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Abstract—Path planning for on-time obstacle avoidance is an
essential and challenging task that enables drones to achieve safe
operation in any application domain. The level of challenge increases
significantly on the obstacle avoidance technique when the drone is
following a ground mobile entity (GME). This is mainly due to the
change in direction and magnitude of the GME’s velocity in dynamic
and unstructured environments. Force field techniques are the most
widely used obstacle avoidance methods due to their simplicity,
ease of use and potential to be adopted for three-dimensional
dynamic environments. However, the existing force field obstacle
avoidance techniques suffer many drawbacks including their tendency
to generate longer routes when the obstacles are sideways of the
drone’s route, poor ability to find the shortest flyable path, propensity
to fall into local minima, producing a non-smooth path, and high
failure rate in the presence of symmetrical obstacles. To overcome
these shortcomings, this paper proposes an on-time three-dimensional
obstacle avoidance method for drones to effectively and efficiently
avoid dynamic and static obstacles in unknown environments
while pursuing a GME. This on-time obstacle avoidance technique
generates velocity waypoints for its obstacle-free and efficient path
based on the shape of the encountered obstacles. This method
can be utilize on most types of drones that have basic distance
measurement sensors and autopilot supported flight controllers. The
proposed obstacle avoidance technique is validated and evaluated
against existing force field methods for different simulation scenarios
in Gazebo and ROS supported PX4-SITL. The simulation results
show that the proposed obstacle avoidance technique outperforms
the existing force field techniques and is better suited for real-world
applications.

Keywords—Drones, force field methods, obstacle avoidance, path
planning.

I. INTRODUCTION

RONES, also known as unmanned aerial vehicles
D (UAVs), are machines capable of flying without
an onboard pilot. They are broadly utilized by military
for intelligent surveillance [1], combat purposes [2], and
reconnaissance [3] due to their great advantages, alleviating
risks on human pilots and ability to approach places that are
too dangerous for humans. In addition to these critical military
applications, drones are adopted in the civil domain for forest
fire detection [4], crop yield estimation [5], wildlife monitoring
[6], disaster response and relief missions [7]. Following
GME:s for providing aerial coverage and adequate situational
awareness [8] is another important facet of using drones;
however, their ability to perform in the above-mentioned
applications is highly dependent on their autonomy capabilities
and obstacle avoidance abilities when flying at low altitudes
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that tend to be occupied with different types and shapes of
obstacles. Encountered obstacles can be static objects such
as tall trees, bridges, high-rise buildings, electric poles, and
power lines, and dynamic objects such as birds and other flying
drones which can hinder their mission effectiveness while also
can cause severe damage to the drone in the case of collisions.
Drones efficient path planning can enhance their level of
autonomy and successfully help them to avoid obstacles while
escaping any kind of potential dangers.

Recently, several on-time drone path planning techniques
have been proposed for obstacle avoidance. Artificial Neural
Network (ANN) [9], Rapidly Exploring Random Tree (RRT)
[10], Genetic Algorithm (GA) [11], Fuzzy Logic (FL) [12],
and Artificial Potential Field (APF) [13] are among the
prominent approaches. These path planning techniques suffer
a common drawback of inability to generate a collision
free path if there is uncertainty in the onboard sensory
information that is used to access the situational awareness
of the drone navigational environment. The effectiveness of
the ANN-based path planning [14] relies on the quality
and quantity of the data used for training these algorithms;
therefore, ANN-based obstacle avoidance [9] has a higher
probability of failure in unknown and unstructured dynamic
environments due to the lack of prior training in similar
scenarios. The RRT [10] methods lack a re-planning procedure
and required higher computational power as the computational
complexity increases exponentially in obstacle cluttered areas
[15]. Although, GA-based techniques are suitable for static
obstacle avoidance, they tend to handle dynamic objects poorly
due to the insufficient global data [16]. FL techniques [12]
generate less smooth and non-optimal paths. The APF-based
obstacle avoidance techniques [13] are widely adopted for
drone navigation due to their simplicity and effectiveness.
The general APF based path planning techniques have several
drawbacks including falling in global minima and inability
to generate a path in the presence of symmetrical obstacles
[17]. However, most of these obstacle avoidance techniques
are solely developed for point-to-point drone navigation and
cannot be adopted for obstacle avoidance by drones following
GMEs without adequate modifications.

Few obstacle avoidance methods have been published in
the literature for on-time obstacle avoidance for drones that
follow GMEs. Most of them are developed based on the
APF techniques by improving their potential functions. The
general APF presented in [18] has been modified in [19] by
implementing velocity contribution to the potential function
for better obstacle avoidance by the drone while following
the movements of a GME. However, this method suffers
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many drawbacks including the tendency to produce a longer
route when the static obstacles are sideways of the drone
route, poor ability to find the shortest path, propensity to
fall into local minima, producing a non-smooth path, and
high failure rate when symmetrical obstacles are in the drone
path. The improved APF called ‘dynamic artificial potential
field (D-APF)’ presented in [20] adapts the drone altitude to
prevent collisions while following the GME, but the generated
path is usually and unnecessarily longer. Another obstacle
avoidance technique has been presented in [8], adopting an
improved APF technique to change the horizontal position
of the drone while following the movement of the GME.
Although, this technique can successfully avoid collisions, the
drone is unable to find the most efficient path to maneuver
around the obstacles.

To overcome the drawbacks of the existing collision
avoidance techniques, this paper proposed an on-time
three-dimensional obstacle avoidance method for drones to
effectively and efficiently avoid dynamic and static obstacles
in unknown complex environment while producing a smooth
path for following a GME. This is achieved by modifying the
D-APF presented in [20] and introducing a force function for
escaping from collision when the obstacles are encountered.
The direction of this force is automatically selected based on
the shape of the obstacles for generating the minimum distance
path. Besides, the activation region of this force from the
obstacle is calculated based on the relative velocity between
the drone and the nearest obstacle; therefore, unlike the
existing force field obstacle avoidance, the proposed technique
can adopt for obstacles when the drone is flying with high
speed. The proposed escaping force acts perpendicular to the
GME heading and the attractive force on the drone acts parallel
to the GME heading to control and minimize the oscillations
in the presence of obstacles and continue following the GME.

The remaining of the paper is organized as follows.
The proposed APF-based obstacle avoidance algorithm
including its analytical validation is presented in Section II.
The simulation experiments setup is presented in Section
III, followed by Section IV on the simulation results
for validating the proposed obstacle avoidance technique
alongside performance comparison results of the presented
obstacle avoidance method to the D-APF and general APFs.
Finally, conclusions are present in Section V.

II. PROPOSED METHODOLOGY

The main objective of the drone when following the GME
is to provide continuous aerial coverage of the GME by
using its onboard sensors. Obstacles that are in the drone’s
path can hinder its ability to continue following the GME,;
therefore, a fast and simple obstacle avoidance technique
is required to guide the drone to maneuver around the
obstacles when obstacles are encountered. APF-based obstacle
avoidance techniques are the most commonly used type due
to their ease of use, simplicity and effectiveness. The principle
behind the APF technique is to create a virtual attractive force
to pull the drone towards the goal and, a virtual repulsive force
to guide the drone push away from obstacles. The resultant
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force provides the drone an obstacle-free path to follow the
GME in obstacle-occupied environments.

The concept of the proposed collision avoidance method is
inspired by the Dynamic Artificial Potential Field (D-APF)
method [20]. However, to overcome some of its drawbacks
an on-time repulsive force called ‘escape force (Fj)’, is
introduced in a perpendicular direction to the GME heading;
therefore, it does not affect the drone’s ability to continuously
follow the GME. Fig. 1 shows a top view of the proposed
collision avoidance path planning force distribution when the
drone is following a GME and encountering head-on obstacles
where the displacement from the drone to far edge of the
obstacle is in the horizontal plane. The heading of F§ is the
vector product of F, x —i, for a; < a9, and F, X 7, for
a1 > ag, where o is the angle between the far edge of the
obstacle that is on the left side of the drone path. Similarly
s is the angle between the far edge of the obstacle that is
on the right side of the drone path with respect to the line
between the drone and GME. The unit vector in Z direction
is denoted as i,. The i, is replace from the unit vector iy
which is perpendicular to the direction of F; and choose the
corresponding angles in vertical plane when the displacement
between the drone and far edge of the obstacle is in the
vertical plane. F). is the repulsive force that activates only
in emergency situations to avoid collision when F§ is unable
to escape the obstacle. The resultant force (Fr) acting on the
drone is the vector summation of F,, F,, and Fk.

The force distribution of the proposed obstacle avoidance
technique when the drone is following the GME and
encountering a sideway obstacle is shown in Fig. 2. The
direction of Fj is calculated based on the angle between F,
and displacement (d;) between the drone and the obstacle’s
surface where (3 is the angle to the left side or right side of
F,. If 31 is the angle to the left side of Fj,, the direction of
F is given by the vector product of Fj, X .. Otherwise, if
(1 is the angle to the right side of Fj,, the direction of Fj is
given by the vector product of F, x —i,. The resultant force
(Fr) acting on the drone is given by the vector summation of
the three forces F,, F., and F.

Fro UAV

Fig. 1 Top view of the force distribution when the drone is following the
GME and encountering a head-on obstacle
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Fig. 2 Top view of the force distribution when the drone is following the
GME and encountering a sideway obstacle

A. Force Functions of the Proposed Obstacle Avoidance
Technique

The attractive and repulsive exponential force functions
proposed in [20] have the advantage of being highly sensitive
for a small change of relative displacement and having finite
values for all ranges of relative displacements. Therefore, the
attractive force F,, and repulsive force F,. presented in [20]
are adopted with the following modifications,

@

F, = ky (2—eerlal _gmezVily 4 92 (9 o—cala:l
lq1 |g2|
e \VZI) + 43 ks (2—e lasl _ o—ce |V3\); k=0
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|9
ks #0if V, >0 (2)

where ¢1, ¢2, q3 and Vi, V,, V3 are the relative
displacements and relative velocities between the GME and
the drone in the parallel direction of the drone’s horizontal
plane, perpendicular to the direction of the drone in the
horizontal plane, and perpendicular to the direction of the
drone in the vertical plane, respectively. The constants ki, ks,
and ks are used to control the maximum attractive force
for the corresponding direction where the summation of
k1 + ko + k3 gives the maximum resultant attractive force.
The positive constants cj, c3, c¢; are used to control
the maximum relative displacement required to achieve the
maximum force. Similarly, the constants ca, c4, cg, and cg
are included to determine the maximum velocity requirement
for the maximum force. The relative displacement and velocity
between the obstacles and the drone are represented by ¢, and
V, respectively. dy is the minimum accepted distance that the
drone can approach and be near to the obstacles. The repulsive
force factor k4 is a large positive constant and is the maximum
magnitude of the repulsive force that the drone can achieve.
The proposed escape force is activated only when the
drone encounters the obstacle and a collision will occur, i.e.
when the obstacle is in the range of the drone’s collision
region. Unlike the existing force field techniques, the proposed
obstacle avoidance escape force generates an attractive force
for a virtual obstacle goal (point A and B as in Figs. 1 and 2)
to change the drone path to prevent any collision. Therefore,
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the drone does not make any oscillations while avoiding the
obstacles due to the low sensitivity of the resultant force in the
perpendicular direction to the MGE for a small change of the
displacement when the drone is near to the collision region.
F is defined as,

kg (1 — e=¢0 1V/a*+d§ sin(ar+tan™" (do /@)y,

0<ar <as&di < (amVs)/Vim
oy (1 — =10 ldo—(@a sinBO): dy sin(By) < do  (3)
(1= emer [Nl (kg(1 — emen Vel) 4+ 1);

dy cos(B1) < do

=

where kg, k7, ks, and kg are the escape force coefficients

which determine the maximum value of the escape force.
a, and d; are the distance to the obstacle from the drone
along the drone’s heading, and displacement between the
drone and the obstacle’s surface, respectively. The average
velocity that can be reached by the drone in sideway direction
is defined as V,,. The positive constants cg, c19, c12 are
used to control the maximum relative displacement required
to achieve the maximum F. Similarly, the constants c;; are
included to determine the maximum velocity requirement for
the maximum F;. The angles in horizontal plane can be
replace from the corresponding angles in vertical plane to
calculate the F, when the minimum distance from the drone
to far edge of the obstacle is in the vertical plane.

Fig. 3 shows the force distribution of the proposed obstacle
avoidance technique when the drone encounters a head-on
obstacle. F is automatically activated to maintain a relative
displacement of dy until the drone passes the obstacle safely.
The magnitude of I decreases with the sideway distance until
it reaches zero when the drone is at dy relative displacement
from the obstacle’s surface. It is then deactivated once the
drone reaches a collision free distance (> dp). This enables
the obstacle avoidance technique to generate a smooth path
without oscillations.

III. SIMULATION SETUP

To validate the proposed obstacle avoidance technique,
Gazebo [21] supported PX4 simulation in the loop (PX4-SITL)

Fr=Fg Fgis
inactive

Fr=Fg Fsis
active and =0

Fig. 3 Force distribution around the obstacle
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[22] was used to develop realistic simulation experiments and
environments and the Robot Operating System (ROS) [23]
was adopted to simulate the GME and drone. The PX4-SITL
unmanned aerial vehicle ‘Iris’ that is equipped with a PX4
autopilot, inertial measurement unit (IMU), GPS receiver, and
rp-Lidar is used for the drone simulation. The PX4-SITL
unmanned ground vehicle ‘rover’ is used to simulate the GME
with some modifications to enable it to achieve high speeds of
up to 20 m/s and provide it with a differential drive control.
Besides, bridge-shaped objects, and cylinder-shaped objects
are used for examine the performance of the proposed collision
avoidance technique when the drone is encountering large
sized obstacles. Details of the simulation setup are present
in the following subsections.

A. GME and Drone Models

The PX4-SITL ‘rover’ shown in Fig. 4 (a) is an Ackerman
vehicle that has a GPS receiver, but has a limited maximum
velocity of 4 m/s and is not capable of driving in a smooth
straight-line when using waypoints. Therefore, the vehicle is
modified to achieve a maximum velocity of 20 m/s (around 72
km/h) and enable smooth straight-line motion for waypoints
navigation. Besides, the PX-4 rover is further modified to
enable it to make sharp turns for better maneuvers. The
GPS receiver available in the vehicle is used to determine its
positional information, where this information is transmitted
to the drone via the micro air vehicle link (MAVLink) [24].

The PX4-SITL ‘Iris’ shown in Fig. 4 (b) is a quadcopter
that has a flight controller with PX4 autopilot for autonomous
navigation, GPS receiver for positioning data, IMU for
accessing heading and speed information, and a MAVLink
for receiving the position information of the GME. The GME
speed and heading are calculated every 0.3 s. The ‘Iris’ is
not equipped with a distance sensor; therefore, the rp-Lidar
available in PX4-SITL is attached to the drone for obstacle
detection and distance measurements. The proposed obstacle
avoidance path planning technique generated navigational
waypoints are provided to the PX4-autopilot for controlling
the dynamics of the drone.

Fig. 4 PX4-SITL (a) ‘rover’ adopted for simulating the GME, (b) ‘Iris’
adopted for simulating the drone

B. Obstacle Types

The Gazebo simulation is adopted for simulating static and
dynamic obstacles. These obstacles are mainly rectangular and
cylindrical surface objects acting as obstacles for the drone
but not for the GME as shown in Fig. 5. Besides, another
‘Iris” quadcopter has been used as a dynamic obstacle flying
towards the drone where its motion is controlled via velocity
waypoints.
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Fig. 5 Obstacles used in the simulation experiments

IV. SIMULATION RESULTS

To examine the performance of the proposed obstacle
avoidance technique, three simulation experiments were
developed: two with static obstacles and one with dynamic
obstacles. In the first experiment, the GME moves at 10 m/s
constant velocity along the X-axis whereas in the second
experiment, the GME moves with different velocities in
the range from 5 m/s to 20 m/s. In each experiment, the
drone and GME start their motions from (0, 0, 0) and (5,
0, 0), respectively. The drone initiates its vertical motion
simultaneously as the GME initiates its horizontal motion. The
drone initiates its horizontal motion once it reaches point (0,
0, 10) as 10 m is the predefined minimum desired altitude the
drone should maintain from the ground level. The accepted
displacement that the drone is allowed to approach obstacles
is predefined as 1 m. The average velocity of the drone in
sideway directions is predefined and set at 5 m/s.

A. Proposed Obstacle Avoidance Performance Evaluation

In the first experiment, a vertical cylinder with a radius of
10 m and height of 15 m was placed at (60, 11.5, 0) to examine
the performance of the presented collision avoidance technique
when the drone is encountering a sideway object that is not in
its collision range. A bridge-shaped object with a length of 25
m, width of 14 m and height of 15 m was placed at (137.5, 3,
0) to evaluate the drone path when a flat surface is encountered
and can cause a head-on collision. Besides, another horizontal
cylinder with radius of 5 m and length of 24 m was placed
at (250, 0, 10) to examine the performances when a curved
surface is in the drone’s path. Other two cylindrical obstacles
each with a radius of 10 m and height of 20 m were
placed at (350, -11.5, 0) and (350, 11.5, 0) to observe the
drone’s path in the presence of symmetrical obstacles. Fig. 6
shows the simulated 3D paths of the GME and drone when
encountering static obstacles as the GME moves with 10 m/s
speed. The drone does not change its path when passing the
first cylindrical object as the displacement between the drone
and the cylinder’s surface is greater than 1 m. The drone
automatically selects to change its horizontal direction in the
Y-axis to avoid the bridge-shaped flat surface. This is because
the presented collision avoidance generates the escape force in
the Y direction as it is the minimum distance path to avoid the
obstacle. Similarly, the drone chooses changing of its vertical
direction when encountering the curved surface bridge. Finally,
the drone successfully follows the GME without changing
its path in the presence of symmetrical obstacles. This is
because, the displacement between the drone’s path and the
symmetrical obstacles surfaces are greater than 1 m; therefore,
the escape force is zero and the drone does not change its
path. The simulation results confirm that the presented obstacle
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Fig. 6 The drone planned 3D path for different shaped obstacles

avoidance generates a smooth path without oscillations due to
the attraction towards the imaginary obstacle point created by
Fs.

The second experiment tests the proposed obstacle
avoidance technique performance when the GME is moving
along the X-direction with different velocities ranging from 5
m/s to 20 m/s and the drone encounters the bridge-shaped flat
surface obstacle at (137.5, 3, 0). The obstacle has a length of
25 m, width of 15 m and height of 15 m. Fig. 7 shows the
3D path of the drone when it encounters a head-on collision
when following the GME moving at different velocities. As the
activating distance of Fj is a function of the relative velocity
between the drone and the obstacle; the drone automatically
selects the escape force activation point based on the velocity
and the turning distance from the obstacle increases for higher
drone speeds. Therefore, unlike the existing obstacle avoidance
techniques, the presented collision avoidance technique can
successfully avoid the obstacle while following GME at high
speeds.

In the third experiment, another drone flies towards the path
of the drone at 3 m/s speed and 10 m altitude. The GME moves
along the X-direction at 5 m/s speed. Fig. 8 shows the drone’s
planned 3D path for avoiding this dynamic obstacle while
following the GME. The drone changes its horizontal direction
to avoid the obstacle where the path initial turning position is
calculated automatically by using the relative velocity of the
drone and the obstacle.
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Fig. 7 The drone planned 3D path for a head-on obstacle for different GME
speeds
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Fig. 8 The drone planned 3D path for avoiding dynamic obstacles while
following the GME

B. Proposed Obstacle Avoidance Performance Comparison
to the D-APF and General APF

To compare the performances of the presented collision
avoidance technique against the D-APF and the general APF,
two cylindrical obstacles each with 15 m height and 5 m radius
were placed at (50, -7, 0) and (50, 7, 0) to show the ability
of handling symmetrical obstacles. Besides, a bridge-shaped
flat surface obstacle with a length of 25 m, width of 14 m
and height of 15 m was placed at (137.5, 3, 0) to show the
ability of avoiding a head-on obstacle as the minimum distance
path is chosen based on the shape of the obstacle. The GME
moves along the X-direction at a speed of 5 m/s. The proposed
obstacle avoidance technique chooses the shortest path by
changing the horizontal displacement to 4 m and follows the
movement of the GME at 5 m/s in the positive X-direction as
shown in Fig. 9. The D-APF changes its vertical direction and
achieves 6 m of displacement from the original path to avoid
the bridge-shaped obstacle. Although, the proposed obstacle
avoidance technique and the D-APF can avoid symmetrical
obstacles, the general APF fails to avoid symmetrical obstacles
and to continue following the GME. The proposed obstacle
avoidance technique has smooth path compare to the D-APF
as shown in in the enlarged section of Fig. 9 shown at the
top right of Fig. 9. Similar to the general APFs, the D-APF
produces some oscillations when the obstacles are encountered
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Fig. 9 The drone planned path compared to the D-APF and general APF
techniques
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due to the simultaneous higher attractive and repulsive forces
that are caused by the GME and the obstacle, respectively.
For a small change of displacement, the APF generates a
higher attractive and repulsive forces which are not equal to
each other. Therefore, it produces a couple of oscillations to
stabilize or otherwise the oscillations continue until the drone
passes the obstacle. The number of oscillations and the peak
amplitude of the oscillations increase with the drone speed;
therefore; the D-APF can fail to avoid obstacles while pursuing
the GME at high speeds. The proposed obstacle avoidance
technique avoid this problem by controlling the escape and
attractive forces on the drone when obstacles are encountered.

V. CONCLUSION

This paper presented a three-dimensional obstacle avoidance
technique for drones to efficiently avoid dynamic and
static obstacles in complex dynamic environments while
pursuing ground mobile entities (GMEs). The on-time obstacle
avoidance technique generates its obstacle-free and efficient
path based on the shape of the obstacles. The proposed
escape force can automatically determine the minimum safe
distance that the drone can use to approach the obstacles
to prevent any collision. It also initiates corrective deviation
from the drone’s original path based on the relative velocity
between the drone and the GME. Besides, the proposed
escape force prevents falling in local minima and failure in
handling and avoiding symmetrical obstacles. Unlike existing
obstacle avoiding techniques, the simulation results confirm
that the presented collision avoidance method can find the
most efficient and smoothest path for obstacle avoidance while
following the GME.

The proposed collision avoidance method has been
evaluated in different simulation scenarios. The simulation
results confirm that the presented obstacle avoidance technique
can successfully avoid static and dynamic obstacles while
following the GME moving at high speeds. Besides, the
proposed path planning technique is capable of handling
high speed dynamic obstacles as the position at which
the drone initiates its change of path is determined by
the relative velocity between the drone and the obstacles.
The performance comparison between the presented collision
avoidance technique and the D-APF and general APF
shows that the proposed obstacle avoidance technique has
outperformed both in terms of obstacle avoidance, smoothness
and efficiency of the planned path. Therefore, the presented
obstacle avoidance technique is better suited than existing
techniques for adoption for the real-world applications.
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