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Abstract—In this paper, we present the design of the
super-ellipsoidal potential function (SEPF), that can be used for
autonomous collision avoidance of an unmanned aerial vehicle (UAV)
in a 3-dimensional space. In the design of SEPF, we have the
full control over the shape and size of the potential function. In
particular, we can adjust the length, width, height, and the amount
of flattening at the tips of the potential function so that the collision
avoidance motion vector generated from the potential function can
be adjusted accordingly. Based on the idea of the SEPF, we also
propose an approach for the local autonomy of a UAV for its collision
avoidance when the UAV is teleoperated by a human operator. In
our proposed approach, a teleoperated UAV can not only avoid
collision autonomously with other surrounding objects but also track
the operator’s control input as closely as possible. As a result, an
operator can always be in control of the UAV for his/her high-level
guidance and navigation task without worrying too much about
the UAVs collision avoidance while it is being teleoperated. The
effectiveness of the proposed approach is demonstrated through a
human-in-the-loop simulation of quadrotor UAV teleoperation using
virtual robot experimentation platform (v-rep) and Matlab programs.

Keywords—Artificial potential function, autonomy, collision
avoidance, teleoperation, quadrotor, UAV.

1. INTRODUCTION

N the recent years, due to various advantages in terms of

their size, cost, weight, and, more importantly, versatile
mobility such as hovering, vertical take-off and landing
(VTOL), omnidirectional agile movement, etc., quadrotors
UAVs have gained a lot of attention from scientists and have
been used successfully in many tasks such as search and
rescue, remote sensing, mapping, exploration, surveillance and
many other civil and military applications [1], [2], [3], [4].
However, nowadays robots autonomy is still restricted by the
deficiency of a robust and reliable perception, and of a higher
cognitive abilities that permits sophisticated decision making
in real world environment [5]. Thus, human supervisory
is required to perform high level decision making while
the robots execute their local autonomy such as obstacle
avoidance. In this context, [6], [7] represent an effective way
to integrate robot local autonomy and human supervisory.

In teleoperation, the operator is physically separated from
the robot. This leads to a difficult teleoperation process due
to poor situation awareness [8]. One main way to transfer the
information to the operator is through a camera mounted on
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the UAV. This visual information is often restricted due to
limited camera resolution and field of view (FOV) [9]. In the
case of quadrotor UAV, the teleopration is usually non-trival
due to its inherent nonlinear underactuated dynamics, fast and
agile omnidirectional mobility, etc. If a quadrotor UAV is
not controlled carefully, it can easily collide with obstacles,
especially in a cluttered indoor environment. And therefore it
requires a high level of expertise as well as enough training
to teleoperate a quadrotor UAV safely. This is our main
motivation to develop an algorithm that assists the operator
by making the robot avoid collision autonomously.

In our algorithm, operator commands that are only in the
direction of obstacle are overridden and others that are in
the obstacle free path are tracked. In this way, our algorithm
ensures that: i) the UAV autonomously avoids obstacle in its
path; ii) the UAV chooses the obstacle-free path if there is
a control input in that path direction; and iii) the operator is
always in control of the vehicle. Thus, our algorithm indeed
enables easy and safe teleoperation.

The main contributions of this work are summarized as
follows: First, we present a 3-dimensional potential function,
which is called the super-ellipsoidal potential function (SEPF),
that generates motion vectors to avoid collisions. Second,
we also present a simple yet very effective strategy that
seamlessly incorporates motion commands from both the
operator and potential functions for collision avoidance. Third,
the proposed algorithm is implemented in a human-in-the-loop
simulation environment using virtual robot experimentation
platform (v-rep) and Matlab programs and its effectiveness
is validated through simulations. Several different cases were
implemented in an indoor environment where an operator
attempts to collide a UAV with walls. Simulation results
demonstrate that the UAV autonomously avoids the collision
and followed the obstacle free path.

The rest of this paper is organized as follows: Section
Il presents the related work. Section III introduces the
SEPF. Section IV states autonomous collision avoidance under
teleoperation. Section V shows simulation results, and finally,
Section VI concludes this paper and states some future works.

II. RELATED WORK

Collision avoidance is one of the essential tasks for
mobile robots. Therefore, collision avoidance has been widely
studied in the literature. Potential function based methods
[8], [10]-[12] are developed for collosion avoidance in a
UAV teleoperation. In [13]-[17], teleoperation with force
feedback as a cue for the operator to increase the situation
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awareness has been studied and applied to mobile robots to
navigate in a cluttered environment. Potential function for
collosion avoidance in a group of UAVs has been studied
and implemented in [18]-[20]. Several research on the area of
the assisted teleoperation by means of collision avoidance for
UAVs has been conducted in recent years. The haptic device
is used in [21] which provides a force feedback that can be
interpreted by the operators as an impedance to their control
input if the collision will occur in the near future. This assists
the oprators to avoid collision. The amount of feedback force is
proportional to the time to impact, which is the robot’s current
velocity divided by the relative distance to the nearest obstacle.
The method of [22] uses a similar way to the method used
in [21] by calculating the time to collision (TTC), which is
similar to the time to impact. The difference is that the SLAM
is used to map the environment and calculate the relative
distance to the obstacle. TTC is classified into threat levels and
the response, i.e., no action; slow; stop and evasive manoeuvre,
is taken accordingly to override the operator control input
and slow, stop, or move the robot oppositely to its current
direction. The authors of [23] use a different approach from
[21] and [22]; they take into account the actual dynamics,
states, and the operator command input to estimate the future
trajectory of the quadrotor UAV, and they use this trajectory
to minimize the deviation from control input to automatically
avoid collision with obstacles. However, the SLAM is required
for this method to work. It can be seen that first two methods
[21] and [22] do not take the robot dynamics into account and
their algorithm overrides the operator command and stops the
robot. In addition, method [22] is computationally expensive
because it requires a SLAM to work. While method [23]
performs automatic collision avoidance, it only works in a
2-dimensional space and is computationally expensive due to
the SLAM process. In this paper, we address all the above
problems. Our algorithm works in a 3-dimensional space, takes
the vehicle’s dynamics into account, does not require a SLAM,
autonomously avoids obstacles, and ensures that the operator
is in the control of the vehicle at all times.

III. SUPER-ELLIPSOIDAL POTENTIAL FUNCTION

A potential function is defined as a differential real valued
function P : R™ — R and it was first introduced by
Khatib [24], [25]. In robot motion planning literature, the
gradient of a repulsive potential function typically represents
a motion vector (V,,) that avoids collision with obstacles.
In designing such a repulsive potential function, it must be
ensured that a vehicle will not collide with other objects under
any circumstances as well as avoids any undesirable motions.
More specifically, when a vehicle is teleoperated, a vehicle
should be stationary regardless of its relative distance to an
obstacle when there is no motion command from an operator
and also, more importantly, a vehicle should be able to stop
before an obstacle no matter how fast it is approaching to
the obstacle. In this section, we present the super-ellipsoidal
potential function, SEPF, which provides enough flexibility in
terms of designing the size and shape, and also addresses all
of above mentioned issues.

A. Design of The SEPF in a 2-Dimensional Space

We begin this section with the following assumptions:

1) The UAV is a rotary wing UAV type that can move in
any direction in a 3-dimensional space.

2) The UAV is equipped with a sensor that can detect
obstacles around the robot within a sphere of radius (Rs)
as a point cloud.

3) The UAV has dynamics that are the same in every
direction with a constant deceleration limit [8].

First, to include the vehicle dynamics in the design of a
repulsive potential function, we take into account the minimum
required distance (d;;,), Which is the distance for a vehicle
to decrease its velocity to zero using the vehicle’s maximum
deceleration (a,,q4;) allowed in the direction of motion, that is
given by

2
vl

2a’m(1,.’l}

where v is the current vehicle velocity. In addition,
to remove the undesirable/unnecessary collision avoidance
motion vectors due to surrounding obstacles: i) when there is a
motion command input from an operator, we assign repulsive
potential functions centered at the vehicle only in the direction
of motion and an operator’s motion command input; and ii)
when there is no motion command input from an operator, we
reduce the the length of the repulsive potential function and
make it equal to its width as shown in Fig. 3.

As briefly mentioned above, we construct a repulsive
potential function, called SEPF, using a pair of super-ellipses
as shown in Fig. 1. One main advantage of using super-ellipse
in the design of a potential function is that we can easily adjust
the the length (a), width (b), and the amount of flattening (n)
at the SEPF tips. As can be seen from Fig. 1, an SEPF is
consisted of an inner and outer two halves of a super-ellipse
centered at the center of the vehicle. The length (ay,) of the
outer half super-ellipse in the front direction of a vehicle is
designed to be equal to the maximum distance sensor range
when there is a motion command from an operator and to be
equal to its width (by,) when there is no motion command
from an operator. The width (bs,) of the same front half

Fig. 1 Representation of a 2-dimensional SEPF, showing the control
parameters and variables
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super-ellipse is chosen to be, at least, two times greater than
the radius (Ry) of the smallest circle that encircles the UAV
(See Fig. 1). Another outer half super-ellipse facing toward
the back of a vehicle has length (as,) that is equal to its width
(bpo) to form a half circle behind the vehicle. To ensure the
continuity between the two outer half super-ellipses, the width
of the backward facing super-ellipse (by,) should be chosen to
be equal to (bs,). The amount of tip flatting (n) of the outer
front half super-ellipse is chosen to be more than 2 so that the
repulsive function can cover more area at the tip of the SPEF
in the front of the vehicle. Next, for the inner half super-ellipse
which is in the front direction of a vehicle, the length (ay;)
of the super-ellipse is designed to be

af; = RU + ds + dmzn (2)

where d,;n as in (1), Ry as in Fig. 1, and d; is the fixed
safety distance that is pre-defined to restrict the minimum
closest distance between a UAV and obstacles. Note that a ;
should be chosen to be less than ay, with enough margin so
that the repulsive collision avoidance motion vectors can grow
smoothly from zero to its maximum allowed magnitude and
also to ensure a technical condition in (4) for not having an
infinite collision avoidance motion vector due to the division
by zero. This condition is easy to meet and can be satisfied
by increasing the distance sensor maximum range or limiting
the vehicle speed. For the same reason, the width by; should
be chosen to be less than by,. The length (ay;) and width (by;)
of the other inner half super-ellipse which is facing to the
backward direction a vehicle can be designed in the similar
way that we design the outer backward half super-ellipse.
The amount of tip flatting (n) of the inner front and back
half super-ellipse are chosen to be equal to the values of
(n) of the outer front and back half super-ellipse respectively.
Conceptually, the inner two halves of a super-ellipse represent
the forbidden region, the shaded region in Fig. 1, in which
obstacles should not be in under any circumstances.

Now, let us consider a point that lies in between the inner
and outer super-ellipses as shown in Fig. 1. Let P,, be the
distance vector from the center of a UAV to the point and v be
the velocity vector of the UAV. We then define two distance
variables d;(P,,,v) and d,(P,,,v) where d;(P,,,Vv) is the
distance from the point to the inner super-ellipse along the
direction of P,., and d,(P,.,, V) is the distance from the inner
super-ellipse to the outer super-ellipse along the direction of
P,,. (In the sequel, we use d; to denote d;(P,,,v) and d,
to denote d,(P;,,Vv) for simplicity of notation.) Now, using
these two variables, we can represent the relative position of
the point with respect to the inner and outer super-ellipses of
the SEPF so that the repulsive potential function value can
be determined as a function of the ratio d;/d,. Note that if
the point is on the boundary of the outer super-ellipse, then
d;/d, = 1. And if the point is on the boundary of the inner
super-ellipse, then d;/d, = 0.

Let f : R — R be a continuous real-valued function that
satisfies two boundary conditions, that are f(0) = 1 and
f(1) = 0. Then we formally define an SEPF (P,.,) as:

0, if P, outside outer SE

Prep = 1, if P, inside inner SE 3)
wf (%) , otherwise

where g is a design parameter used to scale the repulsive
potential function and SE stands for super-ellipse. In principle,
the function f(-) can be any function as long as it is continuous
and satisfies both boundary conditions. It could be a linear,
quadratic, sine, and cosine function. However, we choose a
quadratic function because the magnitude of its gradient, i.e.,
repulsive collision avoidance motion vector (V.,), evolves
linearly form zero at the outer super-ellipse to the required
maximum magnitude at the inner super-ellipse. Then, the
repulsive potential field becomes

0, if P,., outside outer SE
P =121, if P,., inside inner SE
rep

[Proll—Ri
(el

o 22

2
1) . otherwise
)
where R, and R; are the distances from the center of a UAV
to the outer and inner super-ellipse respectively as shown
in Fig. 1. Note that R; and R, can be calculated easily
using the following super-ellipse equation represented in polar
coordinates
o ab
{/]acos(0)|™ + |bsin(0)["
where a, b, and n are the length, width, and the amount of

tip flattening respectively and 6 € [—m, 7] is the angle of the
vector P,., with respect to the horizontal axis.

&)

B. Extension of the SEPF into a 3-Dimensional Space

Since the proposed potential function is designed based
on super-ellipses, it is indeed a simple matter to extend
the potential function from a 2-dimensional space to a
3-dimensional space. To extend the repulsive SEPF into a
3-dimensional space, we extend Ry in (2) to be the radius
of the smallest sphere that encircles the UAV, and R in (5) to
be the equation of super-ellipsoid in the spherical coordinates
which is given by

R : ©
T\L/ cos(0)sin(¢) " Mn(ﬁ)bszn((b) " cos(0) "

a Jr + (&
where a, b, ¢, and n are length, width, height, and the amount
of tip flattening respectively and 6 € [—7, 7|, ¢ € [0, 7] are
two angles of a vector represented in spherical coordinate
system. The contour slice plot of a 3-dimensional repulsive
SEPF is shown in Fig. 2.

IV. AuTONOMOUS COLLISION AVOIDANCE UNDER
TELEOPERATION

A. Repulsive Collision Avoidance Vector from an SEPF

The SEPF is designed to provide us with the repulsive
collision avoidance motion vector (V.,). The gradient of a
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Fig. 2 (a) Contour slice plot of the SEPF with v=2 m/s, ay, = 20m, ap, = by, = by = Cfo = Cpo = 5m, by; = 1.5 + v2/2amaz,
bri =cpi = ap; =bp; =cp; = 1.5, n =4, p =1, amaz = 1. (b) one slice at z = 0, (c) one slice at z = 0, (c) one slice at y = 0

SEPF with respect to the relative position between a vehicle
and an obstacle located at (P,.,) gives the repulsive collision
avoidance motion vector. From the fact that Vy||x| = x/||x||
where x is a vector, the repulsive collision avoidance motion
vector of the SEPF when ||P,,| € (R;, R,) is given by

Ve, {uf (2ol } = (Bl IE

where the continuous function f(-) is as defined in (4), & =
2u/(Ro — R;) and n,, = P, /||Pyol|. Note that the value of
((IProll—Ri)/(Ro—R;)—1) is zero when an obstacle is at the
boundary of the outer super-ellipsis and is negative one when
an obstacle is on the boundary of inner one. Hence, to make
the magnitude of the repulsive vector increases smoothly from
zero to a certain positive maximum as an obstacle is getting
closer to a vehicle, we need to choose 1 to be a negative, i.e.,
4 < 0. Furthermore, to ensure the continuity of the repulsive
motion vector on the boundary of the inner super-ellipsis, the
repulsive collision avoidance motion vector is chosen to be
pin,,. Thus, we finally have the following collision avoidance
motion vectors:

0, if P, OOSE

Ve = { Mo, if P, IISE (8)
o Proll=Ri 4 herwi
[T e ey o n,,, otherwise

~1)n, ()

o i

where OOSE and IISE stand for outside outer super-ellipsoid
and inside inner supper-ellipsoid simultaneously.

B. Repulsive Collision Avoidance Vector from Multiple
Points

The discussion in Section IV-A about the repulsive collision
avoidance motion vector (V.,) was for one point on an
obstacle. However, a range sensor usually detects a point

cloud on the obstacle. There are several ways to combine the
multiple repulsive collision avoidance motion vectors. The first
simple method is to make the sum of all the repulsive vectors
generated from the point cloud. In general, this method results
in a large avoidance vector which is undesirable because it
restricts the UAV motion. Another method is to calculate
the mean of all repulsive vectors generated from the point
cloud. This method sometimes leads to a small avoidance
vector and a collision may occur because large avoidance
vectors are averaged with small avoidance vectors. Finally, we
can also make the sum of maximum positive and minimum
negative components of repulsive vectors. In this method,
the repulsive vectors of a symmetric point cloud around an
obstacle will cancel each other. For example, if the UAV is
moving perpendicular to the wall, it will stop before hitting
the wall because the tangential components to the wall will
cancel each other while the normal ones force the vehicle to
stop. However, if a UAV is moving towards the wall with an
angle, it will deviate its path when approaching to the wall
and then move parallel to the wall as shown in Fig. 5. In this
paper, we use the last method in the implementation of our
simulations presented in Section V.

C. Generation of the Reference Velocity Command for a
UAV

In teleoperation, an operator sends control commands to a
UAV through a teleoperation device which is an Xbox 360
controller in our case. The control command is considered as
a velocity control input (V;,) during the simulation in this
paper because the control algorithm of the quadrotor UAV
requires a velocity control input to work. Now, to generate
the control reference input (V,.r) to which a UAV should
track, the operator control input (V;,,) and collision avoidance
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motion vector (V.,) can be combined together as a simple
vector sum, that is

Vref - Vzn - Vca (9)

D. Directions and Magnitudes of the SEPFs

In the potential function literature, the direction of a
repulsive potential function is in the direction of current
vehicle motion. However, in the teleoperation case, this leads
to a chattering behavior and the UAV collides with the wall
eventually. For example, if a UAV is moving with an angle
towards the wall, the vehicle first reach to the closest safety
distance ds to the wall and it continues to move along the
wall and hence the SEPF direction is along the wall as well.
However, the user control input is still towards the wall and
the robot follows it again, but there is not enough time for the
repulsive vector to prevent the collision this time, i.e, the wall
enters the forbidden region of the SEPF. To address this issue,
we assign SEPFs to both the operator’s control input direction
and current vehicle motion direction as shown in Fig. 3. Now,
we have two SEPFs in two different directions and hence the
avoidance vectors resulting from them are different as well.

The maximum magnitude of the repulsive vector in the
direction of an operator’s control input is chosen to be
equal to the magnitude of the operator control input, i.e.,
i = ||Vin|l- The reason for choosing ji to be varying with
an operator’s control input is to limit the magnitude of the
collision avoidance motion vector to the current magnitude of
the operator’s control input since a large repulsive avoidance
vector is not needed when the UAV is commanded to move
with a very small velocity. For similar reasons, the maximum
magnitude of the avoidance vector in the direction of motion
is also chosen to be equal to the magnitude of current vehicle
velocity (v), i.e., i = ||v]|.

V. SIMULATION

A human-in-the-loop simulation for the teleoperation of
a quadrotor UAV is implemented using the virtual robot
experimentation platform (v-rep) in conjunction with Matlab
to validate the performance of the proposed autonomous
collision avoidance framework using the SEPFs. As shown in

Fig. 3 The quarotor is moving towards a sloped wall: The red SEPF is in
the operator command direction while the blue one is in the current motion
direction

Fig. 4, there is a human operator who drives a virtual quadrotor
UAV which is implemented inside the v-rep. Also, there is
a Matlab program in between the operator and v-rep that is
implemented to take input commands from the operator to
calculate V,, to receive simulated velocity of the quadrotor
UAV as well as sensor data from v-rep to calculate V.,
and finally to perform all necessary calculations to generate
a reference velocity V,.; and send it to the v-rep quadrotor
UAV model.

Reference velocity
Vier
Remote
API
Control input
Vin
Human Matlab v-rep

Xbox
SEPF
Controller vAv

Remote

APl
Vehicle velocity
Sensor data

Fig. 4 Simulation diagram showing data transfer between Matlab and v-red
and from human operator to Matlab

Fig. 3 shows the case when an operator keeps commanding
the quadrotor UAV to move straightforward with its maximum
velocity to make the quadrotor UAV collide with the sloped
wall in front. As shown in the figure, the quadrotor UAV does
not collide with the wall despite of an operator’s continuous
command in forward direction. Instead, the vehicle continues
to follow the operator’s command while avoiding collision
with the wall. The reason for this behavior is that when
the quadrotor UAV comes close to the wall, the velocity
vector component in V;,, which is perpendicular to the wall
is canceled by the vector component in V., which is also
perpendicular but has opposite direction to avoid collision
with the wall. Further, when the quadrotor UAV continues to
approach to the left side wall, the blue SEPF constructed along
the direction of the vehicle’s motion prevents the collision this
time, and the vehicle eventually enters the narrow passage
without having any collision at all.

In Fig. 5, a quadrotor UAV is driven to approach the right

P T T T

A S W B WCW. W W
/Rl ;‘{' ] 1 W

Fig. 5 The quarotor is moving with a skew angle towards the wall: The red
arrow is the operator command direction while the blue one is current
motion direction
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side wall with an angle. As shown in the figure, after the
vehicle first reach to the closest safety distance d to the wall,
it continues to move along the wall without having collision
to track the input motion command. When the vehicle reach at
the corner, it stops there because the two velocity components
V., and V., are now perpendicular to the walls and have
same magnitude with opposite directions.

Fig. 6 shows the collision avoidance performance in the
(y — 2) plane to demonstrate that our algorithm also works in
a 3-dimensional space as well.

—
e

"
=

Fig. 6 The quarotor is moving towards a sloped wall: The red arrow is the
operator command direction while the blue one is current motion direction

VI. CONCLUSION AND FUTURE WORK

In this paper, a super-ellipsoidal potential function (SEPF)
for autonomous collision avoidance of a teleoperated UAV
is presented. Simulation results show that a UAV can
successfully avoid different kinds obstacles in a 3-dimensional
space, while at the same time, follow the operator commands
along the obstacle free path. Our method is computationally
inexpensive and requires only the relative distance between a
UAV and obstacles which can be provided by any range sensor.
Implementation of the proposed method on a real quadrotor
UAV is currently under progress for experimental validation.
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