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Abstract—This paper proposes a coordination scheme for
multiple unmanned aerial vehicle (multi-UAV) in tracking and
monitoring multiple moving vessel objects in maritime patrol
operations. In the proposed method, each UAV is assumed to
have optical sensors which can measure its distances to moving
target vessels. These measurements are processed to obtain
estimates of the targets’ positions, which then subsequently
used to construct convex hulls that cover all detected targets.
The multi-UAV tracker system then generates spatio-temporal
path curves using cycloid-type trajectories with a formation
geometry that is adapted to the convex hulls of the target
vessels. A distributed extended Kalman filter which combines
state estimates from different trackers is also used to improve
the estimation accuracy of the target positions. A distributed
control law is proposed to maintain the tracker-target’s relative
geometry which capture accurate tracking of moving target
vessels. Simulation results are presented to illustrate the proposed
schemes’ effective performance.

Index Terms—range-based target localization, target pursuit,
multi-tracker, multi-target, moving path following

I. INTRODUCTION

In recent years, unmanned aerial vehicles (UAVs) have
been developed and used to perform the track and pursuit
of moving targets [1]-[3]. UAVs’ deployment methods have
been proven to be more efficient than conventional human-
led patrol approaches [4]-[6]. One of such methods is the
range-based simultaneous localization and pursuit (SLAP)
technique for estimating the motions of a moving target (such
as car or vessel) using range data from sensors [7]-[9]. In
this technique, each tracker is equipped with optical sensors
and autonomous navigation systems which allow it monitors
and tracks a detected moving target. When extended to the
case of tracking multiple targets using multiple trackers, this
technique has the potential to be implemented on multi-UAV
operation for continuous and adaptive surveillance of illegal
vessel/fishing activities over vast maritime areas.

This paper proposes a multi-UAV coordination approach
which equips a multi-tracker SLAP with a scheme for tracking
moving geometric shapes formed by the locations of multiple

moving vessels. In the proposed method, each UAV uses
optical sensors to measure its distances to moving target
vessels. These measurements are processed to obtain estimates
of the targets’ positions, which then used to construct convex
hulls that cover all detected targets. The multi-UAV tracker
system then generates spatio-temporal (S-T) curve paths as
cycloid-type trajectories with a formation geometry that is
adapted to the constructed convex hulls of the moving target
vessels [10]. A distributed extended Kalman filter (DEKF)
which combines state estimates from different trackers is also
used to improve the estimation accuracy of all tracker vessels’
positions [11]. Distributed control laws are finally designed to
maintain the tracker-target’s relative geometry, which ensure
accurate tracking of moving target vessels.

The remainder of the paper is structured as follows. Section
IT describes the modeling and control problem of the multi-
UAV system. Section III presents the proposed multi-UAV
coordination scheme. Simulation results are given in Section
IV, and the paper is concluded with remarks in Section V.

II. SYSTEM DESCRIPTION AND MODELING

A. Tracker UAV Model

Consider N UAV trackers with index [¢] for i = 1,..., N.
Let {Z} be an inertial frame for the kinematics motion of each
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UAV with a body frame {B}[. Let p! = [P&Lpgf]ypg]}

be the UAV position vector and p[;] = [d)[ﬂ,e[i],@/}mT be
its attitude vector consisting roll (¢["), pitch (611), and yaw
(¢l7) angles with respect to (wrt) {Z} (cf. Fig. 1). The state

, T
variables of each tracker is defined by pl’ = {p[f],p[;]} .

(7]

Let u[li] = [vx gi] _

T
] be the surge velocity vector and u

[pl, q[i],r[i]]T be the attitude velocity vector on {B}. The
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input vector of tracker [i] is defined as ul’ = [u[f],uéﬂ :
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Fig. 1. The configuration of each tracker UAV in the inertial frame {Z}.

The kinematics of each UAV tracker may then be expressed
as follows (note that superscripts [i] omitted for clarity).
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where s, = sin(¢), ¢y, = cos(¢), and tg4 = tan(¢).
B. Target Vessel Model

Let there be M target vessels with index [j]. Let q[lj ]( t) =

[q[ gl gl

q[lJ ]( t) be its velocity wrt {Z}. Assume the target motions can
be approximated as particles with quasi-steady model (2).

aVl(t) = AqU(t) + w(1),

where ql(t) = [q[lj] (t); q[g](t)} is the target’s state variables

} be target [j]’s position vector and q[]]( t) =

2

whose qa(t) component is corrupted by Gaussian noise w ~
N (0,Q;), and A = row{[03, I3], [03, 03]} with O3 and I3
are (3 x 3) zero and identity matrices, respectively.

C. Range Measurement Model

Let dg] U1 be the range/distance from tracker [i] to target [J]
at discrete time k as formulated below.
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The tracker’s noisy measurement is thus assumed to satisfy

L1 q[ljll wi ~N(0,0) 4

+Wk,a

y = HP

Based on (3), the multi-agent tracker-target control problem
can be formulated into two sub problems, namely the cooper-
ative localization problem and cooperative pursuit problem. On
one hand, the objective in cooperative localization problem is
to ensure that the estimate q'”!l/} of the target’s state variables
converge to a consensus among all trackers, i.e.:

il _ 5)

qu]H < Te.

On the other hand, the objective in cooperative pursuit problem
is to ensure that over time, all trackers converge to and remain
within a specified distance from the target, i.e.:

: (1] [4]
Jim (o) = ol (0)]| < 7. ©)

In (5)-(6), . and r. are some specified positive constants.

III. MULTI-TARGET TRACKING CONTROL SCHEME
A. Cooperative Localization

This paper uses distributed extended Kalman filter (DEKF)
to address the cooperative localization task in (5) [11]. The
used DEKF consists of three phases, namely correction, fu-
sion, and prediction. The correction phase uses new measure-
ment to update the state estimate and covariance matrix. In the
fusion phase, each tracker’s local probability density functions
(PDFs) is updated based on information of its neighbors’
PDFs. The prediction phase estimates each agent’s future PDF
which will be corrected at each measurement updates.

Algorithm 1 summarizes the used DEKF for estimating the
states G171 of moving target vessel j. Here, C,Ef]m is the
Jacobian matrix of the range measurement model, while P
is an error covariance matrix which defines the information

Algorithm 1 Distributed EKF for Tracker [i]

1: procedure INITIALIZATION
2: At k=0, 1n1t1a11ze Oh\o, P1|0

3 Qo = 1‘0721\0 = 1‘0 Q1|0
4: return q1|0791\0az1|0

At each k, repeat the following procedures:

5. procedure CORRECTION
6: if new range data is obtained then
i _ 9d )
7 Gy = ) (A i-1)
8: g][gl]b] _ [l][]] —dy (qul]][j] 1) + C[z [4] qk|k] )
9. 25‘][ il _ ZHE] L+ (C«[l][a]) V[z][;] H[J]
10: Q[i][ il _ ng‘]k L+ (C[l (4] V[Z 5] CZ][J]
e esedlll = gfI0) | Gl _ Qi
12: procedure COMMUNICATION
13: Transmit M, (k) below to neighbors

M(k) 2 {ig]mﬁg]m}

14: procedure FUSION (CONSENSUS ESTIMATION)

150 g = Centiogy 7E
16: Qgsl]/[j] — Znej\/il[f]u{i} W[z,n]QECn][J]
17: return zy i, Qpx, Qjx = lel}leﬁk

18: procedure PREDICTION
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matrix 0 = P~!. The information vector z is related to the
state estimate by z = {2q, where q is the current state estimate.
V is the measurement noise covariance matrix while 7[>™ is a
weighting factor that combines state estimates of all trackers.

B. Trajectory Tracking Architecture

This paper addresses the multiple targets tracking problem
using time-varying geometric shapes which capture the area
enclosed by the targets’ position coordinates. Such shapes are
defined as convex hulls of the targets’ position coordinates as
they move over time, see Fig. 2. We use the centroid of the
targets’ convex hull as the focal coordinate of the trackers’
trajectories while also optimizing the available information to
enhance the targets’ state estimates. The convex hull is given
by q with unit vector n of its element of the form

1 .
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The radius of the circular trajectory is set to be time-varying
and adjusted based on the varying distance between targets and
focal point. This is done while maintaining a fixed distance
outside the farthest target from the centroid, a,, which ensures
that all targets remain inside the tracker’s trajectory (cf. Fig.
2). Formally, the radius of the trackers’ trajectory satisfies (8).

(o) e

This paper consider planar circular-shape reference trajecto-
ries for the tracker which encircle the centroid of the estimated
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Fig. 3. Target pursuit methodology in 2D.

target positions (cf. Fig. 3). Let r(v) be a path in inertial frame
{Z} with cycloid-type trajectories of the form

r(411) = [r cos (,Ym n ,yg]) rsin (y[ﬂ + vé”) ,rz} !

with r, denotes the height of the trajectory as measured from
the target’s position and 7! is the path angle parameter for
r. Using method proposed in [12], a reference spatio-temporal
(S-T) curve pq along the path around the centroid of estimated
target position (7112] can be constructed as follows.

pli (W[i]j) =r (W[ﬂ) +& )

For multi-tracker scenarios, the paths r can be parameterized
so as to ensure that the S-T curves produce the desired
geometric formations relative to the tar et. S emﬁcally, the
parameterization is dones such that 7 = /2 for
N =2 and 'y[“} — [12] =27/N for N > 3, where 11 and i
denote any two adJacent trackers [13].

(10)

C. Cooperative Pursuit

The cooperative pursuit task is used to ensure the tracking
of moving targets and achieve the objective in (6). For this pur-
pose, the following distributed control law for the correction
speed v, can be used as a consensus protocol.

1=k Y ( [n])

ne'/\/-ln
where k. > 0 is a coupling gain. Using (11), the desired speed
wq for tracking path angle parameter ¥ can be computed as

w([;] =w+ UE]

Y

12)

where @ denotes the desired speed for all 4. The error in
the value of v may then be defined as follows.

elil = 41 — I (13)

Taking the time derivative of (13), the dynamics of v becomes
. ) N\ T . . .
il =~k 4 (eld) BT () x (517) + ol a4

to {Z}.
Define the pursuit position error e, in the tracker’s body

frame {B}m to be the difference between the tracker’s position
and the desired trajectory. Then e, can be formulated as

i = 7 (o)) (o —x (+1) —al!) e

where € is an arbitrarily small non-zero vector which triggers
the tracker to move towards the reference circular trajectory
and thereby achieves the objective in (6). Building upon the
work of [14], we derive two tracking controllers which enable
the trackers to both pursue and encircle the target, which is the
tracker input and -y dynamics. The tracker input u is defined
in (16) and is used to drive the error e, to zero.

2 — & ( RT (pg]) (r/ (7[1-1) Wi ag}) _ Kpégl) (16)

where Rl (p[;]) is the rotation matrix for {B}

15)



where K, is positive definite matrix and A = AT (AAT) -t
in which A is defined as follows.

1 0 —€3 €2
A=|0 e 0 —e (17)
0 —€9 €1 0

IV. SIMULATION EXPERIMENTS

This section presents the results of simulation experiments
that were used to evaluate the performance of the proposed
multi-UAV formation scheme for tracking three moving tar-
gets. The targets are set to follow predefined trajectories, and
then two motion scenarios were considered: (i) synchronized
motion, where all targets move in coordinated patterns, and (ii)
spreading motion, where targets gradually diverge in different
directions. The simulations were conducted using single, dual,
and triple trackers to evaluate whether increasing the number
of trackers improves estimation accuracy.

A. Simulation Setup

All trackers were described using kinematic model in
(1) and assumed to have identical parameters. Each tracker
was initialized with fixed positions and path angles. Addi-
tionally, the DEKF of each tracker is set to have similar
initial state estimates and covariance matrices for each tar-
get. The trackers were set to have initial positions, orien-
tations, trajectories, and state estimates as follows: pél] =
55,60, 25,,0,0]7, piy) = [80,35, —50, —=,0, 2]7, pi¥ =
[~70,75,-4,0,0,0]", 7)) = 5.49, 41 = 471, g1 =
[5,0,0,0.2,0.2, —0.1]7, ¢?! = [15,10,0,0.2,0.2, —0.1]7,
a = [-10,15,0,0.2,0.2,—0.1)T, 4}¥ = 4, and PV} =
diag{[100,100,100,1,1,0.1]7}.

The control gains used in simulations are: € = [~1, —1,0]T,
@ = 01 Wl = [0,-1,-1,-1]T, 0 = 10, ullax =
[10,1,1,1]T, and 7, = 20. Simulations were conducted over
a total duration of 200 seconds, with a sampling interval of
0.1 seconds and sensor measurement interval of 2 seconds.

1) Synchronized targets Case: For this case, all targets
follow predefined trajectories while maintaining a relative
formation shape. The target positions are defined as follows.

at(¢) = [30s(0.01¢), 0.1¢,0]"
*I(t) = [30s(0.01¢) + 10,0.1¢ + 10,0]

q; (18)
o’ (t) = [30s(0.01¢) — 10,0.1¢ + 10,0]"

2) Spreading targets Case: For this case, each target fol-
lows a distinct trajectory and diverge from each other over
time. The target positions are defined as follows.

ol (t) = [30s(0.01¢), —0.1¢, 0] "
o (t) = [20s(0.01t) + 10,0.15t + 10,0]T  (19)
ol (t) = [~30s(0.01¢) — 10,0.1¢ + 10,0] ™

B. Simulation Results

Fig. 4 plots the input signals for the dual trackers with
spreading targets. The figure demonstrate that as the expansion
of the target path r increases, the speed of the trackers rises,
potentially reaching a maximum speed limit. This underscores
that the UAV has limitations on the inter-target distance, as the
trackers may struggle to maintain formation accuracy when
targets spread too far apart. The average estimation errors for
tracking three moving targets using single, double, and triple
trackers in synchronized and spreading motions are shown
in Fig. 5 and Fig. 6, respectively. Additionally, using dual
and triple tracker configurations significantly reduces average
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Fig. 4. Tracker’s input for spreading targets dual trackers.
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Fig. 6. Average estimation errors of spreading target motion.

estimation errors compared to a single tracker, with the triple
tracker showing only a slight improvement over the dual
tracker. The results further suggest a balance between the
accuracy gains from additional trackers and the computational
or control complexity they introduce. While triple trackers
provide superior estimation accuracy, careful consideration
must be given to practical constraints such as speed limits and
resource allocation when scaling up the number of trackers in
real-world implementations.

V. CONCLUDING REMARK

This paper has presented a multi-UAV coordination scheme
for tracking control of multiple moving target objects to im-
prove maritime surveillance/tracking of illegal fishing vessels.
The proposed scheme uses range-based DEKF to estimate
the target state. The integration of S-T curves and adaptive
geometric formations ensures the targets remain within the
sensor’s measurement range at all times. This approach poten-
tially reduces the need for extensive human resources while
providing real-time tracking of illegal fishing activities.
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