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Abstract. This paper proposes a improved hybrid obstacle avoidance algorithm 

to plan path in complex environment. This algorithm is combined with two im-

proved algorithms which are improved artificial potential field (IAPF) and im-

proved A-star. Before making path planning for the patrol robots(P-RBs), we 

need a suitable map for navigation, we expanded the edges of the obstacles in the 

map. This processing can ensure that the planned path is safe and collision-free, 

and the planning makes this planning algorithm universal by adjusting the expan-

sion area. The expansion area can be adjusted according to the radius of the robot 

and also has a good planning effect. The IAPF method has a small amount of 

calculation, easy to implement, and has good adaptability to dynamic environ-

ment obstacle avoidance, but it does not have certain adaptability to complex 

environment. The algorithm gets stuck in local minima and U-shaped obstacles. 

In order to solve this problem, we introduced IA* to complete the planning of the 

remaining paths. The path planned by this hybrid path planning algorithm can 

plan a suitable path no matter what kind of complex environment. In addition, 

considering the limitation of four-wheel robot steering, we use quasi-uniform B-

spline to smooth the path, shorten the length of the path and reduce the curvature 

of the path. Finally, through the path planning of the hybrid algorithm, a safe path 

can be gained. 

Keywords: hybrid algorithm, Safe avoidance, complex environment, patrol ro-

bot. 

1 Introduction 

Intelligent patrol robots have great acceptance, but the control and navigation of 
these devices are very difficult, and the lack of the ability to handle fixed obstacles and 
avoid obstacles is a basic requirement for these systems. [1] Using patrol robots to carry 
out inspection with measuring equipment can not only reduce the danger to inspection 
personnel, but also improve the efficiency of inspection. [2] patrol robot is a robot system 
with significant research results in sensor perception and autonomous obstacle avoid-
ance in a changing environment. [3] Robots can perform autonomous task inspection 
without human operation, and can also replace manual exploration and complete some 
detection tasks in some dangerous environments, which not only improves work 
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efficiency, but also reduces labor costs. Path optimization algorithms are divided into 
two groups, namely, global path planning (GPP) in unknown environment and local path 
planning in known environment [4]. Local path planning, on the other hand, uses sensory 
information to create local maps to avoid dynamic obstacles in complex environments. 
The main goal of LPP is to find a collision-free path by avoiding dynamic obstacles 
instead of finding the best path [5]. Researchers have proposed many path planning 
methods based on GPP, LPP, or hybrid algorithms to determine the optimal path. [6]  

The a-Star algorithm is the most useful method to find the shortest path, and it has 
better results in static environments. It also has some disadvantages, such as many re-
dundant nodes and slow path planning in wide environments. Dijkstra's algorithm also 
considers the path weight and finds the shortest path in the directed graph. Similar to A-
Star algorithm, Dijkstra algorithm also has shortcomings when dealing with large envi-
ronments [7]. Lee's algorithm is effectively used for route planning of autonomous ve-
hicles. The algorithm is optimal, easy to use, and computationally inexpensive. However, 
Lee's algorithm is generally slower than the A-Star algorithm [8]. The D* algorithm is 
equivalent to the dynamic A-Star algorithm for finding collision-free paths in environ-
ments with moving obstacles. The D* algorithm performs better than the A-Star algo-
rithm in complex environments. However, the main drawback of this algorithm is the 
high memory cost [9]. RRT algorithm has high search efficiency but usually plans a long 
path[10]. APF has several advantages, including ease of use, easy implementation, good 
dynamic performance, and the ability to generate a safe path to a goal in real time [11]. 
However, in complex environments, it often falls into local minima and U-shaped ob-
stacles, leading to path planning failure [12]. In the actual motion process, the path 
planned by the patrol robots must comply with the kinematic and dynamic constraints, 
so the path planned by the robot should be as smooth as possible. The commonly used 
path smoothing methods are: polynomial, Bessel curve, B-spline curve and other fitting 
methods [13,14,15]. 

The remainder of this paper are organized as follows. Section 2 presents the pro-
cessing of obstacles map, Section 3 introduces the evolution of hybrid algorithm, the 
improvement of the APF algorithm, the improvement of the A* algorithm, IAPF- IA* 
in complex environments, and the planning smoothing using quasi-uniform B-splines, 
Section 4 reports the simulation results. Section 5 concludes all the work. 

2 Optimization of the obstacle map 
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Fig. 1. Obstacle dilation treatment 

We gain a 100x50 grid map by lidar SLAM mapping, and the coordinates of the obsta-

cles on the map are recorded on the map. The obstacles consist of rectangle and circle, 

and the blue area is the area that has been dilatation hardening and is equivalent to the 

obstacle area. The path generated by the P-RB in the grid map may intersect with a 

corner of the obstacle or the path passes through the obstacle. Although the path has 

been successfully planned, it does not take into account the actual movement of the 

robot, which makes the planned path unsafe. In order to solve the above possible situ-

ations, we adds the dilation layer to the obstacles in the raster map. In order to prevent 

the planned path from intersecting with the obstacle, the expansion area is set on the 

edge of the obstacle which is a little bit larger than the moving width of the robot. As 

shown in Fig.1, the introduction of the expansion layer can ensure that the P-RB will 

not collide with obstacles in the actual movement process, and improve the safety of 

robot movement. Moreover, because there is no need to search the nodes of obstacles 

when the A* algorithm starts planning, the number of search nodes of algorithm is ef-

fectively reduced, and the search time is reduced. Let's assume the obstacle has a map 

coordinate ( , )ox oy (the obstacle has a shape), and then we have an extended boundary 

point ( , )i ix y  that satisfies the following equation. 

 

2 2

radius

{( , ) | ( , ) ( ) ( )

( , ) ( , )}

i i i i i i

i i i i

x y x y ox x oy y

robot x y ox oy

 − + −

 ，
 (1) 

In addition, in path planning, the grid map we actually use is different from the 

actual map. On the basis of the actual grid map, we first need to expand it, and regard 

the obstacles within a certain range as obstacles to ensure that the P-RB does not collide 

with the actual obstacles. In the APF or A*, we only need to scan the obstacle boundary 

and do not need to consider the interior of the obstacle, which can reduce the amount 

of calculation of the repulsion force of the obstacle to the P-RB. 

3 hybrid algorithm (IAPF- IA*) 

For the more complex static environment, it is necessary to not only find the ap-

propriate path, but also ensure the safety of the car body. Therefore, we introduce a 

hybrid algorithm that is to IAPF- IA* algorithm for navigation. At the beginning, IAPF 

method was used for navigation. In the IAPF, the repulsive force of obstacle to the P-

RB and the repulsive force of target point to the P-RB are calculated to infer the next 

coordinate point of the robot. When the P-RB falls into U-shape obstacle, IA* algorithm 

was used to find whether there was a path to the target point. while the path exists, the 

remaining planning path will be the planning path. 
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3.1 APF method and its improvement 

For the traditional APF, the attraction force on the P-RB is proportional to the 

distance from the target point. When the P-RB reaches the target point, the attraction 

force becomes zero, so the attraction force on the vector space is as follow: 

 ( , )att att current gobalF k d x x=
rr

 (2) 

F
r

 is the force on the robot in the direction of the target point;  d
r

 is the distance 

vector between the current position of the P-RB and the target point, whose  direction 

is consistent with the direction of the gravitational vector, currentx  is the current posi-

tion coordinate of the P-RBS, and 
gobalx  is the position coordinate of the target point. 

Suppose n  obstacles, or obstacle boundary points, are detected on an existing 

map. The basic principle of repulsion force in APF is the interaction force between 

charges. We regard the P-RB and the obstacle as the same kind of charge, and the re-

pulsion force between them is ignored when it is outside a certain range. When the 

distance between them is less than a certain range, it shows mutual repulsion, and the 

closer they are to the obstacle, the greater the repulsion. The repulsive force of the P-

RB by the i  obstacle is as follow: 
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Then the sum of the repulsive force vectors received by the P-RB at the spatial 

position is as follow: 

 

1
i

N

rep rep

i

F F
=

=
r r

 (4) 

Where 
repF

r
 is the repulsive force vector whose direction is directed by the obsta-

cle to the P-RBS, 
repk  is the repulsive force coefficient, 1( , )obse x x

r
 is the unit vector 

whose direction is consistent with the repulsive force, 0  is the radius of repulsion of 

the obstacle and i  is the distance from the i  obstacle to the current position of the P-

RBS, Its size is as follows: 

 | |
ii current obsx x = −  (5) 

The resultant force on the inspection robot is as follows: 
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att repF F F= +

r r r
 (6) 

The traditional APF has disadvantages such as unreachable targets, local minima, 

and U-shaped obstacles that cannot be crossed. The P-RB simply rely on the traction of 

the gravitational repulsive force. Once the gravitational force is equal to the repulsive 

force, the P-RB will maintain balance. The calculation of the traditional APF function 

will make the P-RB trapped in the most local minimum and U-shaped obstacles unable 

to escape, which leads to the situation in Figs. 2 and Figs. 3. It can be seen from the 

image that the traditional APF cannot escape the trap and find other possible paths to 

the target point. Comparing Figs. 2 and Figs. 3, it can be seen that if the radius of the 

P-RB is considered, once it cannot pass the obstacle, the next step of path planning 

cannot be carried out. This makes the APF method unable to apply to more complex 

environments, and considering the shape of the car, it is necessary to re-calculate the 

gravitational repulsion function.  

 

   Fig. 2. Local minimum      Fig. 3. U-shaped obstacles 

For the P-RB in Fig. 4 with Ackerman steering, its front wheel Angle is assumed 

to be 1 1( ( , ))    − , and the initial direction of the vehicle is stipulated to remain 

parallel to the X-axis at the initial time. When the next coordinate point direction Angle 

of the P-RBis as follows. 

 

Fig. 4. Steering structure of P-RBs 
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F

F



→

→
=  (7) 

In addition to turning in place, in the normal driving process, when 

1 1or     − ,we set 1 1or   = = −  to achieve the effect of turning angle 

constraint. 

 In other side, in order to cope with the local minimum problem, we add the way 

of virtual target points to guide[16]. 

 

        Fig. 5. Join the virtual target point     Fig. 6. Virtual point navigation 

One of the reasons for this is that when the gravitational force and the repulsive 

force are in the same direction, the vehicle cannot continue to move forward because 

of obstacles. Therefore, we add a direction correction. When such a situation occurs, 

we set a virtual target point on the left side of the P-RB to guide the P-RB to escape 

from the scene in Fig. 5 The result of the improvement is shown in Fig. 6. In other case, 

we can reduce coefficient of attraction or increase the repulsion factor . 

Through introducing a distance factor, the problem of unreachable targets can be 

improved. The principle is shown in the following equation: 
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In real, dk  is the improved distance adjustment factor between the vehicle and the 

obstacle, and dm  is a constant. In the APF, dm  is equivalent to 0. In order to make 

obstacle avoidance planning more efficient and secure, dm  is taken to be 0.6. 

Then the sum repulsion function is as follows： 

 
1 1irep rep repF F F= +
r r r

 (10) 

For U-shaped obstacles or other complex environments, we make use of the IA* 

algorithm to realize path planning, as shown below. 

3.2 Principle of IA* algorithm 

The IA* is improved on the basis of A*. The IA* algorithm is a heuristic search 

algorithm, which is a global path planning algorithm. Because IA* algorithm needs to 

search the map to find the appropriate path, it will cost more memory compared with 

the APF algorithm, but the search efficiency is high and the shortest path is obtained. 

In the grid map, the P-RB starts path planning with the grid it is currently in as the 

starting node. Eight Adjacent grid around this grid are searched and they are considered 

as eight candidate nodes. Then according to the evaluation function of the IA* algo-

rithm, as shown in Equation 12, the node with the minimum cost is selected as the 

current node, and the search continues for the eight nodes around this node. The loop 

executes this process repeatedly until the target point is found and the path planning is 

completed. The movement of the vehicle basically conforms to the curve model of Fig. 

10, in order to make the A* algorithm more suitable for the steering design of the P-

RB, we reduce the searching directions from the original eight to six. 

The heuristic function is defined as follows： 

 ( ) ( ) ( )f n g n h n= +  (11) 

The best cost function is selected based on repeated experiments as follows: 

 ( ) current goal current goalh n x x y y= − + −  (12) 

Where n  represents the current node where the current P-RB is located, and 

( )g n  is the cost value, which refers to the actual movement cost from the starting 

point to the current node, which is selected according to the six directions of movement. 

( )h n  is the estimated value, or cost function, which is the expected cost from the cur-

rent node to the next node.  
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3.3 Quasi-uniform B-splines curve fitting 

In path planning, we only get a series of discrete points, and do not directly get a 

smooth path curve. There are still some points with large curvature in the set of points 

produced by original path planning. Quasi-uniform B-spline fitting is adopted in this 

paper. When the Bezier curve uses more control points, it will obviously change the 

original curve shape and deviate from the original local planning path, and quasi-uni-

form B-spline has obvious advantages in optimizing the inflection point of the path. 

The curve fitted by quasi-uniform B-spline is more in line with the requirements of path 

planning. 

Assuming 0 1 2, , , , nP P P P   , a total of n+1 control points, these control points are 

used to define the direction and limit of the curve, then the k order B-spline curve with 

n+1 control points is defined as follows. 
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1,

0 1

,
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( ) [ , , , ] ( )
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n i i

n k

B u

B u
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B u
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Where 
, ( )i kB u  is the i  to k  order B-spline basis function corresponding to the 

control point iP , 1k  ;u  is the independent basis function,
, ( )i kB u ’s value is as fol-

lows. 
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 (14) 

If the denominator is zero and numerator is also zero, convention that the whole 

term is zero. If the numerator is not zero, the denominator is one by convention. iu  is 

a non-decreasing sequence of continuously changing values called node vector, whose 

first and last values are generally defined as zero and one, and the sequence is as fol-

lows. 

  0 1 1 1, , , , , , , ,k k n n n ku u u u u u u+ + +    (15) 
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4 Experiment  

Step 1: establishing the obstacle map, and expand the map obstacle edge. 

Step 2: Initialize parameters, starting point, end point, radius of P-RB, IAPF pa-

rameters: attraction coefficient, repulsion coefficient, repulsion radius, step size. IA* 

parameters: step size, radius of repulsion. 

Step 3: According to model of IAPF method, calculate the resultant force of ob-

stacles to infer the next coordinate point during the inspection process.  

Step 4: Determine whether the P-RB has reached the target point, if it has, com-

plete the path planning, if it has reached the target point and changes with time, the 

current coordinate point does not change, and start the IA* algorithm. 

Step 5: Put the starting point into the open list, traverse the open list, and calculate 

the heuristic function of the points in the open list. Find the node with the smallest 

distance from the parent and treat it as the current node to process. If the node is un-

reachable or on a closed list, ignore it. Otherwise, do the following。 

Step 6: If the node is not in the list, add it to the list. Find the point in the list with 

the lowest cost from the parent node, and set it as the parent node. 

Step 7: Move the current parent node to the closed list. Close all the elements in 

the list no longer need attention. The program terminates when one of the following 

conditions is met, in one case, the destination is added to the open list (the path is now 

found), in other case, the end cannot be found, and the open list is empty (there is no 

path). If the endpoint is found, the shortest path is that from the endpoint, each node 

follows its parent node until it reaches the start. 

Step 8: Flip the path and store the path coordinates into the waypoints collection. 

Step 9: The waypoints are processed with a path smoother to obtain the final plan-

ning path, and the path planning is over. 

Step10: Model predictive control is used to track the path. 

The experimental environment uses CPU AMD Ryzen 5 5600H with Radeon 

Graphics/3.30 GHz, and the simulation environment is carried out on PyCharm. 

4.1 Computation time comparison 

Table 1. Algorithm planning time 

Algorithm Time(s) 

A* 1.35 

IA* 1.29 

IAPF 2.41 

RRT 5.72 

D* 1.45 
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We repeat the experiment three times for some Several algorithms. Through the 

comparison in table 1, we can conclude that IA* can find the path to the target point 

faster and the path is relatively smooth in Fig. 10. The RRT has a small computation, 

but its path planning time is longer in Fig. 7. In the D*, The path Angle is too large to 

prevent the P-RB from turning in Fig. 8. The algorithm with the expansion area can 

keep a certain distance from the obstacle in Fig. 9, Fig. 10, Fig. 11, Fig. 12. And IAPF-

IA* can realize path planning in complex environments in Fig. 12. 

 
     Fig. 7. RRT Planning        Fig. 8. D* Planning  

 

    Fig. 9. A* Planning       Fig. 10.   IA* Planning 

  

    Fig. 11. IAPF Planning       Fig. 12. IAPF-IA* Planning  

4.2 Curve fitting performance 

We compare and analyze three kinds of curves, they are using broken line to link 

(Green line), Bessel curve fitting (Blue line) and B-spline fitting (Red line).  
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    Fig. 13. Curve Fitting       Fig. 14. curvature change 

 

    Fig. 15. curvature change     Fig. 16. Path length comparison 

Through the experimental analysis, the B-spline has better local characteristics 

under the condition of ensuring the safety of the car body from Figure 13 and Figure 

15. Although the path of the Bessel curve is smoother, but the smooth path deviates 

from the original trajectory and there is the danger of collision with obstacles in Figure 

13. The B-spline can effectively smooth the curve in Figure 15 while shorting the path 

in Figure 16, and ensure the safety of the car body.  

5 Conclusion 

Through the analysis of navigation structure of patrol robot, firstly, we deal with 

the grid map of navigation to ensure that the vehicle does not collide with obstacles. By 

improving the repulsion function of the traditional APF, and putting forward improved 

method for the APF to fall into a local minimum, and the motion of the APF is con-

strained by considering the minimum turning radius of the P-RB. For the U-shaped 

complex environment, though we have gained IAPF, it cannot escape the U-trap or 

complex environment, so we introduce an improved IA* to help the P-RB find the best 

path. Through comparative experiments, we verify the performance of the hybrid algo-

rithm in the complex environment, the time is short, and can ensure the safety of the P-

RB. Finally, we compare several curve fitting methods and verify that the performance 

of quasi-uniform B-spline is more suitable for P-RB and get a smooth path in a complex 

environment. 
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