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Abstract

Autonomous Path Planning (APP) capability is one of the
main factors determining the autonomous level of a mobile
robot. Although different methods are used for APP in the
literature, the path planning approach based on Artificial
Potential Fields (APF) has a very common usage area with
its modeling ease and computational performance. APF-
based APP, which is a grid-based path planning approach, is
usually performed by combining a repulsive and attractive
component that models many basic motions with a certain
equation and calculating the gradient of this potential field
to obtain the vector field. In this study, the basic models
used for APF-based APP are examined, and how they are
realized and how the resultant potential field is produced
are mentioned. Although APF-based APP approaches have
advantages, they also have problems such as local
minimum, obstacles positioned too close, oscillation, and
targets positioned too close to obstacles. Within the scope
of the study, these problems were defined one by one and
the approaches suggested in the literature for the solution
of these problems were mentioned in detail. As a result, it
has been seen that to obtain an effective APF-based APP
solution, it is necessary to generate a convolutional vector
field, limit the fundamental potential fields with
exponential functions, use virtual potential fields and
perform models with harmonic functions.

Ozet

Otonom Yol Planlamasi (OYP) yetenegi, bir mobil robotun
otonom seviyesini belirleyen baslica faktérlerden birisidir.
Literatirde her ne kadar fakh yodntemler otonom yol
planlamasi i¢in kullaniliyor olsa dahi, Yapay Potansiyel
Alanlara (YPA) dayali yol planlamasi yaklagimi modelleme
kolayhgi ve hesaplama performansi ile oldukga yaygin bir
kullanim alanina sahiptir. Grid tabanh bir yol planlamasi
yaklasimi olan YPA tabanh OYP, genellikle ¢cok sayida temel
hareketi modelleyen itici ve gekici ydnde bilegenin belirli bir
denklem ile bir araya getirilmesi ve bu potansiyel alanin
gradientinin hesaplanarak vektor alanin elde edilmesi ile
gerceklestirilir. Bu ¢alisma kapsaminda, YPA tabanlh OYP
amaciyla kullanilan temel modeller incelenmis, nasil
gerceklestirildigiklerine deginilmis ve bileske potansiyel
alanin nasil Gretildiginden bahsedilmistir. Her ne kadar YPA
tabanli OYP yaklasimlarinin avantajlari olsa dahi, yerel
minimum, ¢ok yakin konumlandiriimis engeller, osilasyon
ve engellere ¢ok yakin konumlandiriimis hedef gibi
problemleri de vardir. Calisma kapsaminda bu problemlerin
teker teker tamimlamalari yapilmis ve literatiirde bu
problemlerin ¢6zimu igin ©nerilen yaklasimlara detayh
olarak deginilmistir. Sonug olarak etkin bir YPA tabanli OYP
¢0zUmU elde etmek igin kivrimsiz vektor alani Gretilmesi,
temel potansiyel alanlarin Ussel fonksiyonlar ile
sinirlandirilmasi, sanal potansiyel alanlarin kullaniimasi ve
harmonik fonksiyonlar ile modellemelerin
gerceklestirilmesi gerektigi gorilmustar.
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1. INTRODUCTION

Autonomous Path Planning (APP) ability is one of the major problems for autonomous mobile
robots (Zhang et al., 2022; Rybus et al., 2022). Different kinds of robots can apply different
levels of autonomy. APP capabilities are seen as an important component to determine the
autonomous level of a mobile robot. APP can be defined as finding the optimal or feasible
path for reaching to target point while avoiding static or dynamic obstacles in the robot
environment. The basic concept of APP and obstacle avoidance strategy is as given in Figure
1.

—

Figure 1: Problem definition scheme of Autonomous Path Planning.

As seen the Figure 1, in the 2D space APP has two major components which are the target
point to achieve and obstacles to avoid. However, the figure is 2D, it is also very similar to 3D
space and even though the given obstacles in the figure are static, they can be dynamic mobile
in the same manner. These options are not changing the definition of APP for a mobile robot,
but it affects the complexity of the solution. While there are many different approaches in the
literature to implement the APP on a mobile robot, the most common ones are listed below:

e Geometric Algorithms Approach

e Evolutionary Algorithms Approach

e Grid-Based/Heuristic Approach (Klancar et al., 2022)
e Mixed Integer Linear Programming Approach

e Artificial Potential Fields

e Vector Field Histogram

Navigation characteristics and dynamic environment changes are obtained extensions of the
approaches and their improvement versions as seen as an example of Rapidly Exploring
Random Tree Star (RRT*) algorithm (Wang et al., 2022). Grid-based algorithms (Zammit &
Kampen, 2022; Zhang & Wu et al.,, 2022) and their combinations with different APP
approaches are common to find feasible path (Xiang et al.,, 2022). Especially in static
environment, genetic algorithms (Lamini et al., 2018; Yuan et al., 2022) can be used to solve
path planning problems like path optimization etc. Reinforcement learning method is also
using to APP by mobile robots to find target point in both previously known and unknown
environments (Xi et al., 2022; Wang et al., 2022; Zheng et al. 2022) Evolutionary algorithms
and linear programming approaches are also other commonly using APP for autonomous
systems (Chen et al., 2022; Yang et al., 2012). Evolutionary algorithms are one of the heuristic-
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based approach. This approach has powerful characteristics of robustness for problem solving
of complex optimization problem. Evolutionary algorithms have the ability for escaping from
local minima. Creating the fitness function can be difficult. Also, it is important to find a good
function that accurately represents the data. For this reason, using hybrid methods give better
performance result.

Artificial Potential Field (APF) approach is one of the most common techniques in APP for
mobile robots (Sabudin et al., 2021) because of collision and obstacle avoidance features are
inherently a part of APP. With the collision and obstacle avoidance features, APP can be
integrated in 2D environment easily for Unmanned Ground Vehicles (UGV) (Feng et al., 2021)
and it is also suitable for the 3D environment, especially for Unmanned Aerial Vehicles (UAV)
(Tang et al., 2019). Furthermore, these features revealed some advantages like fast response
and low computational time, easy to implement in a real-time application (Szczepanski et al.,
2021; Yan et al., 2021). In the APF-based path planning approach, different basic modeling
approaches can be seen to model the target to be achieved and the static/dynamic obstacles
to be avoided, and the production of straight, curved, spiral roads to reach the target.
Combining multiple base models with a meaningful mathematical approach is enough to
produce APP while avoiding obstacles and collisions.

Although APF-based path planning approaches are one of the widely used methods to obtain
a high level of autonomy, especially with APP with obstacle/collision avoidance and easily
adaptable for different kinds of environments, it is seen that many problems are encountered
in the literature like the local minimum problem (Koren & Borenstein, 1991), the closely
spaced obstacles problem (GE & Cui, 2000), and the oscillation problem (Duhé et al., 2021).
The APP problems show similarities for wheeled, walking, and even flying robots, it should be
considered as difficult to meet the need for 3D modeling within the framework of robots'
mobility. UAV systems, the use of which has become widespread with increasing momentum
in recent years, need the development of autonomous path planning approaches that can
produce the optimum path that avoids static or moving obstacles and reaches the target, with
the mobility capabilities of the six degrees of freedom (6DOF) in 3D space. In fact, within the
path planning approach to be developed, it is necessary to find solutions that can prevent
collision within a formation. By nature, 3D modeled YPA-based APP solutions are capable of
meeting all these demands.

In this study, the definition of the basic models that are used for APF-based APP, the
demonstration of how path planning is carried out by combining these basic APF models, the
introduction of the different methods used in the literature to produce APF-Based APP, and
the typical APF-based APP problems encountered during the application of common methods,
in a comparative way. Also, it is aimed to explain which method overcomes these problems
better. Although there are APF-based APP studies in the literature, the aim of this study is to
contribute to the literature by presenting the complete solution of the basic APF problems to
the reader.

The remainder of the article is organized as follows, in section 2, the APF-based path planning
approach and its basic model representation is defined. Besides, potential field based major
motion models for 2D and 3D environments that predict attractive, repulsive, and circular
motion as examples are discussed in this section. It is mentioned how models realized using
harmonic functions can offer a solution to APF-based APP probes. Section 3 describes
commonly encountered problems of APF-based APP as types of defects like, the local
minimum problem, the closely spaced of obstacles problem, the oscillation problem are
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examined one by one. Chapter 4 explains which methods can be used to solve the traditional
problems of artificial potential area-based path planning approaches. In the last part, the
approaches required for the effective implementation of the YPA-based YPP problem will be
evaluated together and the effectiveness of the methods will be revealed.

The motivation of this study is to explain to the reader how the artificial potential field-based
path planning approach can be developed by examining the classical problems of artificial
potential fields-based path planning approaches and the solution methods of these problems.
In addition, it is to propose models and supports the production of algorithms in order to
develop the most efficient APF-based autonomous path planning, which is abstracted from
traditional problems.

2. ARTIFICIAL POTENTIAL FIELDS BASED PATH PLANNING

The APF was developed by Khatib (Khatib, 1985). During the evaluation of the basic algorithm,
recently, the APF approach is commonly using for APP besides obstacle/collision avoidance
for mobile robots (Li et al., 2010; Rezaee & Abdollahi, 2012)

The APF approach has two different forces and their potential fields which names are
attractive force, repulsive force as defined in the basic definition of APP in Figure 1. Attractive
potential field and repulsive potential fields represent the target point and obstacle in an
orderly. Forces within the potential area are usually calculated based on the distance between
the mobile robot position and the target/obstacle points. This distance can be converted to
unit measures using grid-based spaces. The attractive force aims to move the mobile robot to
the target. It is possible to define moving target points as well as dynamically define obstacles.
This will cause the pulling forces to be recalculated only at certain intervals. The repulsive
force is exerted by the obstacles to keep the mobile robot out of the obstacle position.

Rki‘nll\' o) i-i\\"

ob..l_. QI—-O“

Attraction Force

Figure 2: Basic structure of APF.

The Figure 2 shows these repulsive and attractive forces respectively. Attractive force
represented by F* and repulsive force represented by F~ in the Figure 2. The artificial
potential fields generated by U and total potential field formula is represented as in Equation

(2).
Ulp) = Z Ug;(p) + Z Uy ;(pj) Equation (1)
i j

The total potential field is represented by U(p), attractive potential field is represented by
U,(p) and repulsive potential field is represented by U, (p). The number of attractive forces
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(i) and repulsive (j) can be increased due to the number of points in the total field. The
potential fields obtained from the above equation and the basic repulsive and attractive
models of the APF approach can be calculated as the sum of each component one by one for
each cell of the grid-based total area where the movement will be planned, and a total
potential field that can be applied for the entire area can be obtained. If we consider the
moving robot as a point-charged particle in this area, the gradient of the potential field value
of the cell in which the particle is located is accepted as the vector force acting on the particle
instantaneously, thus representing the robot's ability to reach the target point in the most
optimal way by avoiding obstacles. The directing force that is affecting mobile robot
movement must be calculated again when one of the actors like the robot, target and obstacle
change its position. However, the problem can be considered a bit more complex than it is in
this basic definition. In the remainder of this section, sample modelling approaches are
described on how to model the obstacles in the field for the creation of attractive vector and
repulsive vector fields.

2.1, Attractive Force
The attractive potential field force generated by the U, target can be described as in Equation
(2).

1 2 .
Ug;(p) = gkad(P, Py) Equation (2)

In the equation, p point represents robot’s current position, p, point represent goal position.
d (p, pg)2 is the calculation of the Euclidean distance of the robot and goal positions. k, is a
scaling factor. The attractive potential field is derived by computing the negative gradient of
Equation (2) as seen from the Equation (3) as follows:

F, = =VU,(p) Equation (3)

The attractive vector force is generated by F, in Equation (3) can be seen from the Figure 3 as
an example.

v i

Figure 3: Basic attractive vector forces of APF.

Vector forces of the attractive field can be seen from Figure 4 for the attractive point in the
APF. The attractive force strength is decreasing when robot getting closer to target.
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Figure 4: Basic attractive forces of APF.

2.2. Repulsive Force

The repulsive force keeps the robot away from obstacles. The repulsive potential field and
force is result of total obstacle effects. So, it can be represented as in Equation (4) and each
repulsive potential field can be represented as in Equation (5).

1 1 1 .
1, (1 1 <
Ur;(p) = §? ke, (d(p,pobs) do) if d(P, Pops) < do

0 ifd(p =po) <dg

The repulsive potential field U,. is generated from obstacle locations p,s. in Equation (4). k,.;
is the repulsive field constant, p shows robot’s current position and d, is the obstacle
influence threshold. The gradient of the repulsive field is given by the Equation (5).

F. = VU,.(p) Equation (5)

The repulsive force is represented by F, in Equation (5) can be seen from the Figure 5 as an
example.

Equation (4)

[T ]

Figure 5: Basic repulsive vector forces of APF.

Vector forces of the repulsive field can be seen from Figure 6 for the attractive point in the
APF. The repulsive force strength is increasing when robot getting closer to obstacle.
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Figure 6: Basic repulsive forces of APF.

2.3. Circular Model

However repulsive and attractive models are basic structures for the APF-based APP, they are
not enough to model possible attributes of the mobile robot. Because of that additional
models must be defined, for example, circular, linear, etc. In this paper circular model is
selected as an example model, due to the similarity of the modelling of others. The repulsive
force can be represented with different geometric model like point repulsion and circular
repulsion model. For circular repulsion model, every vector field can turn clockwise (CW) or
counter-clockwise (CCW). With these model, different environment situation can be modelled
in APF for APP.

-
¥ s

Figure 7: Basic repulsive vector forces of APF.

As seen from the Figure 7, CW/CCW attractive APF model can be obtained by using Equation
(6), Equation (7) and Equation (8).

[8x 8y] = —VFy Equation (6)
9x_circ = gx * COSA — gy * Sina Equation (7)
9y _circ = 9x * Sina + g,, * cosa Equation (8)

Parameters g, and g, represents the gradient component of F.; and a is angle that is using
for defining direction of vector. By changing sign of & CW and CCW model can be generated.
9x _circ and gy, circ represents the new components of CW and CCW vector.
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2.4. Combination of Basic Models

To produce the path in the field autonomously, different type of vector fields must be
combined. However, all type of basic potential fields doesn’t have to be exist in the field,
usually a few types of them must be used together to obtain desired path autonomously. In
this paper an attractive, repulsive, and circular basic models are used together as an example
scenery.

Dheairest .ﬁlr - g

o~
deritdiid
Jitiine

[T P

Figure 8: Desired APP result.

It can be described as a mobile robot will make a circle pattern around the target point while
avoiding obstacle in the field as seen from Figure 8. It is possible to increase variety and
number of basic APF models in a field.

Figure 9: Combination of basic vector fields.

To achieve the path that is defined in the Figure 8, single attractive, repulsive, and circular
basic APF models are generated and then combined by using Equation (1). As a result, the
vector field that is shown in Figure 9 is obtained.

3. COMMON PROBLEMS OF APF BASED APP

However, APF based APP has lots of advantages and easy to implement as seen from the
previous chapter it also has different defects. It is clear that grid resolution of the field, directly
affect the optimum path that is generated by APF. Also, the number of obstacles, the number
of models to define mobile robot behaviors and the definition of target/obstacle as static or
dynamic directly affects the computation performance of the approach. But all the previously
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mentioned issues are problem specific defects for the APF based APP. Furthermore, common
defects can be listed as local minima, closely space of obstacle, oscillation problem and Goal
Not Reachable when Obstacle are Nearby (GNRON) in the literature and they are handled in
this chapter of work one by one.

{Marearfe
Figure 10: Local minimum problem of APF based APP.

Obstacles can be located such a point that their potential fields lead the moving robot into a
dead end as seen from the Figure 10. This problem is called as local minimum problem for APF
(Matoui et al., 2015). The local minimum problem usually occurs when the target point is
located near and behind obstacles that are likely to create a local minimum. It occurs when
the mobile robot under the attracting field effect is caught in a trap at the minimum point that
occurs unintentionally due to the location of the obstacles.

ey

Figure 11: Closely space of obstacle problem of APF based APP.

When two or more obstacles are located close to each other, and the path that goes to target
passed from this point as seen from the Figure 11, closely space of obstacle problem can be
occurred (Tang et al., 2010). To reach the target point behind the obstacles, mobile robot must
pass from this gab, but it is not possible under the affect of total repulsive force when the
robot becomes to close the obstacles.
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Figure 12: Oscillation problem of APF based APP.

Because of obstacle and target point position, robot makes same maneuvers in the same
position as seen from the Figure 12. This problem is defined as oscillation problem in the
literature (Li et al., 2021; Zheyi & Bing, 2021). This problem occurs mostly in areas defined as
static. If target position and obstacle positions are dynamic, oscillation problem is not
occurred. Oscillation problem can be solved by adding security margin. If robot reach the
security margin, it will change its direction.

In addition, there is another problem in APF approach that is GNRON. When the goal position
is near to obstacle, robot will not reach to the goal point because of attractive and repulsive
force have same value.

4. A LITERATURE REVIEW FOR COMMON APF BASED APP PROBLEMS

Several methods have been suggested to solve typical common problems of APF based APP in
the literature (Wang et al., 2022; Weerakoon et al., 2015; Heidari & Saska, 2021). In fact, most
of the suggested methods have same manner that modification of APF or combination with
different approach like fuzzy logic (Liu et al., 2021), artificial intelligent methods (Li et al., 2021,
Matoui et al., 2015,) etc. In this work, we will discuss commonly used approaches to solve
local minimum problem, the closely spaced obstacles problem, the oscillation problem and
GNRON in traditional APF based APP approach. In fact, there are major points to achieve
successful APP by using APF; first point is modelling basic components, second one can be
listed as distance between components, and the last one is how to combine basic
components.

To solve the local minima problem, Choi et al. (2020) developed the curl-free vector field to
obstacle avoidance. They suggested to use curved based basic models instead of linear ones.
The curl-free vector field is produced around an obstacle. The direction of the vector field is
applied by angle differences between mobile robot position and relative position vector from
the robot to the obstacle. As a result, it can prevent local minima problem but in some cases,
solution can be different from optimum path.
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Figure 13: Concept of curl-free vector field (Choi et al., 2020).

In Figure 13, basic concept of curl-free vector field has given. The method is generated around
an obstacle. p is the angle of relative position vector between robot and obstacle. The path
angle of robot is represented by ¢ . The defined angle difference is represented by yp = ¢ —
p. By using rotation matrix, vectors direction can be defined as CW or CCW. If there are many
obstacles in the environment and their position is near to each other, the solution may not
produce results. Furthermore, for the robots like UAVs in the 3D space, it may encounter many
different types of obstacles. So, this method may not be compatible for 3D environment.

Iswanto, and colleagues were focused general problem of APF algorithm that is called local
minima (Iswanto et al., 2019). The proposed a modification of the APF with adding virtual
potentials to in front of the obstacle. With this approach local minima points will be eliminated
by the modifying equation of the repulsive force of the APF. The Figure 14 and Figure 15 is
shown effect of virtual potential field. With this effect robot avoids from obstacles. With
virtual potential field approach, GNRON problem has solved.

T i iy
L3 e
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Figure 14: Khatib's potential in local minima environment (Iswanto et al., 2019).

As seen from the Figure 14, two obstacles are very closed to each other, and it is possible to
reach local minimum point. Furthermore, if the goal is located closely and behind the
obstacles, it is impossible to reach it by using natural form of APF based APP.
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Figure 15: The proposed APF potential in local minima environment (Iswanto et al., 2019).

As seen from the Figure 15, additional virtual potential fields are added to the same field which
is shown with Figure 15. By using virtual potential fields, it is impossible to reach local
minimum point. Even this approach solves local minima and GNRON problem, it will increase
complexity and computational time of algorithm. If robot has a unit which can be used for
parallel computation like General Purpose Computing on Graphical Processing Units (GPGPU),
it may use in real-time robotic applications.

Harmonic functions can be used for solution of local minima problem in APF approach. Faria,
and his colleagues used harmonic functions to generate the APF and avoid obstacle without
local minima problem (Faria et al., 2004). Harmonic functions to define basic components of
potential field can be used as seen from Equation (9).

floy) = —loglalx —x)* +y(y — ya)*)) Equation (9)

By using Equation (9) spherical symmetry form can be produced with changing y variable’s
value. «a is the magnitude factor of potential field. x,, y, parameters are definition of the
center of the field. Thanks to low computational time and complexity of harmonic function
based APF, it can be used for formation flight (Cetin & Yilmaz, 2014; Cetin & Yilmaz, 2016),
dynamic/static obstacle environment, 2D and 3D space.

- =y X
2 -3 =
o8 - p-
- - -
Dhafamee IMavearece Detance

Figure 16: Limitation functions for basic APF components (Cetin, 2015).

Another solution for common APF based APP problems is using limitation functions, instead
of combining basic components affecting all over the field. By limiting affect of the basic APF
components, especially for obstacles, local minimum and GNRON problems can be solved.
Different types of limit functions like rigid, linear and exponential that can be seen from Figure
16, are able to limit affect of potential field. By considering maneuver capabilities of mobile
robot, usually exponential limit functions are suitable. Using linear limit functions may cause
oscillation problem also in sone cases.
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5. CONCLUSION

In this paper, APF based APP approaches are defined in detail. As seen from the definition of
APF based APP, it is easy to implement and modelling. However, besides its benefits, there
are common problems like local minima, the closely spaced obstacles problem, the oscillation
problem and GNRON as explained. Major drawbacks are solving the common problems
together. Their limitations, chronic issues and solutions, usage areas and combination with
other APP algorithms are discussed.

To achieve a real-time, in other words, it provides fast calculation opportunity, and effective
path planning algorithm by using artificial potential fields, basic component of the APF must
be modelling by using harmonic functions and they must be limited by using exponential
functions. Besides, overcome problems such as local minima and simulation, curl-free vector
fields and virtually supported potential fields must be calculated. By modeling APF with using
harmonic functions while limiting basic models with exponantial functions also using virtual
potentials basic problems of the APF can be solved effectively.
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