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Abstract—1In a recent paper [1], we developed a target
capturing strategy for swarms composed of double integrator
agents. In this paper, we build on the results in [1] and focus on
the implementation of the methodology for a swarm composed
of quadrotor UAVs. We utilize both MATLAB and ROS environ-
ments under realistic conditions for that purpose. In ROS, we
utilize Ultra-Violet LED blinkers based Ultra-Violet Direction
And Ranging (UVDAR) system for relative localization. The
sensing and localization errors serve as realistic errors for the
assumptions in [1] for the uncertainties of the velocity and
acceleration of the target. We verify in a realistic scenario that
the agents converge to a user-defined ellipsoidal ring around
the target despite the uncertainties and the more realistic agent
dynamics.

I. INTRODUCTION

Interest in Unmanned Aerial Vehicles (UAVs) and swarms
of UAVs has constantly been increasing in the past
decade. The collective dynamics of swarm systems are
not only a fascinating natural phenomenon by themselves
but also have various engineering applications. Potential
applications include search and rescue operations, surveil-
lance/reconnaissance, exploration, and defence, to name a
few. Tracking and capturing/enclosing a target is also a
significant problem that may arise in some of the mentioned
applications [2]. The objective of target capturing by a swarm
of agents can be stated as to achieve a formation enclosing or
surrounding a specific area or an object (a possibly moving
target) by using local information [3]. One difficulty with the
capturing problem could be that the agents may have access
to only imperfect information about the target. In [1], a target
capturing strategy for swarms composed of double integrator
agents was developed assuming uncertainties on the target
velocity and acceleration. This paper further extends and
implements this work on a swarm of quadrotor UAVs.
We perform simulations in MATLAB and Robot Operating
System (ROS) environments, utilizing generic UAV models
and realistic assumptions.

Potential functions have been utilized extensively for de-
veloping swarm coordination methodologies [4]. They have
also been used in studies on target capturing [5]-[8]. In [5]
and [6] a 2D space is considered and potential functions

M. Alp Merzi is with Marmara University, Faculty of En-
gineering, Dept. Electrical and Electronics Eng., Istanbul, Turkey,
alpmerzi@gmail.com.

V. Gazi is with Yildiz Technical University, Faculty of Electrical and
Electronics Engineering, Dept. Control and Automation Eng., Istanbul,
Turkey, vgazi@yildiz.edu.tr.

G. Fedele, L. D’Alfonso and A. Bono are with University
of Calabria, Dept. of Informatics, Modeling, Electronics and
Systems Eng., 87036 Rende, Italy, {giuseppe.fedele,
luigi.dalfonso, antonio.bono}@unical.it.

978-1-6654-0593-5/22/$31.00 ©2022 IEEE

methods are developed so that the agents surround a given
target. The work in [6] utilizes a gradient descent based de-
centralized method using local information about the target.
In [7] more realistic, fully actuated agent dynamics with
model uncertainties are considered and capturing/enclosing
of a moving target is achieved utilizing potential functions
and sliding mode control based strategy. In [8] the results
are further extended to swarms composed of non-holonomic
agents with model uncertainties. In [9] an energy based
model is used for the dynamics of a swarm of quadrotors
using Lagrangian approach. Artificial potential energy and
the corresponding potential forces are also utilized for mod-
eling the interaction between the quadrotors.

Cyclic pursuit is another approach that has been utilized
in the literature for solving the target capturing problem [3],
[10]-[12]. In particular, in [11] the problem has been consid-
ered in a planar 2D environment whereas in [3] the solution
has been extended to the 3D case.

One shortcoming of most of the studies above is that
the agents are assumed to have access to exact information
about the target without any uncertainty. In many practical
scenarios, however, this assumption may be too strong.
Usually, in an actual application, there are sensing errors.
Moreover, sometimes especially if the target is moving, some
or all the agents may lose their connection with the target. In
other words, the agents may possess imperfect information
about the target’s location and/or velocity and acceleration.
Furthermore, most studies assume simplistic agent dynamics
such as single integrators or double integrators, and im-
plementing the developed algorithms on real agent swarms
requires further development. In this paper, we perform target
capturing on an ellipsoidal region using quadrotor UAVs and
realistic assumptions.

Advances in sensing, processing, and communication tech-
nologies, enable the implementation and realization of tech-
nologies that were not possible before, including engineering
swarms. For instance, the developments in onboard sensing
and localization technologies such as Ultra-Violet Direction
And Ranging (UVDAR) [13] allow the realization of relative
self-localization algorithms without the need for Global
Positioning System (GPS) data. In implementations in the
ROS environment, we utilize UVDAR for agent sensing and
localization, allowing for local interactions and decentralized
behaviour of the UAV swarm system.

In this paper, we use the double integrator model in [1]
as a reference model for the swarm of quadrotor UAVs. In
other words, the trajectories generated by the model in [1]
(the same is possible with single integrator models) serve as
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reference trajectories for the quadrotors. Then, considering
the specific agent dynamics, the local controllers ensure that
the desired capturing behaviour on an ellipsoidal ring is
achieved. Both MATLAB and ROS environments are utilized
for implementation and verification.

As a capturing region of the target, we utilize an ellipsoidal
ring centred at the target. The ring is formed by an inner
distancing (from the target) region, which is forbidden by
the agents and an outer containment region within which the
agents need to converge. Although the ellipse is a convex
region, the resultant ring constitutes a simple nonconvex
region within which the agents need to converge. In [1],
the swarm is assumed to know the target position but to
have only estimates of its velocity and acceleration. The
estimation errors are assumed to be bounded by known
bounds. We utilize the same assumption for our MATLAB
implementation, whereas in our ROS implementation, the
target’s position is measured through UVDAR with some
measurement errors. Also, the agents can sense the other
agents through UVDAR (with some errors) for collision
avoidance purposes.

The remainder of this paper is organized as follows:
Section II defines the capturing problem for a swarm of
double integrator agents, quadrotor dynamics and control are
discussed in Section III, Section IV presents the obtained
simulation results in Matlab and ROS. Finally, concluding
remarks and future directions are provided in Section V.

Notation

Here we present some of the notations which will be used

throughout this paper.

o CF denotes the set of functions f : R — R% which are
continuous and have continuous derivatives up to the
order k.

e Given P € R4 P = PT > 0 and ¢ € RY, (P, c)
denotes an ellipsoidal region centered at ¢ and shaped
by P,ie., E(P,c) 2 {z eR|(z—c)TP(x—c) <1}

II. PROBLEM FORMULATION WITH POINT MASS AGENTS

In this section, we will briefly discuss the formulation
in [1]. Consider a swarm consisting of n agents, whose
dynamics evolve in d > 2 dimensional Euclidean space. For
now, let us assume that the dynamics of the agents are based
on the point mass (double integrator) equations

(1) = vi(t),

(3

(D

i=1,2,....,n

where m; > 0 denotes the mass, x;(t) € R? denotes the
position, and v;(t) € R? denotes the velocity of the i’th
agent at time ¢ > 0. The control (force) input is represented
by u;(t) € R% Later in Section III, we will discuss how
we can design controllers for quadrotor UAVs with more
complicated dynamics so that to achieve the behavior of
the swarm composed of the double integrator agents in (1).
The objective is that the agents track and capture/enclose a
possibly moving target whose position and velocity at time
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t are denoted by xr(t) and vr(t) = Zr(t), respectively. We
assume that is twice continuously differentiable or basically
that x7(t) € C2. Define the position and velocity errors for
agent ¢ (with respect to the target) as [1]
zi(t) = z;(t) — a7 (t)
w;(t) = vi(t) — vr (),
Under these definitions, the agent’s error dynamics become

Z'i (t) = w; (t)

wilt) = %ui(t) —ar(t),

?

2

i=1,2,...,n.

3)

i=1,2,....,n

where ar(t) € R? denotes the acceleration of the target.
Assume that each agent 7 possesses only an estimate of the
target velocity and acceleration, namely % (t), a%(t) € C°,
and that the errors related to these estimates are bounded
with known bounds. In other words, assume that

|vr(t) — @}(t)“ < by,
|ar(t) — a7 (t)|| < ba

where the bounds b, > 0 and b, > 0 are known. As stated
in [1], this assumption is reasonable and necessary. The
assumption that the exact values are not known is reasonable
since, in implementations, there are sensing errors. For exam-
ple, for the implementation here in the ROS environment, we
utilize UVDAR for relative position sensing, in which there
are measurement errors. Similar statements can hold if other
types of sensors are used. The assumption that the errors
are bounded is necessary since otherwise, the considered
problem would be infeasible if the errors are unbounded. The
assumption that the upper bounds are known can be justified
because the maximum sensing errors are usually known for
a given sensor.

As stated earlier, it is required that the agents cap-
ture/enclose the target. However, the agents need also to
keep a distance from the target for collision avoidance (or
other reasons). We call the inner region the distancing region,
whereas the region in which the agents need to gather is
the containment region. Let us consider these regions as
ellipsoids. Then, the region where the agents need to gather
around the target forms an ellipsoidal ring centred at the
target. The problem is formally defined as follows.

Problem: Target Capturing Problem with Uncertain
Data (TCPUD) [1]. Given a swarm composed of n agents
with the double integrator dynamics expressed in (3), con-
sider a target with known position and uncertain velocity
and acceleration. Determine the agent’s control law u;(t) €
R? i = 1,2,...,n, such that for a given shaping matrix
P =PT >0 e R% the following conditions hold:

« Distancing: all agents remain outside a distancing re-
gion defined by the ellipsoid & (P, z7(t)), ie., Vi =
1,2,...,n and ¥t > to,z;(to) ¢ E(P,xr (to)) =
zi(t) ¢ € (P.ar(t))

o Containment: all agents reach and remain inside
the containment region defined by the ellipsoid
& (P/c?, xr(t)). The parameter c that defines the width
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of this region, must be greater than a lower bound that
takes into account the uncertainty on the target velocity
and acceleration. In other words, 3¢ (b,,b,) > 1 such
that, at steady-state, z;(t) € & (P/c* ar(t)),c >
c(by,ba)Vi=1,2,... n.
A figure representing ellipsoidal rings, containment and
distancing regions can be seen in Figure 1.

Ellipsoidal ring

25 T T

2™ axis
o
;

—r ey
— = —E&(P/e(by, ba)?,7(t)) |

:/ —E&(P/2,7(1))

-20 -10 0 10 20

Fig. 1. An example of the ellipsoidal ring where agents have to remain to
solve the TCPUD. The ellipse drawn with the dashed line represents the limit
on the smallest containment region that the user can choose in this example
according to the uncertainty of the target’s velocity and acceleration. Figure
is taken from [1]

It was shown in [1] that the TCPUD problem defined
above for double integrator agents can be solved using the
control protocol

_ —a.P )+ —PEl)
ol = POt ST 1 @)
— (vi(t) — 95(t)) + mak(t), i=1,2,...,n

where o; € RT,5; € Rtand v € RT are controller
parameters. The term h;(¢) is a swarm interaction term in
the form

hi(t) =Y glz() = 20 (z0(t) = 2(t)

JEN(t)

(&)

where A;(t) represents the set of neighbors of agent ¢ at time
instant ¢. This term is used for collision avoidance, although
it is possible to incorporate also attraction between agents.
The function g € C° : RT — R is assumed to satisfy the
following conditions:
Jo eR? : (6)
(N

for some r, > 0. This means that the inter-agent repulsive
force is bounded by o, becomes zero at some distance 7,

g(lyDlyll < o vy,

9(lyly =0a if |yl = re

30

and is zero for all distances greater than r,. In other words,
r, denotes the inter-agent repulsion range.

The constraints on the controller parameters for achieving
the desired behaviour as well as some specific values can
be found in [1]. We utilized the same parameters in our
MATLAB simulations in this paper. These parameters are
a=11.57, =1,v=10, and P = diag([1/16,1/9,1/4]).
Other parameters are also possible as long as the constraints
derived in [1] are satisfied. For the simulation in the ROS en-
vironment slightly different values have been used depending
on the UAV mass.

III. QUADROTOR DYNAMICS, KINEMATICS, AND
CONTROL

A. Quadrotor Model

1) Dynamics and Kinematics: The equations of motion
of a quadrotor having plus (+) configuration using Newton-
Euler formalism can be expressed as [14], [15]

mp = —mges + FRW63

) ®)
IN=-QxIQ+T

where m is the quadrotor mass, p = [z,y, 2] € R? is the
quadrotor position in Cartesian coordinates, I € R3*3 is the
inertia tensor, ' € R is the total thrust generated by the
rotors. Similarly, 7 € R? is the input torque, Q = [p,q,7] "
is the angular velocity, R € R3*3 is the rotation matrix
from the body frame to the world frame, g is the gravitational
acceleration constant, and ez = [0,0,1]" is the unit vector
along the corresponding z-axis.

The configuration of the rotors and their spin direction
can be seen in Figure 2. As can be seen in Figure 2 four

; 3 -
\F2_ ) M,
L
v o~ { v ""‘ X
[F.® & e —P
z N zl \o
Y | 7
/ ‘ M
®
X \Ee ‘M,
Inertial Frame Body Frame

Fig. 2. Frames, forces, and moments acting on the quadrotor.

identical rotors produce thrust along the z-axis of the body
frame and moments about the body frame axes. Those thrusts
and moments depend on the angular speeds of the rotors. As
mentioned, the total thrust is along the z-axis of the body
frame (i.e., along with es expressed in the body frame) and
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the moments about the body frame axes. The total thrust is
F=F+FK+F+F )

where F; denotes the thrust generated by the corresponding
rotor and can be calculated as

Fi=kpw?, i=1,...,4, (10)

where kpr is a motor constant, and w; are the correspond-
ing rotors’ angular speeds (rad/s). Similarly, the rotational
moments of the body frame axes can be calculated as

T¢ZZ(F2—F4),
TQZZ(Fg—F1)7
TwZMl—M2+M3—M4.

where F; are the above mentioned thrusts and M; denote the
moments generated by the individual rotors and are given by

Mi :k}]\/[w?, 4 (12)

(11

1=1,...,4,

where 74, 79, and 7, are the momenta about the body axes,
kps are moment constant of the motors, and w; are once
again the rotor angular speeds. Note that the moments about
the body axes 74, 79, and 7 in (11) lead to the roll, pitch,
and yaw motions, respectively.

As in [15] we model the DC motors at the rotors with
first-order systems in the form

;= T (w0 i=1,...,4 (13)

- wi) )
where 7, and w* represent the motor gain and desired an-
gular speed of the ¢’th rotor, respectively. More complicated
models are also possible, although the first-order model is
sufficient for the application we consider here.

In order to represent the relative orientation we utilize Z-
Y-X Euler angles for which the rotation matrix R" which
represents the quadrotor body frame in the inertial/world
frame can be expressed as

CpSOCy + S¢Sy
CpSeSeyy — SpCop
CyCh

CoCy
CHSqp
—Sy

SpSHCyy — CpSap
S¢S0y + CpCy
S¢pCo

RY = (14)

where s; and ¢, respectively stand for sin(¢) and cos(¢),
where ¢ represents the Euler angles ¢, 6, ).

2) Quadrotor Control: The quadrotor control architec-
ture is usually a cascade-based control loop. Cascade-based
control architectures are based on the singular perturbation
theory [16]. This approach assumes that the inner loop, in
our case, attitude control is exponentially stable and that the
inner loop bandwidth is greater than the dynamics of the
outer loop, so the controller of the outer loop can be designed
without considering the dynamics of the inner loop [17].

In this paper, we utilize a feedback linearization-based
controller for each loop similar to the work in [15]. The
details of the controller are described below.

Altitude Control: Assuming that the attitude angles are
small and ensuring (cos(6)cos(¢) # 0), the feedback
linearization-based approach can be adopted from [18] as

F = (g+ul) —

cos(0) cos(¢) (15)
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where the term g cancels the effect of gravity and the input
u3" is generated such that to achieve and keep a predefined
altitude for the agent (and the swarm).

Attitude Control: Feedback linearization based controller
can also be used for attitude stabilization of a quadrotor [15],
[19]. We utilize the approach in [15] for attitude stabilization
which is a PD type controller, which is described below. The
body moments are expressed in terms of the control inputs
given the desired angular motion as

I
pd Tx
Ty = <u¢+u¢ ) e
To = (ug + ugd) IyTy (16)

where I;;,I,,, 1., are the diagonal entries of the inertia
tensor matrix, /. The terms ug, ug, uy are the expressions

from the system dynamics which can be expressed as

o A }
=0,
R A .
i Izz - Iwa: ) JT
g 1= G o o, a7)
vy vy
Y
Uy 1= P =YY
v L.
where J,. is the rotor’s inertia and w, := —wq +wg + —w3 +

wy. Rotors with the odd id are subtracted since they are
rotating in the opposite direction to the others. The low level
PD controllers for the rotational dynamics are given by

ub? = kp.s (b0 — ¢) + kao (Q.Sd - ¢)
ugd = k'pﬁ (0(1 — 9) + kd,a (Hd — 9)
ull = ko (a — ¥) + kap (wd - ¢>

where ¢, 6, and v are the Euler angles, d) 0 and 1/} are the
Euler angle rates. Similarly, ¢4, 64, and 14 are the desired
Euler angles, and q'bd, éd, and z/}d are the desired Euler angle
rates.

Assuming that the quadrotor is in hover, referring to [14],
[19] one can convert the outputs of the position controllers
to the desired angles (¢4 and 6,) using the equations

bq = % (ug sin(y) — uy cos(¥))

(18)

1 (19)
0q = 9 (ug cos(¢) + uy sin(v))

Note here that we take the desired yaw angle as ¢4 = 0.
Moreover, the desired Euler Angle rates gi)d, éd, and 1/}d are
also taken as 0. The variables u, and u, in (19) represent
the control variables for the Cartesian coordinates (x,y) and
are discussed below.

Position Control in the Cartesian Space: Position con-
trollers (x,y) in the Cartesian space are considered as the
outer loops in quadrotor control systems. This is achieved by
two different methods. The first one is through the controller
developed for the double integrator agents in (4). In other
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words, we utilize the x and y components of the control input
in (4)in (19) as u, = u3" and u, = u;‘j“’. Alternatively, one
can employ also a PD controller on top of the controller
in (4). In that case, the u;" and uf]w calculated in (4) are
fed into the PD controller as

Uy = kp o (05" — ) =

kp,y (4" — )
where £, and k, are the controller parameters. The outputs
u, and u, of the PD controller are used in (19), instead of
directly using u;" and uy" from (4).

As will be shown in Section (IV), employing a PD
controller on top of the existing controller leads to some
performance improvements overall. However, the system
works well without the PD controller as well.

The overall procedure can be summarized as follows: (i)
From (4) the desired (z,y) control inputs u5* and u" are
calculated, the control input u3" is calculated based on the
desired altitude; (ii) Desired rates are calculated using (19)

which are used to calculate the control inputs uzd, ub?, and
pd

o
da (20)

uy = — kd’yy

in (18); (iii) The values of ug, ug, and u, are obtained
from (17) and are utilized in calculating the torques in (16);
(iv) the desired thrust is obtained from (15); (v) finally,
equations (9) and (11) are simultaneously solved for the
motor speeds, as discussed below.

Control of the Rotors At the final stage, by simultane-
ously solving (9) and (11) the output of the controllers are
transferred into the squared desired rotor speeds as

-1

(w des) 11 1 1 F
(W) | 110 1 0 - T
(wges )2 T kp| -l 0O 1 0 o
(wies)2 K —K K —K T

2D
where k = kp/kp. As in [15] it is possible to saturate
the obtained desired rotor speeds between a predefined
minimum and maximum values, which are usually chosen as
nonnegative constants. Then, the desired motor speeds w{e
are computed using the square root operation. The obtained
desired speeds are applied as input to the motor dynamics
in (13).

B. MRS UAV System

For ROS implementations, we used the MRS UAV System,
which was developed by the Czech Technical University
in Prague [17]. The widely-used dynamical model of a
multi-rotor aerial vehicle [20] is used. The model is, in
principle, the same discussed in the previous section with
the difference that in the MRS UAV system, they use the
rotation matrix variation for angular dynamics representation
instead of the body rates used in (8). The positional dynamics
representation is the same as in (8).

The MRS UAV System is a highly-capable platform that
consists of different parts. It is usable for many different
scenarios. We are interested in its swarming capabilities.
Trackers are a core part of the system. They generate refer-
ences for the controllers. In most of the scenarios, the MPC
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tracker is used. However, the speed tracker is needed in our
case, which requires direct access to desired states. It allows
direct control of the desired speed and/or acceleration of
the UAV while maintaining the desired height and heading.
The speed tracker only constrains the first derivative of
references given by a low-pass filter, which provides extra
safety measures.

UVDAR is a novel onboard relative localization method
that can be chosen as one of the many localization methods in
the system. It does not require any communication between
drones and any infrastructures. In the circular following case,
according to the [13] on average, the follower lags by 4m.
Also, the maximum distance for reliable detection is 15m. It
performed well in our simulations except for some shortages.

For low-level control, a commercially available Pixhawk
controller is used. First, our controller produces reference
values and passes them to the speed tracker. The speed
tracker puts a low-pass filter to those values for smoother
flight and passes them to the MPC controller. MPC controller
calculates the desired attitude rate and thrust commands and
passes them to the Pixhawk for conversion to motor speeds.

As a realistic simulator, Gazebo is running. It uses a
physical engine for gravity, inertia, illumination, etc. For
instance, in our simulations, drones may collide at low speeds
if parameters are not set right and the collision avoidance
algorithm does not perform well. Since it is low speeds, they
do not necessarily fall, but they tilt and recover.

IV. SIMULATION RESULTS

This section will show the simulation results we made
according to the models discussed above. In the MATLAB
simulation, we consider the case where the target is station-
ary, and the swarm is settling around a target. In the ROS
simulations, on the other hand, we will consider the case of a
moving target following a particular trajectory at a constant
speed. As will observe in the following, the swarm can
capture and enclose the target as expected. Two simulations
in the ROS environment are presented, one with five agents
and the other one with four agents.

A. Matlab

For the simulations in Matlab, we utilize the model and
parameters of Crazyflie 2.0 nano-quadrotor with the same
parameters as in [15]. The agents first hover to the desired
altitude (the target’s altitude) and then move toward the
target and achieve the capture/enclose objective. The target
is at rest, and the swarm is positioned in the containment
region. Due to the repulsive forces, they do not enter the
distancing region of the target, as can be seen in Figures 3
and 4. Figure 3 shows the top view of the agent trajectories
together with the ellipsoidal region plotted. The innermost
ellipse (in red) marks the distancing region, whereas the
outermost ellipse (in green) marks the containment region.
As can be seen from the figure, the agents achieve the
desired behaviour. The blue ellipse between the distancing
and the containment regions represents the distance at which
the attraction and repulsion forces to the target balance.
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Fig. 3. Trajectories of the swarm, along the x-y plane.
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Fig. 4. Trajectories of the swarm, movement along the z direction.

However, due to the uncertainties about the target velocity
and acceleration and the the inter-agent repulsion forces
usually the agents do not settle on that ellipsoid. Figure 4
shows the side view of the same simulation, in which the
agent motion to the desired altitude can also be observed.
We used the duration for agents to settle in the containment
region to highlight the performance with and without a PD
controller employed with the corresponding results shown
in Figures 5 and 6. The conditions for both simulations
are identical except for the randomized starting positions.
In the simulation shown in Figure 5 shows a result for the
case in which the PD controller was employed. As can be
seen, all agents settle inside the containment region in about
10s. 27 Pz is the ‘ellipsoidal’ distance to the target. In other
words, 2T Pz 1 corresponds to the distancing region,
whereas 27 Pz = ¢ to the containment region. Ellipsoidal
distances of the agents to the target converge between those
two lines as can be seen from the figures. Figure 6 shows
the result for a simulation in which the PD controller was
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z' P z vs Time plot when PD controller is NOT employed
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Fig. 5. z' Pz vs. time graph for the case with a PD-controller employed
for Cartesian position control. All agents settle inside the distancing region
just after ¢ = 10s

not utilized. This time again all agents exhibit the desired
behaviour although this time it takes about 16s for all
agents to settle in the containment region. We observed that,
in general, utilization of the PD controller led to a faster
converge into the containment region.

75T P z vs Time plot when PD controller is NOT employed
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Fig. 6. 2T Pz vs. time graph for the case without a PD-controller for
Cartesian position control. All agents settle inside the distancing region just
after t = 16s

B. MRS UAV System Example

First, consider a group of five agents in the 3D space
whose masses are 2.5kg. Agents are modelled after the
commercially available DJI F450 platform. The detection
radius is 4m. Agents detect their neighbours and the target
by employing the UVDAR system. The target is moving with
2m/s constantly in both x and y directions. The target and
the follower agents have a fixed altitude of 10m. The «,
B, and ~y coefficients are chosen as 11.57, 10, 1, respectively.
However, initially attractive and repulsive forces were weaker
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Fig. 9. Trajectories of the swarm and the target. Agents in the containment region are clearly visible.

than needed; therefore, we amplified the velocity, accelera-
tion, and the ellipsoidal term by a constant gain of 10, which
resulted in slightly jerky drone movements. Therefore, the
overall controller output was scaled by 0.1. We used a larger
ellipsoidal region than [1] since now UAVs have actual body
sizes. They could not squeeze into a small ellipsoid without
colliding with each other.

We performed simulations with four and five followers.
Figure 7 shows a result for five agents in which there was a
shortage with the UVDAR system. Therefore, there are some
disturbances with the UAV trajectories, which can be seen
in the figure. However, the outcome was still successful, and
UAVs managed to stay in the containment region.

Figure 8 shows a simulation with 4 UAVs, with no
UVDAR shortages. As can be seen the UAVs managed to
follow smooth trajectories. At the start of that simulation,
due to the randomized starting positions of the agents, one
of the agents was close to the target; therefore, there was
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an unexpected change in the target trajectory. However, the
simulation continued as expected once they were sufficiently
far away. The figures show the evolution of the trajectories
up to ¢t = 60s. Figure 9 shows another simulation for the
case we utilized alpha = 22, i.e., a larger value for the
parameter. It is visible that agents move to the containment
region. A video of the simulation can be seen from the link
https://youtu.be/QBzuLjv4rLM. Note that the video is 1/3
time of the real-time.

C. Performance Comparison

To evaluate the algorithm’s performance, we ran the
algorithm for four different scenarios and measured the
convergence time of the tracking errors between agents and
the target. The tracking error is the norm of the distance
between the target and the agents. Those scenarios are as
follows;

o A static target enclosed by six followers. Followers’

initial positions are randomized.
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« A moving target along a circular trajectory followed by
six followers. Followers’ initial positions are random-
ized but restricted to the bottom right corner.

A moving target along a circular trajectory followed by
six followers. Followers are split into two groups. The
first group is randomly initialized at the bottom right
corner, and the second group is randomly initialized at
the upper left corner.

A moving target along a flower-like trajectory followed
by three followers. Followers’ initial positions are ran-
domized. The trajectory is inspired by the hypotrochoid
shape that is used in [1]. Target moves along the x
direction according to the equation, z = 10 cos(0.08t)+
10 c0s(0.053t) and moves along the y direction accord-
ing to the equation y = 10sin(0.08¢) + 10sin(0.053t)

The obtained results are shown in the Figures from 10
to 17. In the Figures 10, 12, 14, and 16 the z-axis starts
around 60s, since this amount of time is needed for the
drones to initialize and get ready before the algorithm starts.
As can be observed from the figures, in all the cases the
agents successfully fulfill the containment objective. In all
scenarios the agents reach a steady-state in approximately
similar duration. The slight difference in the actual times
of convergence depends on factors such as initial positions
of the agents, agent number, and trajectory complexity. The
UVDAR system seems effective neighbor position sensing
methodology. Still, it imposes some computational require-
ment, although its computational load might be lower than
some alternative methods [13]. The algorithm is in general
scalable although in implementations on real hardware the
sensing and computation capabilities of the agents might
impose practical limitations on the number of agents. The
obtained results show that the methodology developed for
simple models in [1] can easily be implemented on realistic
agents such as quadrotor UAVs and verify the effectiveness
of the method.

V. CONCLUDING REMARKS

In this paper we implemented a recently proposed strategy
for the uncertain target capturing problem with generic UAV
models in MATLAB and ROS environments. The validity
of the proposed strategy has been verified for swarms com-
posed of complicated agent dynamics and realistic agent
sensing methodologies. It has been shown that the swarm
enters an ellipsoidal ring around the target and remains
there. In the simulations performed in ROS, a UVDAR
based relative localization system is employed, which uses
only local relative sensing information and does not require
access to global GPS data. The obtained results support
the theoretical conclusions and verify the effectiveness of
the methodology. Future research may focus on achieving
target capturing on more complicated regions around the
target, such as polygonal regions or other complex shapes.
Alternative sensing and/or communication approaches and
better control algorithms can also be employed. Uncertainties
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in the agent dynamics, in addition to the sensing errors, can
also be considered.
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Fig. 10. Tracking error between the target and the agents. A static target enclosed by six followers. Followers initial positions are randomized.
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Fig. 11. Trajectories of the target and the agents. A static target enclosed by six followers. Followers initial positions are randomized.
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Fig. 12. Tracking error between the target and the agents. A moving target along a circular trajectory followed by six followers. Followers initial positions
are randomized but restricted to bottom right corner.
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Fig. 13. Trajectories of the target and the agents. A moving target along a circular trajectory followed by six followers. Followers initial positions are
randomized but restricted to bottom right corner.
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Fig. 14. Tracking error between the target and the agents. A moving target along a circular trajectory followed by six followers. Followers are split to
two groups. First group is randomly initialized at the bottom right corner, second group is randomly initialized at the upper left corner.
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Fig. 15. Trajectories of the target and the agents. A moving target along a circular trajectory followed by six followers. Followers are split to two groups.
First group is randomly initialized at the bottom right corner, second group is randomly initialized at the upper left corner.
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Fig. 16. Tracking error between the target and the agents. A moving target along a flower-like trajectory followed by three followers. Followers initial
positions are randomized.
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Fig. 17. Trajectories of the target and the agents. A moving target along a flower-like trajectory followed by three followers. Followers initial positions
are randomized.
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