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ABSTRACT This paper proposes event-triggered cooperative localization and pursuit control methods of
multiple unmanned aerial vehicles (UAVs) for the purpose of tracking and monitoring multiple moving
target vessels in a maritime patrol scenario. In the proposed method, each UAV is assumed to be equipped
with an optical sensor, which is used to measure its distances while moving in the air to the target vessels
moving on the water surface. In particular, each UAV combines its obtained measurements with those
of other UAVs to be subsequently processed using an event-triggered distributed extended Kalman filter
algorithm to obtain its estimates of target vessels’ positions. The UAVs then use the position estimates of the
targets to construct dynamic convex hulls that connect all of the detected moving target vessels. The multi-
UAV tracker system then generates spatio-temporal reference path curves using cycloid-type trajectories
with a formation geometry that is adapted in such a way to cover/contain the constructed convex hulls of
the target vessels. Based on the generated reference path, a distributed cooperative control law based on
the moving path following approach is finally proposed to maintain tracker-target’s relative geometry that
guarantee accurate tracking of the moving vessels. Extensive simulation results are presented to demonstrate
the effective performance, computational efficiency, and scalability of the proposed scheme.

INDEX TERMS Range-based localization, target pursuit, multi-tracker, multi-target, moving path following

I. INTRODUCTION

Indonesia is known to be the country that contributes the high-
est to the total marine capture and fishery production in the
Southeast Asia region. Geographically, 71% of its territory
is covered by water, which provides shelter to 28.57% of the
overall fish species of the world [1]. In 2020 alone, Indone-
sia’s fishery production reached up to 6.49 mega-tonne, which
accounted for approximately around 35.6% of its region’s
total production [2]. Consequently, Indonesia’s fishery sector
plays a crucial role in sustaining the livelihoods of millions of
its population. Approximately more than 2.2 million Indone-
sian fishermen engaged in marine capture activities, many
of whom are part of small-scale fisheries that are critical
to support local economies [3]. Such vast marine resources
not only contribute to the high biodiversity of, but also offer
environmental and economical potentials to Indonesia.

Despite their promising potential, marine resources and
the environment have also been observed to attract various
illegal activities such as illegal fishing. Illegal fishing refers
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to any form of fishing activities that is carried out in the
territorial waters of a country without proper authorization or
in ways that violate laws, regulations, and environmental pro-
tections [4], [5]. In Indonesia, monitoring and enforcement
of the law against illegal fishing activities are significantly
challenging due to the large size of its maritime area. The In-
donesia Ministry for Marine Affairs and Fisheries specifically
acknowledged in a 2017 BBC interview that policing and
monitoring activities such as illegal fishing at sea are almost
impossible due to the remote nature and limited connectivity
of Indonesian islands and communities [6]. In these regards,
innovative approaches that are not only economically cost-
effective but also practically efficient are needed to help
support the country’s efforts to tackle illegal fishing activities.

In recent years, unmanned aerial vehicles (UAVs) have
been developed and used to track and pursue moving target
objects [7]-[15]. Due to their agile movements and greater
coverage capabilities, UAVs’ deployment for surveillance
and reconnaissance tasks has been proven to be more effi-
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cient when compared to conventional human-led patrol ap-
proaches. One of such methods which motivates the work
presented in this paper is the range-based simultaneous local-
ization and pursuit (SLAP). In essence, SLAP is a technique
for estimating the position and movement of a moving object
(such as a car or vessel) using only range measurement data
from sensors [11], [12], [16]. In this technique, each tracker
is equipped with optical sensors and autonomous navigation
systems which allow it to monitor and track 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 e.g. illegal vessel/fishing activities
over vast maritime areas. The use of a multi-UAV system in
this case is therefore expected to not only help reduce the
need for extensive human resources but also provide real-time
information and tracking of potential illegal fishing activities.

This paper proposes a multi-UAV coordination approach
which equips a multi-tracker SLAP with a cooperation
scheme for tracking moving geometric shapes formed from
the estimated locations of multiple moving target vessels.
Thus, rather than using single-point target assumption as in
conventional SLAP method, this paper instead considers an
extension which allows multiple trackers to follow moving
convex hulls formed from the locations of multiple moving
vessels. In the proposed method, each UAV is assumed to be
equipped with optical sensors to measure its distances while
moving in the air to the target vessels moving in waters. These
measurements are processed to obtain estimates of the tar-
gets’ state, which then subsequently 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 [17]. An event-triggered distributed extended Kalman
filter (ET-DEKF) is used to reduce communication cost while
maintaining the accuracy of the estimation of the whole state
of the vessel [18]. A distributed cooperative control law based
on the moving path following approach [19] is then designed
to maintain the tracker-target’s relative geometry to ensure
accurate tracking and ensure collision avoidance.

Il. SYSTEM DESCRIPTION AND PROBLEM STATEMENT
This section formulates the multi-agent systems (MAS) in-
teraction between a group of UAVs that are assigned to
cooperatively localize and pursue a group of moving USVs
targets. In the following exposition, the UAVs will be referred
to as trackers while the USVs will be referred to as rargets.
This section also discusses the cooperative localization and
cooperative pursuit problems that the trackers should solve.

A. KINEMATICS MODEL OF TRACKER-TARGET MAS

Let {Z} : Oz — Xz — Y7 — Zz be an inertial frame of the
considered MAS with an origin at Oz. Consider a number
N of UAV trackers, each of which is identified by an index
symboli = 1,2,..., N.Letthe motion characteristics of each
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UAV tracker be modeled by the kinematics of its body frame
{B}' with respect to (wrt) {Z}. Let p| = [xi,yi, zi] be the
position vector of the UAV tracker, while p}, = [¢/, 6/, '] T
be the attitude vector of the UAV tracker which consists of the
roll, pitch, and yaw angles wrt {Z}, cf. FIGURE la. Define
the state variables of each tracker as p’ = [p}, p}] T

Let ' = [v;,, P, 05, wg} be the input vector of each
UAV tracker, where v, is the surge velocity and [gz.b"B, dis, 1/)’8}
is the attitude velocity vector in the tracker’s body frame {3'}.
Using such state and input variables, the kinematics model of
each UAV tracker may then be expressed as follows
fCi = V; Cyi Coiy
V= vj’; Spi ch,

i i
*Vpsew

¢' = s + Oz 541 tor + Vs 1o,
6 = by cyr — s s
P =0 Sgi Coi + s Coi Coi
where s := sin(¢?), ci 1= cos(#'), and 1, = tan(y)').
Next, consider a group of M target vessels that should

be tracked by UAV trackers, each of which is identified by
an index j = 1,2,...,M. Let ¢}, = [xj,})j,zj]T be the

, . T
position vector of the target j, while q, = {vﬂ], W, z/)’} be
the navigation vector of the target j consisting of the scalar
surge speed, yaw, and yaw rate wrt the inertial frame {Z}.
This paper assumes that each target movement is modeled by
a planar kinematic motion (# = 0) with constant surge speed
(vy = 0) which satisfies the following differential equations.

BEFSD
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where p ~ N(0, ) is a Gaussian noise with mean zero and
covariance matrix of 5. Based on (2), the state variables of

each target are then defined as ¢f = q’l, q’QL as illustrated
in FIGURE 1b. It is assumed that each UAV tracker (1) is
equipped with a distance sensor that provides measured dis-
tance data to each target vessel (2). Under such an assumption,
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FIGURE 1: Schematic and kinematics target-tracker MAS.
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this article considers the problem of controlling UAV trackers
to track and pursue moving target vessels based on distance
information measured between them obtained from sensors.
Section II-B states this problem in a more formal manner.

B. PROBLEM SETUP AND FORMULATION

Given the kinematics of the tracker and target systems in (1)
and (2), respectively, this article examines the control problem
of the tracker-target MAS interaction by formulating two sub-
problems, namely cooperative localization and cooperative
pursuit problems. The challenge in cooperative localization
problem is to ensure that the trackers’ estimation ¢ () of the
target vessels’ state variables based on the distance measure-
ment data obtained from the sensor converge to a consensus:

Tim [[() — (1) < . ©

The trackers’ state variables estimate §'/(¢) in (3) will be
developed using a distributed extended Kalman filter (DEKF)
method [18]. Meanwhile, the challenge in cooperative pursuit
problem is to ensure that over time, all trackers converge and
remain within a specified distance from targets, i.e.:

d\ (1) < re. @)

In (3)-(4), r. and r, are some specified positive constants. This
paper develops an event-triggered DEKF (ET-DEKF) scheme
to achieve the cooperative localization task (3), and a moving
path following control scheme to achieve the cooperative
pursuit task (4). These are detailed in the following sections.

lim ||} (1) -

t—o0

IIl. MOVING TARGETS LOCALIZATION & TRACKING

Since UAV trackers are tasked with locating and pursuing
target vessels using distance measurement between them
obtained from sensors, a filtering technique based on the
discrete-time version of the target vessel model is developed
and utilized in this paper. Specifically, for a sampling period
of At, the discretization of (2) at each discrete time instant
k € N of the following form is considered.

Qi+1 = A + @A =f(qx) (5)
_xli+1_ x’—l—v/kcw,At
3/11;+1 i+ Vik Sy At
du || 4 ©)
Vi]’.k+1 ) Vi],k
Vs W)+ 1] Ar
Ky i U |

with a Jacobian matrix of (5) at time k is defined as follows.

[1 0 0 ¢, A ﬂ/qksd/m 0|
of 01 0 s%At v;kcw,At 0
=% —j0o0 1 0 0 0
9l |0 0 0 1 0 At
000 0 1 0
0000 0 0 1]

7)
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Let hi‘j be the observed distance model from UAV tracker
i to target vessel j at discrete time k of the following form.

= [\~ i ®)

where || - || denotes the Euclidean norm. Assume the sensor
data are corrupted by white Gaussian noise whose magnitude
increases as the tracker-target distance gets larger. The mea-
surement of each tracker is thus assumed to be of the form

mk = h’*’ + hl*/ Wy ©)]

where w; ~ N(0,0) is a Gaussian noise with mean zero
and covariance matrix of o. The linearized model (5) and
the corresponding measurement model (9) are used by each
tracker to implement an ET-DEKF algorithm to estimate the
state variables and localize the position of each target vessel.
This algorithm uses the Jacobian matrix of (8) below.

(qll,k - pil,k)T
qul,k - pil,k

ohy

k| = ; Ownx 10
aq 1x3 (10)
(e13

H, =

A. EVENT-TRIGGERED COOPERATIVE LOCALIZATION

The objective of the cooperative localization task in (3)
is achieved through the implementation of an ET-DEKF
scheme, which ensures that data exchange between trackers
for the implementation of the local DEKF by each tracker is
carried out only when necessary. In this regard, both com-
putation effort and communication resource utilization can
be reduced during the tracker-target MAS interaction. To this
end, consider the target state and measurement equations in
(5) and (9), respectively. Let Y’ = {m, _o be the measured
range data obtained by the sensor until t1me k. Denote with
gl |Y]{_y) ~ N(qklk b Prjk—1) the prior density and with

o k” Y} ~ N (q;;fk, Pk‘ k) the posterior density of the target’s

state estimate at time k, respectively, where Pk”k 1 is the
covariance matrix at time k given the measurement data until
time k — 1. Define the information vector &’ and matrix 2;’

below, which capture the uncertainties in the state estimation.

) -1 . ) )
éh1<|1< 1= (,Pk]]k71> qkl|]k71’ and fkl\lk = (Pkl\]k) qlg\lk
) -1
Qkxllk 1= (Pk]lk—l)
(11)

Algorithm 1 summarizes the ET-DEKF that is used by the
tracker i to estimate the state variables (¢¥) of the moving
target vessel j. It consists of three main phases that are iter-
ated recursively, namely (i) Measurement-Correction, (ii) ET
Communication-Fusion, and (iii) State Estimation Prediction.

The first Measurement-Correction phase is intended to
update the measurement and the corresponding information
vector/matrix whenever new sensor data is obtained. This is
done by first updating the measurement in accordance to (12)

T PR N S
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Algorithm 1 ET-DEKF for tracker i

1: procedure Initialization

22 Atk =0, 1n1t1ahze ql‘o, Pi‘llo

. i _ L] J o OlJ Az,]

3 Q1|0 (P1|0> ’€1|0 Quo 1]0
SN

4: return q1|0’ 1‘0, €1|0

At each k, repeat the following procedures:
5. procedure Measurement-Correction
6 if new range sensor data is received then
7: Compute measurement update y N/ _using (12)
8 Correct information data fk and Q i using (13)
9 else £V = gklk_l, QY Q;c*fk L

10: procedure ET Communication-Fusion
11: Define «(k) in (15) and evaluate ET logic in (16)
12: if max{a} > II then

13: procedure Communication

14: Transmit message M. (k) to neighbors

18: procedure Fusion

17: Perform data fusion using (14) to update local
18: estimate of each tracker

19 else return & i, L, Qe = Q,:‘i Sk

21: procedure Propagation

22: return () = Qk‘k 1 Qi —Qk‘k §k|k

23: procedure Prediction

24: Compute state and information prediction using (17)
25: return Qi 115, Qt1jis Skl

and then correcting the information vector/matrix based on
the innovation induced by new sensor data as in (13).

NT
fk\k 1 (Hl?l) Vi

(13)
O)is i i i pyiv
0 = i 1+( ) Vi bl
In (13), V¥ is a positive definite matrix of suitable dimension
which accounts for uncertainties in the sensor measurements.
The ET Communication-Fusion in the second phase is
intended to manage the inter-agent communication and data
exchange among trackers, as well as the fusion of such ex-
changed data within each tracker. Specifically, each tracker
performs a communication to transmit a message M, (k) £

~,i‘i , Qi’j, o } containing its latest local estimate of the prob-
ability density function (PDF) parameters and path angle v, of
the target to neighboring trackers. Subsequently, each tracker
then performs fusion (14) of the obtained data to update and
correct its local estimate of the PDF parameters of the target.
= >, L Q= Y QY a4
neN{ U{i} neNj U{i}
where " =y} /( Joy Vi 7) is a consensus weighting
parameter whose value depends on the relative proximity of

each tracker to the target, and satisfies the following condi-
tions: (i) 7" > 0, and (i) Y- ,c v Ui} =1,

4

Note that these communication and fusion procedures are
essential in distributed estimation of MAS to improve the
estimation accuracy of the target’s state and ensure the at-
tainment of estimation consensus among all agents. However,
performing these procedures at each time new measurement
data is received will require large communication and com-
putational resources, especially when the number of MAS
agents becomes increasingly large [20]. To address this is-
sue, an ET scheme is used to schedule the execution of the
Communication-Fusion procedure only when necessary (i.e.
certain condition is satisfied). In particular, a condition on the
error covariance matrix « at each time k of the form

a(k) = G(PY

)G (15)

with G being a weighting matrix of suitable dimension, is
used as a criterion to decide the next execution time instants
of the Communication-Fusion procedure [21]. In this regard,
let{kL}LgNWith():ko <kt <hks<---<k < kL+1 < ...
denote the set of time instants when the Communication-
Fusion procedure is performed. The ET scheme in this paper
uses « as triggering parameter according to the logic below.

alk) == a(k,), for k, <k <k

Kooy = inf {k > & | a(k) < IT} (16)

where II is a designed constant threshold parameter. It can
be seen in (16) that the proposed logic triggers data exchange
between trackers whenever the condition (max («) > II) is
violated. Thus, so long as such a condition is not satisfied,
the Communication-Fusion procedure is skipped, and each
tracker proceeds to perform only the Propagation phase to
maintain its state evolution independently. The proposed ET-
DEKF scheme thus balances efficient computational uti-
lization with effective communication engagement for each
tracker by exchanging data among them only when necessary.

The State Estimation Prediction in the third phase updates
the predictions of the state variable estimate and information
vector/matrix of the tracker according to the equations below.

élzﬂrl\k :f(q;;\]k)
.. -1
i T
W =W-WE (G + R WE)  FTw (a7

Skr1pe = 1k Drs 1

where W is the inverse of the covariance matrix of the process
noise. Note that the resulting error of the state variable esti-
mates produced by DEKF is guaranteed to be bounded as long
as the estimation is initialized sufficiently close to the true
one and the noises are sufficiently small. Finally, each time
new sensor data are received, the algorithm returns to the first
Measurement-Correction phase and is reiterated accordingly.

B. MOVING PATH FOLLOWING FOR TARGET PURSUIT

Based on the estimated state variables of the targets that are
obtained using the ET-DEKF method, the objective of the
trackers is to track and follow the targets as they move. For
this purpose, this paper first defines time-varying geometric

VOLUME 11, 2023
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(a) Two target vessels (b) Three target vessels

FIGURE 2: Illustrations of trackers-targets geometries.

FIGURE 3: Illustration of target pursuit method (3 targets).

shapes that cover the area enclosed by the position coordi-
nates of the targets. As illustrated in FIGURE 2, such shapes
are defined as convex hulls that are constructed from the
position coordinates of the targets as they move over time. For
the case of multi-target pursuit, this paper uses the centroid of
the targets’ convex hull as the focal coordinate of the trackers’
trajectories, while also optimizing the available information
to enhance the estimation of the state variables of the targets.
Each of such convex hulls is denoted as q = [q1,q2] ', and is
defined as the mean value of the targets’ state variables below.

q:$§:¢ (18)

- NM
_]ENj

Based on the constructed convex hulls of the targets, the
trackers then define cycloid-type reference shapes that should
be tracked and followed to ensure the containment of the
targets’ geometric shape. For the case of single-target pursuit,
the tracker uses a fixed-radius circular trajectory r = (.
However, for the case of multi-target pursuit, the radius of
the circular shape is set to be adjustable in accordance with
the varying distance between the targets and the focal point.
This adjustment is made while maintaining a fixed distance
of ( outside the farthest target from the centroid, to ensure
that all targets remain inside the tracker’s trajectory (cf. Fig.
2). The radius of the trackers’ trajectory is thus defined as

r:max(qu—qle) +¢. (19)

This paper designs a planar, circular-shaped reference trajec-
tory for the trackers to ensure the encirclement of the centroid
of the targets’ geometric shape movement. Such a reference
trajectory essentially provides a clear view of the targets’
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movement (cf. FIGURE 3). Thus, let s(v) be a path in the
inertial frame {Z} with cycloid-type trajectories of the form

s(v) = [r cos (*yi + 'yé) ,rsin ('yi + 76) ,rZ]T . 20)

where r, is the height of the trajectory as measured from the
target’s position, and ~ is the path angle parameter for s with
initial ~/,. Borrowing the idea from the moving path following
(MPF) control method proposed in [22], a reference spatio-
temporal (S-T) curve pq along the path around the centroid
of estimated target position ¢} can be constructed as follows.

Py (v.1) =s(v) + &) @1

For multi-tracker scenarios, the paths s can be parameter-
ized so as to ensure that the S-T curves produce the desired
geometric formations relative to the target. Specifically, the
parameterization is done in this paper so that v — 7§ = 7/2
for N = 2 and 'ygl] — 7([)12] = 27t/N for N > 3, where i; and
i5 denote the indices of any two adjacent trackers [23].

To ensure cooperative motions of the trackers in achieving
the objective (4), the following distributed control law for the
correction speed w!, = wé is used as a consensus protocol.

i —ke ZnEN;’n (v =AM, if max'(a) > 11, (22)
0, otherwise.

where k. > 0 is a designed coupling gain. Using such a
corrected speed, each tracker’s desired speed wq for tracking
the path angle parameter 4 can be computed as follows.

wfi =w+ wé, (23)

where & denotes the desired speed for all 4. Building upon
the work in [13], this paper implements two controllers on
each tracker, namely (i) a target tracking control signal u’
in the tracker kinematic (1), and (ii) a control signal (22)
which ensures the tracker encircle the target’s motion shape
and satisfies ¥ = wq. As illustrated in FIGURE 3, the pursuit
position error e, of each tracker can be defined with respect
to its body frame {B}' as the difference between the tracker’s
position and the desired trajectory, i.e.

e, =R" (py) (P} —Pj)) — ¢, (24)

where R (p}) is the rotation matrix of {B} wrt {Z}, and e =
[€1, €2, €3] is a vector with arbitrarily small-valued elements
which triggers the tracker to move towards the reference
circular trajectory to achieves the objective in (4). In this
regard, a stabilizing control input u’ below for the tracker
kinematic model can be used drive the error e}, towards zero.

w = A(RT(p) (5 (V) wh+ ) ~ Kpél) . (25)
where K, is positive definite matrixand A = AT (AAT) ™ '
in which A is a matrix that is defined as follows

1 0 —E€3 €2
A= 0 €3 0 —€1 . (26)
0 —€9 €1 0
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FIGURE 4: The schematic of the overall system.

C. OVERALL SYSTEM ARCHITECTURE

FIGURE 4 shows the block diagram schematic of the pro-
posed cooperative localization and pursuit control of targets
vessels that move along some target trajectories. Using an
onboard range sensor, each UAV tracker first measures the
distance, m};’, to each target. The measured data are then used
in the proposed ET-DEKF algorithm to estimate the state vari-
ables of each moving target §'V. Based on these estimates, the
proposed scheme constructs a convex hull which encapsulates
the detected locations of the targets, and designs an S-T curve
as a reference trajectory for cooperative tracking purposes, to
ensure the containment of the geometric shape of the con-
structed convex hull trajectory p';. The proposed cooperative
pursuit control algorithm then compares the desired S-T curve
trajectory with the current state variables of the trackers, and
then uses it as a basis to compute suitable control input signals
u’ that render the error between the two minimum/zero.

IV. SIMULATION EXPERIMENTS

This section presents two simulation cases, namely: (a) small-
scale target-tracker MAS involving at most three UAV track-
ers and three target vessels, and (b) medium-scale target-
tracker MAS involving up to ten trackers and targets. In the
small-scale case (a), the targets are simulated to follow two
types of movement scenarios, namely: (i) synchronous mo-
tion, where all targets move in coordinated patterns, and (ii)
spreading motion, where targets gradually diverge from each
other toward different directions. In addition, the simulations
in case (a) were examined using single, two, and three trackers
to evaluate whether an increase in the number of trackers will
improve the accuracy of the resulting state estimation and
pursuit control schemes. Meanwhile, the simulations in case
(b) are intended to numerically illustrate the computational
complexity involved in the implementations of the proposed
method as the number of MAS agents increases. In both cases,
the motions of the UAV trackers and the target vessels were
simulated on the basis of kinematic models in Section II.

A. SMALL-SCALE TRACKER-TARGET MAS SIMULATION

This simulation case considers MAS interaction between
at most three UAV trackers and three target vessels.
For each tracker, the initial condition is set to: pé =
[55, —60, 25, 7,0,0] ", p2 = [80, 35, —50, -0, g]T,pg =
[~70,75,—4,0,0,0] ", with a maximum and minimum con-
trol input of the form u!_; = [0,—1,—1,—1]T, and ul ,, =

6

[10,1,1,1]T, respectively. The covariance matrix of the pro-
cess noiseis setto W = 10~* x diag{10, 10,10, 10,1,0.1},
and the path angle parameter of the tracker is bounded by
A i = —0.01 and 1, = 0.01, respectively. With regard
to trackers, the initial condition of each agent is set to (15" =
[5,0,0,0.2,0.2,-0.1] T, g3 = [15,10,0,0.2,0.2,—-0.1] T,
a3y = [-10,15,0,0.2,0.2,—0.1] ", with the noise parame-
ters of: 13’0*f = diag{100,100,100,1,1,0.1}, ¢ = 0.005,
Vi = 1. The ET-DEKF parameters in Algorithm 1 are:
II =5, G =0.1xdiag{5,5,55,1,1}, Q = 20, while
the control signal parameters used for the pursuit control are
as follows: ¢/ € [0,27],v > 0, r, = 20, k. = 0.1, k, = 200,
k, = diag{0.5,0.5,0.5}, &0 =0.1,and € = [-1,—1,0] .
Simulations are conducted for two motion scenarios of the
targets, namely synchronous (sync.) and spreading (spread.)
motions. In the synchronous motion scenario, each target
maintains collective formation according to trajectories (27).

al(r) = [30sin(0.01¢),0.1¢,0] "
a3 (1) = [30sin(0.01¢) + 10,0.17 + 10,0] T (27)
a3 (r) = [30sin(0.01¢) — 10,0.1¢ + 10,0] -

In the spreading motion scenario, each target follows a dis-
tinct trajectory and diverges from each other over time ac-
cording to the following trajectories.

al(r) = [30sin(0.01£), —0.1£,0] ",
o (1) = [20sin(0.017) 4 10,0.15¢ + 10,0, (28)
o(t) = [—30sin(0.017) — 10,0.17 4 10,0] " .

For both scenarios, simulations were conducted for a total
duration of 400 seconds, with a sampling interval of 0.1
second, and sensor measurement interval of 2 seconds.

1) Simulation Results of Synchronous Motion Scenario

Simulations were first conducted to examine the performance
of the proposed DEKF method for the case when one, two,
and three tracker UAVs are used to localize three target ves-
sels that are moving according to (27). FIGURE 5 plots the
position estimation errors of the three targets when only one
tracker is deployed. It can be seen in these plots that the esti-
mation errors tend to decay toward zero. When two trackers
are deployed, the resulting estimation errors as depicted in
FIGURE 6 are reduced and decay faster. Such improvements
in the resulting estimation errors are achieved due to the
additional information obtained by each tracker through data
exchange and fusion with another tracker. Finally, when three

5
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FIGURE 5: Sync. targets’ estimation errors (1 tracker).
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trackers are deployed, the estimation errors of each tracker as
shown in FIGURE 7 are further decreased. The root mean
square (RMS) values of the estimation error when using one,
two, and three trackers are 0.491, 0.476, and 0.441, respec-
tively. These results demonstrate the increased performance
of the proposed DEKF scheme as the number of deployed
trackers increases. Note also that the use of an ET scheme to
trigger the activation of data exchange between trackers also
improves the computational efficiency of the proposed ET-
DEKEF cooperative localization method. In particular, FIG-
URE 8 and FIGURE 9 illustrate the events of communication
activations for data exchange when two and three trackers are
deployed, respectively. In these figures, the percentages of the
total simulation time during which such events were triggered
between the trackers are 8.46% and 6.97% when two and
three trackers are used, respectively. It can be seen that the
number of inter-agent communication events reduces as the
number of employed trackers increases. This suggests that
the proposed ET-DEKF method requires trackers to exchange
data only when needed, and the number of such data exchange
instances reduces as the number of trackers increases.

Based on the obtained estimates of the targets’ positions,
the trackers then proceed with performing the pursuit and
tracking control tasks. In this research, the pursuit and track-
ing control are performed with respect to the centroid of the
convex hull that is formed by the targets’ position estimates
at each sampling time. This strategy is particularly useful
when the number of trackers is less than that of the targets.
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The construction of such a convex hull for the case of single
tracker is illustrated in FIGURE 10. Note that the corre-
sponding convex hull is a triangle that is constructed every
certain period of time from the position estimates of the three
targets. Using these convex hulls, a cycloid-type reference
trajectory (dashed blue line) to be followed by the trackers
is constructed as line segments that connect the centroids of
the propagating triangles. A similar procedure can be used for
different number of trackers, as illustrated in FIGURE 11 for
the case of using two trackers.

Given the constructed convex hulls and the corresponding
reference trajectory, each tracker then generates a S-T curve
of the form (20) which encapsulates the convex hull that has
the targets’ position estimates as its vertices. The generated

0 )([Hl] 10 20 30 40
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FIGURE 10: Sync. targets’ convex hulls and the reference

trajectory construction when using one tracker.
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cycloid-type S-T curves for the case when using one, two, and
three trackers are illustrated in FIGURE 12a, FIGURE 12b,
and FIGURE 12c, respectively. Note in these figures that the
centers of the resulting S-T curves are shifting in accordance
with the movements of the centroid of the encapsulated mov-
ing targets’ convex hulls.
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FIGURE 11: Sync. targets’ convex hulls and the reference
trajectory construction when using two trackers.
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FIGURE 12: S-T curves illustration of sync. targets.

Using the generated reference trajectory, each tracker then
implements the tracking control input (25). The resulting
pursuit and tracking errors when one, two, and three trackers
are deployed to pursue the three moving targets are shown in
FIGURE 13a, FIGURE 13b, and FIGURE 13c, respectively,
and the corresponding control inputs generated for these cases
are shown in FIGURE 14, FIGURE 15, and FIGURE 16,
respectively. It can be seen in these figures that the pursuit
error for each tracker decays in an exponential manner to-
wards zero within less than 25 time steps. More specifically,
the resulting RMS values of the tracking error when using
one, two, and three trackers are 1.119, 0.500, and 0.475,

E

=l

& — Tl
[=1)

0 50 100 150 200 250 300 350 400
tis)

(a) One tracker

50
llel
I
2
lleb I

0 50 100 150 200 t(s) 250 300 350 400

(b) Two trackers

& 60,

» et

& lef]
> led]

[} -

10 200 4(g) 260 300 350 400

[=]
B
g

(c) Three trackers

FIGURE 13: Illustration of the trackers’ pursuit errors.
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respectively. These demonstrate the increased performance of
the proposed control methods as the accuracy of the targets’
position estimations are increased due to the implementation
of data fusion scheme in the developed ET-DEKF method.

2) Simulation results of Spreading Motion Scenario

As in the synchronous motion, simulations of the spreading
target motion were first performed to evaluate the perfor-
mance of the proposed ET-DEKF method in localizing targets
that move according to the trajectories in (28). FIGURE 17,
FIGURE 18, and FIGURE 19, respectively, show the position
estimation errors of the three targets when one, two, and three
trackers are deployed. The RMS values of these estimation
errors are 0.737, 0.4947, and 0.468, respectively. Based on
these results, a similar conclusion can be drawn in the case
of spreading motion to that of the synchronous case, where
the performance of the proposed DEKF method increases
as the number of trackers deployed increases. In addition,
FIGURE 20 and FIGURE 21 show the events of communi-

Time (s)

FIGURE 17: Spread. targets’ estimation errors (1 tracker).

_‘5‘2 Target 1
K}
-]
B
[=8] L L L ),
0 50 100 150 20,0 20 300 350 400
S Target 2
4
B
K 1
0 50 100 150 W0y 260 300 350 400
g2 Target 3
31
B
R ‘ .
0 50 100 150 200 f[‘:'\) 250 300

FIGURE 18: Spread targets’ estimation errors (2 trackers).
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cation activation when two and three trackers, respectively,
are deployed, with the percentages of the total simulation
time during which such events were triggered are 7.96% and
6.97%, respectively. These results also agree with those of the
synchronous motion in which the proposed ET-DEKF method
requires trackers to exchange data only when needed, and the
number of such exchange events reduces as the number of
trackers deployed increases.

Using the estimates of the targets’ positions obtained from
the ET-DEKF method, the trackers then proceed with per-
forming the pursuit and tracking control tasks. FIGURE 22
shows the resulting pursuit errors when up to three trackers
are deployed to track three targets moving in spreading mo-
tions. The corresponding control inputs when using one, two,
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and three trackers are shown in FIGURE 23, FIGURE 24, and
FIGURE 25, respectively, which produce RMS values of the
tracking errors of 1.268, 0.542, and 0.524, respectively. It can
be observed in these plots that the control inputs remain sim-
ilar across all cases, which is caused by consistent behavior
among targets trajectories. These results also agree with those
of the synchronous motion case, where the performance of the
proposed pursuit and tracking control methods improves as
the number of trackers increases. FIGURE 26 illustrates the
S-T curves of the resulting tracking trajectories. When using
a tracker, the trajectory in FIGURE 26a remains bounded
to the target centroid of the specified cycloid curve radius.
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When using two trackers, the trajectory of the second tracker
in FIGURE 26b shows a phase shift of approximately 7/2
as designed. When using three trackers, the trajectories in
FIGURE 26¢ show that each tracker exhibits a phase shift of
approximately 27 /3 to achieve the desired coordination.
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TABLE 1: Summary of simulation results.

One tracker Two trackers Three trackers

Sync Spread Sync Spread Sync Spread

Comm(%) - - 846 796 697 697
RMS(e;,) 0491 0.737 0476 0.4947 0.441 0.468
RMS(g”) 1.119 1.268 0.500 0.542 0475 0.524

3) Synchronous & Spreading Motions Comparison

Comparison of simulation results for both synchronous and
spreading targetS motions is summarized in TABLE 1. In
this table, RMS(G'/) and RMS(el,) denote the RMS val-
ues of the DEKF estimation error and the tracking control
error, respectively, at simulation times 50 < t < 400. The
Event (%) denotes the percentage of the overall simulation
time during which communication activation events between
tracker UAVs were triggered. It can be seen for all scenar-
ios in this table that the increase in the number of trackers
improves the performance of both the estimation and pursuit
control of the trackers, while at the same time it reduces
the number/frequency of communication activation between
trackers. In particular, the estimation errors of the spreading
targets case are higher than those of synchronous targets case.
This is indeed as expected due to the used simulation sce-
nario, whereby the strength of measurement noise is set to be
proportional to the distance between trackers and targets. In
addition, such a setup is also reflected in the achieved pursuit
errors, whereby the values for the spreading targets case are
larger than those of the synchronous targets case as a result of
wider targets’ trajectories. Despite having higher estimation
errors, the spreading targets case requires less communication
activation compared to the synchronous targets case.

B. MEDIUM-SCALE TRACKER-TARGET MAS SIMULATION

A medium scale simulation scenario is also conducted consid-
ering four trackers and five targets which move with different
motion patterns. Two of the trackers follow a similar trajec-
tory, while the others move in distinct patterns: one along a
diagonal path, one on a straight line path along the X -axis, and
one on a circular path. The performance of both cooperative
localization and pursuit are then examined.

The proposed ET-DEKF method demonstrates good target
localization performance and achieves accurate position es-
timation for different tracking scenarios. FIGURE 27 shows
the position estimation errors of the five target vessels with an
RMS(g'/) value of 0.576 m. Such a higher RMS value when
compared to small-scale simulation cases is primarily caused
by the fifth target which follows a circular motion path.
Specifically, while the target motion accounts for the angular
speed dynamics, the estimation accuracy for circular trajecto-
ries remains slightly less precise than those of linear and curve
motions. In addition, the event-triggering plot in FIGURE 28
which shows that communication between agents was acti-
vated only up to 19.90% of the total simulation time clearly
demonstrates the improvement in computational efficiency of
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FIGURE 28: ET activation events (medium-scale scenario).

the proposed ET-DEKF method. The high frequency of events
at the beginning of the simulation was due to a significant
initial estimation error of the third target. As the estimation
errors decay, the events of communication activation decrease
and are mainly activated to track the motion of the fifth target.
These results highlight the effectiveness of the proposed ET-
DEKF method in performing the adaptive localization task
while maintaining efficient resource utilization.

Using ET-DEKF estimation of the targets’ positions, the
trackers implement the pursuit and tracking control meth-
ods. The pursuit errors shown in FIGURE 29 demonstrate a
gradual convergence toward zero with RMS value RMS (g*)
of 0.552 m, which is consistent with the small-scale results.
The S-T curves of the trackers in FIGURE 30 show that
the trajectories remain bounded within the specified radius
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FIGURE 30: S-T curves illustration (medium-scale scenario).
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of the cycloid curve and closely follow the centroid of the
target cluster. The corresponding control inputs shown in
FIGURE 31. suggests that trackers input remains consistent
in all cases while nearly reaches the maximum limit value,
indicating further expansion of the inter-target radius is not
feasible. If the radius increases, the trackers may not be able
to maintain the desired trajectory and potentially compromise
the tracking performance. In general, these simulation results
further emphasize the effectiveness of the proposed tracker-
target cooperative localization and pursuit methods.

C. LARGER-SCALE TRACKER-TARGET MAS SIMULATION

This section evaluates a larger-scale tracker-target MAS sim-
ulation to examine the computational complexity and scal-
ability of the proposed cooperative localization and pursuit
methods. In particular, the simulation scenario consists of the
combination of up to N = 9 trackers and M = 10 targets that
move in synchronous motion. The computational complexity
and scalability are evaluated for different combinations of
tracker-target pairs, suchas (N = 1,M = 1), (N = 1,M =
2), (N = 2,M = 3), etc. Performance comparisons are also

12

presented between the method proposed in this paper with
those of [24] (Method 2) and [25] (Method 3). A summary of
Method 2 and Method 3 is briefly discussed in the Appendix.

1) Evaluation of Scalability

The performance of the cooperative localization method is
evaluated based on the RMS values achieved on the esti-
mation error of the target states defined as ¢} — ¢}’. This
evaluation metric is denoted with RMS (q'/)-M with respect
to the number M of the targets as illustrated in FIGURE 32a.
As can be seen in this figure, all the methods demonstrate
accurate and good performance of cooperative localization
results for large numbers of trackers and targets combinations
and thereby highlight their scalability and effectiveness for
larger-scale simulation scenarios. Notice for M < 2 that
all methods, in particular Method 2, exhibit significantly
higher estimation errors, which can essentially be attributed
to the lower accuracy of a single tracker due to the absence
of data fusion process. In addition, the performance of the
pursuit control method is evaluated using the RMS value e,
of the pursuit errors. This evaluation metric is denoted with
RMS(e,)-M with respect to the number M of the targets as
shown in FIGURE 32b. It can be seen in this figure that the
method proposed in this paper and Method 2 achieve more
accurate tracking result with an average RMS(e,) values
of 0.423 and 0.527, respectively, while Method 3 results in
a higher average RMS(e,) of 1.749. These results clearly
demonstrate the better performance of the proposed coopera-
tive localization and pursuit control methods compared to the
methods proposed in [24] and [25].

2) Evaluation of Computational Complexity

The computational complexity of the cooperative localization
method is evaluated based on the average time 7, required by
each tracker to estimate the state variables of all targets as
the number of such targets increases. As shown in FIGURE
33a, the computation time required to perform the proposed
ET-DEKF method scales linearly with the increasing number
of targets. Note in this figure that all methods exhibit an
approximately similar trend of computational time, with each
tracker requiring 0.928 ms on average to successfully localize
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FIGURE 32: Comparison of scalability performance.
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each target. In addition, the computational complexity of the
cooperative pursuit control method is evaluated based on the
average time #,-M required by each tracker to generate the
control input to follow the reference S-T curve. As shown in
FIGURE 33b, the computation time #, to generate the pursuit
control inputs remain approximately constant wrt the increase
in the number of targets, with an average value of 120us
for the method proposed in this paper and Method 2, and a
slightly higher value of 292us for Method 3. In particular,
the communication event plots shown in FIGURE 34 indi-
cate the computational advantage offered by the ET strategy
proposed in this paper which requires fewer communication
update events than other methods. This essentially results
in the reduction of communication overhead and preserves
computational resources. However, one may observe that the
frequency of ET updates also increases with increasing num-
ber of targets. Future works may be directed toward exploring
more localized and adaptive ET mechanisms that can balance
communication demand/allocation in large-scale scenarios of
target-tracker MAS interaction.

V. CONCLUDING REMARK

This paper has presented a multi-UAV coordination scheme
for position estimation and tracking control purposes of
multiple moving target vessels to improve maritime surveil-
lance and tracking of illegal fishing activities. The pro-
posed scheme uses range-based event-triggered distributed
extended Kalman filter (DEKF) to estimate the targets’ state
variables. The integration of spatial-temporal (S-T) curves
and adaptive geometric formations ensures the target remains
within the sensor’s measurement range at all times. The pro-
posed approach thus has the potential to reduce the need for
extensive human resources while providing real-time tracking
capabilities to address illegal fishing activities.
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APPENDIX. SUMMARY OF METHODS FOR COMPARISON
A. SUMMARY AND RESULTS OF METHOD 2

This section describes Method 2 proposed in [24] that is used
as the first comparison for the method proposed in this paper.
In essence, the cooperative pursuit scheme developed in [24]
chooses to consider the second-order dynamics of variable %’
(rather than +' as considered in this paper) defined as follows.

i i AP T i i i
= —kyel 4 (&) RT(PY)S () +up,  (29)
where k., is a constant to design, and -y is defined as below.
e, =4 — wi. (30)

To evaluate the performance of Method 2, simulations similar
with those described in Section IV-A were performed using
a synchronous target motion consisting of three trackers.
The simulation results using Method 2 generally similar to
those obtained using the methods proposed in this paper, but
with some differences. FIGURE 35 shows the communication
activation events when three trackers are deployed, while
FIGURE 36 shows the corresponding tracker inputs. It can be
seen that each update triggered by an event introduces fluc-
tuations in the system response because the event modifies
the correction speed w' in (22). This abrupt change causes
rapid variations in the system response and triggers spikes in
@', which subsequently affect the dynamics of 4’ in (29). The
occurrences of such spikes in the control input are undesirable
as they may introduce instability or excessive control effort
that potentially can degrade the overall system performance.
In contrast, FIGURE 16 shows that the method proposed in
this paper exhibits a significantly smoother control response.
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FIGURE 36: Example control inputs in Method 2.

The absence of sudden spikes essentially indicates that the
proposed control action is more stable and reduces unneces-
sary actuation, leading to improved overall system efficiency.

B. SUMMARY AND RESULTS OF METHOD 3

The second approach used for the comparison is Method 3
developed in [25]. In this approach, the tracker input u =
[vi is, 0, wi]T described in (25) is modified into a two-
dimensional control input that consists of ¢} = 0 and 0} =
as illustrated in FIGURE 37. In this regard, the pursuit error
efp is defined in the S-T curve wrt frame F as the form below.

e, = R' (v) (Pr —Py). (31)
where ¢, is the orientation of the S-T curve on frame {Z}.

The updated control law is then defined as follows.

= le + ko€ (32)

@,
where k;, ko are controller parameters and v = ||P || is the
S-T curve speed. The yaw rate control input wB is defined as

;sin(yl) — s1n(5’)

w% = ﬁ(vi)vi, + 5l k3¢l k4 <p n p w’
(33)
where (') is a curvature function defined as follows.
Pi/ i Pi// i Pz// Pz/ i
(V)P +PUL(Y) ,y(v). 34)

wlr) = FEIE

FIGURE 37: Illustration of S-T curve pursuit in Method 3.
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where subscripts x and y denote values on the x and y axes,
respectively, of the frame {Z}. The velocity vio is defined as

. vf,cos(w")

e T T k(e

; (35)

with ¢} = ¢' — ¢!, denotes the error of the heading angle.
The orientation compensation parameter &' is defined as

§' = —0 tanh(kse!, ,). (36)
while the orientation error values 1Zi is formulated as
P =y, -0 (37)

Similarly with Method 2, the performance of Method 3 is
evaluated using simulations based on synchronous target
motions with three trackers, as described in Section IV-A.
FIGURE 38 shows the pursuit errors achieved using Method
3 with control inputs as depicted in FIGURE 39. It can be
seen that the pursuit errors remain bounded and the corre-
sponding control inputs remain reasonably smooth. However,
compared to the method proposed in this paper, Method 3
exhibits slower response times and produces noticeable state
oscillations after reaching the steady state value, and eventu-
ally causes higher cooperative pursuit error values.
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FIGURE 38: Illustration of pursuit errors (Method 3).
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