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Abstract

When there are obstacles around the target point, the mobile robot cannot reach the
target using traditional Artificial Potential Field (APF). Besides, the traditional APF is
prone to local oscillation in complex terrain such as three-point collinear or semi-closed
obstacles. Aiming at solving the defects of traditional APF, a novel improved APF algorithm
named back virtual obstacle setting strategy-APF (BVO-APF) has been proposed in this
paper. There are two main advantages of the proposed method. Firstly, by redefining the
gravitational function as logarithmic function, the proposed method can make the mobile
robot reach the target point when there are obstacles around the target. Secondly, the
proposed method can avoid falling into local oscillation for both three-point collinear and
semi-closed obstacles. Compare with APF and other improved APF, the feasibility of the
algorithm is proved through software simulation and practical application.
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1. Introduction

With the rapid development of artificial intelligence, mobile robots are widely used in var-
ious fields such as medical, industrial and military. For mobile robots, the path planning al-
gorithm is equivalent to the eyes of the robot and plays a crucial role. How the robot chooses
a safe and collision-free optimal path from the initial point to the target point is the research
focus of the path planning algorithm. Commonly used algorithms are A* algorithm, Ant
Colony Optimization, ACO, Genetic Algorithm, GA, Dijkstra algorithm[16][26] [23][27] [30],
Rapidly-Exploring Random Tree, RRT, Artificial Potential Field, APF[I3], etc. The A*
algorithm[IT]introduces a heuristic function to avoid a large number of invalid search paths
in the path planning problem. ACO is a heuristic random search algorithm, which has prob-
lems such as large amount of calculation and slow convergence. The main characteristics

of the Dijkstra algorithm[7] are the center spreads outward until it reaches the end point,
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but it traverses many computing nodes, and the efficiency is low. The path obtained by GA
meets the actual path selection requirements, but the calculation amount is large and the
time consuming is big, which cannot meet the real-time requirements. The main feature of
RRT[29][16]is that it generates a new node in space and continues to extend to the target
point on the new node, but the generated path is not smooth enough, and the searched
path is constantly changing. Bio-inspired algorithms[I0][22][4][T][15], can yield good solu-
tions, but they are not necessarily the best solution. All the mentioned algorithms have
their respective advantages and disadvantages. In the APF method, you only need to know
the current position of the mobile robot, the surrounding obstacles and the position of the
target to be reached, and then you can know the moving position of the next part of the
robot. It has the advantages of fast speed and smooth generated road strength, so the al-
gorithm is widely used in the path planning of mobile robots. However, the APF method
also has its own shortcomings. Firstly, it is easy to fall into local oscillation in complex
terrain. Secondly, the robot often fails to reach the target point when there are obstacles
near the target point. When the target point is far away, it is easy to collide with obstacles
due to the excessive gravitational force generated. By adding a force based on the tangent
line between the robot and the obstacle, Wang et al|25] [17] enabled the robot to escape
when trapped in a local oscillation. But in the face of semi-closed obstacles, the robot can-
not escape the local oscillation. Wang and Lee D et al[8][18] set a virtual target point to
make the robot escape from the local oscillation point by setting a virtual target point to
provide gravity when the robot falls into local oscillation. Rostami[2I] added adjustment
factors to the traditional artificial potential field function to bypass obstacles to overcome
local minima and target unreachable problems. However, in the face of special semi-closed
obstacles, there is no way to set virtual target points. He et al[2] redefined the repulsion
model of artificial potential field method by simulating the fading algorithm, and designed
a controller that can escape local oscillation. The global path is smooth, but it still cannot
be well solved in the face of complex path conditions. Xu et al[28] proposed an improved
artificial potential field method. Firstly, the concept of safe distance was proposed to avoid
unnecessary paths, so as to solve the problems of long path length and long algorithm run-
ning time. Then, in order to avoid the robot being trapped in the local minimum and trap
area, the predictive distance was introduced into the algorithm, so that the algorithm was
able to react before the robot being trapped in the local minimum or trap area. Finally, the
robot was guided to avoid the local minimum and trap area by setting the virtual target
points reasonably. Chen and Huang[3]described the inherent problems of artificial potential
field and analyzes their causes. Then, aiming at the problem of local minimum trap, the
virtual obstacle method is proposed to repel mobile robot from traps. Next, in order to
solve the chattering phenomenon, a geometric method is proposed to ensure that the route

is relatively smooth. Finally, computer simulations are carried out to demonstrate the effec-



tiveness of these two methods. Neurofuzzy systems|[I4][24] are also the algorithms that have
served as the core methodology to develop path planning. It simulated the workspace of
the robot as a network of neurons. Fan and Guo[9]proposed the regular hexagon bootstrap
method to improve the local minima problem. At the same time, a relative velocity method
for moving object detection and avoidance is proposed for dynamic environment. Howev-
er, when the obstacle suddenly accelerates or changes its direction of motion, it may cause
collision. Montiel et al[20] introduced a parallel evolutionary APF for the dynamic environ-
ment. It can achieve controllability in complex real-world sceneries with dynamic obstacles.
Cheng et al[p] proposed a novel integrated AUV path planning algorithm by combining the
velocity synthesis and APF. Zheng and Edwin [I2] proposed a new algorithm based on an
artificial potential field and hierarchical cell decomposition technique is developed to solve
the find-path problem for a mobile robot. Liu and Zhao[I9] proposed an improved particle
swarm optimization (IPSO) algorithm, which combines the PSO with the Zigzag algorithm
to preplan the search routes and improve the efficiency of the UAVs to search the plume. The
improved artificial potential field method is used to avoid dynamic obstacles effectively,and
the velocity synthesis algorithm is used to achieve the optimal path.

In view of the problems and deficiencies mentioned above, a novel improved APF al-
gorithm named BVO-APF has been proposed. The main contributions of this paper are
concluded as follows.

(1).By redefining the gravitational formula as logarithmic function of traditional APF,
the proposed BVO-APF algorithm can reach the target point when there exist obstacles
around it. When there are obstacles around the target point, the gravity received by the
robot is too small to overcome the repulsion, the robot cannot reach the target point. To
solve the above problems, we redefine the gravitational formula of APF. According to the
definition of logarithmic function proposed in this paper. When the robot approaches the
target point, the gravity obtained by the robot will overcome the repulsion. Eventually the
robot will reach the target point.

(2).In the BVO-APF algorithm, tangent algorithm and back virtual obstacle setting
strategy are proposed. The robot can avoid falling into local oscillation for both three-point
collinear and semi-closed obstacles.

(3).In this paper, the algorithm proposed in this paper is simulated and contrasted
through the Matlab software simulation platform and the ROS vehicle simulation platform.
The algorithm proposed in this paper has good feasibility and practicability, no matter in

simulation experiment or entity demonstration.

2. Basic principle of artificial potential field method

The APF was first proposed by Khatib[I3] as a virtual force method. His core idea is to

put the robot in the surrounding environment and design it to move in an abstract artificial



gravitational field. There are two types, one is the gravitational force between the robot and
the target point, and the other is the repulsive force between the robot and the obstacle.

The resultant force provides the driving force for the robot.
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Fig. 1 Schematic diagram of APF

The gravitational force[I3] of the robot on the obstacle is Uy, the coordinate of the

target point is (z,, y,),the position of the real-time center point of the robot is (x,y). The

APF defines the gravitational function as : Uyy = 3 - €p2, po = \/(:1: +2.)° + (Y +10)?
where p, is the Euclidean length from the center coordinates of the robot to the coordinates
of the target point, € is the gain coefficient of the gravitational potential field.

With the gravitational function, the gravitational force of the APF is the derivative of
the gravitational field to the distance. F,y = — <7 Ugse = €po, where Fyyy represents the

gravitational force on the robot. The repulsive field formula U,¢p Frcp are defined as:

sh(GE = 2)? i pop < p

0 if pop > p

w5 *;)'Téb if pop < p

(2)
0 if pob > p

where pop, = /(¥ — op)2 + (Y — Yob)? represents the distance between the robot and the
obstacle. where p represents a safe distance between the robot and the obstacle. Outside
this distance, the repulsion of the obstacle has no effect on the robot. When it is less than
this threshold, the repulsion of the obstacle to the robot is affected by the distance between
the two.

When the robot is within the influence range of multiple obstacles, its repulsive force is

the sum of multiple repulsive forces ,the resultant force of the repulsive force on the robot



is : Frep = Z?:o Frepi - So the formula for the combined force is:
Fjoint = Fuy + Z Frepi (3)
i=0

Although the APF is simple in structure and convenient for real-time control, it has some
shortcomings.

(1).Since the gravity function is inversely proportional to the distance between the robot
and the obstacle, the farther the robot is from the target point, the greater the gravity it
receives. When the robot moves away from the target point, the gravity exerted on the
robot will be too high, causing the robot to hit the obstacle.

(2).Due to the limitations of the APF, it is prone to local oscillation in more complex
situations. The typical situation is three points and one line of robot,as shown in Fig 2.
When the repulsive force and gravity are equal and the direction is opposite, the robot will
fall into local oscillation and cannot escape. In addition, when the robot is trapped in a
semi-closed obstacle, the APF is also unable to jump out of local oscillation.

(3).When the obstacle is very close to the target point, the target point may not be

reached.
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Fig. 2 Local Oscillation of the Three-point-one-Line Problem

3. Back virtual obstacle setting strategy for APF

In view of the shortcomings of APF, The algorithm redefines the traditional gravity
formula, makes its path smoother, and solves the unreachable problem of the target point.
In addition, for the general three-point collinear problem, this paper proposes the tangent
algorithm, which can make the robot jump out of the local oscillation smoothly and reach

the target point. Then for complex obstacles or even semi-closed obstacles, some algorithms



can not solve this kind of problem well. The backward strategy this paper proposed is that
when the robot enters the semi-closed obstacle and falls into local oscillation, it can return
to the previous step of entering the semi-closedo bstacle. Then the semi-closed obstacles
are completely enclosed by adding virtual obstacles, the robot avoids entering semi-closed

obstacles again.

8.1. Definition of Gravitational field function of BVO-APF
For the previous gravitational formula, this paper redefines the new gravitational function

Fait(q)- The gravitational function formula is as follows:

n- ’logz(m)‘ ip(g,0,) < P1

Fatt(q) = (4)

m: |10gk(p(q,qo) + 1)‘ ip(g,q.) = P1

where p(q,4,) is the distance between the robot and the target, and its mathematical

expression is pigq.) = v/(# — 20)% + (y — ¥0)? , (x,y) is the real-time coordinate position
of the robot, (z,,y,) represents the coordinate position of the target point, p; represents
a limit distance between the robot and the target point. n, k(k > 1) and m are adaptive
parameters, the value of £ depends on the distance between the starting point and the target
point.

According to the definition of the gravitational field formula, when the robot is outside
the limited distance p; the gravitational force is a single increasing function, but due to the
nature of the logarithmic function, the force growth of the gravitational field is relatively
smooth, and the problem of collision with obstacles due to excessive gravitational force will
not occur.

When the robot enters the limited distance p;, according to the formula shown in formula
4. At this time, if there are obstacles around the target point, the gravitational force
overcomes the repulsive force when the robot approaches the target. In this way, the robot

will eventually reach the target point.

3.2. Definition of Repulsive field function of BVO-APF

The potential field of the repulsion is U}, (), the expression formula of U, is the same

as the traditional potential field method:

1 1)2

if pop < p
Upepla) =420 7 (5)
07 if Pob > P

where p,, represents the distance between the robot and the obstacle, its mathematical

formula is pop = \/(x — Zob)? + (¥ — Yob)?, p represents a safe distance between the robot
and the obstacle. p,;, represents the distance between the mobile robot and the obstacles, u
represents the gain coefficient of repulsive field. Outside this distance, the repulsion of the
obstacle has no effect on the robot. When it is less than this threshold, the repulsion of the
obstacle to the robot is affected by the distance between the two.



3.8. Introduction to TAPF

For the APF, the core problem is local oscillation. This paper uses the Tangent Artificial
Potential Field (TAPF)[25] to solve the three-point-one-line problem in ordinary situations.
When the obstacle blocks the robot, the center point of the robot and the boundary of the
obstacle model are connected. As shown in Fig 3, the pointcut provides an escape force

U?.,(x), the resultant force of the tangential force U2, (x) and the repulsion force U}, ()

of the obstacle to the robot provides an escape force, so the robot can smoothly jump out

of the local most oscillation point.
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Fig. 3 Local Oscillation of the Three-point-one-Line Problem

The obstacles mentioned in this article are all approximated as a circle, and the coordi-
nates of the obstacles are (zop,yop) and the radius of the obstacles is R. The following is

the specific calculation formula:
To = Tmin + R

R = \/[(xmaz - xmin)/Q]z + (ymax - ymin)/2]2

where Tyaz sTmin a0d Ymaz Ymin are the maximum and minimum values of the horizontal
and vertical coordinates of the obstacle in the coordinates respectively.

The value range of the direction angle of the mobile robot is[—m, 7], which is convenient



to calculate the direction of the robot’s movement. The formula is expressed as:

arctan(%) x>0

m+arctan(£) y>0,2 <0

p(z,y) = 7+ arctan(¥) y <0,z <0 (7)
5 y>0,z=0
- y<0,z=0

It is also mentioned in this paper that when the robot, obstacle and target point are in a
straight line, local oscillation will occur. To overcome this problem, we modify the repulsive
force Uy, (x) by adding a new U2 (). Make a tangent to the obstacle from the position of

robot, and the new input is along the tangent direction.

The APF repulsion field formula U}, (z,y) can be expressed as:

rep
1
(xo—2)>+ (yo—y)2—R

Urlep(m7 y) =M \/ (8)

1
rep

The angle between the robot center point and the obstacle center point can be

expressed as:
Drep = P(Yo — Y, T — ) (9)
According to the knowledge of geometry, there are two tangents from a point outside the
circle (z,y) to a circle with a center point(x,,y,) and a radius of R. Although there are two

tangents, we only need to select one of them. The formula for calculating the slope of the

tangent is as follows:

ToYo + TY — TYo — ToY + R\/22 + Y2 + 22 + y2 — 22,7 — 2y,y — R2

k= 10
—R? + 22 — 2z,x + 22 (10)
The horizontal and vertical coordinates of the tangent point z; = %W,
Yy = W? and U2 (x,y) are expressed as :
U, (.0) = o 1 (1)
Vi@ —a)2+ (5 - y)?

Then we can calculate the angle between the robot and the tangent to the obstacle:

¢%ep = Sp(yl —Y,T1— ’I) (12)

Finally, the final form of Uy¢p(z,y) can be calculated as follows.

Urmep (.CE, y) _ Urlep(xv y) Cos ¢71~ep + Uvgep (.CC, y) COoS ¢72"ep (13)
Ugep (LE, y) Urlep (:L’, y) sin ¢'}‘ep UEep(xv y) sin ¢12vep

The above situations are all aimed at the three-point collinear problem, but the actual
situation is far more complex than the three-point collinear problem. Especially for semi-

closed obstacles, The TAPF cannot solve this problems.



8.4. Introduction to the principle of jumping out of semi-closed obstacles by BVO-APF

algorithm

The walking-along-the-wall strategy and the technique of virtual target points are two
methods that have been suggested for semi-closed obstacles. Although this issue can also be
resolved, the robot will take more steps as a result. So, a BVO-APF algorithm is suggested
in this study. The algorithm’s main idea is that the robot can return to its original path and
escape the semi-closed obstacle, as shown in Figure 4. The semi-closed obstacles are sealed
using the virtual obstacle technique. Now the robot is facing a totally enclosed obstacle,
we can think of it as an obstacle with a large radius. The robot can then use the tangent

algorithm to effectively hop out of the semi-closed obstacles.

Target

U-shaped
obstacle

Robot

Fig. 4 Semi-closed obstacle path map

As shown in Fig.4, for the APF, it is easy for the robot to enter such a semi-closed
obstacle, and the robot will inevitably fall into local oscillation. At this time, whether
it is left or right, it will collide with obstacles. The TAPF and APF can not solve this
problem. In the process of moving the robot forward, the algorithm judges the shape of
the surrounding obstacles. When the robot enters the semi-closed obstacle, the position of
the robot center point (x,y) is different from the edge obstacle of the semi-closed obstacle.
There is an included angle € between the coordinates of the two center points. When the
robot does not enter the semi-closed obstacle, the angle 6 is 6. When the robot is parallel
to the center point of the most marginal obstacle, the angle 6 is 0 , and when the robot
enters the obstacle, the angle is 6_.

When the mobile robot enters the semi-closed obstacle, local oscillation will occur. The
mobile robot is stationary or oscillated somewhere in the semi-closed obstacle, and the mobile

robot will calculate the angle 6 . If it is inside the semi-closed obstacle, the mobile robot



will retreat according to the moving path when it came in. The included angle 6 between
the two will gradually decreases. When the included angle 6 from 6_ to 6., it will show

that the mobile robot withdraws from the obstacle.

U-shaped obstacle
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Fig. 5 The angle diagram of the mobile robot before and after entering the obstacle

In order to make the robot escape from the semi -closed obstacles smoothly, we define

the included angle 6 between the two center points, and the formula is as follows:

2 2 2
o 1+ ob(i—1) " Fi : :

9 = — COt(W) inside

_ Pobi*Pob(i—1)
0= (14)
Poyi P2y 1)—P; .

04 = cot(~5—2 =2 —) outside

Pobi Pob(i—1)

where pop; represents the distance from the current position of the mobile robot to the
obstacle at the edge of the semi-closed obstacle, po,;—1) represents the distance between
the current position of the mobile robot and the previous position of the mobile robot.The

expressions are as follows:

Povi = V(T — Top)2 + (¥ — Yob)? (15)

Pob(i—1) = \/(xifl = Zob)? + (Yi-1 — Yob)? (16)

where (5, Yob) represents the coordinates of the center point of the edge obstacle, (x;—1,¥;—1)
is the position of the previous step of the mobile robot. At this time, the robot judges the
included angle 6 between the mobile robot and the edge obstacle. If 6 is less than 0, it is
deemed that the obstacle has not been withdrawn; if the included angle 6 is greater than 0,
it is deemed that the obstacle has been withdrawn.

When the mobile robot completely withdraws from the semi-closed obstacle, it will search
the position of two edge obstacles, and the system will seal the semi-closed obstacle by adding

virtual obstacles. Then jump out of the whole obstacle by using the tangent algorithm.

10



Generally, if the radius of the obstacle is large, the included angle 6 is greater than 0,

but the mobile robot does not completely jump out of the semi-closed obstacle.

Obstacle

=

s
-,

0

Robot

Fig. 6 Obstacles with large radius

As shown in Fig 6, in some obstacles with large radius, although the above conditions
are met, the mobile robot still does not fully jump out, so we change the judgment condition

of 6 to 81 , the formula of 6, is as follows:
6, =0, +N RS (17)

where § is the angle of adjustment, R is the radius of the edge obstacle and N is the
adaptive adjustment parameter. When the radius of the edge obstacle is larger, the judgment
threshold of § will increase, which will ensure that the mobile robot can completely withdraw
from the obstacle. When 0 is greater than 0 and 6 is greater than 6y, it is defined as the

mobile robot jumping out of a semi closed obstacle.

11



3.5. BOV-APF algorithm flow chart
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the mobile robot
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wiyuoble jusbue]
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whether to reach

the target point?

Fig. 7 BOV-APF algorithm flow chart
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4. Algorithm simulation and result analysis

4.1. For the target point unreachable problem

As shown in Fig8, Fig9 and Figl0, the experiment sets the starting point position of
each algorithm as (0, 0) and the target point position (44, 55). The APF algorithm and the
TAPF are trapped in local oscillation at (44.3, 55.4) (44.3, 55.3) respectively. Reaching the
target point, this is also the limitation of the gravitational and repulsive force functions of the
traditional algorithm itself, that is, the force gradually decreases when the gravitational force
approaches the target point, the repulsive force increases gradually. The gravity function
of the BOV-APF algorithm will overcomes the repulsion force, and reaches the target point
smoothly (44, 55).

Table 1 the table of problem 1

Algorithm APF TAPF BVO-APF
Starting point (0,0) (0,0) (0,0)
Target (44,55) (44,55) (44,55)
Stop point (44.3,55.4)  (44.3,55.3) (44,55)
Obstacle coordinates (42,52) (42,52) (42,52)
Situation Failure Failure Success

Fig. 8 Experimental diagram of traditional APF
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Fig. 9 Experimental diagram of traditional TAPF
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Fig. 10 Experimental diagram of traditional BVO-APF

4.2. local oscillation problem

4.2.1. Triangular semi-closed obstacle

The figure below shows the global path under different algorithms when the mobile robot
faces a triangular semi-closed obstacle. From the experimental results, we can see that the
APF and the TAPF cannot jump out of the local oscillation for triangular semi-closed

obstacles, but the BVO-APF algorithm can solve this problem very well.

14



60

50

— \PF
s TAPF
e BY/0)-APF

60

Fig. 11 Path comparison of three algorithms in triangle obstacle

4.2.2. U-shaped semi-closed obstacle

In order to verify the reliability of the BVO-APF algorithm, we tried different shapes of

semi-closed obstacles to test the BVO-APF algorithm. The experimental results show that

the BVO-APF algorithm can well deal with different closed obstacles.

60 1

50 1

w— \PF
e TAPF
e BV/O-APF

60

Fig. 12 Path comparison of three algorithms in U-shaped obstacles
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4.8. Holistic test

To test the completeness of the BVO-APF algorithm, this paper tested the questions
raised in 4.1 and 4.2 together. As shown in the experiment in the following figure, the
BVO-APF algorithm can still reach the target point well when jumping out of a semi-closed
obstacle (there are obstacles around the target point). However, APF and TAPF cannot
jump out of closed obstacles and cannot reach the target point (there are obstacles around
the target point). Figures 14-16 show the global changes in the repulsive and attractive
forces for the three algorithms in Figure 13. It can be seen that both APF and TAPF are
trapped in local oscillation. In the BVO-APF algorithm, the robot can reach the target
point smoothly. Table 2 shows the parameters of the three global algorithms.

60

m—\PF
s TAPF
5 | | m==—BVO-APF O Q

60
Fig. 13 Holistic Test of BVO-APF Algorithm
Table 2 the table of problem holistic test
Algorithm APF TAPF BVO-APF
Starting point (1,1) (1,1) (1,1)
Target (50,55) (50,55) (50,55)
Stop point (33.2,38.5) (33.5,38.2) (50,55)
Situation Failure Failure Success
TimeUse / / 1.17s
Step count 61934 33119 15104

"/" indicates that the target point has not been reached

16
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Fig. 14 APF Gravitational and repulsive force changes
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Fig. 15 TAPF Gravitational and repulsive force changes
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Fig. 16 BVO-APF Gravitational and repulsive force changes

4.4. ROS platform

ROS navigation system is a highly integrated functional package, which usually includes
five parts: environment awareness package, self positioning package, map service package,
path planning package and motion control package. During the motion of ROS robot, the
environment sensor and the map server jointly build the map, and then the robot converts
its position to the coordinates of the map, and sends it to the path planner through the
communication mechanism. After the path planner calculates the feasible path, it sends
it to the motion controller, so that the robot can move and perform tasks. Figure 17 is a

complete navigation framework.
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Fig. 17 ROS Navigation Framework

The environment awareness function package is mainly responsible for driving the sensor
and obtaining real-time environmental information around. The sensor source is generally
radar. However, with the development of depth camera, the depth camera can also obtain
environmental information and calculate the depth of field to achieve the effect of radar. The
odometer is mainly realized by the robot’s positioning function package, which is actually
composed of a series of sensors, such as using an encoder to collect the robot’s linear velocity,
gyroscope and accelerometer to calculate the robot’s attitude, and compass to locate the
robot’s direction. Adaptive Monte Carlo localization is an algorithm developed during the
development of robot, which can make the localization information of robot more accurate.
However, this algorithm is optional, because the basic data fusion algorithm can also realize
the positioning function. When the robot moves in an unknown environment, the map
server can not be used. The map server will use the odometer and sensor together only
when moving in a known environment. However, when these function packages implement
each function, the coordinate system of each function package is different. In order to be

used together, sensor coordinate conversion is required.

4.5. ROS Map establishment

This paper uses the laboratory as the background to make local and global path planning
maps respectively. The physical map and physical Trolley are shown in Figure 18 and Figure
19.

Using the gmapping algorithm, and then using the keyboard to control the robot to move

in the real environment, and finally build a global map. The effect of the map is shown in
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Fig. 18 Local topographic map Fig. 19 Physical Drawing of ROS Trolley

Figure 20. We control the robot to generate the renderings of Figure 20 and Figure 21, and
then we put the BVO-APF algorithm proposed in this paper on the robot for verification.

Fig. 20 Generated local path map Fig. 21 Generated Laboratory Corridor Map

4.6. Comparison of three algorithm paths

We have made a physical comparison for the simulation experiments in paragraphs 4.2
and 4.3 of this paper. The three algorithms mentioned in this article are put into the
pre scanned map. Experiments show that BVO-APF algorithm can achieve ideal results.
The experimental diagram is shown in Figure 22 and Figure 23. As shown in Figure 24

and Figure 25, APF and TAPF algorithms generate local oscillations against semi enclosed
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obstacles.According to the above experiments, we can see that the BVO-APF algorithm is

feasible in practical application.

Fig. 22 Triangular obstacle path diagram for = Fig. 23 Rectangle obstacle path diagram for
BVO-APF BVO-APF

Fig. 24 Triangular obstacle path diagram for =~ Fig. 25 Rectangle obstacle path diagram for
APF TAPF

5. Summary

The three-point-one-line problem and the semi-closed obstacle artificial potential field

method is easy to fall into the local oscillation problem. Aiming at the problem that the
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target point cannot be reached, this paper proposes an improved BVO-APF. A new gravi-
tational function is introduced to enable the robot to reach its target smoothly.

The backward virtual obstacle strategy based on tangent algorithm can make the mobile
robot back to the position before entering the semi-closed obstacle. It can turn the semi-
closed obstacle into a fully closed obstacle by adding virtual obstacles. The tangent strategy
can use the same algorithm to jump out of an obstacle that is partially closed. Then the
robot uses the tangent strategy to jump out of the semi-closed obstacle.

As future work ,the first overarching work is to apply the method in the paper to an
environment with dynamic obstacles. The second task is to avoid the trolley from entering
the local oscillation point as much as possible. Finally, the global path should be as short

and smooth as possible while ensuring that the mobile robot can reach the target point.
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