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Abstract—In this paper, our earlier results on cooperative
target tracking using a fleet of unmanned aerial vehicles (UAVs)
is enhanced with both collision and obstacle avoidance capability.
The existing control input that has two decoupled control efforts
with one handling the tracking and the other dedicated for
formation is now further augmented with a repulsion term that
resolves collision with other team members and obstacles nearby.
Assuming that each UAV takes the same and constant velocity.
This newly-added control component adjusts the UAV’s heading
angle to the opposite direction in relation to the UAV’s closet
neighbors and obstacles where collision may occur. This repulsion
term can also be expressed as a function of relative bearing angles
alone, making it possible to be estimated/measured by onboard
vision sensors in the presence of communication loss. Regarding
communication topologies, an all-to-all communication, a ring
topology, and a cyclic pursuit topology are studied. The effec-
tiveness of the proposed collision/obstacle avoidance scheme is
demonstrated by numerical simulation examples.

Index Terms—Cooperative target tracking, balanced circular
formation, cyclic pursuit, collision avoidance, obstacle avoidance,
potential field

I. INTRODUCTION

Coordinated control and formation control have become an
active and hot research area for many years. In addition to the
studies of fundamental formation schemes such as collective
motion [1], [2], cyclic pursuit [3]-[6], and circular motion [7]-
[9], research efforts have also been devoted to applying these
research findings in suitable applications. One application of
these coordinated control schemes is cooperative target track-
ing. Recently, cooperative control for tracking and enclosing
of moving target(s) have drawn researchers’ attention. Many
results have been published on coordinating a group of robots
to track static or moving targets [10]-[15].

Along this line, our past research proposed an inverse-
kinematics based guidance law that regulates the 2D horizontal
range between a single UAV and a ground target moving
with unknown velocity [16]. This controller was used in [17]
to command a fleet of UAVs to track the moving target. A
formation scheme was in-cooperated that spreads all UAVs
evenly on a circle, resulting in cooperative target tracking in
balanced circular formation. We also investigated more flexible
formation patterns in [18] by modifying the controller to be
able to regulate the relative 2D range to a pre-specified time-
varying range reference. In this paper, we aim at further en-
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hancement of the multi-UAV system by adding the capability
of avoiding both inter-vehicle collision and obstacle collision.

Collision may occur between either agents or external
obstacles. Clearly, a collision algorithm is important to guar-
antee safety. Tremendous results have been reported on colli-
sion avoidance [19]-[23] and/or obstacle avoidance [24]-[28],
among which the potential field method [29]-[35] remains as
a popular method since it is easy to implement and does not
require intensive real-time computation. A comparative study
of collision avoidance techniques is given in [36].

For our multi-UAV system, each UAV is assumed to take
the same constant velocity. Control of the UAVs are via their
yaw rates. The collision/obstacle avoidance scheme proposed
in this paper belongs to the category of the potential field
method. To avoid collisions, a repulsion term is added into
the control input of each UAV. This newly-added avoidance
control component adjusts the UAV’s heading angle to the
opposite direction in relation to the UAV’s closet neighbors
and obstacles where collision may occur. The proposed avoid-
ance control law has another advantage of being able to
be expressed as a function of relative bearing angles alone,
making it possible to be estimated/measured by onboard vision
sensors in the presence of communication loss.

Regarding the communication topology, three communica-
tion topologies are considered, including an all-to-all com-
munication, a ring topology, and a cyclic pursuit topology.
Thorough simulation results are presented confirming the
effectiveness of the proposed collision avoidance method
under these three communication topologies, for target that
moves with both constant and time-varying velocities, and for
obstacles that are in the way of the planned trajectories.

The paper is organized as follows. Section II presents the
problem formulation and our existing results on cooperative
target tracking of a moving ground vehicle using a fleet of
UAVs. Main results for collision avoidance are described in
Sec. III, where a repulsion term, which is dedicated for colli-
sion avoidance, is added into the control input. The collision
avoidance scheme can be further applied to the scenario of
obstacle avoidance, by treating the detected obstacles in the
same manner as treating other UAVs. Sec. V provides the
simulation results. Conclusions are given in Sec. VL.
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Fig. 1. Relative kinematics of UAV-target motion.

II. PROBLEM FORMULATION AND OUR EARLIER RESULTS

We first describe the problem formulation, which was
presented in [16]-[18], but included here for the purpose
of clarity and completeness. Consider a group of n UAVs
(agents) moving at the same speed. Each UAV can sense and/or
receive information from its neighbors. We use N; to denote
the neighborhood set of agents ¢, which is the set of UAVs
whose information can be obtained by the agent ¢ via sensing
and/or communication. We are interested in coordinating a
multi-UAV system to track a moving ground vehicle where all
UAVs should keep a balanced circular formation at any time
instant and the formation radius should follow a time-varying
prescribed reference.

Refer to Fig. 1. Let p,(t) be the position of the target w.r.t.
the 7" UAV in the inertial frame; ;(t) be the UAV’s heading;
Ai(t) be the line-of-sight angle; p;(¢) be the horizontal range
between the UAV and the target; V;(¢) be the projection of the
UAV’s velocity onto the horizontal plane; V;(t) and 1 (t) b
the amplitude and orientation of the target’s velocity w(t)
[w1(t),w2(t)] 75 ms(t) be the angle between the UAV’s velocity
vector and the vector perpendicular to the line-of-sight; and
1;(t) be the UAV’s yaw rate, which is the control input to be
designed.

The kinematic equations for the i*" UAV tracking a ground
target is given below [16]-[18]:

pi(t) = =Vy(t) sinn; (t) + Vi(t) sin[epy (t) — (i(t) — mi(t))]
= Pri(wi(t)) sin (i (t) + Bai(wi(t)))
oy Vg(t) cosmi(t) — Vi(t) cos[vhu(t) — (¥i(t) — mi(1))]
ni(t) =
) Pz()
()
where
Bri(w(t)) = sign(psi(t))y/ p2:(t) + p2 (1),
e — gt (Peit) @
Bor(w(1)) = tan (psdt) ,

and

psi(t) = —=Vg(t) + Vi(t) cos(¥(t) — i(t)),

pei(t) = Vi(t) sin(ye(t) — i (1)),

Vit) = \Ju (0) + (1), )
— tan—1 wi (1)

() =t (wz(t)) '

Assuming that the linear velocity V;(t) of all UAVs is the
same and constant. Control of the UAVS is via their yaw rates
¥i(t).

Our earlier results on cooperative target tracking coordi-
nated a multi-UAV system so that all the n UAVs track the
target with a prescribed time-varing range distance p4(t) in a
balanced circular formation. This is achieved by designing a
control input that is the combination of two control efforts:

¢1(t) = U; (t) = U4t (t) + 'I.Lic(t), (4)
where:

1) The first control component w;;(t), referred to as track-

ing control law, regulates the 2D horizontal range be-
tween each UAV and the moving target to a specified
time-varying range pq(t) [18]. This tracking control law
was given in (8) in [18] and is not repeated here. This
tracking control law brings the UAV to orbit above the
moving target, thus achieving tracking.
The second control effort wu;.(t), referred to as co-
ordination control law, spreads all UAVs evenly on
a circle at any time instance. The relative separation
angles between each two adjacent UAVs are controlled
to approach M for all agents, thus achieving
balanced circular formatlon

2)

The coordination control laws w;.(t) for the three consid-
ered communication topologies are summarized below:

1) Under all-to-all communication [17], [28]:

——nz cos f;;(t), k> 0.

J;ﬁz
2) Under ring topology [17], [28]:

Uic(t) = —r[cos Biiy1)(t)+cos Bii—1)(t)], s > 0. (6)
3) Under cyclic pursuit strategy [17]:

Uic(t) = —K |cos Bi(i+1)(t) — cos (%)} , k>0 (7)

In (5), (6), and (7), the quantity §;;(t) for i,j = 1,2,...,n
denotes the relative bearing angle between agents ¢ and j
as measured in the local coordinate frame of agent i. More
specifically, /;;(t) denotes the angle from the velocity vector
of agent ¢ to the vector pointing from the position of agent ¢
to the position of agent j. Notice that these three coordination
control laws can be expressed as functions of just one quantity,
the relative bearing angle. This has the advantage of possibly
using each UAV’s onboard vision sensors to estimate/measure
Bi;(t) during communication loss to still maintain formation.
Please refer to [17] for more details and descriptions.
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(a) 2D Trajectory (b) Min Distance c)n=4

Fig. 2. Tllustration of occurrence of inter-vehicle collision.

III. INTER-VEHICLE COLLISION AVOIDANCE

Our earlier results on cooperative target tracking have not
considered the problem of inter-vehicle collision. Fig. 2 shows
a simulation example illustrating the possibility of having
inter-vehicle collision. For simplicity, the target is assumed
to move with an unknown but constant velocity. That is, the
target moves along a straight line as shown in Fig. 2 (a).
By checking the minimal distance between any two UAVs,
it is clear that collision may occur at the earlier stage when
trying to acquire the formation, see Fig. 2 (b). Fig. 2 (c) shows
the circumstances when the minimal distance drops below a
threshold, for example 5 (m). The distances between the two
agents that are too close to each other are highlighted in bold.
In this simulation, the following parameters are used: V, = 40,
pd =11 (m), and n = 4.

Among the methods that tackle collision avoidance, a com-
mon way is the potential field method. To avoid collision,
the force of potential field should repel the agents once they
become too close to each other. The potential field should also
be strong enough to defend any force that push the agent to a
collision [19]-[23].

Let dy denote the minimal distance allowed between two
UAVs before collision may occur; r; denote the position of
agent 7; r;; denote the vector pointing from the position of
agent i to the position of agent j, i.e., ri; = r,;—7;; dij = |74
be the distance between the pair of agents 7 and j, and gq;;
be the unit-length bearing vector between agents ¢ and j, i.e.,
q;; = Tij/|rij|. We start by considering a simple potential
function:

do

lrij|

fij = ()

This potential function has the following properties:

e fi; is a differentiable, non-negative function of the dis-
tance d,;; = |r;;| between agents ¢ and j.

. fij—>ooasdij—>0.

e fij is a symmetric function of the distance d;; between
agents ¢ and j.

 fi; provides a repulsive force when the pair of agents i
and j get too close to each other.

The total potential of agent ¢ for collision avoidance is given

by:
Z fiz(Irizl), ©)

JEN(r3)

where N (r;) denotes the set of neighbors of agent i with
relative distances less than the minimal allowed value, i.e.,

N(ri) = {|ri — 7| < do} (10

for j = 1,2,...,
computed as:

n and i # j. The gradient of f;; can be

ri; do do Ty do

Vi, (fig) = = AT
riy (fij) I7ij] |rij)2 d?j |71 dzzj

q;;- (11)

As done in (4), the tasks of tracking and formation are
achieved by adding two decoupled terms in the control law. In
a similar manner, the problem of collision avoidance can be
resolved by adding another term that avoids collision. Let 6;
denote the angle of the agent ¢’s velocity vector with respect
to the positive z-axis, i.e., §; = w/2 — ;. Since the repulsive
force needs to be perpendicular to agent i’s velocity vector
v; = [cosf;, sinf;]T and be along v;-, the collision avoidance
control component, denoted by uw(t) must have the following
form:

uia(t) = =K, <vi, Ve (fi) >, K, >0, (12)
where
vm(fi) - 7'” fz Z VT‘W fl])
JEN(r:) 13
oy by, (13)
- 72 -
JEN (r5) d”
Plugging (13) into (12) yields:
d
uio(t) = —K, < v}, Z dTO.qij >
N (my) Qi
JEN(ri) (14)
=K ) <vz,f a;; > -
JEN (1) dij

Notice that the inner product of two vectors is independent
from the coordinate system where they are expressed. Consid-
ering the body-fixed frame of the agent ¢, we have:

1 1|0 | cos By

vy = |:O:| ) vi - |:1:| 9 qij - |:Sin6ij:| . (15)

Equation (14) can be further written as:

. _ 0| do [cospBi;
) =<k, 3 <H it [
JEN(r (16)
= K Z 7 sin Bl]

]EN("'7) ”

The idea behind the repulsion term in (16) is that the agent
1 tries to balance its heading angle with its closest neighbors
N (r;). This results in an adjustment of agent 7’s heading to
the opposite direction in relation to A (7;).

Having designed the collision avoidance control law (16),
the overall control input to each agent now has three control

components. That is:
u;i(t) = wir(t) + uic(t) + uia(t), (17)
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where u;:(t) was given in (8) in [18], w;.(t) is reviewed in
Sec. II for the three considered communication topologies as
given in (5), (6), and (7), respectively, and u;,(t) is provided
in (16) above. By applying this control input (17), cooperative
target tracking using the multi-UAV system will be improved
with the capability of inter-vehicle collision avoidance.

For clarity, we would like to clarify the difference between
N(r;) and N;. N;, typically called the neighborhood set
of agent 7, is the set of agents whose information can be
obtained by the agent ¢ via communication according to
the communication topology. For example, in the all-to-all
communication, A; includes all the rest of agents; in a ring
topology, N; includes two agents 7 & 1 (module n); and in
cyclic pursuit, AV; only includes the “next” agent i+ 1 (module
n). Different from A/; that depends on the communication
topology, N (r;) denotes the set of all agents that are too
close to agent %, based on the relative distance in between.
The underlying assumption is that each agent is able to either
acquire (via information exchange through the communication
network) or obtain (via onboard sensing and measurement) this
relative distance.

IV. OBSTACLE AVOIDANCE

In addition to the inter-vehicle collision that may occur
during formation/coordination of a multi-agent system, another
main issue that arises is that all agents need to carry out the
required task in the presence of obstacles. The problem of
obstacle avoidance has been widely studied in the literature,
leading to typical solutions including via local optimiza-
tion [24], via behavioural approach [25], via first splitting
and then regrouping [26], by path re-planning [27], and by
potential field functions [29]-[35]. A comparative study of
collision avoidance techniques is given in [36].

The method described in Sec. III can be readily extended
to avoid obstacles as well. The idea is to expand the neigh-
borhood of agent ¢ for collision avoidance to further include
obstacles that fall within, i.e., lying within a circle with radius
dy centered at the agent ;. With an abuse of the notation,
we still use A/(r;) to denote the neighborhood of agent ¢ for
avoiding not only the rest of the agents but also those obstacles
that are detected nearby. Let n,, denote the number of obstacles
that are observed by the agent 7. A(r;), now updated for
both inter-vehicle avoidance and obstacle avoidance, takes the
following form:

N(ri)={lri—r;|<do or |ri—ok <do} (18)

for j = 1,2,...,n,5 # iand k = 1,2,...,n,. In (18),
oy, denotes the position of the kR obstacle. As a result, the
avoidance law in (16) should now be understood as having
already incorporated the detected obstacles. In other words,
Bij could also denote the relative bearing angle between agent
1 and obstacle j.

V. SIMULATION RESULTS

Matlab simulations are presented in this section for n = 4
agents. Four examples are given to demonstrate the effec-
tiveness of the proposed collision/obstacle avoidance scheme:

Example 1 (Fig. 3) focuses on showing the effectiveness of

the proposed inter-vehicle collision avoidance method under
the three mentioned communication topologies, i.e., all-to-all,
ring, and cyclic pursuit. For simplicity, the ground target is
assumed to undergo a constant velocity. As a result, the target
travels along a straight line as indicated by the bold dashed
line. The trajectories of all participating agents are plotted
using thin solid curves and are given in the first column of
Fig. 3. The agents’ starting positions are labeled by 1,2, 3,4,
respectively, for totally four agents (n = 4). At the end of
the simulation, a circle centered at the target with the pre-
specified range py is plotted. Velocity vectors of all four
UAVs are indicated by arrows, which are tangential to this
circle. The plots of trajectories highlight the achievement of
cooperative target tracking (p; approaches pg) in balanced
circular formation (all agents spread evenly around the circle).

Having evaluated the cooperative target tracking in balanced
circular formation, we now examine the minimal distances
among all agents, as shown in the second column of Fig. 3.
In this example, the allowed minimal distance is selected to
be dyp = 8 (m). It can be seen that once formation is achieved,
the relative distances approach approximately 15.5 (m), which
is greater than dy (m). Thus, collision unlikely occurs upon
successful formation. However, collision may occur during the
earlier stage of achieving formation (betweent =0 and t = 1
second). With the help of the proposed collision avoidance
control law (16), generally speaking, the minimal distances
among all agents are controlled to be greater than dy, under
all the studied communication topologies.

Example 2 (Fig. 4): The second example concentrates on the
performance of the collision avoidance control law (16) for
different values of dy. Here, dy is selected to be 6, 7 and
8 (m), respectively. The minimal distances among all agents
are plotted for these specified dy values and are presented in
Fig. 4 (a), (b), and (c). For an illustration purpose, only results
under the ring topology are presented. Similar results under
the other two communication topologies are obtained but are
not provided here.

As mentioned above, collisions are more likely to occur
during the earlier state of acquiring the formation (between
t =0 and ¢ = 1 second as shown in Fig. 4). It can be seen
that the minimal distances among all agents are controlled to
be greater than (or around, or at least not significantly smaller
than) the specified/allowed dy values, for dy = 6 (m) in (a),
dy = 7 (m) in (b), and dy = 8 (m) in (c), respectively, all due
to the effort of the newly-added control component.

Example 3 (Fig. 5): Both examples 1 and 2 assume that the
target moves with a constant velocity. In this example, the
target undergoes a time-varying velocity and its trajectory is
plotted using the bold dash curve. Results under the cyclic pur-
suit strategy are presented. It can be observed that successful
cooperative target tracking is achieved with balanced circular
formation and inter-vehicle collision avoidance:

o target tracking: p; — pq [Fig. 5 (a)].
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Fig. 3. Cooperative target tracking with inter-vehicle collision avoidance
under three communication topologies (Example 1).

o balanced circular formation: all agents spread evenly
around a circle centered at the target [Fig. 5 (a)].

« inter-vehicle collision avoidance: the minimal distances
among all agents are controlled to be greater than (or
around, or at least not significantly smaller than) the
specified dy value for dy = 6 (m), during the entire
simulation period [Fig. 5 (b)].

Example 4 (Fig. 6): The three examples presented so far all
focus on showing the effectiveness of the proposed avoidance
method resolving inter-vehicle collision. This example extends
the methodology to avoiding obstacles as well, assuming that
the agents are able to detect the positions of the obstacles
using their onboard sensors. Three static obstacles are added,
each existing fairly close to the trajectories of the UAVs. In
Fig. 6, these obstacles are denoted by three solid circles. The
collision zones of these obstacles are plotted in bold dashed
curves around each obstacle. Obstacle avoidance should ensure
that the trajectories of all UAVs stay away from these circular
collision zones. For easy implementation, the allowed minimal
distance between the agents and each obstacle is also dj.
Simulation results under the all-to-all communication are
presented here.

Both the obstacle-free scenario ((a) and (b)) and the sce-

Minimum distance among all agents

time t (sec)

(a) Ring: dp = 6 (m)

Minimum distance among all agents

time t (sec)

(b) Ring: dop =7 (m)

Minimum distance among all agents

time t (sec)

(c) Ring: dp = 8 (m)

Fig. 4. Inter-vehicle collision avoidance with different specified/allowed
minimal distance under ring topology (Example 2).

nario with obstacles ((c) and (d)) are given for comparison.
Generally speaking, all agents fulfill the tasks of cooperatively
tracking the ground target in balanced circular formation
with both inter-vehicle avoidance and obstacle avoidance.
Careful examination of Fig.6 (c) shows that the agents behave
differently depending on how close the obstacles are to their
trajectories. They may either steer away from the obstacles or
go around them. Fig. 6 (d) shows the minimal distances among
all agents and obstacles. The portions where the minimal
distance drops close to dy = 6 (m) are due to either collision
avoidance or obstacle avoidance. The three zig-zag areas
where the minimal distance deviates from 15.5 (m) are results
of agents’ reaction to the three obstacles that are in the way.
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Fig. 5. Cooperative target tracking for unknonwn time-varying target velocity
with inter-vehicle collision avoidance under cyclic pursuit (Example 3).

VI. CONCLUSIONS AND FUTURE INVESTIGATIONS

This paper extends our earlier results on cooperative track-
ing of a ground moving target using a fleet of UAVs in
balanced circular formation with enhanced collision-avoidance
and obstacle-avoidance capabilities. The methodology for
avoiding both inter-vehicle collision and obstacle collision is
the same, both via a newly-added repulsion term based on
potential field method. This repulsion term adjusts the heading
angle of each agent to the opposite direction in relation to its
collision neighbors including both other agents and obstacles.
The proposed avoidance control law has an advantage of
being expressed in terms of only one quantity, the relative
bearing angle. This could potential make onboard sensing,
measurement, and estimation easier for detection of both other
agents and the obstacles. Thorough simulation results are pre-
sented confirming the effectiveness of the proposed collision
avoidance approach under different communication topologies,
for target that moves with both constant and time-varying
velocities, and for obstacles that are in the way of the planned
trajectories of all agents. Under all circumstances, the minimal
distances among all agents and obstacles are maintained to be
greater than the allowed values fairly well. Future research will
investigate the application of the proposed avoidance scheme
to more challanging scenarios such as clustered obstacles
and/or slowly-moving/fast-moving obstacles.

(a) Obstacle Free: Trajectories

Minimum distance among all agents and obstacles

0 2 4 6 8 10 12 14
time t (sec)

(b) Obstacle Free: Minimal Distance

80

60

y (m)
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20

20 0 20 40 60 80 100 120 140
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(c) With Obstacles: Trajectories

Minimum distance among all agents and obstacles

0 2 4 6 8 10 12 14
time t (sec)

(d) With Obstacles: Minimal Distance

Fig. 6. Cooperative target tracking with both inter-vehicle collision avoidance
and obstacle avoidance under all-to-all communication (Example 4).
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