotated
k27 [-105,217 001 Rotated Rotated Rotated
F28 - 553258 07 Rotated 0 Ro é ted
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TABLE 9. The statistical results among CSs on CEC 2017 30-dimensional optimization problems.

Problem E.val.uation Algorithm
indicator AHCS BCS ICS CS-EO DCS RCS MCS CvV1.0
F1 MEAN 6.44E-21 5.15E+03 5.62E+04 2.43E+03 5.84E+01 1.48E+06 7.45E-02 2.84E+04
SD 1.08E-20 2.84E+03 1.16E+04 1.69E+03  4.22E+01 1.52E+06 1.16E-01 1.31E+04
" MEAN 5.16E-21 3.36E+03  4.57E+04  2.63E+03  8.54E+01 2.80E+05 8.33E+00  2.57E+04
SD 1.05E-20 1.37E+03 8.26E+03  3.84E+03  6.44E+01 2.57E+05 1.76E+01 1.15E+04
F3 MEAN 2.10E+07 2.29E+07 5.00E+08 1.03E+08 5.42E+05 6.06E+14 8.08E+07 4.11E+07
SD 4.50E+07  4.46E+07 1.11E+09 1.66E+06  2.12E+05 1.35E+15 4.50E+07 5.48E+07
F4 MEAN 1.47E+02 2.59E+02  7.88E+02  3.34E+00  2.30E+02 1.50E+03 2.82E+02 5.32E+02
SD 1.72E+01 2.50E+01 1.17E+02  5.84E+00 1.70E+01 1.55E+02 6.81E+00  9.94E+01
F5 MEAN 7.97E-01 2.16E+01 1.87E+04 1.78E+01 2.16E+01 1.00E+07 3.54E+00  6.16E+05
SD 1.78E+00 1.86E+00  9.02E+03 1.36E+00  2.48E+00  3.02E+06 5.60E+00 3.44E+05
6 MEAN 1.55E+09 7.64E+08 1.33E+09  2.88E+10 1.79E+09  8.92E+09  4.41E+10 3.39E+08
SD 2.66E+09 5.13E+07 1.20E+09  9.06E+09  4.16E+08  3.56E+09 1.37E+10 1.49E+08
7 MEAN 5.42E+11 1.91E+12  2.07E+13 1.36E+11 1.28E+10  2.74E+12  9.05E+12  3.86E+12
SD 3.10E+11 2.93E+12  2.02E+12 1.83E+10  3.54E+10 1.66E+12 1.50E+13 3.12E+12
F8 MEAN -2.82E-04  4.97E+15  8.02E+17 1.21E+14  2.27E+11 3.18E+18 1.77E+14  4.11E+16
SD 9.12E-07 4.11E+15  3.02E+17  2.60E+14  3.05E+11 422E+18  3.97E+14 1.71E+16
9 MEAN 5.70E-01 1.41E+02  6.16E+09 1.17E+03  9.82E+00  9.06E+23 1.05E-01 4.11E+09
SD 5.24E-01 4.32E+01 8.06E+09  2.62E+03 1.01E+01 5.03E+23 2.41E-01 4.33E+09
F10 MEAN -1.02E-04 1.34E+17 1.85E+17  3.59E+05 1.70E-04 1.67E+19  -1.01E-04  8.35E+17
SD 3.54E-07 5.98E+16 1.36E+17  7.95E+05 6.86E-05 1.03E+19 4.41E-06 5.18E+17
Fl1 MEAN 3.52E+07  4.20E+15  240E+17  2.02E+12 1.OIE+13  439E+18  4.76E+12 1.87E+17
SD 4.57E+07 3.84E+15  4.85E+16  3.55E+12 1.19E+13  2.13E+18 8.92E+12 5.20E+16
F12 MEAN 1.06E+02 1.78E+02 6.54E+10 2.19E+02 2.27E+02 2.40E+17 2.09E+02 9.54E+16
SD 3.81E+01 1.31E+01 5.00E+10  2.46E+01 1.84E+01 8.29E+16 1.46E+01 4.23E+16
F13 MEAN 9.43E+09 1.11E+14 1.08E+13 6.75E-08 4.50E+10  3.24E+17 1.47E+12 8.30E+16
SD 749E+09  4.34E+13  2.58E+12 1.51E-07 1.17E+10 1.10E+17  2.86E+12  3.69E+16
Fl4 MEAN 2.00E+00 2.21E+00 1.70E+11 2.21E+00 2.74E+00 6.48E+17 2.26E+00 2.64E+17
SD 1.49E-01 7.21E-02 1.43E+11 7.25E-03 1.09E+00 1.12E+17 8.20E-02 1.07E+17
F15 MEAN 1.93E+01 1.74E+01 1.62E+01 1.68E+01 1.70E+01 2.99E+17 1.60E+01 1.08E+17
SD 3.58E+00 1.40E+00 1.72E+00  4.76E+00 1.46E+00  2.76E+16 1.49E+00 7.79E+16
Fl16 MEAN 1.69E+02 1.97E+02 1.94E+02 1.68E+02 1.71E+02 2.31E+17 1.51E+02 1.31E+17
SD 2.36E+01 1.33E+01 9.19E+00  3.13E+01 1.88E+01 7.67E+16 1.30E+01 4.71E+16
F17 MEAN 9.61E+10  9.61E+10  9.97E+10  9.61E+10  9.61E+10  3.69E+17  9.61E+10 1.86E+17
SD 9.03E-03 8.55E-01 8.02E+09 1.46E+01 1.29E+03  9.44E+16  4.51E+00 1.03E+17
F18 MEAN 4.39E+01 1.02E+21 2.89E+24  8.91E+10 1.OIE+09  4.77E+29 3.69E+01 9.37E+27
SD 8.34E+00  2.23E+21 2.43E+24 1.99E+11 1.81E+09  8.56E+28 7.05E-01 9.29E+27
F19 MEAN 1.83E+17 1.84E+17 1.85E+17 1.83E+17 1.85E+17 1.85E+17 1.84E+17 1.84E+17
SD 5.77E+01 1.45E+14  2.55E+13 1.81E+06  6.89E+13  9.14E+13 1.03E+15 1.09E+14
F20 MEAN 2.57E+00  2.53E+00  7.79E+00  6.32E+00  4.05E+00 1.31E+01 9.34E+00 5.16E+00
SD 2.06E-01 2.05E-01 8.10E-01 5.88E-01 1.43E-01 9.81E-01 3.22E-01 7.54E-01
a1 MEAN 1.28E+02 2.02E+02 1.31E+10  2.20E+02  2.30E+02  2.42E+17 3.22E+15 8.34E+16
SD 2.68E+01 1.22E+01 1.13E+10 1.92E+01 2.79E+01 2.53E+16 7.20E+15 5.68E+16
) MEAN 2.23E+10  3.95E+14 1.17E+13 7.97E+11 1.62E+11 2.85E+17 6.90E+11 4.59E+16
SD 2.07E+10 1.03E+14 1.58E+12 1.12E+11 5.58E+10 5.82E+16 8.43E+10 3.03E+16
F23 MEAN 1.79E+00  2.25E+00  3.71E+10  2.16E+00  2.27E+00  3.30E+17  2.02E+00 8.48E+16
SD 8.39E-02 5.78E-02 2.59E+10 7.32E-02 5.68E-02 1.29E+17 1.13E-01 9.13E+16
F4 MEAN 1.62E+01 1.68E+00 1.68E+01 1.87E+01 1.66E+01 2.02E+17 1.74E+01 4.47E+16
SD 2.81E+00 1.72E+00 1.72E+00 1.40E+00 1.59E+00  5.42E+16 1.40E+00 1.28E+16
F25 MEAN 1.65E+02 2.10E+02 1.99E+02 1.75E+02 1.83E+02 1.76E+17 1.61E+02 5.49E+16
SD 8.78E+00  9.25E+00 1.63E+01 1.26E+01 1.26E+01 4.76E+16 1.00E+01 3.89E+16
F26 MEAN 9.61E+10  9.61E+10  9.61E+10  9.61E+10  9.61E+10  2.33E+17  9.61E+10  6.27E+16
SD 7.20E-03 8.85E-01 4.33E-03 1.67E+01 8.30E+01 8.58E+16 3.87E+01 2.05E+16
27 MEAN 5.82E+01 1.90E+21 3.17E+25 2.09E+13 1.27E+13 4.08E+29 4.68E+13 4.69E+27
SD 4.81E+01 2.73E+21 2.32E+25  3.91E+13 1.96E+13  7.74E+28 1.04E+14  4.94E+27
23 MEAN 1.84E+17 1.85E+17 1.85E+17 1.85E+17 1.85E+17 1.85E+17 1.85E+17 1.84E+17
SD 2.23E+14  4.34E+13 5.29E+13  5.73E+13  2.09E+13 1.59E+14 8.53E+13 6.34E+13
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TABLE 10. The comparison results among CSs on CEC 2017 30-dimensional optimization problems.

Function E'val.uation Algorithm

indicator ~ AHCS BCS ICS CS-EO DCS RCS MCS CV 1.0
Rank 1 5 7 4 3 8 2 6

F1 Toal / 9.93E+00 2.65E+01 7.88E+00 7.58E+00 5.33E+00 3.52E+00 1.19E+01
VS / - - - - - - -
Rank 1 5 7 4 3 8 2 6

F2 Tvar / 1.34E+01 3.03E+01 3.75E+00 7.26E+00 5.97E+00 2.59E+00 1.22E+01
VS / - - - - - - -
Rank 2 3 7 6 1 8 5 4

F3 Tyl / 1.64E-01 2.36E+00 9.97E+00 -2.49E+00 2.46E+00 5.15E+00 1.55E+00
VS / - - - + - - -
Rank 2 4 7 1 3 8 5 6

F4 Tyl / 2.02E+01 2.97E+01 -4.33E+01 1.88E+01 4.75E+01 4.00E+01 2.09E+01
VS / - - + - - - -
Rank 1 4.5 6 3 4.5 8 2 7

F5 Toal / 4.43E+01 1.14E+01 4.16E+01 3.73E+01 1.81E+01 2.56E+00 9.81E+00
VS / - - - - - - -
Rank 4 2 3 7 5 6 8 1

F6 Ty / -1.62E+00 -4.13E-01 1.58E+01 4.88E-01 9.08E+00 1.67E+01 -2.49E+00

1) / + + - - - - +
Rank 3 4 8 2 1 5 7 6

F7 Toal / 2.54E+00 5.40E+01 -7.16E+00 -9.29E+00 7.13E+00 3.11E+00 5.80E+00
VS / - - + + - - -
Rank 1 5 7 3 2 8 4 6

F8 Ty / 6.62E+00 1.45E+01 2.55E+00 4.08E+00 4.13E+00 2.44E+00 1.32E+01
4) / - - - - - - -
Rank 2 4 7 5 3 8 1 6

F9 Tyal / 1.78E+01 4.19E+00 2.44E+00 5.01E+00 9.87E+00 -4.42E+00 5.20E+00
4 / - - - - - + -
Rank 1 5 6 4 3 8 2 7

F10 Toal / 1.23E+01 7.45E+00 2.47E+00 2.17E+01 8.88E+00 1.24E+00 8.83E+00
VS / - - - - - - -
Rank 1 5 7 2 4 8 3 6

F11 Tyl / 5.99E+00 2.71E+01 3.12E+00 4.65E+00 1.13E+01 2.92E+00 1.97E+01
Vs / - - - - - - -
Rank 1 2 6 4 5 8 3 7

F12 Tvar / 9.79E+00 7.16E+00 1.36E+01 1.57E+01 1.59E+01 1.38E+01 1.24E+01
VS / - - - - - - -
Rank 2 6 5 1 3 8 4 7

F13 Tvar / 1.40E+01 2.29E+01 -6.90E+00 1.40E+01 1.61E+01 2.80E+00 1.23E+01
4 / - - + - - - -
Rank 1 2.5 6 2.5 5 8 4 7

F14 Toal / 6.95E+00 6.51E+00 7.71E+00 3.68E+00 3.17E+01 8.37E+00 1.35E+01
4 / - - - - - - -
Rank 6 5 2 3 4 8 1 7

F15 Toar / -2.71E+00 -4.28E+00 -2.30E+00 -3.26E+00 5.93E+01 -4.66E+00 7.59E+00
VS / + + + + - + -
Rank 3 6 5 2 4 8 1 7

Fl16 Tyar / 5.66E+00 5.41E+00 -1.40E-01 3.63E-01 1.65E+01 -3.66E+00 1.52E+01
VS / - - + - - + -
Rank 3 3 6 3 3 8 3 7

F17 Toal / 0.00E+00 2.46E+00 0.00E+00 0.00E+00 2.14E+01 0.00E+00 9.89E+00
VS / = - = = - = -
Rank 2 5 6 4 3 8 1 7

F18 Toal / 2.51E+00 6.51E+00 2.45E+00 3.06E+00 3.05E+01 -4.58E+00 5.52E+00
VS / - - - - - + -
Rank 1.5 4 7 1.5 7 7 4 4

F19 Toal / 3.78E+01 4.30E+02 0.00E+00 1.59E+02 1.20E+02 5.32E+00 5.02E+01
14 / - - = - - - -
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TABLE 10. (Continued.)The comparison results among CSs on CEC 2017 30-dimensional optimization problems.

Rank 2 1 6 5 3 8 7 4
F20 Tyl / -7.54E-01 3.42E+01 3.30E+01 3.23E+01 5.75E+01 9.70E+01 1.81E+01
VS / + - - - - - -
Rank 1 2 5 3 4 8 6 7
F21 Tyal / 1.38E+01 6.35E+00 1.53E+01 1.44E+01 5.24E+01 2.45E+00 8.04E+00
VS / - - - - - - -
Rank 1 6 5 4 2 8 3 7
F22 Tval / 2.10E+01 4.05E+01 3.73E+01 1.29E+01 2.68E+01 4.21E+01 8.30E+00
Vs / - - - - - - -
Rank 1 4 6 3 5 8 2 7
F23 Tvul / 2.47E+01 7.85E+00 1.82E+01 2.59E+01 1.40E+01 8.95E+00 5.09E+00
VS / - - - - - - -
Rank 2 1 4 6 3 8 5 7
F24 Tval / -2.41E+01 9.97E-01 4.36E+00 6.79E-01 2.04E+01 2.09E+00 1.91E+01
VS / + - - - - - -
Rank 2 6 5 3 4 8 1 7
F25 Ty / 1.93E+01 1.01E+01 3.57E+00 6.42E+00 2.03E+01 -1.65E+00 7.73E+00
Vs / - - - - - + -
Rank 35 35 3.5 35 35 8 3.5 7
F26 Tal / 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.49E+01 0.00E+00 1.68E+01
VS / = = = = - = -
Rank 1 5 6 3 2 8 4 7
F27 Tval / 3.81E+00 7.48E+00 2.93E+00 3.55E+00 2.89E+01 2.46E+00 5.20E+00
Vs / - - - - - - -
Rank 1.5 5.5 5.5 5.5 5.5 5.5 5.5 1.5
F28 Tval / 2.41E+01 2.39E+01 2.38E+01 2.45E+01 2.00E+01 2.29E+01 0.00E+00
VS / - - - - - - =
Average Ranking 1.91 4.07 5.75 3.50 3.52 7.70 3.54 6.02
Final Ranking 1 5 6 2 3 8 4 7
witll / 22/2/4 25/1/2 20/3/5 23/2/3 28/0/0 21/2/5 26/1/1

Note: “/” indicates that the same items do not compare.

[«— bi —>|

e— b —>e— b —de—b—Me— L—de— s —>

A

FIGURE 3. The cantilever beam design structure.

The mathematical model of cantilever beam structure opti-
mization design can be expressed as follows:

minf(X) = 100 * (x1x2 +x3x4 +x5%6 +x7x3 +X9x10)  (27)

constraint:
(1) Pressure constraint

g1(X) = 10.7143 — x;x3/10° < 0
2(X) = 8.5714 — x3x7/10° < 0
3(X) = 6.4286 — x5x2/10° < 0
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g4(X) = 4.2957 — x7x2/10° < 0

g5(X) = 2.1428 — x9x7,/10° < 0

g6(X) = 10% % (244 /x1x3 + 148/x3x] + 76/x5x;
+28/x7x3 + 4/x0x3,) — 10.8611 <0 (28)

(2) Geometric constraint

g1(X) = x2 —20x; <0
g8(X) = x4 —20x3 <0
89(X) = x6 —20x5 < 0
810(X) = x3 —20x7 <0
g11(X) = x10 —20x9 <0 (29)

In Egs. (26)-(29), the range of design variables for the
cantilever beam is 1< x; <5(i = 1,3,5,7,9), 30< x; <65
(i=2,4,6,8,10).

In order to verify the feasibility of AHCS in solving the
design problem of constrained cantilever beam, AHCS is
compared with seven improved CSs (BCS [1], ICS [48],
CS-EO [20], DCS [12], RCS [22], MCS [28], CV 1.0 [53]).
In addition, AHCS is compared to seven other algorithms
(SDGAMINLS [63], MPNN [71], SUMT [72], RNES [73],
CAD [74], GA [75], GA-APM [76]). The optimization
results of AHCS and the seven improved CSs in the
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TABLE 11. The statistical results among AHCS and other seven algorithms on CEC 2017 30-dimensional optimization problems.

Problem E.val.uation Algorithm

indicator AHCS ICSO MDCSO NAFA DUFA OBLPSOGD AGWO IRCGA

F1 MEAN 6.44E-21 5.27E+01 2.26E+02  4.47E+05 3.11E-01 1.24E+06 4.57TE+05 1.65E+03
SD 1.08E-20  1.49E+01  1.92E+02  4.58E+05 2.40E-02 5.05E+04 2.94E+05  6.44E+02

" MEAN 5.16E-21 5.18E+02  1.14E+02  1.17E+05 3.13E-01 2.50E+05 8.57E+04  9.54E+02
SD 1.05E-20  9.05E+02  4.06E+01  7.82E+04 3.36E-02 2.07E+04 3.59E+04  1.51E+02

3 MEAN 2.10E+07  1.03E+08  2.81E+06  2.98E+07 4.40E+06 4.35E+06 1.07E+08  1.18E+08
SD 4.50E+07  8.57E+05  8.78E+05  5.75E+07 3.51E+06 6.06E+05 3.06E+06  1.44E+07

F4 MEAN 1.47E+02  4.36E+02  4.22E+02  7.81E+02 1.03E+03 4.98E+02 8.76E+02  3.10E+02
SD 1.72E+01  8.08E+01  5.08E+01  3.68E+01 8.64E+01 6.12E+01 421E+01  4.65E+01

Fs MEAN 7.97E-01 1.49E+02  1.58E+05 1.31E+06  4.31E+01 1.68E+03 1.30E+06  2.48E+02
SD 1.78E+00  4.74E+01  1.38E+05  2.18E+05 1.82E+00 1.28E+03 2.97E+05  1.70E+02

6 MEAN 1.55E+09  1.15E+09  8.39E+08  5.61E+10 1.08E+09 6.55E+09 5.04E+10  1.38E+10
SD 2.66E+09  6.79E+08  5.76E+08  3.06E+10 1.54E+08 2.10E+09 6.96E+09  5.15E+09

F7 MEAN SA42E+11  8.51E+13  8.52E+13  4.10E+14  -2.44E+02 8.11E+00 5.26E+14  2.03E+13
SD 3.10E+11  5.76E+13  1.90E+14 1.45E+14 1.26E+02 1.27E+02 7.30E+13  6.66E+12

F8 MEAN -2.82E-04  6.19E+16  7.55E+16  4.31E+17 3.25E+06 4.24E+11 2.13E+18  2.05E+13
SD 9.12E-07 1.92E+16  1.28E+16  3.88E+17 6.94E+05 3.71E+11 3.42E+18  1.29E+13

9 MEAN 5.70E-01 6.19E+16  1.49E+15  2.88E+15 5.55E+04 1.45E+08 6.41E+15  9.34E+08
SD 5.24E-01 1.92E+16  1.52E+15 2. 70E+15 2.86E+04 2.04E+08 3.30E+15  1.74E+09

F10 MEAN -1.02E-04 5.81E+12  1.84E+18  1.10E+21 2.79E+07 4.09E+11 1.09E+19  1.94E+13
SD 3.54E-07 3.68E+12  7.13E+17  8.36E+19 7.32E+06 3.82E+11 5.43E+18  1.08E+13

Fl1 MEAN 3.52E+07  2.75E+16  2.10E+17  1.94E+18 1.52E+10 2.66E+16 1.01E+18  9.92E+14
SD 4.57E+07 1.88E+16  1.74E+17  3.85E+16 9.04E+09 1.59E+16 3.69E+17  5.43E+14

Fl2 MEAN 1.06E+02  3.63E+16  8.78E+16  6.17E+17 1.01E+02 8.23E+09 440E+17  5.59E+10
SD 3.81E+01 1.76E+16  291E+16  2.98E+16 6.50E+02 8.56E+09 6.26E+16  3.18E+10

F13 MEAN 9.43E+09  3.69E+16  1.02E+17  6.21E+17 8.05E+14 5.83E+12 3.85E+17  4.12E+12
SD 7.49E+09  1.82E+16  3.63E+16 1.73E+16  2.03E+14 4.48E+12 6.42E+16  1.04E+12

Fl4 MEAN 2.00E+00 7.36E+16 1.65E+17 1.21E+18 2.20E+00 2.87E+10 1.02E+18 8.22E+10
SD 1.49E-01  4.25E+16 1.00E+17  6.38E+16 2.90E-02 2.31E+10 1.20E+17  3.01E+10

F15 MEAN 1.93E+01 1.88E+16  5.43E+16  5.69E+17 2.56E+01 1.30E+01 3.85E+17  2.60E+01
SD 3.58E+00 9.77E+15  1.82E+16  1.54E+16 5.25E+00 1.72E+00 1.74E+16  3.19E+00

Fl6 MEAN 1.69E+02 1.94E+16  6.66E+16  5.83E+17 2.29E+02 1.34E+02 4.07E+17  2.30E+02
SD 2.36E+01  1.17E+16  4.00E+16  1.91E+16 1.14E+01 1.10E+01 9.94E+16  1.49E+01

F17 MEAN 9.61E+10 4.48E+16 8.00E+16  6.14E+17 9.61E+10 9.61E+10 440E+17  9.61E+10
SD 9.03E-03  2.22E+16  3.20E+16  8.72E+15 7.30E-03 4.15E+00 8.80E+16  1.07E+05

F18 MEAN 4.39E+01  6.99E+26  1.23E+28  9.17E+28 2.99E+12 2.44E+17 6.02E+28  5.77E+16
SD 8.34E+00  5.49E+26  5.75E+27  5.75E+27 2.68E+12 3.06E+17 1.73E+28  5.87E+16

F19 MEAN 1.83E+17  1.85E+17  1.85E+17  1.85E+17 1.85E+17 1.84E+17 1.85E+17  1.84E+17
SD 5.77E+01 6.48E+13 1.33E+14  4.78E+13 1.90E+14 1.25E+14 6.85E+13 3.84E+14

F20 MEAN 2.57E+00  7.58E+00  5.65E+00  1.02E+01 3.66E+00 8.34E+00 9.76E+00  8.70E+00
SD 2.06E-01 7.77E-01 1.12E+00  4.34E01 4.76E-01 5.51E-01 1.20E+00  1.08E+00

1 MEAN 1.28E+02  1.89E+16  3.85E+16  2.02E+17 1.07E+02 1.02E+12 1.90E+17  3.08E+10
SD 2.68E+01 1.20E+16  2.99E+16  2.55E+16 1.01E+01 1.12E+12 5.07E+16  6.69E+09

) MEAN 2.23E+10  1.80E+16  3.56E+16  1.92E+17 5.34E+14 3.40E+13 1.71E+17  8.13E+12
SD 2.07E+10 9.87E+15  2.07E+16  4.90E+16 7.77E+13 1.29E+13 6.65E+16 1.66E+12

F23 MEAN 1.79E+00  3.17E+16  7.90E+16  3.30E+17 2.13E+00 6.45E+12 3.23E+17  1.04E+11
SD 8.39E-02  2.42E+16 3.45E+16 4.45E+16 7.41E-02 9.79E+12 8.67E+16  4.88E+10

4 MEAN 1.62E+01  5.58E+15 4.01E+16  1.18E+17 2.31E+01 1.67E+01 1.47E+17  9.00E+01
SD 2.81E+00  2.75E+15 1.97E+16  3.65E+16 3.58E+00 1.66E+00 6.55E+16  1.24E+02

F25 MEAN 1.65E+02  8.21E+15 2.81E+16  1.64E+17 2.38E+02 1.42E+02 1.54E+17  2.31E+02
SD 8.78E+00  3.63E+15 221E+16 5.34E+16 1.60E+016 7.64E+00 4.51E+16  1.21E+01

F26 MEAN 9.61E+10  1.66E+16  5.08E+16  1.76E+17 9.61E+10 1.70E+12 1.94E+17  9.61E+10
SD 7.20E-03  9.44E+15 2.13E+16  2.81E+16 5.81E-03 6.91E+11 3.94E+16  2.18E+06

27 MEAN 5.82E+01 2.29E+26 1.52E+27 1.30E+28 1.03E+13 1.45E+18 2.07E+28 1.82E+18
SD 4.81E+01  1.75E+26  1.15E+27  7.34E+27 2.32E+13 1.75E+18 1.12E+28  4.00E+18

F28 MEAN 1.84E+17  1.85E+17  1.85E+17  1.85E+17 1.85E+17 1.84E+17 1.85E+17  1.85E+17
SD 2.23E+14  7.67E+13  1.33E+14  3.78E+13 1.03E+14 1.62E+14 6.29E+13  1.27E+14

Note: “/” indicates that the same items do not compare.
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TABLE 12. The comparison results among AHCS and other seven algorithms on CEC 2017 30-dimensional optimization problems.

Function E.val.uation Algorithm

indicator AHCS ICSO MDCSO NAFA DUFA OBLPSOGD AGWO IRCGA
Rank 1 3 4 6 2 8 7 5

F1 Tyt / 1.94E+01 6.45E+00 5.35E+00  7.10E+01 1.34E+02 8.51E+00 1.40E+01
Vs / - - - - - - -
Rank 1 4 3 7 2 8 6 5

F2 Ty / 3.14E+00 1.54E+01 8.19E+00  5.10E+01 6.62E+01 1.31E+01  3.46E+01
Vs / - - - - - - -
Rank 4 6 1 5 3 2 7 8

F3 Tyl / 9.98E+00  -2.21E+00  6.60E-01 -2.01E+00 -2.03E+00 1.04E+01  1.12E+01
VS / - + - + + - -
Rank 1 4 3 6 8 5 7 2

F4 Tyt / 1.92E+01 2.81E+01 8.55E+01  5.49E+01 3.02E+01 8.78E+01  1.80E+01
VS / - - - - - - -
Rank 1 3 6 8 2 5 7 4

F5 Toul / 1.71E+01  627E+00  3.29E+01  9.10E+01 7.19E+00 2.40E+01  7.96E+00
VS / - - - - - - -
Rank 4 3 1 8 2 5 7 6

Fo6 Toar / -7.98E-01 -1.43E+00 9.73E+00 -9.66E-01 8.08E+00 3.59E+01 1.16E+01
VS / + + - + - - -
Rank 3 5 6 7 1 2 8 4

F7 Toar / 8.04E+00  2.44E+00 1.55E+01  -9.58E+00 -9.58E+00 3.94E+01  1.62E+01
Vs / - - - + + - -
Rank 1 5 6 7 2 3 8 4

F8 Tyal / 1.77E+01 3.23E+01 6.08E+00 2.56E+01 6.26E+00 3.41E+00  8.70E+00
VS / - - - - - - -
Rank 1 8 5 6 2 3 7 4

F9 Tyar / 1.77E+01 5.37E+00 5.84E+00 1.06E+01 3.89E+00 1.06E+01  2.94E+00
Vs / - - - - - - -
Rank 1 4 6 8 2 3 7 5

F10 Toar / 8.65E+00 1.41E+01 7.21E+01 2.09E+01 5.86E+00 1.10E+01  9.84E+00
Vs / - - - - - - -
Rank 1 5 6 8 2 4 7 3

Fl1 Tyl / 8.01E+00  6.61E+00 2.76E+02  9.19E+00 9.16E+00 1.50E+01  1.00E+01
VS / - - - - - - -
Rank 2 5 6 8 1 3 7 4

F12 Tyar / 1.13E+01 1.65E+01 1.13E+02  -4.21E-02 5.27E+00 3.85E+01  9.63E+00
Vs / - - - + - - -
Rank 1 5 6 8 4 3 7 2

F13 Tyt / 1.11E+01 1.54E+01 1.97E+02  2.17E+01 7.12E+00 3.28E+01  2.16E+01
VS / - - - - - - -
Rank 1 5 6 8 2 3 7 4

F14 Ty / 9.49E+00  9.04E+00 1.04E+02  7.22E+00 6.81E+00 4.66E+01  1.50E+01
VS / - - - - - - -
Rank 2 5 6 8 3 1 7 4

F15 Tyu / 1.05E+01 1.63E+01 2.02E+02  5.43E+00 -8.69E+00 1.21E+02  7.65E+00
Vs / - - - - + - -
Rank 2 5 6 8 3 1 7 4

F16 Tar / 9.08E+00 9.12E+00 1.67E+02 1.25E+01 -7.36E+00 2.24E+01 1.20E+01
Vs / - - - - + - -

Rank 2.5 5 6 8 2.5 2.5 7 2.5

F17 Tyl / 1.11E+01 1.37E+01 3.86E+02  0.00E+00 0.00E+00 2.74E+01  0.00E+00
VS / - - - = = - =
Rank 1 5 6 8 2 4 7 3

F18 Tyl / 6.97E+00 1.17E+01 8.73E+01  6.11E+00 4.37E+00 1.91E+01  5.38E+00
Vs / - - - - - - -

F19 Rank 1 6 6 6 6 2.5 6 2.5

Tyu / 1.69E+02  8.24E+01 2.29E+02  5.77E+01 4.38E+01 1.60E+02  1.43E+01

Vs / - - - - - - -
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TABLE 12. (Continued.) The comparison results among AHCS and other seven algorithms on CEC 2017 30-dimensional optimization problems.

Rank 1 4 3 8 2 5 7 6
F20 Toar / 3.41E+01 1.48E+01 9.63E-01 1.15E+01 5.37E+01 3.23E+01  3.05E+01
VS / - - - - - - -
Rank 2 5 6 8 1 4 7 3
F21 Toar / 8.63E+00 7.05E+00 4.34E+01 -4.02E+00 4.99E+00 2.05E+01  2.52E+01
VS / - - - + - - -
Rank 1 5 6 8 4 3 7 2
F22 Toar / 9.99E+00 9.42E+00 2.15E+01 3.76E+01 1.44E+01 1.41E+01  2.67E+01
Vs / - - - - - - -
Rank 1 5 6 8 2 4 7 3
F23 Tyur / 7.17E+00 1.25E+01 4.06E+01 1.66E+01 3.61E+00 2.04E+01 1.17E+01
VS / - - - - - - -
Rank 1 5 6 7 3 2 8 4
F24 Toar / 1.11E+01 1.11E+01 1.77E+01 8.30E+00 8.39E-01 1.23E+01  3.26E+00
VS / - - - - - - -
Rank 2 5 6 8 4 1 7 3
F25 Tyar / 1.24E+01 6.96E+00 1.68E+01 2.50E-14 -1.08E+01 1.87E+01  2.42E+01
VS / - - - - + - -
Rank 2 5 6 7 2 4 8 2
F26 Toar / 9.63E+00 1.31E+01 3.43E+01 0.00E+00 1.27E+01 2.70E+01  0.00E+00
VS / - - - = - - =
Rank 1 5 6 7 2 3 8 4
F27 Toar / 7.17E+00 7.24E+00 9.70E+00 2.43E+00 4.54E+00 1.01E+01  2.49E+00
VS / - - - - - - -
Rank 1.5 5.5 5.5 5.5 5.5 1.5 5.5 5.5
F28 Toar / 2.32E+01 2.11E+01 2.42E+01 2.23E+01 0.00E+00 2.36E+01  2.13E+01
VS / - - - - = - -
Average Ranking 1.57 4.84 5.20 7.30 2.75 3.41 7.05 3.88
Final Ranking 1 5 6 8 2 3 7 4
wit/l / 27/0/1 26/0/2 28/0/0 21/2/5 21/2/5 28/0/0 26/2/0
Note: “/” indicates that the same items do not compare.
TABLE 13. Optimization results for various improved CSs in the reducer design optimization problem.
Algorithm X1 X2 X3 X4 Xs X6 X7 fx
AHCS 3.499814 0.699968 17.000000 7.300000 7.715302 3.350214 5.286644 2994.23
BCS 3.499814 0.699968 16.999999 7.300000 7.715302 3.350214 5.286644 2994.23
ICS 3.499814 0.6999678 16.999999 7.300000 7.715302 3.350214 5.286644 2994.23
CS-EO 3.499814 0.699968 16.999999 7.300000 7.715302 3.350214 5.286644 2994.23
DCS 3.499814 0.699968 16.999999 7.300000 7.715302 3.350214 5.286644 2994.23
RCS 3.499650 0.699946 22.679463 7.489845 7.945432 3.726208 5.286095 423377
MCS 3.499814 0.699968 16.999999 7.300000 7.715302 3.350214 5.286644 2994.23
CV1.0 3.499715 0.699947 17.000025 7.300165 7.715693 3.350235 5.286658 2994.30
TABLE 14. Optimization results for various improved algorithms in the reducer design optimization problem.
Algorithm X1 X2 X3 X4 X5 X6 X7 f()
AHCS 3.499814 0.699968 17.000000 7.300000 7.715302 3.350214 5.286644 2994.23
EOCSO 3.500000 0.700000 17.000000 7.300000 7.715320 3.350214 5.286654 2994.34
PSO-DE 3.500000 0.700000 17.000000 7.300000 7.800000 3.350214 5.286683 2996.35
MBA 3.500000 0.700000 17.000000 7.300033 7.715772 3.350218 5.286654 2994 .48
HEAA 3.500023 0.700000 17.000013 7.300427 7.715377 3.350231 5.286664 2994.50
HGA 3.500000 0.700000 17.000000 7.300000 7.715332 3.350215 5.286664 2994 .47
SSBA 3.500007 0.700000 17.000000 7.327602 7.715322 3.350267 5.286655 2994.74
GOKA 3.500000 0.700000 17.000000 7.300000 7.710000 3.350000 5.290000 2996.31

In order to verify that the solution quality of the
AHCS is better than other algorithms, each algorithm
is run 30 times, the maximum runtime for each run is

literature are shown in TABLE 16. The optimization results
of AHCS and other seven algorithms in the literature are
shown in TABLE 17.
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TABLE 15. The quality of optimization values for various algorithms in the reducer design optimization problem.

Algorithm Best Mean Worst Std
AHCS 2994.228064 2994.228064 2994.228064 2.27E-13
BCS 2994.228064 2994.228064 2994.228064 1.82E-09
ICS 2994.228064 2994.228064 2994.228064 3.94E-13
CS-EO 2994.228064 2994.228064 2994.228064 0.00E+00
DCS 2994.228064 2994.228064 2994.228064 0.00E+00
RCS 4233.770468 5376.204254 7983.441769 1.53E+03
MCS 2994.228064 2994.228064 2994.228064 3.94E-13
CV 1.0 2994.296475 2995.561612 2999.422099 2.18E+00
EOCSO 2994.341316 2994.341317 2994.341318 1.20E-06
PSO-DE 2996.348167 2996.348174 2996.348204 6.40E-06
MBA 2994.482453 2996.769019 2999.652444 1.56E+00
HEAA 2994.499107 2994.613368 2994.752311 7.00E-02

HGA 2994.47 NA NA NA

SSBA 2994.74 NA NA NA

GOKA 2996.31 NA NA NA

Note: NA means not available.
TABLE 16. Optimization results for various improved CSs in Cantilever beam design optimization problem.

Variables AHCS BCS ICS CS-EO DCS RCS MCS CV1.0
X1 3.045403 3.027535 3.045314 3.055495 3.050828 3.605859 3.045298 3.048868
X 60.907994 60.374814 60.880110 61.109916 61.003579 62.573491 60.904092 60.976745
X3 2.811145 2.806519 2.808552 2.797220 2.803124 4.152304 2.810453 2.807071
X4 56.222875 56.102387 55.934739 55.942491 56.059324 58.094172 56.208141 56.141185
X5 2.523614 2.556202 2.538435 2.528112 2.524290 4.329599 2.524627 2.523950
X6 50.471989 51.061015 50.729881 50.535512 50.467691 63.993629 50.491906 50.478989
X7 2.206277 2.220513 2.213725 2.206679 2.210856 4.952004 2.206496 2.206300
Xg 44.125373 44.322935 44.122555 44.123960 44211776 63.279849 44.129841 44.126003
X9 1.749741 1.755242 1.750250 1.749793 1.751118 5.282324 1.750645 1.749887
X10 34.994815 35.039979 34.999148 34.995551 34.988346 61.360506 34.985752 34.993386

f(x) 62949.07 63068.47 63020.16 62956.64 62966.23 8108817.88 62953.47 62949.85
TABLE 17. Optimization results for various algorithms in Cantilever beam design optimization problem.
Variables AHCS SDGAMp; s MPNN SUMT RNES CAD GA-1 GA-APM
X1 3.045403 3.0459 3.0606 2.17 3 3 3 3
X; 60.907994 60.8969 61.2115 42.74 60 60 60 60
X3 2.811145 2.8018 2.8161 2.27 3.1 3.1 3.1 3.1
Xy 56.222875 56.0168 56.3214 44.99 55 55 55 55
Xs 2.523614 2.5251 2.5216 2.82 2.6 2.6 2.6 2.6
X¢ 50.471989 50.4643 50.4290 50.47 50 50 50 50
X7 2.206277 2.2252 2.2136 2.79 2.311 2.279 2.3 2.289
Xg 44.125373 44.4745 44.2759 55.42 43.108 45.553 45.5 45.626
X9 1.749741 1.7678 1.7503 3.00 1.822 1.75 1.8 1.793
X190 34.994815 34.8462 35.0141 59.77 34.307 35.004 35 34.593
f(x) 62949.07 63044.17 63240.67 65678.00 64269.59 64403 64558 64698.56

maxruntime=20 seconds, the population size is N 40,
and the penalty factor is M = 108. The optimal value and
the worst value of the various algorithms after 30 results are
counted, and the average optimal value and standard devia-
tion of the optimal operating objective function for 30 times
are calculated. The statistical results are shown in Table 18.
As can be seen from TABLES 16 and 17 that the opti-
mized value of AHCS solution is better than the other seven
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improved CSs and seven other algorithms involved in the
comparison. In addition, as can be seen from TABLE 18,
the optimal value, mean value, worst value, and standard
deviation of AHCS are better than the other 14 algo-
rithms that participate in the comparison. Therefore, the

quality of AHCS solution is significantly better than other
algorithms.
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TABLE 18. The quality of optimization values for various algorithms in Cantilever beam design optimization problem.

Algorithm Best Mean Worst Std
AHCS 62949.070362 62949.307760 62949.705517 3.17E-01
BCS 63068.477345 63161.790272 63221.810517 6.64E+01
ICS 63020.161651 63120.002991 63191.079758 6.38E+01
CS-EO 62956.647263 62958.839898 62962.729714 2.55E+00
DCS 62966.235074 62973.304528 62982.591467 6.50E+00
RCS 8108817.8859 103883406.58 325349487.77 1.30E+08
MCS 62953.473989 62994.262591 63142.755801 8.31E+01
CV10 62949.852413 62951.460513 62952.807681 1.11E+00
SDGAMn; s 63044.17 NA NA NA
MPNN 63240.67 NA NA NA
SUMT 65678.00 NA NA NA
RNES 64269.59 NA NA NA
CAD 64403 NA NA NA
GA-1 64558 NA NA NA
GA-APM 64698.56 NA NA NA

Note: NA means not available.

VIi. CONCLUSION

The improved CS proposed in the literature has a low solution
quality and is easy to fall into a local optimum when solving
optimization problems. This paper proposes AHCS. There
are three main aspects for the improvement of the AHCA:
(1) the Lévy flight method of the HCS is improved, and the
parameters « and B are dynamically adjusted respectively;
(2) the mutation operator is introduced in the AHCS; (3) an
improved population evolution strategy of the AHCS is given.

In the improvement study of Lévy flight method in HCS,
in order to accelerate the convergence speed of the algorithm,
the inertia weight is introduced in the Lévy flight method of
the CS algorithm. At the same time, in order to minimize the
influence of the maximum iteration number on the algorithm
position update, and consider the individual fitness value
information in the population, the parameters o and 8 are
dynamically adjusted, and new adaptive adjustment method
are given respectively.

In the improved research of the hybrid cuckoo search
algorithm, in order to make the algorithm have strong local
search ability in the late iteration, the mutation operator is
introduced into the cuckoo search algorithm.

In the study of population evolution strategy, a new hybrid
cuckoo search evolution strategy is proposed. The evolution-
ary strategy draws on the idea of the speed update of the PSO
algorithm, supplements the individuals the population, and
restores the initial size of the population. In addition, in order
to avoid the algorithm falling into local optimum, the optimal
individual in the population is perturbed.

In order to verify the performance of AHCS, 30 bench-
mark functions and CEC 2017 optimization problems were
selected, and run with various improved CSs and other
improved algorithms in the literature. The calculation results
of 30 benchmark functions and CEC 2017 optimization prob-
lems show compared with other algorithms, the number of
winning cases of t-test values and the Friedman average rank-
ing for AHCS are significantly better than other algorithms.

In addition, AHCS and various improved algorithms in
the literature are used to optimize the structural parameters
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optimization of the reducer and the cantilever beam. The
optimization results show that the quality of the solution of
HCS is significantly better than other algorithms.

Although the AHCS has achieved good results on
the structural parameters optimization of the reducer and the
cantilever beam, further research is needed to extend the
application area of the algorithm. In the future, our proposed
AHCS will be applied to more optimization examples and
some new engineering optimization applications.
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