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Abstract. With the development and widely use of unmanned aerial vehicles (UAVS) in recent
years, the development of efficient path planning methods for automation has become crucial.
Obstacle avoidance and path planning are the key components of UAV path planning. This
article provides an overview of obstacle avoidance and path planning techniques for UAVs based
on the artificial potential field method (APF method). This article begins with the explaining the
principles of artificial potential field on this basis discusses its advantages and limitations. The
article then summarizes the improvement strategies proposed by previous researchers to address
issues like local minimum values and unreachable targets, such as introducing a new repulsive
potential energy function, combining APF with other planning methods, and utilizing flow
functions. Furthermore, it presents examples of the application and the performance of usage of
these techniques in both static and dynamic environments. Based on this, the prospects and
developing trend of UAV obstacle avoidance methods based on artificial potential field are
foresee, such as combined with DRL and deep learning.

Keywords: unmanned aerial vehicle, obstacle avoidance method, artificial potential field
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1. Introduction

The Unmanned Aerial Vehicle (UAV) broadly encompass all flights that do not require a pilot to board
and operate them, using remote control, guidance, or automatic driving to control and accomplish a
series of tasks. UAVs are usually equipped with various sensors and control devices to enable safe flight
in the air. The development of UAV technology has provided new ideas for many industries to complete
tasks more efficient, precise, and safe.

With the widespread application of UAV in various fields in recent years, the task automation
planning of UAVs has also been continuously improved. The obstacle avoidance and trajectory planning
are key technologies for autonomous path planning of UAVs. The main purpose of path planning is
finding a safe and feasible route to avoid the influence of obstacles under the physical constraints of the
UAV. Among them, the artificial potential field-based UAV obstacle avoidance method is a commonly
used method. This method achieves obstacle avoidance of UAVs through simulating a virtual artificial
potential field to describe certain characteristics in the environment around the UAV and calculate the
safe route based on the magnitude and direction of the forces.

© 2023 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).

55



Proceedings of the 2023 International Conference on Mechatronics and Smart Systems
DOI: 10.54254/2755-2721/10/20230141

With the widespread use of artificial potential field methods, the problems associated with its use in
planning have become increasingly apparent., therefore research on improving this method have also
received extensive attention and research [1]. Scholars all over the world have conducted extensive
research in this field, proposed various theories and methods, and achieved certain research results. This
article reviews the artificial potential field-based UAV obstacle avoidance method, focusing on its basic
principles, composition methods, basic applications, general classification and advantages and
disadvantages. Based on this, it’s possible future development directions and prospects are foreseen.

2. Artificial potential field method

2.1. Repulsive field and attractive field

Acrtificial Potential Field (APF) is a commonly used robot path planning method. Its basic idea is to
regard robots and obstacles as particles in a physical system and guide the robot’s movement by
constructing a virtual artificial potential field. Usually, the target point has the lowest potential field
while the starting point has the highest potential field. This method regards the movement of objects
because of force. The artificial potential field acts are like the effect of different magnetic poles on
conductors in an electromagnetic environment [1]. It mainly consists of two parts: one part is an
attractive field generated by the target point in the system, and the other part is a repulsive field generated
by obstacles in the system [2]. For systems in potential fields, the total potential field source of motion
comes from the combined action of repulsive and attractive forces. Therefore, robots can be guided and
controlled by the combined force generated by gravitational and repulsive fields. Figure 1 shows a 3D
model of a potential field established based on the APF method. It clearly shows the path of a robot that
is moving under the influence of the force field [3].
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Figure 1. 3D potential field model with planned path[3].
The net force that applied to the robot in an artificial potential field can be calculated using equation
D).
Frotal = Faet + Frep (1)
Where Fyo1q; is the total net force, Fy,, is the attraction force from the target point, and F.,, is the
repulsive force from obstacles.

In simulations or experiments, attraction and repulsion fields can be set arbitrarily, but in practical
applications, certain design standards are generally followed. Among them, the attraction field is
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affected by the distance between the robot and the target point. The potential energy decreases
monotonically with distance and satisfies the definition of attraction force in equation (2).

Fate = kgt * d(probot' ptarget) (2)

Where F,;; is the total attraction force, k. iS @ constant coefficient describe the relationship
between the distance to the target point and the value of attraction force, d(propor, Prarget) describes
the distance between the target and the robot.

When calculating the magnitude of repulsive force, a size of influence domain is generally
determined first. When the value of robot’s distance from obstacles exceeds this value, obstacles will
not exert repulsive force on robots. If the value is less than the threshold value, then the potential energy

value of repulsion field increases monotonically with decreasing distance and satisfies equation (3).

1 1 1
Frep = Ekrep * ( - ) 3)

d(Probot: Pobstacle) Pinfluence

When F.,, is the repulsive force applied to the robot, k..., is a repulsive constant that determines the
strength of repulsive force, d(Propot, Pobstacte) represented the distance between robot and the obstacle,
and pin fruence 1S the radius of influence range from the obstacle, which means where that obstacles start
to affect robot’s movement. Therefore, if the robot moving away from obstacles, the repulsive force
becomes weaker. When the robot is moving approaches obstacles, the repulsive force will gradually
increase [4].

Figure 2 depicts a force analysis of a robot guided by artificial potential field method under a simple
condition.

Robot Obstacle

Fatt

Figure 2. Force analysis of a robot using APF method.

The artificial potential field algorithm of robots is also applicable for UAVs. However, because of
the path planning of robots is usually applied on a plane, as the path planning of UAVs mainly works in
a three-dimensional space, so the calculation amount of the algorithm increases to some extent. In
addition, when planning paths for UAVS, it is also important to consider environmental factors such as
wind speed, air pressure, temperature and their impact on UAV movement and adjust accordingly. This
may require expanding the algorithm, such as adding a background potential field to the artificial
potential field to include these factors in consideration [5].

2.2. Advantages and disadvantages of APF and improvement methods

Artificial potential field (APF) has the advantages of low calculation amount and high real-time
performance, which is convenient for executing online route planning tasks, and the planned route is
relatively smooth [1]. Also, APF method is a feedback control strategy, which has certain robustness in
control and sensing errors (which means under certain parameter perturbations, the control system
maintains other performance characteristics) [6].

57



Proceedings of the 2023 International Conference on Mechatronics and Smart Systems
DOI: 10.54254/2755-2721/10/20230141

However, APF method also has some problems in application, including the following main
problems [1]:

1. Being trapped or behavior cyclically when reaching a local minimum value.

2. When there is no passable passage when obstacles are very close to each other.

3. Oscillation when there are obstacles at specific locations.

4. Oscillation in narrow passages [7].

5. If the target point is really close to an obstacle, the robot cannot reach the target due to the nearby
obstacles [8].

Problem 1 mainly refers to the existence of some positions in the potential field where the repulsive
and the attractive force are balanced, so the potential field does not exert any force to the robot. Currently,
the velocity gradient is 0, and the robot no longer moves, but it has not reached the target point. Problem
2 describes that when a robot moves close to two obstacles that are very close to each other, their
repulsive forces are combined into two concentrated repulsive forces, and the sum of all repulsive forces
directly points to the opening between the two obstacles. Depending on the relative size of the target
pointing force, the robot will move closer to the opening or turn away [7]. Problems 3 and 4 describe an
important limitation of artificial potential field method, which may cause unstable motion when
obstacles exist. When a robot travels along an obstacle, the sum of lateral forces is zero. If stability
conditions are not met, oscillation and unstable motion will occur [7]. S.S.Ge proposed problem 5 under
the premise of existence of problems 1-4. It mainly describes that when an obstacle is too close to a
target point, its attraction is small while its repulsion may be relatively large[8,9] . Therefore, it may not
reach the target point and may be forced to move away. Figure 3 shows local minimum in a system [10].

x104 " Local minimum
10 .

Global minimum

Potential
n

,"T'M

0'\ e 0 -2
M 4

-2 6 Y/m

8

Figure 3. Local minimum problem [10].

Many researchers have analyzed and improved the algorithm for these problems. The most
representative one is Ge Shuzhi from National University of Singapore. His team improved the repulsive
force function of potential filed in APF method and initially solved the problems of local minimum
points, unreachable targets, and avoidance of moving threats [1]. The new algorithm introduces a new
repulsive potential energy function in APF method when considering the relative distance between the
target and the robot, making the target position as the global minimum value of the total potential energy.
Based on this, some researchers conceived a new configuration of APF method and tried to combine it
with other route planning methods. For example, Cao L et al. proposed an APF method based on
Gaussian repulsive function for three-dimensional flight path planning of aircraft obstacle avoidance,
thereby achieving better resistance to local optimal characteristics and reachability [11]. In addition,
Lou.G [12] introduced the concept of additional attractive field to APF. By properly adjusting the size
and direction of additional attractive field, local minimum cases can be effectively avoided under certain
conditions.
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In addition, because there is no concept of obstacle shape in artificial potential field method, the
robot may be trapped inside the obstacle when the force field parameters are inappropriate. To solve this
problem and the problem of local optimal solutions, Waydo S et al. proposed an improved method using
flow function [13,14]. By introducing some initial flow field in space, its velocity potential can be
obtained according to fluid mechanics knowledge; when there are obstacles in the flow field, just
superimposing the obstacle disturbance potential field and the original initial flow field that will comes
out the resulted potential field, and then its velocity potential can be derived to obtain the flow velocity
of the flow field; integrating the flow velocity obtains the fluid streamline that is used for route planning
[1]. This method plans quickly and has a smooth path but can only be used for two-dimensional path
planning. Based on the flow function method, Wu Jianfa et al. proposed a “flow water avoidance stone”
path algorithm by simulating macroscopic characteristics of flowing water in nature to establish an
algorithm while introducing the concept of three-dimensional obstacle envelope [1]. Thus, through fluid
mechanics methods, three-dimensional terrain is simulated by flow fields to perform route optimization
and obtain three-dimensional flyable routes. Figure 4 and Figure 5 show a schematic diagram of original
initial flow fields and the potential field superimposing original field with obstacle disturbance potential
fields through flow functions in the improved method [1].

Figure 4. Initial flow field[1]. Figure 5. disturbed flow field[1].

3. Application scenarios

APF method, as a commonly used UAV obstacle avoidance algorithm, has been applied in many fields
and has wide applications in both static and dynamic scenarios. The following will introduce some
application examples from the aspects of application in static scenarios and application in dynamic
scenarios.

3.1. Application of static scene

Obstacle avoidance in static environments mainly refers to UAVs avoiding collisions with fixed
obstacles, such as UAVs flying in cities need to avoid collisions with buildings, trees, and other static
obstacles. For static scenarios, UAVSs can plan their paths in advance before proceeding. The required
amount of calculation is small, so repeated calculations can be performed to obtain the theoretical
optimal solution [15]. However, if it is in open environments, still many factors that interfere with UAV
flight need to be considered, including changes in temperature, wind speed, air pressure and other
conditions, which will also bring disturbance in the algorithm [16].

In addition, the APF method can also be applied in obstacle avoidance of indoor static environments
[17]. For example, in factories and warehouses, when UAVs avoid obstacles such as machinery and
shelves, they can use the APF method to model the scene and plan their paths. This environment is less
disturbed and is often suitable for planning paths for multiple round trips. It can be used for a long time
without re-planning and only rely on sensors for emergency obstacle avoidance. Indoor static
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environments are also used as theoretical environments for analysis and training using the APF method
and the most ideal environment for implementation [18].

3.2. Application of dynamic scenes

In dynamic environments, the APF method, as an algorithm with strong real-time response capability
and small amount of calculation, has a wide range of application prospects, but the application of
obstacle avoidance in dynamic scenarios is more complex and has many limitations [19,20]. One
application of UAV obstacle avoidance in a dynamic scenario is multiply UAVs cooperative flight, such
as using multiple UAVs for autonomous transportation in large warehouses. In this case, the obstacle
avoidance relationship between multiple UAVs needs to be considered. When making path planning for
multiply UAVs, the APF method can build a model for UAV cooperative flight, treating each UAV as
a moving obstacle, so that multiple UAVs can avoid each other during flight and avoid collisions [19,21].

In urban application environments, the complex environment and obstacles have increased the
difficulty of obstacle avoidance. When applying the APF method in UAV’s obstacle avoidance, it
becomes necessary to model and identify obstacles in the city and calculate the repulsion force on the
UAYV according to their position and size. At the same time, it is also necessary to monitor the motion
state of the UAV in every time-step to calculate its attraction according to its position and target position,
thereby obtaining the direction and speed of the UAV’s motion [17].

Therefore, when applying APF method for UAV in obstacle avoidance in dynamic environments, there
are generally several requirements:

1. Use high-precision sensors: The UAV needs to be equipped with high-precision sensors to improve
its perception ability and positioning accuracy. In addition, sensors must also have high refresh
efficiency to continuously update the state of the environment in real time to prevent dynamic obstacles
(animals, operating machinery, etc.) from suddenly changing their position and causing interference or
harm to the UAV.

2. Optimize algorithms: Optimize algorithms specifically for required specific dynamic
environments, such as sensor recognition capabilities and avoidance behavioral logic.

3. Predicting the movement of obstacles: It is possible to try dynamic analysis of obstacles to
determine their movement trends and use algorithms to predict their movement trajectories to timely
adjust the movement state of UAVs [17,19].

4. Comparison of APF and Q-learning

APF method and Q-learning s are both common solutions for UAV’s obstacle avoidance algorithms.
And the APF method is a classic UAV obstacle avoidance algorithm which is firstly introduced by
Khatib O in 1985 [20]. The method’s biggest advantage is that it is simple and easy to implement. It
can achieve good obstacle avoidance effects in static environments. However, using traditional APF
methods is prone to falling into a cycle of local minima, and its ability to handle complex environments
and dynamic obstacles is poor [1].

Compared to the APF method, Q-learning is a reinforcement learning algorithm that learns the
optimal strategy through multiply Interacting with the environment [1]. Q-learning enables robots to
recognize corresponding obstacles and make corresponding obstacle avoidance behaviours’ while
continuously learning, so it has good performance in dealing with both static and dynamic environments.
When using this method for path planning, each time the robot simulates, it will observe the state of the
environment, then decide a next step movement according to the current strategy, then judge whether to
receive a reward based on feedback. Therefore, the main logical of the Q-learning algorithm is learning
the optimal strategy and plans the path by continuously updating the reward value [4].

In Q-learning method, the reward value represents the expected cumulative reward that can be
obtained by taking a certain action in each state. The agent updates the reward value by continuously
trying different actions and eventually learns an optimal strategy [1]. Under the optimal strategy, the
robot will choose the action with the maximum reward value in each state to achieve optimal path
planning. However, compared with artificial potential field methods, hardware that implements Q-
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learning algorithms needs to have greater computing power in order to quickly update reward values
and make decisions. In addition, robots need to be able to perceive environmental states and receive
feedback. Therefore, multiple sensors such as lidar sensors and vision sensors need to include to
observer information at every time-step about obstacles in the environment. And when deep learning
methods are applied to UAV obstacle avoidance, this requires UAVs to be equipped with sensors
capable of detecting obstacles, such as lidar or cameras, which will add cost and volume weight concerns
to UAVs [4,5].

5. Future development trends and prospects

UAV’s obstacle avoidance method based on the APF method is a classic algorithm that has a certain
research and application foundation. In view of the current problems and disadvantages of this algorithm,
in the future, this classic path planning method should be combined with new generation algorithm
technologies represented by DRL [1] to further solve the problems existing in the classic algorithm, such
as local minimum values and unreachable goals. At the same time, maintain the advantages of the
algorithm, including low cost and high efficiency, and further improve the algorithm [21].

Secondly, with the development of machine learning and artificial intelligence, UAV obstacle

avoidance algorithms based on APF methods can better integrate these technologies. By combining
technologies such as deep learning, the learning ability and adaptability of the algorithm can be
improved to achieve more efficient obstacle avoidance effects in more complex environments. For
example, technologies such as convolutional neural networks can be used to identify and classify
obstacles in the environment in real-time situation, and then perform dynamic planning based on
identification results to achieve more precise and efficient obstacle avoidance [22, 23].
In general, UAV obstacle avoidance based on artificial potential field methods still has considerable
potential and prospects. By optimizing algorithms and integrating new technologies, this technology can
be continuously iterated and expanded to be an important method in the development of UAV obstacle
avoidance technology.

6. Conclusion

Acrtificial potential field (APF) method is a commonly used robot path planning method and is also
applicable to UAVs. By constructing a virtual potential field to guide the UAVs and making path
planning, collisions with obstacles can be avoided. The APF method mainly has the advantages of low
computational complexity and high real-time performance. But it also has some problems, such as
trapping into local minimum points, no passable channels between obstacles, and oscillations, these
limitations can significantly impact the accuracy and efficiency of path planning in complex
environments, hindering the practical applicability of the APF method.

To solve these problems in the algorithm, many of the researchers have analyzed and improved this
algorithm. The most representative improvement is on the repulsive potential field function, which
initially solved the problem of the artificial potential field method. Many other research teams have
further improved the APF method. While researchers have made significant strides in improving the
APF method, additional algorithmic and hardware improvements are necessary to overcome these
limitations.

In static scenarios, UAV obstacle avoidance based on APF methods has the advantages of high
efficiency and low computational amount. However, in dynamic or mixed scenarios, there are some
limitations to a APF method and necessary improvements in algorithms and hardware are needed. As
comparison, UAVSs using active obstacle avoidance have stronger processing capabilities in dynamic
scenarios but have relatively higher costs and computational complexity.

The review also has some limitations inevitably. The improved APF methods summarized in this
paper focus on a few representative methods, and further research will cover more additional types of
improved methods. The summary of application scenarios focuses on static and dynamic environments,
and will further cover the more extensively studied extreme or special conditions in the future. In
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summary, UAV obstacle avoidance based on APF methods is an effective path planning method, but in
practical applications, various factors need to be considered comprehensively to achieve practical utility.
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