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ABSTRACT Grey wolf algorithm (GWO) is a classic swarm intelligence algorithm, but it has the dis-
advantages of slow convergence speed and easy to fall into local optimum on some problems. Therefore,
an improved grey wolf optimization algorithm(IGWO) is proposed. The lion optimizer algorithm and
dynamic weights are integrated into the original grey wolf optimization algorithm. When the positions of
o wolf, 8 wolf, and § wolf are updated, the lion optimizer algorithm is used to add disturbance factors to
the wolves to give o wolf, § wolf, and § wolf active search capabilities. Dynamic weights are added to the
grey wolf position update to prevent wolves from losing diversity and falling into local optimum. Through
multiple benchmark function test experiments and path planning experiments, the experimental results show
that the improved grey wolf optimization algorithm can effectively improve the accuracy and convergence
speed, and the optimization effect is better.

INDEX TERMS Grey wolf algorithm, lion optimizer algorithm, disturbance factors, dynamic weights, path

planning.

I. INTRODUCTION

Robot Path Planning (RPP) is one of the important topics in
the field of robotics research. The purpose of the research
is to optimize the path and get an optimal path from the
starting point to the end point [1]. With the development of
technology, the research on robots has become more and more
in-depth, and the application of robots has become more and
more extensive, such as: cargo handling, underwater opera-
tions, etc. These applications all involve the RPP problem,
so the research on the RPP algorithm has great practical
significance.

The classic path planning algorithms include Ax
algorithm, random road map method, cell decomposition
method, artificial potential field and other algorithms [2]. The
advantage of the classic path planning algorithm is that the
calculation speed is fast and the UAV path can be obtained
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efficiently, but its disadvantages are also very obvious. For
example, the calculation complexity is high, and the destina-
tion is unreachable. In recent years, with the development of
swarm intelligence algorithms, new ideas have been provided
for RPP problems. At this stage, many swarm intelligence
algorithms have been applied to RPP problems and have
achieved effective results.

Swarm intelligence optimization algorithm is an algorithm
that observes the cooperative foraging process of biological
groups in the natural world, simulates the sharing of infor-
mation and mutual learning among members of the group,
constantly changes the search direction, and finally realizes
the optimization of search results [3].

Since Simulated Annealing algorithm (SA) [4] and Genetic
Algorithm (GA) [5] were proposed, many scholars have
devoted themselves to this research field. After decades of
development, many swarm intelligence optimization algo-
rithms have been proposed and widely used in research fields
and practical scenarios, such as Butterfly optimization algo-
rithm (BOA) [6], Chicken Swarm Optimization (CSO) [7],
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Whale Optimization Algorithm (WOA) [8] and Harris Hawks
Optimization (HHO) [9], etc.

Grey Wolf Optimization (GWO) algorithm is a new swarm
intelligence algorithm inspired by the grey wolf leader-
ship hierarchy and group hunting behavior in nature by
Mirjalili et al. [10]. Due to its simple principle, few param-
eters, easy programming, and support for distributed parallel
computing and strong global search capabilities, the GWO
algorithm is widely used in global optimization problems in
the fields of computer science [11], engineering science [12],
and management science [13]. Yongqi and Wei [14] quoted
the position update formula of the grey Wolf optimization
algorithm and applied it to the fault location problem of
distribution network. Yuan et al. [15] et al. proposed an
adaptive probability mutation strategy, which adjusted the
hunting mode during the optimization process to improve
the global search ability of the algorithm, and applied the
algorithm to research on turbofan engine performance and jet
noise comprehensive optimization control. Zhijun et al. [16]
first improved the grey wolf algorithm through Tent chaos
mapping, nonlinear control parameters and the idea of par-
ticle swarm algorithm. Chunhua and Huan [17] optimized
and mixed the grey Wolf algorithm with sine and cosine
algorithm, and applied the algorithm to the path planning
of pharmaceutical logistics distribution. Fei and Xin [18]
introduced the migration operation in the grey wolf opti-
mization algorithm, and dynamically modified the migration
probability according to the fitness function value of the grey
wolf, and applied it to low-carbon transportation scheduling
in open-pit mines.

The original grey wolf algorithm has the shortcomings of
slow convergence in the later stage and falling into local
optimality. This paper proposes a new improved grey wolf
algorithm (IGWO), which integrates lion optimization algo-
rithm and adds dynamic weights to increase the diversity of
the population, enhance the search ability of the population.
The segmented search is added, which balances the local
search and global search capabilities, and makes the grey
wolf algorithm further improve the convergence speed and
convergence accuracy; and the improved grey wolf algo-
rithm is applied to path planning. The simulation experiment
shows that the performance of the algorithm is significantly
improved.

The main structure of this paper is organized as follows:
Section 2 introduces GWO, LOA and their mathematical
models. In Section 3, the IGWO description and its algorithm
flow are introduced. In Section 4, IGWO is used to test
benchmark functions and path planning applications, and the
experimental results are analyzed. Finally, Section 5 con-
cludes the paper.

Il. OVERVIEW OF GREY WOLF ALGORITHM AND LION
OPTIMIZER ALGORITHM

A. GREY WOLF ALGORITHM

Wolves are social animals. There are usually more than a

dozen grey wolves in each group, forming a strict hierarchy.
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In the grey wolf algorithm, wolves are divided into four
levels: @ wolf, g wolf, § wolf, and w wolf. Among them, the «
wolf is the head wolf, which is mainly responsible for the
various decision-making affairs of the group; the rights of the
B wolf and the § wolf decline in order to assist the head wolf
operation, and the w wolf represents the remaining wolves.
Their actions are affected by the first three wolves and obey
their commands. Grey wolves rely on this hierarchy to forage
and prey. «, 8, and § wolves are closest to their prey, and w
wolves follow these three to search, track, and surround their
prey. When the encircling circle is small enough, they begin
to attack and capture the prey.

1) SEARCH FOR PREY
The hunting of grey wolves starts from searching for prey, and
their behavior can be described by the following formula:

D=|C-X,() - X (D
Xt+1)=X,(t)—A-D 2)

In the formula, D represents the distance between the grey
wolf and the target prey, ¢ is the current iteration, X, (¢)
represents the current position of the prey, X(¢) represents
the position vector of the current search wolf individual,
X(t+1) is the updated position vector of the next generation
search wolf, A and C are coefficient vectors, and A is deter-
mined by Equation (3) is determined, and C is determined by
Equation (4):

A =2ar —a 3)
C =2nr @)
a=21—-1t/T) ®))

In the formula, r1 and r2 are random vectors with values
between [0,1], and a linearly decreases from 2 to O in the
iterative process Thus, the value range of A is [—2,2], and
the range of C is [0,2].

2) SURROUND PREY

Under the leadership of o wolf, B wolf and § wolf gradually
approach their prey. First, calculate the distance between
them and «, B, and § according to Equations (6) ~ (11),
and then use Equation (12) to determine how the grey wolf
individual moves to the prey:

Dy = |Cy - Xo (1) — X (1)] (6)
Dg = |Co-Xp (1) — X (1) (7)
Ds = |C3 - X5 (1) — X (1)] (8)
X| =Xy —A1-Dy &)
X, = Xg — Ay - Dg (10)
X3 = Xs — A3 - Ds (1D
X(t+1) = w (12)

In the formula, X, represents the location of a wolf, Xg
represents the location of 8 wolf, Xs represents the location
of § wolf, and C, C, and C3 are random vectors. The general
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formula of C;(i =1,2,3) is Equation (4), so the range of C;
(i=1,2,3)is [0,2].

3) ATTACKING PREY

When the prey stops moving, the group of grey wolves attack
the prey. This process can be simulated by decreasing A from
2 to 0 with a in the iterative process. When |A| >1, the grey
wolf individual moves away from the target and performs a
global search. When |A| <1, the grey wolf starts to attack its

prey.

B. LION OPTIMIZER ALGORITHM

When the lion group solves the objective function optimiza-
tion problem, the lion group is divided into three categories:
lion king, lioness and cub. The main idea of the lion opti-
mization algorithm is as follows: starting from an initial
position in the space to be optimized, the one with the best
fitness value is the lion king, and then a certain proportion
of hunting lions are selected, and the hunting lions cooperate
with each other to hunt, once found prey of higher quality
than the prey currently occupied by the lion king, the position
of the prey will be owned by the lion king. Lion cubs follow
the lioness to learn to hunt or eat near the lion king. When
they become adults, they will be driven out of the lion group.
In order to survive, the driven lion will try to get closer to the
best position in memory. According to the division of labor,
the lion group continuously repeats the search to obtain the
optimal value of the objective function.

1) PROPORTION FACTOR B; OF ADULT LIONS

The proportion of adult lions in the entire lion group affects
the final optimization effect. The larger the proportion of
adult lions, the fewer the number of cubs. The renewal of the
position of the cubs can increase the diversity of the popula-
tion, so the proportion of adult lions is a random number in
(0,1) because f; is a random number within (0,1). In order
to make the algorithm converge faster, the value of B; is
generally less than 0.5.

2) PERTURBATION FACTOR OF LIONESS MOVING RANGE «f
Add a disturbance factor o to change the range of activity
of the lioness, so that it explores food in a larger area first,
and the exploration range transitions from large to small. The
disturbance factor makes the global exploration capability
and local development capability get a better balance, and
the algorithm is fast Convergence, and effectively avoid the
premature problem, so as to obtain the optimal solution. The
disturbance factor is defined as follows:

30t
oy = step - exp(—T)10 (13)
step = 0.1(high — low) (14)

Among them, step represents the maximum step length
for the lion to move within the range of activity, low and
high respectively represent the minimum mean and maximum
average of each dimension of the lion’s range of motion
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space; T is the maximum number of iterations of the group,
and ¢ is the current iteration number.

3) DISTURBANCE FACTOR «C OF CUB MOVING RANGE
When the lion cub approaches the lion king to eat or the cub
learns to hunt with the lioness, the cub will search within the
specified range, and the disturbance factor can lengthen or
compress the range, allowing the cub to explore for food in
this range. After finding the food and then searching in small
steps, it shows a linear downward trend. The disturbance
factor «, is defined as follows:

a. = step (—T;t> (15)

The meaning of other parameters is the same as above.

4) ALGORITHM PRINCIPLE

Suppose there are N lions in the D-dimensional target search
space to form a group, and the number of adult lions is
nLeader:

N
2 < nlLeader < 7 (16)

There is only one male lion and the rest are lionesses. The
position of the i (1 < i <N) lion is:

xi = (Xi1, X2, ..., xip), 1 <i <N amn
Number of adult lions:
nLeader = N B (18)

The number of lion cubs is N-nLeader. During the hunting
process, different types of lions move in different ways. The
lion king moves in a small area at the best food place to ensure
that his privileges are updated according to (19):

=gk <1+V‘p§‘—ng) (19)

The lioness needs to cooperate with another lioness during
the predation process, and adjust its position according to
Equation (20):

ko ok
K pk
At = % (1+asy) (20)
The cub adjusts its position according to Equation (21):
ko k
g +pi 1
) l(1+05c3/)a qsg
k k
+p; 1 2
xl{H—l: pm2p1 (1+Olc]/)’ §§q<§ 21
Sk ok
+p; 2
F ey, [=q<!

Among them, y is a random number generated according
to the normal distribution N(0,1); pf is the historical optimal
position of the i-th child and the k generation; g¥ is the opti-
mal position of the k generation group; plz. is the mother from
the k generation. The best historical position of a hunting
partner selected at random among the lions, p’,‘n is the best
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TABLE 1. 16 benchmark functions.

TABLE 2. Parameter settings.

Function Dim Range fiin

[(x)=2% 30 [-100,100] 0
i=1

Lx)=2 R+ T 30 [10,10] 0
i=1 i=1

fL(x)=20Qx) 30 [-100,100] 0
=l -1

fi(x)=max, {x|,1<i<n} 30 [-100,100] 0
n-1

5 (%)= 210008, =) +(x, =1)" ] 30 [-3030] 0
i=1

f5(x)=2x] +random|[0,1) 30 [-1.28,1.28] 0
i=l

£ (x):z‘:xf 710005(27rx,)+10] 30 [-5.12,5.12] 0
i=1

fl SN
fi(x)=—20exp(-0.2 ;gx,. )

1
exp(— Y cos(27x;))+20+
Xp(nz (27x,)) e

i=l

1 &

30 [3232] O

— 2 - Xi
5()= 2000 Zx —I;[COS(ﬁ) +1 30 [-600,600] O
cos(sin(‘xl2 -x; ‘)) -05
x)=05+—F—1——— _
S (%) 1+ 0001(x2 +2)F 2 [-100,100] 0
S (x)=x7 +2x; —0.3cos(37x,) —0.4co8(47x,)+0.7 2 [-100,100] 0
fi2 (x)=026(x] +x3)-0.48x,x, 2 [1010] 0
4
fis (x) = [4 - 2.1xl2 -%—x—']xlz +
3 30 [-45]
XX, + (—4 +4x] )xzz
f14(x)=2|x‘ sin(x;)+0.1x, | 30 [-10,10] 0
i=1
n
f{s(x):x12+106 P xl-z 3 [-10,10] 0
i-2

N-1

fis (%) =[ﬁ2(\/s_ (5in(50.05"2) + 1))]2,
S‘ = «fx‘.z +xl.z+l

30 [-500,500] 0

position in history of the k-th generation of cubs following the
lioness, g* represents the best position of the k-th generation
group, g* is determined by Equation (22):

gF = low + high — g* (22)

Among them, low and high are the minimum mean and
maximum mean of each dimension within the range of the
lion’s activity space, respectively; p',‘n is the k historical best
position of the cub following the lioness; the probability fac-
tor q is according to uniformly distribute the uniform random
value generated by U[0,1].

ill. IMPROVED GREY WOLF OPTIMIZATION

ALGORITHM (IGWO)

A. FUSION LION OPTIMIZER ALGORITHM

A large number of studies have shown that algorithms with
strong global search capabilities have a wider search space
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Algorithm parameter settings
IGWO step=1,Maxiter=1000
LGWO Maxiter=1000
MGWO Maxiter=1000
GWO-S Maxiter=1000
GWO Maxiter=1000
BOA P=0.8, power_exponent=0.1,sensory_modality=0.01,
Maxiter=1000
CSO G = 10,rPercent = 0.15,hPercent = 0.7, mPercent =
0.5,Maxiter=1000
WOA Maxiter=1000

and richer population diversity, so that they have a stronger
convergence accuracy and are not easy to fall into a local
optimum. Algorithms with strong local development capabil-
ities have faster convergence speed [19]. In the GWO, due to
the leadership role of o wolf, the wolves are clustered, all
grey wolves in the group approach the optimal individual o
wolf. Therefore, it has strong local search ability, and it is easy
to lose the diversity of the population and fall into the local
optimum. Incorporating the disturbance factor of the lion
optimizer algorithm, so that the position update of @ wolf, 8
wolf, and § wolf are not close to the optimal individual o wolf,
but has a certain degree of randomness, which strengthens
the diversity of the population to a certain extent, expands
the search range, and avoids convergence precocious, a new
generation of o wolf, 8 wolf, and § wolf are calculated as
follows:

X1 =Xy —A1-Dy) -y (23)
X = (Xg — Az -Dg)- pi (24)
X33 = (Xs — A3z - Ds) - o, (25)

In the formula, the value of step in oy and o is 1.

B. ADD DYNAMIC WEIGHT

When updating individual positions, the GWO only considers
that w wolf is greatly affected by the dominant grey wolves («
wolf, 8 wolf, and § wolf) in the current population. It can be
seen from Equation (12) that X; (i=1,2,3) uniformly affects
the position update of @ wolf, but in fact, the abilities of «
wolf, B wolf, and § wolf are different, and their functions
should also be different. Adding dynamic weights can bal-
ance and restrict the mutual influence of global search and
local search. As the number of iterations increases, the influ-
ence of o wolf, 8 wolf, and § wolf on @ wolf is dynamically
changed, so dynamic weights are introduced to update the
position of @ wolf:

X1 +Xn + X
X(4+1)="UTIR2TAS 3+22€1 33 (26)

Among them, C; is a random vector, its range is [0,2].
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C. SEGMENT SEARCH

In the initial stage of the algorithm, the wolves are far away
from the prey, and the global search ability and search range
should be improved. As the number of iterations increases,
the wolves are getting closer and closer to the prey. At this
time, the local search ability should be improved to enhance
its search speed. Therefore, balancing the global search abil-
ity and the local search ability is a key factor to improve the
convergence speed and accuracy of the algorithm. Because
a decreases linearly with the number of iterations from 2 to
0, you can set a segmentation for a. A large number of
experiments show that when the threshold of a is set to 0.5,
the global search and local search capabilities can be better
balanced. When a >=0.5, improve the global search ability;
when a <0.5, improve the local search ability, the formula is
as follows:

X1+ X0 + X33

31 C , a>=0.5
X(it+1)= X1+X2+JX3 0 27
< 0.
3

Among them, C; is a random vector, its range is [0,2].
The algorithm flow of IGWO is:

Algorithm 1 A Novel Grey Wolf Optimization Algo-
rithm Based on Hybrid Lion Optimizer Algorithm and
Dynamic Weight

1: Initialize the population, set the population size N, the total number of
iterations T, initialize a, A, C

2: while t< T(t: current iteration number)
3: for i=1:size(Positions,1)

4:  Find the best fitness

5: end for

6: for each wolf in population do

7:  Update a, A, C using Eq.(3)~(5)

8:  Update @ wolf, B wolf, and § wolf using Eq.(9)~(11),(23)~(25)
9: ifa>=05

10: Update o wolf using Eq.(26)

11:  else

12: Update @ wolf using Eq.(12)

13:  endif

14: end for

15: update the value of t
16: end while

17:Output the best solution found

IV. EXPERIMENTAL SIMULATION AND ANALYSIS
A. SIMULATION ENVIRONMENT AND

PARAMETER SETTINGS

In order to experimentally verify the effectiveness of the
proposed 3 improvement strategies, 16 internationally used
benchmark test functions are selected as shown in Table 1 for
simulation experiments. The experimental environment
is Intel(R) Core(TM) i5-10210U CPU, 1.60GHz, 16GB,
Windows 10 64-bit operating system, all codes are pro-
grammed through Matlab (version: R2020a), and compared
with Grey Wolf Optimizer(GWO), Grey Wolf Optimization
Algorithm based on Levy flight(LGWO) [20], Improved
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TABLE 3. Comparison of experimental results of 5 algorithms on 16 test

functions.

Function Algorithm best worse mean std time
IGWO 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.32084
LGWO 4.77E-61  2.85E-58 6.10E-59 8.94E-59 27.072677
MGWO  2.76E-61  7.03E-58 4.81E-59 1.28E-58 0.329299
GWO-S  7.89E-85  1.22E-79 5.10E-81 2.21E-80 0.347158

Ji GWO 6.60E-61  7.08E-58 6.33E-59 1.34E-58 0.253019
BOA 1.60E-14  2.05E-14 1.79E-14 9.50E-16 0.266588

CSO 4.94E-50  1.46E-41 7.33E-43 2.77E-42 0.537921

WOA 5.36E-169 5.70E-1461.90E-147 1.04E-146 0.223369

IGWO 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.327222
LGWO 1.15E-35  3.39E-34 7.62E-35 6.84E-35 26.638106
MGWO 1.81E-36  2.65E-34 6.79E-35 6.92E-35 0.305512
GWO-S  293E-49  9.65E-47 1.18E-47 1.82E-47 0.332427

/2 GWO 9.50E-36  4.56E-34 9.72E-35 1.08E-34 0.244659
BOA 2.68E-12  1.22E-11 1.07E-11 1.62E-12 0.27488

CSO 291E-43  6.53E-38 1.01E-38 1.75E-38 0.462294

WOA 9.79E-115 5.16E-1011.77E-1029.41E-102 0.206325

IGWO 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.617901
LGWO 3.10E-19  3.91E-13 1.52E-14 7.15E-14 25.197218
MGWO  6.18E-22  4.61E-13 1.86E-14 8.38E-14 0.667844

. GWO-S  9.79E-29  1.24E-18 6.92E-20 2.40E-19 0.64865
2 GWO 1.67E-19  1.18E-13 6.77E-15 2.41E-14 0.486819
BOA 1.57E-14  1.93E-14 1.78E-14 9.44E-16 0.908235

CSO 1.08E+02  1.27E+04 5.43E+03 3.33E+03 0.894329

WOA 2.77E+03  5.34E+04 2.56E+04 1.06E+04 0.513098

IGWO 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.373247
LGWO 7.75E-17  1.54E-13 1.57E-14 3.05E-14 26.49564
MGWO 1.58E-16  1.62E-13 1.81E-14 3.02E-14 0.312796
GWO-S  2.50E-24  2.30E-21 5.13E-22 5.90E-22 0.319495

/s GWO 4.11E-16  2.15E-13 2.56E-14 4.35E-14 0.251673
BOA 1.10E-11 ~ 1.41E-11 1.20E-11 7.13E-13 0.224882

CSO 1.53E-02  3.76E+01 1.57E+01 1.32E+01 0.471634

WOA 3.99E-06 7.91E+01 1.94E+01 2.22E+01 0.187416
IGWO 2.70E+01 2.89E+01 2.83E+01 5.54E-01 0.313988
LGWO  255E+01 2.85E+01 2.68E+01 7.33E-01 26.75329
MGWO  2.59E+01 2.87E+01 2.70E+01 7.89E-01 0.332693
GWO-S  2.53E+01  2.80E+01 2.67E+01 6.64E-01 0.36081

f5 GWO 2.58E+01  2.80E+01 2.67E+01 6.90E-01 0.270666
BOA 2.89E+01  2.90E+01 2.89E+01 2.95E-02 0.320855

CSO 2.68E+01 4.25E+02 5.16E+01 8.98E+01 0.508115

WOA 2.65E+01 2.88E+01 2.72E+01 5.69E-01 0.237392
IGWO 1.89E-07 2.51E-04 4.84E-05 5.45E-05 0.432602
LGWO 2.07E-04  1.53E-03 7.73E-04 3.44E-04 27.856143
MGWO 1.33E-04  1.69E-03 7.90E-04 3.82E-04 0.457063
GWO-S 1.01E-04  1.35E-03 5.77E-04 3.45E-04 0.462075

Js GWO 2.28E-04  1.79E-03 8.80E-04 4.25E-04 0.376509
BOA 2.13E-04  1.29E-03 6.87E-04 2.55E-04 0.540818

CSO 2.42E-03  4.88E-01 4.59E-02 9.16E-02 0.612696

WOA 5.65E-05  5.91E-03 1.90E-03 2.00E-03 0.35044
IGWO 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.278438
LGWO  0.00E+00 4.37E+00 3.57E-01 1.10E+0027.306833
MGWO  0.00E+00 4.61E+00 2.62E-01 1.01E+00 0.296337
GWO-S  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.303327

f GWO 0.00E+00  4.78E+00 2.66E-01 1.03E+00 0.253381
BOA 0.00E+00  1.98E+02 1.85E+01 5.65E+01 0.282329

CSO 0.00E+00  3.65E+01 1.90E+00 7.54E+00 0.453299

WOA 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.209059

IGWO 8.88E-16 4.44E-15 1.01E-15 6.49E-16 0.296501
LGWO 1.15E-14  2.93E-14 1.57E-14 3.24E-15 27.197286
MGWO 1.15E-14  2.22E-14 1.69E-14 3.20E-15 0.295668

. GWO-S  7.99E-15  7.99E-15 7.99E-15 0.00E+00 0.331428
Js GWO 1.51E-14  2.22E-14 1.68E-14 2.91E-15 0.273465
BOA 3.99E-12  1.35E-11 1.13E-11 2.75E-12 0.261084

CSO 4.44E-15  7.99E-15 6.22E-15 1.81E-15 0.464525

WOA 8.88E-16  7.99E-15 4.09E-15 2.35E-15 0.205776

fo IGWO 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.335168
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TABLE 3. (Continued.) Comparison of experimental results of 5

algorithms on 16 test functions.
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LGWO  0.00E+00  2.47E-02 3.10E-03 7.66E-03 27.549306
MGWO  0.00E+00  3.14E-02 1.42E-03 6.01E-03 0.342717
GWO-S  0.00E+00  1.47E-02 7.54E-04 3.01E-03 0.347058
GWO  0.00E+00 1.81E-02 1.39E-03 4.39E-03 0.339654
BOA  0.00E+00  8.88E-15 1.41E-15 1.86E-15 0.33543
CSO 0.00E+00  1.64E-01 1.03E-02 3.94E-02 0.582699
WOA  0.00E+00  6.48E-02 4.13E-03 1.57E-02 0.244551
IGWO  0.00E+00 0.00E+00 0.00E-+00 0.00E+00 0.117186
LGWO  0.00E+00 9.72E-03 4.21E-03 4.90E-03 1.594752
MGWO  0.00E+00  9.72E-03 2.91E-03 4.53E-03 0.07759
GWO-S  0.00E+00  9.72E-03 9.72E-04 2.96E-03 0.077631

Juo GWO  0.00E+00  9.72E-03 3.56E-03 4.76E-03 0.084676
BOA  0.00E+00  3.74B-02 1.04E-02 5.76E-03 0.206429
CSO 0.00E+00  9.72E-03 3.14E-04 1.76E-03 0.280344
WOA  0.00E+00 9.72E-03 4.21E-03 4.90E-03 0.078047
IGWO  0.00E+00  0.00E-+00 0.00E-+00 0.00E+00 0.127868
LGWO  0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.584756
MGWO  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.083352
GWO-S  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.094649

Ju GWO  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.104657
BOA  0.00E+00  4.13B-01 2.75E-02 1.05E-01 0.154715
CSO 0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.292983
WOA  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.082711
IGWO  0.00E+00 0.00E+00 0.00E-+-00 0.00E+00 0.124181
LGWO  3.87B-239 1.26E-2127.96E-214 0.00E+00 1.621789
MGWO  1.83E-243  3.12E-205 1.04E-206 0.00E+00 0.082799
GWO-S  0.00E+00 7.29E-3042.43E-305 0.00E+00 0.089444

iz GWO  4.41E-239 7.06E-2072.38E-208 0.00E+00 0.100397
BOA 234E-21  2.18E-15 1.29E-15 4.69E-16 0.14788
CSO 1.91E-220 1.10E-1973.96E-199 0.00E+00 0.320395
WOA  0.00E+00  0.00E-+00 0.00E+00 0.00E-+00 0.091053
IGWO  0.00E+00 0.00E+00 0.00E-+00 0.00E-+00 0.385168
LGWO  197E-07 1.85E-05 4.38E-06 4.46E-06 27.047082
MGWO  2.15B-07 2.52E-05 5.14E-06 5.41E-06 0.364927
GWO-S  3.41E-08  1.99E-05 2.46E-06 4.04E-06 0.379309

Jis GWO  9.56E-08  1.65B-05 2.96E-06 3.63E-06 0.297477
BOA 1.32E-14  1.80E-14 1.55E-14 1.32E-15 0.35678
CSO 3.67E-06  1.20E+02 4.19E+00 2.19E+01 0.502562
WOA  449E-20  1.23E-05 1.26E-06 2.84E-06 0.274652
IGWO  0.00E+00 0.00E+00 0.00E-+00 0.00E+00 0.385487
LGWO  1.10E-35 8.04B-04 1.57E-04 2.53E-04 26.623631
MGWO  1.92E-35 1.17E-03 8.73E-05 2.52E-04 0.293922

. GWO-S  2.69E-48  3.17E-05 1.63E-06 6.50E-06 0.311326

i GWO 1.51E-35  7.82E-05 8.41E-06 2.25E-05 0.247674
BOA 1.93E-15  4.08E-12 1.91E-13 7.59E-13 0.263911
CSO 471E-43  4.61E+00 1.85E-01 8.50E-01 0.431039
WOA  497E-114 2.16E-73 7.20E-75 3.94E-74 0.21014
IGWO  0.00E+00  0.00E-+00 0.00E+00 0.00E+00 0.131598
LGWO 2.169186e-311 1.94E-2887.15E-290 0.00E+00 2.332793
MGWO 3.705909e-312 1.23E-2854.13E-287 0.00E+00 0.108065

. GWO-S  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.115117

Jis GWO  4.948636e-318 6.36E-2892.45E-290 0.00E-+00 0.133323
BOA 1.86E-15  1.53E-14 6.05E-15 3.71E-15 0.196549
CSO  4.08E-264 3.23E-2441.10E-245 0.00E-+00 0.324766
WOA  424E-206 1.72B-1775.75E-179 0.00E+00 0.117181
IGWO  0.00E+00  0.00E+00 0.00E+00 0.00E+00 0.638307
LGWO  320E-17 3.92B-16 1.46E-16 9.31E-17 31.335431
MGWO  126E-17 5.13B-16 1.51E-16 1.12E-16 0.973174
GWO-S  9.41E-24  2.15E-22 4.78E-23 4.08E-23 1.02028

Jis GWO  222E-17 8.94E-16 1.82E-16 2.06E-16 0.786747
BOA 1.55B-09  8.99E-05 6.43E-06 1.88E-05 1.860493
CSO 1.96E-27  2.54E-22 230E-23 6.30E-23 1.24339
WOA  5.69E-67 3.24E-57 1.08E-58 5.92E-58 0.880992
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FIGURE 2. Variance diagram of f;.

Grey Wolf Algorithm for Solving Global Optimization
Problems(MGWO) [21], Improved Grey Wolf Optimization
Algorithm for Nonlinear Convergence Factor(GWO-S) [22],
Butterfly Optimization Algorithm(BOA), Chicken Swarm
Optimizer (CSO), Whale Optimizer Algorithm(WOA),
Table 2 shows the detailed settings of related parameters.
In order to ensure fairness, the population number N of each
algorithm is set to 30, and the maximum number of iterations
T is 1000; to eliminate the influence of randomness, all
experiments are run independently 30 times, and the Mean
and Std of 30 times are taken as the metric of algorithm
performance, as shown in Table 3.

B. ANALYSIS OF RESULTS

It can be seen from Table 3 that in the function f5, IGWO is
inferior to GWO, LGWO, MGWO, GWO-S, WOA in terms
of the worst, best, mean and std, but its fitness difference
is within the allowable range, as shown in Fig.9, it can be
seen that the convergence speed of IGWO is better than other
algorithms. For function fg, it can be seen from Fig.11 that
all algorithms converge fast at the beginning of the iteration,
and fall into a local optimum at the end of the iteration,
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FIGURE 5. Convergence curve of f.

and the convergence speed has slowed down. Table 3 shows
that IGWO failed to find the optimal value, but, best, worst,
mean and std of the IGWO are better than other algorithms.
For function fg, the convergence speed of IGWO is slow in the
later stage, as shown in Fig.15, but its convergence speed is
still higher than that of other algorithms. From Table 3, except
for WOA, IGWO is superior to other algorithms in terms of
worst, best, mean and std.

For functions f7, fo ~ fi1, all algorithms can find the
optimal value. For function f;7, as shown in Fig.13, IGWO
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FIGURE 8. Variance diagram of f;.

can converge quickly, and its convergence speed is slightly
higher than that of MGWO. From Table 3, except for the
WOA, the worst, mean and std of IGWO are better than
other algorithms. For functions fo ~ fjo, it can be seen from
Table 3 that although all algorithms can find the optimal
value, the worst, mean and std of IGWO are better than other
algorithms, and the convergence speed is faster, as shown
in Fig.17, Fig.19. Function f11, except BOA, the best, worst,
mean and std of all algorithms are good, but from Fig.21,
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FIGURE 11. Convergence curve of fg.

it can be seen that the convergence speed of IGWO is slightly
faster than other algorithms. For the function fj,, except for
WOA and GWO-S, IGWO’s the best and the worst, and
the mean is better than other functions. It can be seen from
Fig.23 that the convergence speed is much faster than other
functions. It can be seen from Table 3 that functions f; ~ fi,
fiz ~ fie, except for function fi5, IGWO is superior to
other algorithms in terms of convergence speed and solution
accuracy. For function fi5, in addition to GWO-S and std,
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IGWO is superior to other algorithms in best, worst and mean
values.

From the time of table 3, the optimization time of IGWO
is higher than that of GWO, but the difference is within the
acceptable range. Compared with the other three improved
grey wolf algorithms (LGWO, MGWO, GWO-S), the opti-
mization time of IGWO has been reduced to a certain extent.
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FIGURE 17. Convergence curve of fg.

The experimental results show that IGWO is significantly
better than the other seven comparison algorithms. It has a
higher optimization ability and a higher solution accuracy.
At the same time, from the std and box plot, it has high
robustness.

C. ANALYSIS OF RESULTS

The path planning problem is to find an optimal path from
the start point to the end point. This article assumes that the
robot workspace is a two-dimensional plane, and any point
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FIGURE 20. Variance diagram of f,,.

can be represented by (X, y). The green point and the blue
point represent the start point and the end point, respectively,
and the black points represent obstacles. Through analysis,
it is found that although the model established by the grid
method discretizes the space, the robot’s movement path is
still continuous in essence [23]. Therefore, when optimizing
the robot path, this article stipulates that the robot’s move-
ment path cannot be roundabout, that is, when the robot
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FIGURE 23. Convergence curve of f,.

moves from the initial position to the target position, its
longitudinal and lateral movement directions can only point
to the target position, not the opposite. Assuming that the
current raster coordinate of the robot is (X1, y1) and the next
raster coordinate of the robot is (X2, y»), then it must satisfy
that x, is greater than x; or y is greater than y;. In addition,
the motion of the robot is also restricted by obstacles, that is,
the motion trajectory of the robot cannot pass through the grid
area with obstacles.
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In order to further verify the optimization ability of IGWO,
a comparative experiment of IGWO and other algorithms
to solve path planning problems in simple environments
and complex environments is carried out. The total num-
ber of obstacles in the 2 environments is 21 and 51 (the
map size is 30%30), and the test algorithm parameters are
set as follows: the population size of the 4 algorithms is
30, and the maximum number of iterations is 1000. For
simple and complex environments, the 4 algorithms are run
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TABLE 4. Comparison of the results of 4 algorithms in a simple
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environment.
TABLE 5. Comparison of the results of 4 algorithms in a complex
environment.
environment Index IGWO GWO BOA WOA
Best 60.00 6400  480.00  106.00 environment Index  IGWO __ GWO BOA WOA
21 obstacles Worse 74.00 72.00 664.00 156.00 Best 58.00 62.00 488.00 126.00
Mean 6530 6650  569.00  127.00 Slobstacles  Worse 6600  68.00 67000  474.00
Mean 61.50 65.40 570.80 384.20

According to Fig. 33 and Fig.35, in the early stage of
the algorithm, both GWO and IGWO have strong search

independently for 20 times, and the experimental results are
shown in Fig. 33~Fig. 36 and Table 4~Table 5.
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FIGURE 35. Convergence graph in a complex environment.

capabilities, but in the later stage of the algorithm, the GWO
algorithm tends to fall into the local optimum. The IGWO,
which adopts the fusion lion optimizer algorithm and the
dynamic weight and segment update strategy, overcomes the
shortcomings of falling into the local optimum, and can bet-
ter find an optimal path. From Table 4 and Table 5, it can
be seen that IGWO achieves the best performance in both
simple and complex environments. The maximum value of
IGWO is greater than GWO in simple environments, but the
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FIGURE 36. Optimal path obtained by four algorithms in a complex
environment.

maximum value of IGWO is less than GWO in complex
environments.

V. CONCLUSION
Through researching and analyzing the principle of the stan-
dard grey wolf algorithm, the update formula and the staged
update, an improved grey wolf optimization algorithm is
proposed for the basic grey wolf algorithm with low accuracy,
slow convergence speed and easy to fall into local optimal
problems. In this paper, the hybrid lion optimizer algorithm
is used to add disturbance factors af, Bi, and a. to the
grey wolf algorithm o wolf, 8 wolf, and § wolf position
update to enhance the search ability of o wolf, 8 wolf, and
6 wolf. In addition, a dynamic weight strategy is introduced
to make the grey wolf position update more diverse, so as
to obtain the best value. The experimental results also show
that IGWO better balances the algorithm’s global search and
local development capabilities, making IGWO perform better
than the original algorithm and other intelligent algorithms;
and to a certain extent, it improves the ability to find the
best path. From the experimental results, IGWO has certain
shortcomings. Although the optimization ability has been
improved, the optimization time has increased, and part of the
time has been sacrificed to improve the optimization ability.
In future work, firstly, more indicators will be used to test
the performance of IGWO. Secondly, using IGWO to solve
more complex applications (such as workshop scheduling
and logistics transportation) will be very valuable. Finally,
integrating different intelligent algorithms into new other
methods is another research direction.
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