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Abstract: With the rapid development of new-generation artificial intelligence and Internet of Things
technology, mobile robot technology has been widely used in various fields. Among them, the
autonomous path-planning technology of mobile robots is one of the cores for realizing their au-
tonomous driving and obstacle avoidance. This study conducts an in-depth discussion on the
real-time and dynamic obstacle avoidance capabilities of mobile robot path planning. First, we
proposed a preprocessing method for obstacles in the grid map, focusing on the closed processing of
the internal space of concave obstacles to ensure the feasibility of the path while effectively reducing
the number of grid nodes searched by the A* algorithm, thereby improving path search efficiency.
Secondly, in order to achieve static global path planning, this study adopts the A algorithm. However,
in practice, algorithm A has problems such as a large number of node traversals, low search efficiency,
redundant path nodes, and uneven turning angles. To solve these problems, we optimized the
A* algorithm, focusing on optimizing the heuristic function and weight coefficient to reduce the
number of node traversals and improve search efficiency. In addition, we use the Bezier curve
method to smooth the path and remove redundant nodes, thereby reducing the turning angle. Then,
in order to achieve dynamic local path planning, this study adopts the artificial potential field method.
However, the artificial potential field method has the problems of unreachable target points and
local minima. In order to solve these problems, we optimized the repulsion field so that the target
point is at the lowest point of the global energy of the gravitational field and the repulsive field
and eliminated the local optimal point. Finally, for the path-planning problem of mobile robots in
dynamic environments, this study proposes a hybrid path-planning method based on a combination
of the improved A* algorithm and the artificial potential field method. In this study, we not only focus
on the efficiency of mobile robot path planning and real-time dynamic obstacle avoidance capabilities
but also pay special attention to the symmetry of the final path. By introducing symmetry, we can
more intuitively judge whether the path is close to the optimal state. Symmetry is an important
criterion for us to evaluate the performance of the final path.

Keywords: mobile robot; raster map optimization; A* algorithm; artificial potential field method;
global path planning; dynamic obstacle avoidance; n-order Bézier curve

1. Introduction

In recent years, with the continuous advancement of technology, the field of mobile
robotics has experienced rapid development. Mobile robots have not only significantly
improved work efficiency and ensured production quality and precision but also have
the capability to substitute humans in handling tasks in dangerous situations, bringing
many conveniences to human production and life [1]. Therefore, research in the field
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of mobile robotics has become increasingly important, attracting widespread attention
from researchers [2].

In the field of mobile robotics, path planning is one of the important research di-
rections, facing the challenge of achieving collision-free movement of robots in complex
environments [3]. The goal of path planning is to find the optimal path from the starting
point to the destination based on one or more performance indicators. Depending on the
degree of understanding of the surrounding environment, path planning can be divided
into local path planning based on sensor information and global path planning based on
known information [4]. Local path planning focuses on utilizing real-time environmen-
tal information obtained from sensors to achieve effective obstacle avoidance for robots,
with common algorithms including the artificial potential field method, polynomial curve
method, and dynamic window method. On the other hand, global path planning is based
on known maps or environmental information to find the optimal path through global
search and planning algorithms [5]. Global path planning algorithms are typically cate-
gorized into graph-based algorithms such as Dijkstra’s algorithm and A* algorithm and
sampling-based search algorithms such as random path graph method, RRT algorithm,
genetic algorithm, and ant colony algorithm [6,7].

A single global path planning algorithm can find the optimal trajectory but cannot
perform dynamic obstacle avoidance. On the contrary, a local path planning algorithm
can perform dynamic obstacle avoidance but cannot guarantee the performance of the
trajectory. A hybrid algorithm that combines the two can combine the advantages of both,
finding the global optimal path and performing dynamic obstacle avoidance, and can solve
the problem of mobile robot navigation in complex environments. This paper innovatively
proposes a fusion algorithm that combines the A* algorithm and the artificial potential field
method, aiming to improve the autonomous navigation and obstacle avoidance capabilities
of mobile robots in complex environments; compared with other algorithms, this fusion
algorithm is lightweight and efficient. The A* algorithm combines the characteristics of
depth-first search (DFS) and breadth-first search (BES) to enhance search efficiency while
finding the optimal path. However, this algorithm has significant drawbacks, including
a large number of overall node traversals, low search efficiency, redundant path nodes,
and non-smooth path turning angles. To address these shortcomings, scholars, both
domestically and internationally, have conducted extensive research and exploration aimed
at improving the performance of the A* algorithm [8]. The main directions of improvement
include the following:

(1) Improving the heuristic function: The heuristic function plays a significant role in
determining the direction of search expansion. By enhancing the heuristic function,
the accuracy and efficiency of the search can be improved;

(2) Enhancing the weighting coefficients of the estimation function: The weighting coeffi-
cients determine whether the search process tends more towards breadth or depth.
Optimizing these coefficients can better guide the search direction;

(3) Optimizing the search domain: Reducing the search domain in special cases can
significantly decrease the number of search nodes, thereby enhancing search efficiency;

(4) Path curve optimization: Smoothing the path to make it more suitable for robot
movement, reducing the problems of redundant path nodes and non-smooth
turning angles;

(5) Improving search strategies: Introducing strategies such as bidirectional search and
jump point search (JPS) can significantly accelerate search efficiency.

These improvement measures are expected to further enhance the performance of the
A* algorithm, making it more effective and reliable in practical applications.

The artificial potential field method is a widely utilized algorithm in path planning,
characterized by its intuitive concept, ease of understanding, and implementation, as well
as its excellent real-time performance, allowing timely responses to environmental changes,
making it suitable for dynamic environment path planning. This method simulates ob-
stacle repulsion forces using potential fields to effectively achieve obstacle avoidance and
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can be flexibly integrated and improved with other path planning algorithms or sensor
information. However, the original artificial potential field method may fall into local
optima, making it difficult to find the global optimal path. During obstacle avoidance,
issues such as the robot being unable to reach the target point may arise due to the ex-
istence of repulsive forces [9-11]. This paper aims to address these issues through the
following improvements:

(1) Improving the repulsive force function to ensure that the target point lies at the global
potential energy minimum of the attractive and repulsive fields;

(2) Introducing global planning by combining with global path planning algorithms such
as the A* algorithm to avoid falling into local optima;

(3) Dynamically adjusting parameters based on real-time environmental information to
adapt the potential field function and parameters to different scenarios;

(4) Smoothing the generated paths to enhance robot mobility efficiency.

Section 1 of this paper mainly introduces the development of mobile robots, focusing
on trajectory planning and obstacle avoidance problems in the navigation process. This
paper is committed to proposing a hybrid path planning method based on the combination
of improved A* algorithm and artificial potential field method to solve the navigation
of mobile robots in complex environments, so the defects of A* algorithm and artificial
potential field method are analyzed in the first chapter.

Section 2 of this paper mainly introduces and improves the methods used, including
the map construction algorithm, A* algorithm, artificial potential field method, Bessel
optimization algorithm, and fusion algorithm. The process of integrating various methods
is described at the beginning of the second chapter.

Section 3 mainly conducts experiments and analysis, respectively testing the efficiency
of the map preprocessing optimization algorithm, the difference in results under different
parameters of the A* algorithm, and the comparison of the results of the hybrid algorithm
and other algorithms.

Section 4 discusses the design of this paper and summarizes the innovative contribu-
tions and shortcomings of this paper.

2. Materials and Methods

The purpose of this chapter is to propose a dynamic path-planning method for mobile
robots that comprehensively use the improved A* algorithm and artificial potential field
method. To this end, this chapter is divided into four main parts to systematically explore
the implementation of this method.

First of all, we will focus on the construction of global maps and map preprocessing
optimization algorithms. This step is essential to ensure the accuracy and efficiency of
subsequent path planning. Therefore, we will conduct an in-depth discussion of the map
construction process and propose a series of optimization algorithms to improve the quality
and processing efficiency of map data.

Secondly, we will explain in detail the application method of the improved A algorithm
in global static path planning. Through the optimization and improvement of the A
algorithm, we aim to overcome its high computational complexity and low search efficiency
on large-scale maps so as to achieve faster and more accurate path planning.

Next, we will introduce a local dynamic path planning method based on an improved
artificial potential field. As a commonly used dynamic path planning technique, the
artificial potential field method can effectively cope with dynamic obstacles and changes in
the environment. We will propose an optimized artificial potential field method to improve
the accuracy and robustness of path planning.

Finally, we will discuss the trajectory curve optimization method based on the n-order
Bezier curve. This method aims to further optimize the robot path to make it smoother
and more efficient. At the same time, we will design a fusion algorithm that organically
combines the improved A* algorithm, artificial potential field method, and Bezier curve
optimization method to achieve a more comprehensive and effective dynamic path planning
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scheme. Through the comprehensive analysis and evaluation of these methods, we will
provide a more in-depth and comprehensive solution to the path-planning problem of
mobile robots.

Figure 1 shows the overall process of the program after integrating various algorithms.
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Figure 1. Fusion algorithm flow chart.

Figure 1 shows the overall flow of the program after the fusion of various algorithms.

The program starts with preprocessing and optimizing the map to improve the search
efficiency, then uses the A* algorithm for global path planning to obtain the optimal
reference trajectory, performs Bezier optimization on the trajectory to meet the motion
constraints, and finally segments the trajectory and introduces the fusion function to use
the APF algorithm for local path planning until the end point is reached.

e  Map creation and optimization;

At present, the grid method mainly adopts two commonly used marking methods, the
ordered numbering method and the coordinate method, as shown in Figure 2. Figure 2a
shows a grid map marking method using cartesian coordinates. Cartesian coordinates place
the origin of the cartesian coordinate system in the appropriate position in the grid map,
usually in the lower-left corner of the grid map. Then, the X and Y axes are established in
the horizontal and vertical directions of the map, and the unit length of the axis is generally
equal to the side length of the grid. Therefore, the position of the grid can be represented
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by two-dimensional coordinates. In contrast, the serial number method is to mark the
grid map sequentially according to a certain rule, and there is only one mark for each grid.
Usually, the first grid in the lower left corner of the grid map is marked as the serial number
1, as shown in Figure 2b.

(b)

Figure 2. Common layout methods for grid maps. (a) Cartesian coordinate mark; (b) position mark.

In the code writing of path planning algorithms, grid maps marked by cartesian
coordinates are more commonly used. This is because the cartesian coordinate method can
clearly display the relative positional relationship between obstacles and obstacles, and
it is easy to analyze the influence of the distribution of different obstacles on path search.
In contrast, grid maps marked by the serial number method are not easy to perform such
analysis. After completing the grid marking, the algorithm can perform a path search based
on the attributes of the mark and the grid. The principle of the grid method is simple and
easy to implement, so in this study, the grid method based on cartesian coordinate marking
is used to complete the map preprocessing algorithm.

In the grid map, the grid is mainly divided into two categories: free grid and ob-
stacle grid. Mobile robots usually use two methods: four-neighborhood search and
eight-neighborhood search in grid maps. From the perspective of the calculation time
of path search, the calculation amount of a four-neighborhood search is only half that of an
eight-neighborhood search, so the time required for path search is shorter. However, from
the perspective of the feasibility and length of the path, the path searched by the four
neighbors has more turning corners, and each turning point is a ninety-degree right angle,
which is not friendly to the actual movement of the mobile robot. In contrast, the path
of the eight-neighborhood search can be planned through the diagonal of the grid, and
the path length is better than that of the four-neighborhood search, as shown in Figure 3
Therefore, in this study, the grid maps all use the method of the eight-neighborhood search.

The problem of solving the optimal path by the grid method can be expressed in a
mathematical model. In this study, the eight-neighborhood search method is used. The
constructed grid map has a total of m rows and n columns. The grid coordinates of the
starting position of the mobile robot are (ay, bp), and the grid coordinates of the k-step
calculation are denoted as (ay, by ), and the grid coordinates of the target location are (af, br).
The length of the path traveled by the mobile robot can be calculated by the number of
grids traveled. E represents the collection of grids in the grid map.

E={(i,j)0<i<m0<j<nijez} )
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Figure 3. Four-field search and eight-field search.
B(; j) indicates whether there are obstacles to the grid with coordinates (i, j):
B . — 0,if grid(i,j) if free-grid, (i,j) € E )
(@7) = \1,if grid(i,}) if obstacle-grid, (i,j) € E

Dy; j represents the set of valid grids that can be selected when the mobile robot is
located at the grid (i, j) in the next step:

b =1 =1, =1)),(~1,j+1),(,j+1), (i,j) € E 3
D7V +1,j+1),(+1,)),(+1,j—1),Gj-1), (i,j) €E

R(n)(; ;y means that the mobile robot starts from the grid with coordinates (i, j) and
can select the grid after n steps:

i

P represents the collection of all free rasters in the entire grid map:

P ={R) 5 R@) (o, s+ RO )

R(K) (4, b € Ek=1,2,...,m

®)
&R(n), 4y = (ar, br) }.

L represents the set of all feasible paths connecting the starting point and the target
point. When solving the path planning problem, the path length | needs to reach the
minimum value:

] = min{lengh(L),L € P} 6)

Equation (3) means that every time the mobile robot moves, it can select the grid
in eight adjacent directions as the next forward grid; Equation (4) means that the grid
selected by the mobile robot each time must be a free grid; Equation (5) means that the
feasible solution to the pathfinding problem must be from the starting grid and finally
reach the target grid; Equation (6) guarantees that the searched path is the shortest in
length, and at the same time, the requirements of these formulas can find a collision-free
shortest path in the grid map. In actual path planning, the disordered distribution of
obstacles may cause mobile robots to perform unnecessary node searches inside certain
concave obstacles, thereby increasing the search time and reducing the efficiency of path
planning. Due to the influence of the mobile robot’s own volume, the search path may
be invalid and may have other problems. In order to solve these problems, this research
proposes a grid map preprocessing algorithm based on the selection of coordinate maps,
which aims to complement the search algorithm to improve the efficiency of path search.
The improvement of the algorithm is mainly reflected in the following aspects. The map
optimization algorithm process is shown in Figure 4.
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Optimizing the
diagonal problem

e map need to be
optimized?

Y

Y
Find the coordinates of
the optimization point

A

Add all optimization points
to the obstacle group

Figure 4. Execution sequence flow of map preprocessing algorithm.

First of all, the problem that the robot cannot reach when crossing the diagonal is
solved, and the availability of the planned path is ensured. Secondly, it can close concave
obstacles and reduce the search algorithm’s search for invalid grid nodes or trap areas
during path search, thereby improving the efficiency of path search.

e  The A* algorithm and its optimization;

The A* algorithm draws upon the principles of the Dijkstra algorithm and the Best-
First Search algorithm, employing heuristic search to explore from the starting point to the
target point within a map environment. Its heuristic search method comprises the edge cost
and Euclidean distance. The core idea of this algorithm is to plan a path from the starting
point to the target point with the minimum movement cost in the map environment [12].
The evaluation function for the movement cost is defined as follows:

f(n) = g(n) +h(n) @)

In the formula, 7 is the current search node of the A* algorithm, f(rn) is the total
generation value of the current node, g(n) is the cost value from the starting point to
the current node n in the map, h(n) is the current node and the target Estimated cost
between points.

For the A* algorithm, the quality of the evaluation function will directly affect the
efficiency of the path search. If ii(x) is 0, then only g(x) is contributing to the path search.
At this time, the A* and Dijkstra algorithm path-finding effect is the same. The advantage
is that the shortest path can be found, but the disadvantage is that the calculation time is
long. At this time, the focus is on breadth priority. If (x) is always smaller than g(x) when
the A* algorithm searches for a path, the A* algorithm is guaranteed to find the shortest
path, and the smaller the value of h(x), the grid node searched by the A* algorithm will be,
the more, the longer the calculation time will be. On the contrary, the larger the value of
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h(x), the more “greedy” the search will be, and the shorter the time will be. At this time,
focus on depth priority [13,14].
This article introduces a weight coefficient w here, to balance the breadth and depth of
the search f*(n):
fr(n) =wxg(n) + (1 —w)*h(n) ®)
The cost value g(n) of the A* algorithm from the starting point in the map to the current
node 7 is quantified by the real moving distance from the starting point to the current node

n. During the search process, the cost value g(n) is between the current node n and the cost
value g(n). The relationship is shown in Figure 5.

@

Figure 5. Relationship diagram between node n and g(n).

In the figure, “S” represents the starting point, “F” represents the target point, the
black region indicates obstacles in the map environment, “2” represents the current node n,
“1” represents the parent node n — 1, and “3” represents the child node n + 1. The actual
distance from the starting point “S” to node “1” is denoted as S(1), and the actual distance
from node “1” to node “2” is denoted as S(2), and so forth. The actual distance from the
current node “n” to the parent node “n — 1” is denoted as S(n). “g(n)” represents the sum
of actual distances from the starting point to the current node “n”. Thus, the mathematical

expression for the actual cost function “g(n)” is given by Equation (9).
n
g(n) =13 5y )
i=1

In Figure 5, the distance between the current node 3 and the target point F is the
estimated cost heuristic function i(n). Commonly used calculation methods for the es-
timated cost heuristic function /(1) include Euclidean distance and Manhattan distance.
There are three types of distance, including Chebyshev distance [15]. This article uses the
Euclidean distance with the highest calculation accuracy. Assume that the coordinates of
the current node in the map environment are (x, , ¥,) and the coordinates of the target
point are (xr, yr).

The Grid distance is shown in Equation (10):

hn) =/ (e — %)+ (v = ya)? (10)
The Manhattan distance is shown in Equation (11):
h(n) = |xp = xu| + [yF = Yn| (11)
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The Chebyshev distance is shown in Equation (12):

h(n) = max{|xp —xul, [yr —ynl} (12)

The A* algorithm simultaneously calculates the values of h(n) and g(n) during the
pathfinding process and finds the optimal path in the direction approaching the target
point while ensuring search efficiency. During the search process, the A* algorithm
will traverse the eight adjacent nodes of each node in the search direction, that is, the
eight-neighborhood search. Figure 6 is a schematic diagram of the eight-neighborhood
search of the A* algorithm.

Figure 6. A* algorithm 8 domain search.

The A* algorithm utilizes an eight-neighborhood search process, where the eight grids
surrounding each grid in the graph represent the neighborhood to be searched by the
A* algorithm at that node. During the execution of the A* algorithm, these grids are placed
in the OpenlList, and after traversal, the grid with the minimum cost is selected and placed
in the ClosedList as the next node. This process continues until the algorithm reaches the
target point, as illustrated in the graph: S +1—2 -3 = F

The A* algorithm systematically searches grid nodes using an evaluation function,
which assigns a heuristic value to each node along the path, effectively measuring the
quality of each node on the optimal path. Consequently, the A* algorithm can find the
optimal path. However, the algorithm also has several drawbacks. Firstly, it often finds
a local optimal path rather than a global optimal path. This is because the A* algorithm
evaluates the cost of only a subset of nodes on the grid map rather than searching all grid
nodes. Thus, in complex map environments, the A* algorithm may fail to identify the
global optimal path. Secondly, although searching in an eight-neighborhood provides more
possibilities for path feasibility, exploring each step involves searching eight neighboring
grids, and even in the absence of obstacles, grid nodes are repeatedly searched, leading
to longer computation times and reduced efficiency. Lastly, the paths generated by the A*
algorithm on grid maps typically contain many line segments, which are not conducive to
the actual movement of mobile robots [16-18].

e  Bézier curve optimization;

The path curve optimization method typically involves fitting initial path nodes
using curve fitting techniques to satisfy requirements such as smoothness and continuity.
Common methods include Bézier curve fitting, B-spline interpolation fitting, Hermite
interpolation polynomials, and least squares fitting. These different path curve smoothing
methods have various characteristics in practical applications [19]. Through analysis and
research of these algorithms, it can be determined that in grid maps, the Bézier curve
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smoothing method performs well and is widely used. Therefore, this section mainly
introduces the Bézier curve smoothing method.

The Bézier curve smooths the curve by controlling the control points of a segment of
the curve, where n + 1 control points can determine an n-order Bézier curve. The calculation
formula for the coordinates of any point on the curve is shown in Equation (13).

B(n) = i CL(1—t)""'¥P, (13)
i=0

In the equation, P; represents the coordinate values of the i-th control point, C},
represents the binomial coefficient, and ¢ represents the parameter of proportion.
The expression for a second-order Bézier curve is as follows:

B(t) = (1— )Py +2t(1 — £)P + 2P, (14)
Here, Py, P1, and P; represent the coordinates of the control points, and ¢t is the

parameter varying from 0 to 1. The principle and steps of forming a second-order Bézier
curve are illustrated in Figure 7.

A A A
D D
F
C C C
E
B B g8 -
a b C

Figure 7. Bézier curve formation process diagram. (a) Step one; (b) step two; (c) step three.

The working principle and drawing steps of a Bézier curve are as follows:

Step 1: Find three non-collinear points on a two-dimensional plane and connect them
with line segments, as shown in Figure 7a;

Step 2: Find points D and E on line segments AB and BC, respectively, such that the
ratios of AD to DB and BE to EC are equal, as shown in Figure 7b;

Step 3: Connect points D and E to form line segment DE. On segment DE, find point F
such that the ratios of DF to FE, AD to DB, and BE to EC are all equal, as shown in Figure 7c;

Step 4: Find all coordinates that satisfy the conditions from steps 2 and 3 and connect
them to form the curve, as shown in Figure 8.

Figure 8. Second-order Bezier curve.

It can be seen from Figure 8 and Equation (14) that the second-order Bézier curve
is generated by three control points. The three control points can be three non-collinear
position points on the curve, the initial position point, and the end position point of the
curve, which overlaps the start and end points of the original curve.
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In the Bézier curve smoothing algorithm, the order of the curve can be determined
based on the number of inflection points within a segment of the curve. Therefore, it
performs well in smoothing global paths, as Bézier curves excel at smoothing path curves.
This capability significantly contributes to enhancing the overall operational lifespan of
mobile robots [20].

e  The Artificial Potential Field Method (APF) and its Optimization;

The artificial potential field method is a widely used approach in path planning, which
abstracts the workspace of robots into a virtual force field. In this field, robots are subjected
to two types of potential field forces: the goal potential field force and the obstacle potential
field force. The goal potential field force refers to the attractive force exerted on the robot as
it moves toward the target point, pulling the robot closer to the target. On the other hand,
the obstacle potential field force represents the repulsive force experienced by the robot as
it approaches obstacles, pushing the robot away from obstacles [21,22].

The schematic diagram of the artificial potential field method is illustrated in Figure 9,
where F,, denotes the repulsive force generated by the repulsive field, Fy; represents the
attraction force generated by the attractive field, and F denotes the resultant force acting
on the robot. The coordinates of the robot’s position g, the target point position g, and
the obstacle position g, are denoted as [x, y|, [xg, V¢], and [x;, y,], respectively. In the
potential field, as the distance between the robot and the target increases, the attraction
exerted by the target on the robot becomes stronger. Conversely, as the distance between
the robot and the obstacle decreases, the repulsion exerted by the obstacle on the robot
becomes stronger. Therefore, the attraction field and the repulsion field can be designed as
follows, where the potential energy function U, for the attraction field is defined as:

Uatt(9) = %kattdz (9,95) (15)
Obstacle
Target
o
. ’
Robot s
R

Figure 9. Principle of artificial potential field method.

In the formula, k. is the gravitational field gain coefficient, d(q, q,) is the distance
between the robot and the target point.
Then, the gravitational force Fy; generated by the gravitational field is:

Fart(9) = kared (q,q¢) (16)

The repulsive field is generated by obstacles, and the repulsive field’s potential energy
function Uyep is defined as:

Yooy (1 _;>2
Urep(q) =  27"P\d(aar) — po) 0 < d(q,9r) < po (17)
0,d(q,9-) > po
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Among them, krep is the repulsion field gain coefficient, d(g, ;) is the distance between
the robot and the obstacle, and py is the repulsive force range.
Then, the repulsive force Fy, generated by the repulsive force field is:

krep 1 o l
Frep(q) = {d%‘”;(g”’ij";i ppo) ,0=<4d(q,9-) < po (18)
7 T Yr 0

The robot’s resultant potential field function is the vector superposition of the gravita-
tional field function and the repulsion field function. The resultant potential field function
can be expressed as:

U(q) = Urep(q) + U, (q) (19)
The resultant force on the robot is:
F(q) = Frep(q) + F,,(q) (20)

Traditional artificial potential field methods have some drawbacks in robot path
planning. When the resultant force acting on the robot, composed of both attraction and
repulsion forces, equals zero, two possible scenarios arise: the robot may either remain
stationary at its current position or oscillate around that position. Additionally, if the robot
reaches the target point successfully but still experiences the effect of repulsive forces, it
may fail to remain at the target point [23-25]. To address these issues, improvements can
be made to the potential energy function of the repulsive field, as follows:

2
1 1 1
U () = {2"”P(d<q,qr> = 5) VA9 0 < d(g,a,) < p0 1)
0,d(q,9r) > po

The improved repulsive field potential energy function introduces a control quantity
d(q,q¢). Compared with the traditional repulsive field potential energy function, this
improved function makes d(q,4,) 0 when the robot reaches the target point, and then
makes U*p also 0, thus satisfying the repulsive field potential energy when the robot
reaches the target point. zero requirement. At this time, the repulsive force is the negative
gradient of the improved repulsive field potential energy function:

Frrep(q) = *gmd(U*reP(Q» =

F*repl (‘7) + F*repz(Q)
,0<d(q,q,) <
{ 0 /d(q/ qr) > 00 (q qr) 00

(22)

In the formula: F*¢p1 (q) and F *,epz(q) are the two components of repulsion in the
direction of gravity and repulsion respectively. Among them, F*,,;1(q) is the gravitational
component, and the specific calculation formula is:

k. (#fLY%
Frpn(g) = & 27 PNTG8T ~ 00) 2 i(qa0) ,0 < d(g,4,) < po 23)
0,d(q,9r) > po

F*ep2(q) is the repulsive force component. The specific calculation formula is:

krep 1 1
P*rePZ(‘J) = {d(q/qr)z (d(q,qy) Po) d(q, qg) ,0< d(q/ Qr) < Po (24)
O /d q/ Qr) > PO

It can be seen from the above that this improved method allows the robot to accurately
reach the target point under the action of the gravitational component, and, at the same
time, avoids collision with obstacles by gradually reducing the repulsive component. In
this way, the robot is able to reach its target location in a stable and safe manner while
avoiding potential collision risks [26-28].
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e  Algorithm combination process;

In order to realize the dynamic path planning design of mobile robots integrating
the improved A* algorithm and the artificial potential field method, this paper first uses
the improved A* algorithm to find the static optimal trajectory. Then, the static optimal
trajectory is optimized through the n-order Bezier curve method, while redundant nodes
are removed and special point angles are optimized to obtain the optimized static optimal
trajectory. Next, in order to combine the A* algorithm with the artificial potential field
method, it is necessary to discretize the optimal trajectory into trajectory points and create
the gravitational potential energy field Uy ¢4 of the static optimal trajectory so that during
the process of dynamic path planning, along the trajectory The line is used for obstacle
avoidance and tracking, and F t4 is the gravity of each point on the trajectory. Finally, the
fusion of the three algorithms is completed, which can achieve good path planning effects.

Fatt_tra (11) = kutt_tmd(q/ q(g)d(q/ Qr) (25)

3. Experiments and Results

This article is mainly devoted to experimental analysis to verify the effectiveness of the
proposed path-planning method. Experiment 1 will conduct a simulation experiment of the
map preprocessing algorithm to evaluate the effectiveness of the algorithm in different sce-
narios. Experiment 2 will explore the influence of the parameters of the A* algorithm on the
path planning results in order to gain an in-depth understanding of the working mechanism
of the algorithm and optimize the parameter selection. The purpose of experiment 3 is to
verify the advantages of the fusion of the improved A* algorithm and the artificial potential
field method, to verify the degree of improvement of the fusion algorithm on the path
planning results, and to conduct quantitative analysis through simulation experiments.

In the process of building the map in this article, there are two kinds of obstacles: static
and dynamic, as shown in Figure 10. We need to use SLAM’s RPLidarA1 2D laser radar
(Slamtec, Shanghai, China) as a sensor to collect surrounding information and to locate
and measure distance. The scanning frequency range is 2-10 Hz. This sensor uses laser
triangulation ranging technology, with a ranging frequency of more than 8000 times per
second and a maximum measurement radius of 12 m. Using laser radar, we can build
static obstacle models in the environment and detect dynamic obstacles in the environment
during dynamic obstacle avoidance, meeting the requirements.

Figure 10. Lidar scan map.

It is worth highlighting that the optimal path derived from the hybrid path planning
approach in this paper must be symmetrical. This means that whether the path is traced
from the starting point to the destination or vice versa, the outcomes of both experiments
should be identical, featuring the same nodes and motion trajectories. While other indi-
vidual algorithms may not satisfy the symmetry of the path (such as the APF algorithm),
the hybrid algorithm presented in this paper can indeed fulfill the principle of symmetry.
In the context of optimal trajectory determination, the verification of trajectory symmetry
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provides a straightforward and intuitive means to assess whether the experimental results
are optimal. That is, the optimal trajectory should be symmetrical.

3.1. Experiment 1: Map Preprocessing Optimization Experiment

Taking the A* algorithm search as an example, the effect of this map preprocessing
algorithm is analyzed [29-31]. Among them, the green circle represents all child nodes in
the search process, while the yellow circle represents the final selected target node. The path
searched by the A*algorithm is marked with a solid blue line. Through the preprocessing
of the grid map, a new obstacle grid with a light blue background was introduced, and
then the A* algorithm was used again for path planning.

First of all, we analyze the first case. The result of the unoptimized processing is
shown in Figure 11a, while the result of the preprocessing of the grid map is shown in
Figure 11b. Although the pathfinding result is still presented as a solid black line path,
after preprocessing the grid map, the search result of the A algorithm has actually changed.
Although there is no difference in appearance, a new obstacle grid has been introduced in
the map during the preprocessing phase. These obstacles may also cause the A* algorithm
to choose different paths during the search process. Even if the result path looks the same,
the preprocessing stage still has an impact on the search of the A* algorithm. Next, we will
conduct further analysis.

(a) (b)

Figure 11. Comparison of search results before and after adding map preprocessing. (a) A* algorithm
search results for unprocessed maps; (b) A* algorithm search results for processed maps.

The relevant information of the two results is counted, as shown in Table 1 below.

Table 1. Comparison of results.

. Optimization Effect
Group Preprocessing Map Number of Nodes Search Time (s)
Number of Nodes Search Time
1 no 95 0.1921 o o
5 yes 84 01563 11 (11.6%) 0.035 (18.6%)

It can be obtained through the data analysis in Table 1. Although the front and rear
paths are the same, in the two dimensions of search node and search time, the number of
pre-processed map search nodes has been reduced by 11.6%, and the search time has been
reduced by 18.6%. The main reason for this difference is that there is a concave obstacle
in Figure 11. The A* algorithm has to enter the interior of the concave obstacle to search
during path planning. This is an unavoidable feature of the A* algorithm.
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In Figure 11, the A* algorithm performs a path search at the filled light blue square and
its surrounding nodes, but the search at these locations does not help in the discovery of
valid paths, so it is an invalid search. In contrast, when the A* algorithm is used for path
search after preprocessing the grid map, the search process is shown in Figure 11b. Due to
the addition of virtual obstacles, the internal area of the concave obstacles is filled, so the path
search will not enter the interior of the concave obstacles, thereby saving the search work for
these locations. Although the search results are still the same path curve, the search efficiency
is significantly improved with the assistance of the grid map preprocessing algorithm.

Through the above analysis, it can be inferred that with the increase of the scale of the
map and the number of obstacles, the path search effect after map preprocessing will be
further improved [32,33].

In the second case, we deleted the obstacles (15, 11), observed the results of the path
search, and compared the trajectories without map preprocessing and map preprocessing,
respectively. The result is shown in Figure 12. Without map preprocessing, the trajectory is
shown in Figure 12a, and it is found that an error occurred in the process from the square
coordinates (14, 10) to (15, 11). This is because, in the case of an eight-field search, it is
impossible to identify the problem that the diagonal coordinate position is unreachable
under special circumstances. Due to the robot’s own volume problem, in practical appli-
cations, the robot cannot move from the square coordinates (14, 10) to (15, 11). Therefore,
this problem needs to be solved in the algorithm design to avoid the algorithm from failing
under certain circumstances. The results of the map preprocessing are shown in Figure 12b,
which can avoid the problem of diagonal position failure.

[ ‘ 20

* - BESsl H.

N

(a) (b)

Figure 12. Comparison of search results before and after removing specific obstacles. (a) No map
preprocessing after removing a specific obstacle; (b) map preprocessing after removing a specific
obstacle.

The map preprocessing algorithm in this paper mainly aims to solve two types of
potential problems. First of all, the statically observed map itself may have defects, such as
obstacles that are not correctly marked or obstacles that cannot be traversed by the robot
not being accurately handled. These problems may cause the path-planning algorithm
to fail in practical applications. Secondly, there may be a large number of invalid nodes
in the path search process. These nodes are not conducive to the effective operation
of the search algorithm and will increase the time complexity of the search. Therefore,
the map preprocessing algorithm is designed to remove invalid nodes in the map and
optimize the structure of the map, thereby improving the efficiency and accuracy of the path
search algorithm.
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3.2. Experiment 2: A* Algorithm Parameter Analysis

Due to the theoretically higher precision of Euclidean distance compared to Manhattan
distance and Chebyshev distance, this experiment adopts Euclidean distance calculation.
To investigate the influence of weighting coefficients of the heuristic function on the search
nodes, different weighting coefficients w are selected as 0, 0.5, 0.75, and 1 for simulation
experiments. The obtained results are depicted in Figure 13, corresponding to w values of
0,0.5,0.75, and 1, respectively. The summarized data are presented in Table 2.

237 traversal nodes 20

waypoints
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- way points

e "

5

|
[

: traversal rjodi
: waypoints

e .
. (11 .

0 5 10 15 20 0 5 10 15 20
Figure 13. The effect diagram when the weight coefficient w increases.

Table 2. Experiment 2 data summary table.

Weight Coefficient w Total Number of Search Nodes Number of Trajectory Nodes Search Time (s)
0 80 22 0.2425
0.5 84 22 0.2705
0.75 207 19 0.9437
1 351 19 2.5598

The figure shows the change in the number of nodes searched by the A* algorithm
when w is (0, 0.5, 0.75, 1).

Based on the data analysis, the following conclusions can be drawn as the weight of
g(n) in the estimation function increases, the time consumption for searching increases,
and the search scope expands, leading to paths closer to the global optimum. Conversely,
as the weight decreases, the search time shortens, and the search scope narrows, but it does



Symmetry 2024, 16, 801

17 of 23

not necessarily guarantee the global optimum path. In order to strike a balance between
search speed and search scope, this study chooses w to be 0.5.

3.3. Experiment 3: Simulation Analysis of Hybrid Path Planning

Using the simulation environment used in this article, consistent map obstacle infor-
mation is used to set the same starting and target points and observe the mixed dynamic
planning effect in the static obstacle environment and the presence of the dynamic obstacle
environment, respectively. For comparison, only the improved artificial potential field
method of this paper is used for planning, and the hybrid algorithm is used for planning.
The effect of path planning is different. At the same time, two moving objects (red spheres)
are introduced. Object 1 moves up and down between the three units of the square (6, 3-5),
and object 2 moves left and right between the five units of the square (13-17, 14) to verify
the dynamic obstacle avoidance effect. In order to compare the experimental results, the
simulation parameters of the algorithm are unified, and the experimental parameters are
shown in Table 3.

Table 3. Experimental parameters.

Parameter Numerical Value
Map size 20 x 20
The weight coefficient w of the estimation function 0.5
Target point gravity gain coefficient ks 20
the coefficient k., for the force of repulsion from obstacles 20
the coefficient kg trq for the force of attraction of the trajectory points 3
The radius of repulsion is p, 2
Gravitational radius pg 4, of the trajectory point 1
The size of the movement step step, pf 0.05

According to the results shown in Figures 14 and 15, the path planning performance
of the hybrid algorithm in the same environment is significantly better than that of the path
planning using only the improved artificial potential field method, which is mainly reflected
in the smoothness and stability of the path. Through the hybrid algorithm, the oscillation
phenomenon in the path is successfully reduced, and the path is smoothed. In addition, the
hybrid algorithm first uses the global planning method to obtain the initial path, avoiding
the one-sided problem of environmental recognition that may arise when only local path
planning is used. By setting sub-goals, the hybrid algorithm has also achieved remarkable
results in reducing the path planning time, reducing the computational complexity of the
robot, and improving the planning efficiency, further verifying the theoretical analysis of
the previous article.

In a static environment, the improved A algorithm has been able to effectively plan
the shortest and smooth path, and the calculation time is relatively short. Compared with
the improved A algorithm, the path obtained by the hybrid algorithm is basically the same.
Although there may be slight oscillations in the local path planning process, it does not
affect the smoothness of the overall path. Considering that the hybrid algorithm is mainly
to solve the limitations of the improved A* algorithm in a dynamic environment, in a
static environment, the path generated by the hybrid algorithm can still meet the work
requirements, indicating its applicability in a static environment. Through the verification
in Figures 14 and 15, we found that the hybrid path planning algorithm is better than the
separate A* algorithm and APF algorithm in many aspects. First, compared with the path
generated by the A* algorithm, the hybrid path planning algorithm can find the optimal
path to ensure the symmetry of the path. Secondly, the hybrid path planning algorithm
can adapt to the dynamic environment and maintain a safe distance from obstacles, thus
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greatly improving the practicality of the algorithm. These advantages make hybrid path
planning algorithms more efficient and reliable in practical applications.
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Figure 14. Comparison of separate APF algorithm and A* algorithm.
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Figure 15. Hybrid algorithm in static maps and dynamic maps. (a) Static map; (b) dynamic map.
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Figure 16 is the comparison result between the proposed algorithm and the Ref. [34]
algorithm in static maps. As shown in Table 4, we can intuitively find that the number
of search nodes of the proposed fusion algorithm is significantly lower than that of the
Ref. [34] algorithm. The data in Table 4 show that when the trajectory length is basically
the same, the proposed algorithm greatly improves the search efficiency and reduces the
time by 216%. In addition, it can be found from Figure 16b that the proposed algorithm is
still effective in complex environments with dynamic obstacles.
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Figure 16. Comparison between the algorithm in this paper and the algorithm in Ref. [34]. (a) The

algorithm in this paper; (b) the algorithm in Ref. [34].

Table 4. Comparison between the proposed algorithm and the Ref. [34] algorithm under static map.

Algorithm Search Time (s) Trajectory Length (Unit Length)
Algorithm in this paper 33.8398 27.9249
Ref. [34] algorithm 107.0641 28.6325

Through the experiments, we can draw the following conclusions: the map prepro-
cessing algorithm proposed in this paper can significantly improve the search efficiency,
eliminate unreachable and unnecessary nodes, and reduce the search time. By changing the
weight coefficient w of the A* algorithm, the search process and results can be significantly
changed. The fusion algorithm in this paper optimizes the defects of the A* algorithm and
the artificial potential field method and combines the advantages of both. It can achieve
mobile robot navigation and obstacle avoidance in complex environments. The compari-
son with the literature [34] highlights that the new algorithm proposed in this paper has
significant advantages, being faster, more efficient, and requiring fewer calculations.

4. Discussion

Autonomous path-planning technology for mobile robots is one of the core technolo-
gies widely applied in various fields [35]. This study addresses the path-planning problem
of mobile robots in complex environments with dynamic and unknown obstacles. Research
is conducted from three aspects: global path planning, local path planning, and hybrid
path planning. The effectiveness of the research content is validated through simulation
experiments. The specific research achievements are as follows:
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1. In this study, a method of preprocessing grid maps is proposed to improve the effi-
ciency of path planning and optimize path results. This method encloses the internal
space of concave obstacles, which can effectively reduce the number of grid nodes
searched by the A* algorithm during path planning, thereby improving the efficiency
of path search. It also effectively solves the practical application problems caused by
the robot’s own volume problem in path planning, such as the situation where the
diagonal position is unreachable. Through this preprocessing method, a more reliable
map foundation can be provided in the global path planning and local path planning
stages, and it is expected to achieve more efficient and optimized path planning;

2. For theissues in the A* algorithm used for global path planning, such as excessive node
traversal, low search efficiency, redundant path nodes, and non-smooth turning angles,
an improved heuristic function and weight coefficients are proposed. Additionally,
the n-order Bézier curve method is introduced for trajectory optimization and removal
of redundant nodes. Simulation results demonstrate that the improved algorithm
outperforms the A* algorithm in terms of planning efficiency, number of turns, path
smoothness, and path length;

3.  Regarding the problems in the artificial potential field method used for local path
planning, including local minima and unreachable target points, an improved artificial
potential field method is proposed. It combines with the A* algorithm to optimize
trajectories and eliminate local minima and unreachable target points. Simulation
results show that the proposed algorithm not only successfully solves the problems
of local minima and unreachable target points but also achieves a higher planning
success rate, shorter average path length, shorter planning time, and lower total
turning angle;

4.  Considering the limitations of global path planning algorithms in dynamic environ-
ments and the tendency of local path planning algorithms to fall into local minima, a
hybrid path planning algorithm based on the A* algorithm and artificial potential field
method is proposed. This algorithm utilizes the A* algorithm to plan the globally opti-
mal path and then conducts Bézier curve optimization and designs the gravitational
potential field for the tracking effect. Meanwhile, it employs the improved artificial
potential field for local dynamic obstacle avoidance. Simulation results demonstrate
that the proposed hybrid algorithm effectively addresses the issues of global path
planning algorithms’ inability to dynamically avoid obstacles and local path planning
algorithms’ susceptibility to local minima.

The innovation of this paper is mainly reflected in the proposal of a new map pre-
processing method, which improves the search efficiency, makes its own improvement on
the A* algorithm and the artificial potential field method, and proposes a new algorithm
combination method and fusion algorithm. The final hybrid algorithm can meet the re-
quirements of trajectory planning and obstacle avoidance in complex environments, and its
efficiency can surpass most of the current path-planning methods. Its main features are
high efficiency and light weight.

This paper addresses the challenges in real-time performance and dynamic obstacle
avoidance capabilities of mobile robot path planning algorithms. Research is conducted on
global path planning, local path planning, and hybrid path planning algorithms, and the
effectiveness of the proposed algorithms is verified through map environment construc-
tion and simulation experiments, demonstrating their superiority over other algorithms.
However, there are still some issues that need further research and improvement, including
the following:

1.  The algorithms proposed in this paper are only designed for single robots and do
not consider coordination and obstacle avoidance among multiple robots. Therefore,
future research efforts could focus on the coordination of multiple robots and the
optimization of obstacle avoidance strategies in multi-robot scenarios;

2. This paper primarily addresses the obstacle avoidance problem in two-dimensional
plane environments and does not account for variations in ground elevation. To better
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reflect real-world applications, further research is needed to investigate the complexity
of ground environments and extend the scope of study to three-dimensional spaces.

5. Conclusions

In this study, in response to the issues of low search efficiency, redundant path nodes,
non-smooth path turning angles, and the tendency to fall into local optima in traditional
A* algorithms and artificial potential field methods, we have improved the heuristic func-
tion of the A* algorithm to enhance search efficiency. A new global path planning algorithm
has been proposed to reduce redundant path nodes. The Bezier algorithm has been utilized
to optimize the smoothness of the trajectory, and the repulsive function of the artificial
potential field method has been improved to make the target point the global minimum
of potential energy, thereby solving the problem of robots being trapped in local optima.
Finally, based on the A* algorithm and the artificial potential field method, a new hybrid
algorithm has been proposed that combines the advantages of both.

In the design of the hybrid algorithm presented in this paper, initial steps were
taken to preprocess and optimize the global map, preparing for subsequent global path
planning. Subsequently, the optimized global path planning algorithm, A*, was utilized to
obtain the globally optimal path. Considering the physical characteristics of mobile robot
movement, the Bezier optimization algorithm was introduced to enhance the smoothness of
the trajectory. On the basis of the globally optimal trajectory, the path was segmented, and
the artificial potential field method was employed to enable dynamic obstacle avoidance
while navigating the path. Finally, a fusion algorithm was designed to integrate the
A* algorithm and the artificial potential field method, completing the design of the entire
hybrid algorithm.

After simulation experiments and comparisons with algorithms in the literature, the
search range of our algorithm has been significantly reduced in the simulation scenario.
In terms of search time, the search efficiency has increased by up to 216%, and the length
of the search path has been slightly optimized. Therefore, the hybrid algorithm pro-
posed in this paper, based on the A* algorithm and the artificial potential field method,
can effectively improve the efficiency and smoothness of path planning, providing a
high-efficiency, lightweight, and reliable algorithm for the trajectory planning of mobile
robots under complex conditions.
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