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Preface

Over the decades, significant advances have been made in the field of multi-robot
system research, encompassing various applications such as unmanned aerial vehi-
cles (UAVs), unmanned surface vehicles (USVs), and autonomous ground vehi-
cles (AGVs). Compared to a single robot, multi-robot coordination offers higher
efficiency, greater robustness, broader operational ranges, and improved resilience,
making it increasingly vital in various industrial and civil applications. One of the
interesting problems in multi-robot coordination is multi-robot coordinated fencing,
which governs a team of robots to form a protective formation around a target, has
drawn significant attention, and proved to be useful in practice such as strategic
defense and cargo transportation. However, real-world applications often involve
complex target characteristics, such as varying dynamics and multiple targets, which
can lead to failures in maintaining the fence missions. Additionally, due to sensor
costs and environmental constraints, some robots may only have access to direc-
tional constraint information, which further intensifies challenges to the coordinated
fencing.

To this end, this monograph systematically introduces the current theoretical and
practical progress for designing coordinated multi-robot fencing control algorithms
and their applications to unmanned vehicles, which can help the readers have an
overview and understand the research lines and future directions of coordinated
fencing. The readers can benefit from learning how to formulate the practical fencing
mission into a mathematical problem, and how to design the theoretical controller for
practical applications with rigorous guarantees. Overall, the monograph is divided
into three parts.

Firstly (Chap. 1), we introduce the background of multi-robot systems and USV
swarms. We then dive into related works on coordinated fencing control, catego-
rizing them into two research directions, namely trajectory fencing and convex-
hull fencing. Along these research lines, we present the necessary tools for the
convergence analysis later. Finally, we outline the structure of the entire monograph.

In the first part (Chaps. 2-5), we introduce the basic fencing control via neigh-
boring angle repulsion for a constant-velocity target in Chap. 2, which lays a ground-
work for investigating complex coordinated fencing in the following chapters. Next,
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we design a coordinated controller using input-to-state stability in Chap. 3, achieving
complex fencing with an evenly rotating formation. In Chap. 4, we leverage the output
regulation theory to tackle a more complex fencing problem with a varying-velocity
target. Finally, in Chap. 5, we propose a formal long-term task execution framework,
which can handle the general fencing missions for a target in both 2D and 3D.

In the second part (Chaps. 6—7), we address the multiple-target scenario. Specif-
ically, we propose an adaptive fencing controller to govern a team of robots to form
a large circle, ensuring that the smaller circle formed by the targets is fenced by the
robot group in Chap. 6. Then, in Chap. 7, we consider a more challenging scenario
where the targets can be scattered, where we propose a flexible subgrouping and
ordering methodology to fence the scattered targets in challenging environments
flexibly.

In the third part (Chap. 8), we introduce a bearing-only fencing controller to
accomplish the coordinated target-fencing mission. Unlike the previous chapters (i.e.,
Chaps. 2-7) relying on the relative position or distance between the robot and target,
such a bearing-only approach only requires comparatively inexpensive sensors, such
as pinhole cameras and wireless sensor arrays. While this method can be applied to
large-scale systems, it inevitably induces more challenging issues due to bounded
bearing errors.

Finally (Chap. 9), we summarize the entire monograph and outline potential future
directions.

As a professional reference monograph, this book covers various cooperative
fencing research topics, benefiting readers with varying levels of expertise in broad
fields such as multi-robot cooperation, fencing control theory, unmanned vehicle
formation, and control engineering. It is an invaluable resource for professional
researchers, graduate students, university faculty, and others. This book will help
readers systematically study the related fencing theory and its applications to different
unmanned vehicles.

This book consists of various works during my previous research period, as well
as my supervisor, cooperators, and group members, with whom we have worked over
the years and have made it possible. Special thanks would first go to my supervisor
Hai-Tao Zhang for his detailed guidance. We are also grateful to Prof. Zhiyong Chen
for his outstanding mathematical skills and rigorous requirements for my work.
Thanks for the guidance of Prof. Jun Wang from Hong Kong City University. We
are also grateful to all the group members of the Intelligent Manufacturing and Data
Science Laboratory (IMDS), especially Haofei Meng, Bin Liu, Bowen Xu, Jianing
Ding, Fulong Hu, Yaozhong Zheng, Yifan Hu, etc., for the constant feedback and
support. Then, we thank Jingying Chen, and Niraja Deshmuk in the publication team
at Springer for her assistance. Finally, sincere thanks to our beloved families for their
support all the time.
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Chapter 1 ®)
Introduction to Coordinated Multi-robot Gedar
Fencing Control

1.1 Background

In the past decades, the coordination of multi-robot systems has attracted a great deal
of attention due to its low cost, high efficiency, large range, and strong robustness [1].
Technically speaking, the fundamental theory of the coordination of multi-robot sys-
tems is swarm intelligence, which was initially inspired by observing the common
characteristics of group behaviors in nature to reveal their underlying mechanisms
and principles. As shown in Fig. 1.1, complex behaviors such as the coordinated
flight of bird flocks during migration, collective evasion of fish schools in the face
of threats, collaborative transport by ant colonies during foraging, and cooperative
work of bee swarms in nest building have all inspired swarm intelligence research.
As for the word “swarm intelligence”, it originates from [2], where the scientist Ger-
ardo first discussed how the behaviors of swarms and other social insects inspired
robotic control strategies based on multi-agent systems. Then, Eric further intro-
duced the modeling and algorithm design of swarm intelligence and the potential and
advantages of applying swarm intelligence algorithms in artificial systems, including
robotics, distributed sensor networks, and optimization problems [3].

Initially, the research on swarm intelligence mainly focused on the theoretical
mechanism modeling of the swarm behaviors, which involves approximating the
rapid aggregation and dispersion of animal groups using network rules or differential
mathematical equations. As early as 1986, the computer scientist Reynolds et al.
first proposed the three basic rules of swarm groups: “repulsion”, “aggregation”, and
“speed matching”, and reproduced this groundbreaking swarm behavior through
computers [4], which has also become a classic rule widely accepted and adopted
by many scholars. Later, Vicsek et al. introduced the Vicsek model for self-driven

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 1
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Fig. 1.1 Swarm behaviors in the natural world. a Bird flocking. b Fish schooling. ¢ Ant colony. d
Bee swarm

particle systems to study the behavior and phase transitions of particle groups [5, 6].
Couzin et al. further proposed the Couzin model, which considers three interaction
rules: repulsion, alignment, and attraction, simulating the effects of limited visual
perception [7]. Then, Andrea and Giorgio et al. applied the spin model to the study
of starling flocks, revealing the relationship between the group dynamics and spin
models [8]. With the development of robotics, the research on swarm intelligence
has gradually moved toward experimental validation, which attempts to simulate and
replicate certain behaviors of biological swarms using actual robots. For instance,
Radhika et al. [9] from Harvard University studied a large-scale self-organizing
robotic system, where they used small, affordable 2D robots called Kilobots for
communication and coordinated formation to mimic the complex swarm behaviors
in nature. Additionally, Tamas et al. [10] used drone swarms to simulate swarm
behaviors in constrained environments, while Xing Zhou et al. considered the swarm
behaviors of drones in more complex, dense environments [11]. Furthermore, Zhang
et al. implemented the swarm cooperative control strategies on water surfaces using
multi-unmanned-surface vehicle (USV) systems.

Meanwhile, due to the increasingly complex tasks, the coordination of unmanned
vehicles has attracted a great deal of attention. For instance, as anew type of intelligent
maritime platform, unmanned surface vessels (USVs) can possess advantages such as
recyclability, low cost, strong maneuverability, and long-term operation [12]. In this
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Fig. 1.2 Different application areas of our self-established USVs. a HUSTER-12 USV: River
exploration. b HUSTER-16 USV: Seafloor mapping. ¢ HUSTER-30 USV: Hydrographic surveying.
d HUSTER-68 USV: Ocean surveying

way, such kinds of USVs have gradually played an important role in various appli-
cations such as intelligence surveillance, precision strikes, resource exploration, and
water quality monitoring and regulation [13—16]. As shown in Fig. 1.2, we illustrate
different types of our self-established USVs. Due to the limited payload capacity of
a single USV, a natural idea is to develop the coordination of USVs, which can offer
advantages such as high efficiency, wide coverage, large scale, robustness, and strong
mobility, and boost tremendous potential for future applications. From the perspec-
tive of cutting-edge theory, the journal Science’s publication titled “The Power of
the Crowd” [17] also emphasizes the need to combine collective intelligence with
machine performance to address rapidly growing human challenges. In summary, the
research of combining swarm control technologies with USV swarm will contribute
to the further development and utilization of marine resources, which can effectively
enhance efficiency and coverage in target protection. However, in various practical
applications, there exist some complex target characteristics such as varying dynam-
ics and multiple targets, which can lead to failures of coordinated fencing missions.
Moreover, due to sensor costs and environmental constraints, USVs may only obtain
directional constraint information, posing challenges to coordinated fencing.
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To this end, it is an urgent mission to address the aforementioned challenging
issues of complex target dynamics and sensor constraints and incorporate the con-
trol algorithm design with practical applications for coordinated fencing control of
unmanned vehicles.

1.2 Related Works

In this section, we will systematically present the research line of the previous
coordinated fencing works.

First of all, the theoretical support for the coordinated fencing of multi-robot
systems originates from the multi-agent control theory [18-20], which has been
extensively studied in the past decades. With the continuous emergence of research
hotspots, an increasing number of scholars have devoted themselves to relevant
research in this field, which has further promoted the rapid development of multi-
agent theory and swarm theory [21, 22], such as unmanned systems [23-25],
distributed sensor networks [26—28], mobile industrial robots [29-31], and smart
grid [32-34]. Among them, coordinated formation, as one of the most active research
areas in recent years, has been fully explored and a large number of research works
have emerged. According to different methodology mechanisms, the research direc-
tions of collaborative formation include leaderless formation method [35, 36] and
leader—follower formation method [37, 38], respectively.

In leaderless formation, the group of agents does not predefine an agent as the
“leader”, whereas all the agents mainly form and track the desired formation through
interactions between neighboring agents [39, 40]. This greatly facilitates the redun-
dancy and fault-tolerant design of the controller, making the formation system more
robust in practice. However, in leader—follower formation, agents are usually divided
into two groups, namely the leader group and the follower group, respectively. In
such kind of a framework, in addition to interacting with the neighboring follower
agents, the follower agent also needs to interact with the leader agent to ultimately
achieve the desired formation [41, 42].

When the coordinated formation becomes more complex, the leader—follower for-
mation algorithm has evolved many interesting new branches, among which the con-
tainment control problem [43] and the fencing control problem [44] are two typical
representatives. Generally speaking, containment control mainly involves coopera-
tively controlling the follower agents to be contained by the convex hull formed by
the leader agents whereas keeping maneuvering. Essentially, the core problem is still
similar to the consensus problem, where the main application scenarios include haz-
ardous materials handling, search and rescue, and collaborative transportation [45].
For instance, a group of heterogeneous robots needs to move from one area to another,
but only a small number of them are equipped with advanced detection equipment
that can detect dangerous obstacles around them. Usually, the small number of robots
is defined as the leader group, and the rest of the robots are defined as the follower
group. Then, by detecting obstacles, the leader group can form a safe moving area
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Fig. 1.3 Illustration and representative methods of the trajectory and convex-hull fencing

(convex hull), and the containment controller will govern the follower robot group
to enter the safe area and move with it. Finally, the robot groups can safely arrive
at another specified area. In recent years, containment control has been widely stud-
ied, mainly including first-order systems [46], second-order systems [47], complex
unmanned systems, etc. [48].

In contrast, the corresponding fencing control is to collaboratively govern multiple
follower agents to fence and protect the leader agent(s) [44], which can be regarded as
an inverse problem of containment control. Compared with the containment control,
the fencing control is more closely integrated with the unmanned vehicle swarm
and has a wider range of practical usage. According to different fencing strategies,
the fencing control is approximately divided into trajectory-fencing and convex-hull
fencing methods, where some illustrative examples are given in Fig. 1.3. To proceed,
we will introduce the related works of these two methodologies in the following part.

(i) Trajectory-Fencing Scenario: For the trajectory-fencing control algorithms,
the core idea is to drive a group of agents to encircle a target using rotating trajec-
tories [49]. In recent years, there has been extensive research on trajectory-fencing
algorithms. Marshall et al. [49] first proposed a formation algorithm based on the
cyclic pursuit principle to fence a stationary target. Kim et al. [5S0] proposed a 3D dis-
tributed cyclic pursuit controller to form a predefined tracking formation and fence a
moving target. Guo et al. [51] proposed a distributed motion target-fencing method
based on relative neighboring positions. Zheng et al. [52] designed a bearing-only
controller, which is capable of fencing both point targets and disk-shaped targets.
However, the above works [49-52] assume that target information is available to all
agents, which is limited by the theoretical bottlenecks. Subsequently, many scholars
have further investigated a more practical scenario where target information is par-
tially available to some agents. In this endevator, Sharma et al. [53] proposed a robust
fencing controller based on partially received target information. Yu et al. explored
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various scenarios including fixed directed topologies [54], switching topologies [55],
and limited individual target velocities [56], and designed cooperative fencing con-
trollers for the affine systems. Shi et al. [57] studied scenarios where information
about multiple stationary targets is partially known. Dou et al. [59] considered the
moving target estimation and collision avoidance, and proposed a cooperative fencing
strategy based on output regulation theory. To reduce costs and better match practical
conditions, Dou et al. [58] investigated a bearing-only distributed target localization
and designed cooperative fencing strategies for unknown targets. Yang et al. [60]
further studied the single target-fencing formation under more complex conditions.

However, due to practical application limits, the aforementioned fencing works
[49-60] still focused on simple first-order or second-order linear systems and have
not yet been integrated with complex real-world systems. In recent years, a series
of fencing formation works with unmanned vehicles have emerged. For instance,
Dong et al. [61, 62] studied the time-varying formation strategies for multiple UAVs
cooperating in fencing tasks. Peng et al. [63, 64] investigated target-fencing strategies
with multi-USV systems. It is still worth mentioning that the existing works only
focused on a single USV fencing a single moving target, whereas the multi-USV
fencing problem remains an open problem.

(ii) Convex-Hull Fencing Scenario: Despite the previous trajectory-fencing
methods employing agents’ motion trajectories to fence a target, they cannot rigor-
ously guarantee that the target is continuously fenced all along from a mathematical
view. Therefore, it motivates another direction of the convex-hull fencing methods.
Unlike trajectory fencing which relies on trajectories, the convex-hull strategy strictly
fences a target at every moment using the convex hull formed by all agents. Moreover,
the convex-hull fencing algorithms can be further categorized into basic and complex
fencing according to their missions and the complexity of the target dynamics.

The basic fencing tasks typically involve a straightforward scenario of the fence
tasks with simple target dynamics like stationary or uniformly moving targets. These
tasks have strong engineering backgrounds and relatively straightforward practical
applications, leading to numerous research advancements in recent years. Liu et al.
[65] proposed a cooperative hierarchical fencing strategy based on output regulation
theory, which achieves the cooperative encirclement of a static target. Furthermore,
Chen [66] introduced a new cooperative fencing controller incorporating attraction,
repulsion, and rotation, which is capable of fencing a stationary target without a
predefined radius. Inspired by this work, Kou et al. [67] extended these concepts to
moving targets, designing an integrated estimation-control structure to achieve fenc-
ing. Notably, the cooperative formations exhibited interesting patterns of translation
and rotation depending on whether individual repulsion functions were added to the
estimator or not. The work by Kou et al. [67], focusing on first-order linear systems,
is relatively uncommon in practical engineering. Subsequently, this research was
extended to encircling moving targets with second-order linear multi-agent systems,
yielding similar conclusions [68].

However, since the basic fencing strategies are only limited to simple tasks that
cannot deal with dynamic and complex environments, more researchers have turned
their focus toward complex fencing tasks, such as complex formation patterns, a
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varying-velocity target, and multiple targets, which are more suitable for environ-
ments with diverse and challenging dynamics. Wang et al. [69] designed a fencing
strategy based on limit cycles to fence moving targets, capable of forming circular
formations. Xu et al. [70] studied multi-agent fencing strategies for moving targets
under input saturation conditions. Chen et al. [44] proposed an integrated estimation-
control framework using connected topologies to fence multiple stationary targets
with multiple agents. Shi et al. [71] further considered multi-target fencing with
second-order linear systems. To align with practical engineering needs, Shoja et al.
[72] extended these concepts to nonlinear and non-identical multi-agent systems,
devising adaptive control strategies accordingly. Later, Li et al. [73] introduced a
continuous multi-target estimator and designed a corresponding fencing strategy. For
even more complex dynamic systems, Li et al. [74] developed cooperative fencing
controllers based on Lagrangian multi-agent systems, ensuring collision avoidance
among agents.

In summary, among the aforementioned research works, numerous scholars glob-
ally have conducted extensive theoretical studies on cooperative fencing control prob-
lems, where the convex-hull cooperative fencing control algorithm stands out for its
theoretical ability to guarantee the effectiveness and success rate of fencing in prac-
tice. However, due to its relatively late inception, many related studies are primarily
focused on the basic fencing involving first-order and second-order linear systems,
which have yet to integrate complex nonlinear system models in practical engineer-
ing scenarios. Furthermore, the issues of collision avoidance, complex motion target
characteristics, formation control, and sensor limitation commonly encountered in
practical engineering have not been fully addressed as well. Moreover, the majority
of these studies remain in simulations and lack real-world experimental validation,
thereby presenting challenges in demonstrating algorithm reliability. Despite some
studies considering more practical and complex fencing tasks, they only focus on
the characteristics of the targets being fenced, without addressing issues such as
formation control of agents, multiple targets, and other practical aspects crucial in
real-world applications.

Accordingly, the existing challenges regarding formation patterns, complex target
behaviors, and sensor limitations still require further research, which motivates the
publishment of this book to accelerate both theoretical innovations and practical
applications of cooperative fencing algorithms in practice.

1.3 Preliminary

In this section, we introduce the graph theory, matrix theory, and stability theory for
coordinated fencing in this monograph.

First of all, we define the notations throughout this monograph. The notations
R, RT denote the real numbers and positive real numbers, respectively. The notation
R" represents the n-dimensional Euclidean space. The notations Z and Z! repre-
sent the integer number and the integer set {m € Z | i < m < j}, respectively. The
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notation || * || denotes the Euclidean norm of the vector *. The notation %! repre-
sents the inverse of the square matrix . The notation %' denotes the transpose of
the matrix *. The notation f x(s)d (s) represents the integral of the function *. The
notation * represents the derivative of the function * with respect to time ¢. The nota-
tions * > 0 and % < Orepresent the positive-definite and negative-definite matrices ,
respectively. The identity matrix is denoted by I, := diag{1, 1, ..., 1} € R™", (x;;)
represents the (i, j)-th item of the matrix *. The Kronecker product is denoted by &®.
The n-dimensional identity matrix is represented by 7,,. The N-dimensional column
vector consisting of all 1 is denoted by 1y.

Lemma 1.1 ([18]) For a connected and undirected topology G, one has that

T

X
min —— = Ay(L),
x#0,1Tx=0 [ x]|?

wherex € R", L € R"™" isthe corresponding Laplace matrix, and ), > 0 represents
the second smallest eigenvalue of the corresponding matrix L.

Lemma 1.2 (LaSalle’s Invariance Principle [75, Theorem 4.4]) Consider a system

x = f(t,x,u), (1.1)

where f :[0,00) x R" x R" — R" is piecewise continuous in t and locally Lip-
schitz in x and u. The input u(t) is a piecewise continuous, bounded function of t
forallt > 0. Let Q € D be a compact set that is positively invariant with respect to
(1.1). Let V : D — R be a continuously differentiable function such that V(x) <0
in Q. Define the set & :={x € Q : V(x) =0}, then every solution starting in 2
approaches M as t — oo.

Lemma 1.3 (Input-to-State Stability [75, Theorem 4.19]) Let V : [0, o0) x R" —
R be a continuously differentiable function such that

ar(lxl) = V@, x) < aa(lx])

v aVv

— + [, x,u) < =Ws(x), Vllx[| = p([lu])) >0,

at ax
V(t, x,u) € [0,00) x R" x R™, where o, ap are the class K functions, p is a class
K function, and W3(x) is a continuous positive-definite function on R". Then, the
system (1.1) is input-to-state stable (ISS) with y = (xl_l oy o p.

Lemma 1.4 (Barbalat’s Lemma [75, Lemma 8.2]) Let @ : R — R be a uniformly
continuous function on [0, 00). Suppose that lim;_, fot ¢ (v)dt exists and finite.
Then, ¢(t) — 0ast — oo.
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1.4 Book Outline

Focusing on the core scientific problem of distributed fencing control under different
constraints, this monograph starts from the three perspectives of single-target fenc-
ing, multi-target fencing, and limited-sensing fencing. It explores various in-depth
methodologies of the fencing theory in Fig. 1.4, where Chaps.2-5 belong to Part I
of a single-target scenario, Chaps. 6—7 belong to a multi-target scenario, and Chap. 8
belongs to the limited-sensing scenario. Moreover, extensive fencing experiments
using multiple USVs and UAVs are conducted to validate the effectiveness of the
algorithms in practice. In this chapter, we provide a necessary preliminary for the
design of the fencing controller in the following chapters. The remainder of this
monograph is organized below.

In Chap. 2, we propose a distributed fencing controller to govern a team of robots
to fence a constant-velocity target cooperatively, which is a basic fencing problem. In
particular, based on the robot—robot and robot—target distances, a cooperative fencing
controller utilizing the nearest phase-angle repulsion is designed to accomplish three
tasks: straight-line fencing, collision avoidance between individuals, and regular
polygon formation. The convergence of the closed-loop system is demonstrated using
the comparison principle and Barbalat’s lemma. Finally, simulations are conducted
to verify the effectiveness of the algorithm.

Introduction
=
Part I:
Single Target
Position
only
Part II:
Multiple Targets
7
Part I1I: Bearing
Limited Sensing only

Summary &
Future Work

Fig. 1.4 The structure of the monograph and the relationship among different chapters
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In Chap. 3, we propose a distributed fencing controller via input-to-state stabil-
ity (ISS), which solves a complex fencing problem with an evenly rotating forma-
tion. Therein, considering the influence of intermittent communication topology and
evenly rotating formations on the closed-loop system, an estimation-control hierar-
chical framework is established to decouple distributed target estimation and cooper-
ative fencing missions. Then, a distributed fencing controller is designed via the ISS
theorem, which achieves the rotating formation fencing for a moving target. Addi-
tionally, the convergence of the closed-loop system is guaranteed as well. Finally,
simulations are carried out to verify the effectiveness of the algorithm.

In Chap. 4, we consider a more complex fencing problem with a varying-velocity
target. Thereby, we propose a distributed fencing controller via output regulation
theory, which cooperatively fences a moving target of variational velocity into a
convex hull formed by the robots while maintaining a rigid formation. In particular, to
attain a rigid formation with guaranteed collision avoidance, each controller consists
of two terms: a dynamic regulator with an internal model to drive robots toward
the moving target merely by position information feedback, and a repulsive force
between each pair of adjacent robots. Significantly, rigorous analysis is provided to
eliminate the strong nonlinear couplings induced by the label-free property. Finally,
the effectiveness of the algorithm is substantiated by simulations.

In Chap. 5, we propose a distributed long-term task execution (LTTE) algorithm
for the general ordering-flexible target-fencing problem. Particularly, by designing
target-approaching and sensing-neighbor collision-free subtasks, and incorporating
these subtasks into the constraints in an online constraint-based optimization frame-
work, the proposed LTTE can systematically guarantee long-term target fencing
under changing environments in the n-dimensional Euclidean space. Rigorous anal-
ysis is provided to guarantee asymptotical convergence with challenging nonlin-
ear couplings induced by time-varying collision-free constraints. Finally, 3D sim-
ulations with changing environmental elements are conducted to demonstrate the
effectiveness of the proposed algorithm.

In Chap. 6, we propose an equal-distance surrounding controller for robots to
fence multiple moving targets with guaranteed collision avoidance. First, a dis-
tributed estimator is developed to approximate the center of moving targets. Then,
an adaptive distributed control law is designed for the robots to accomplish equal-
distance surrounding collaboratively. In particular, conditions for assuring asymp-
totical stability for the closed-loop system are derived. Finally, experimental results
with unmanned surface vessels are reported to substantiate the effectiveness of the
proposed algorithm.

In Chap. 7, we propose the flexible subgrouping and ordering coordination (FSOC)
algorithm that enables a team of robots to cooperatively fence multiple scattered tar-
gets (MSTs) of different moving velocities, where each target is fenced into the
interior of distinct convex hulls formed by different subgroups of robots. In partic-
ular, we first encode the three subtasks of flexible subgrouping, target convergence,
and neighboring collision avoidance into control barrier function (CBF) constraints,
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and then formulate the FSOC problem as a decentralized constraint-based task-
execution optimization one. Rigorous analysis is provided to guarantee the asymp-
totic convergence. Finally, 2D and 3D simulations have been conducted to confirm
the effectiveness, robustness, adaptability, and scalability of the algorithm.

In Chap.8, we propose a distributed bearing-only controller for multiple
unmanned surface vessels (USVs) to fence and rotate evenly around a motional target
with inter-USV topologies. The distributed control law consists of three terms, i.e., a
bearing-only estimation term to approximate the target state, an upper-level surround-
ing term to fulfill the target-fencing mission, and a single-vessel regulation term to
track the upper-level signal. Significantly, technical conditions are derived to guaran-
tee the asymptotical stability of the closed-loop system. Finally, experimental results
on a real platform and a target vessel are conducted to substantiate the effectiveness
of the algorithm.

In Chap.9, we summarize the whole monograph and further discuss future
research topics of coordinated fencing missions.
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Chapter 2 ®
Distributed Fencing Control via e
Neighboring Angle Repulsion

2.1 Introduction

In this chapter, we first consider the fundamental fencing problem for a constant-
speed target under time-varying topologies. Although some previous works have
addressed the fencing control of a constant-speed target, they are limited to solutions
based on fixed topology or switching connected topologies, which are only effec-
tive in open and unobstructed environments. However, in increasingly complex and
dynamically changing environments, it is important to further delve into the collab-
orative fencing theory and strategies for general time-varying topology, as well as
the formation evolution during the fencing process. Therefore, this chapter proposes
a distributed cooperative fencing controller via neighboring angle repulsion, which
aims at solving the fencing problem of a constant-speed target under time-varying
topologies In what follows, we will introduce the related background.

The coordinated enclosing problem involves guiding a group of robots to enclose
a target within their trajectories, offering various potential applications such as fleet
convey, orbit maintenance, perimeter surveillance, and collaborative escort, which
has seen significant research advancements in recent years. For example, a distributed
method for enclosing a moving target using relative neighboring positions was devel-
oped in [1]. Similarly, a distributed cyclic controller was introduced in [2] to form
specific pursuit patterns and encircle a moving target in 3D space. Subsequently,
a local bearing-only protocol was proposed in [3] to achieve target encirclement.
Notably, these studies assume that all robots have access to the target’s information.
Moreover, some efforts have been devoted to more realistic scenarios where only
partial information about the target is available. Reference [4] proposed a robust
protocol for encircling a target with limited information. Additional methods for
enclosing a target with partial knowledge can be found in [5, 6], focusing on fixed
and switching topologies, respectively. It is worth mentioning that existing solutions
for the target-enclosing problem are applicable to both stationary and moving targets.
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Different from the previous target-enclosing methods focusing on the trajecto-
ries, another approach named the target-fencing problem can govern the robots to
collectively fence a target within their convex hull at all times. A common tech-
nique for addressing the target-fencing control problem relies on strategies designed
for labeled robots, where the stand-off displacement for each robot is predefined.
As the foundational work, an estimation and control framework was introduced in
[7] to enable multiple robots to fence stationary targets. Later, a fencing controller
was proposed in [8] for linear second-order MASs. For more complex nonlinear
and non-identical MASs, an adaptive controller was developed in [9]. Some other
efforts based on labeled robots were explored in [10-12]. However, these strategies
for labeled robots have inherent limitations, prompting the need for approaches that
do not rely on labeled robots. Consequently, a limit-cycle-based strategy was devised
in [13] to achieve a circular formation around a target. Furthermore, a hierarchical
control structure was proposed in [14] to fence a specified target. Later, a cooper-
ative controller incorporating attractive, repulsive, and rotational components was
designed in [15] to fence a target without requiring a predefined distance.

However, the aforementioned labeled algorithms [7—12] always predefine the rel-
ative distribution and steady states of different robots, which limits the algorithm’s
effectiveness in handling more complex cooperative tasks. Despite some approaches
in [13-15] introducing the usage of unlabeled robots, they are tailored for first-order
multi-agent systems (MASs) with a static target. Additionally, due to the challenges in
the distributed calculation of steady states, the proposed algorithms in [13—15] do not
guarantee a specific formation pattern. To tackle these problems, we proposed a dis-
tributed fencing controller via neighboring angle repulsion, which not only addresses
the higher order fencing problem but also achieves a regular polygon formation with
collision avoidance. Overall, the main contribution of this chapter is three-fold.

1. Develop a distributed fencing controller to enable a group of unlabeled robots
to simultaneously achieve moving target fencing, maintain a regular polygon
formation, and ensure collision avoidance.

2. Address time-varying network topologies through the use of nearest angle rules,
achieve collision avoidance through distance regulation and angle repulsion, and
mitigate the effects of target velocity estimation errors on the closed-loop system.

3. Rigorously prove the convergence of a complex nonlinear networked system.

The rest of this chapter is given below. Section2.2 introduces the problem for-
mulation and presents the explicit controller and the main objectives. In Sect.2.3,
the main theorem is rigorously proved. Section 2.4 provides numerical simulations
to demonstrate the effectiveness. Finally, we draw the conclusion in Sect.2.5.
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2.2 Problem Formulation of Fencing a Constant-Velocity
Target

In this section, we firstly introduce a team of n robots represented by V =
{1,2,...,n}, each of which is governed by second-order dynamics as below,

X (1) = vi(t)
vi(t) =u;(t), i €V, (2.1)

where x;(¢), v;(t) € R? denote the position and velocity of robot i, respectively, and

u;(t) € R? is the control input.
Then, we consider a moving target x,(t), v,(t) € R? as

Xq(t) = vq(t)
Va(t) = ug(t). (2.2

We assume that the position x,(¢) is measurable and available to the followers, but

the velocity vy4(r) is not. Let v;(r) and %; (1) = V;(r) be the estimation of v,(¢) and
u4(t) by robot i, respectively, which is usually generated by a dynamic observer

i (), ui (1)1 = F (i (1), x4(1))
Gt = G(g(t), xq(t)), i €V. (2.3)

Here, F, G are some functions to be designed later. Note that the observer (2.3) aims
to drive the estimation error to zero in the sense that

lim V; () —vg(t) =0, lim w;(t) —uy(t) =0, i €V 2.4)
11— 00 11— 00
exponentially. We assume that v, (¢) and u,(¢) are bounded, also u,(¢) and u; (¢) are
uniformly continuous in ¢, which is also reasonable in practical scenarios.
We define e; as the relative position between each robot i € V and the target as
ei(t) = x;(t) — xq(2), (2.5)
which can be rewritten in the polar coordinates

e;i(t) = pi(t)Se,r)- (2.6)

Meanwhile, let 3;(¢) = v; (t) — v;(¢) as

|:,0,'(t)5,-(t)i| = Je,(t)(si(t)» 2.7)
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which can also be reformulated in the polar coordinates with 7;(¢) and @; (¢). To
avoid confusion, we leverage the following notations for convenience,

o — cos 6; - — sin 6;
% = |sing; | % ~ | coso; |’

and
Iy =0 1] I =25 =, =su]. 2.38)
Moreover, let
Oix =6; — 0k +2«km € (—m, 7] (2.9)

for an appropriately selected integer x. According to the above introduction, the
position states x;, x, are available to each robot i, and hence p;, 6;, and the velocity
states v;, v;, which implies that 7; (), @; (¢) are available to each robot as well.

Therefore, a distributed fencing controller for each robot i,i € V, can be
designed as

S —kia(p;) — kaji
up =u; + Jy, 0,02 +Jo | i + pi(—ks Y. BBix) — kaw;) |- (2.10)
t keN;

Here, the argument (¢) is omitted for conveniences, ki, k», k3, k4 > O represents the
four positive parameters, y > 0 denotes a sensing radius, p, > 0 is a predefined
desired distance between each robot and the target, and 0 < M < p, denotes a
specified minimum (safe) distance between the robots and the target. Moreover, it
follows from (2.10) that the aforementioned two functions « and § are defined as

(pi — Po)(po — M) 2y 10k — ¥)bix
’ 91 =
=y PO 16;k ]

a(p;) =

)

where the sensing neighborhood is
Ni(t) ={k e V. k #i||6ix(D)] <y} 2.11)

Now, the main problem addressed in this paper is to achieve the three follow-
ing objectives for closed-loop system composed of (2.1), (2.3), and (2.10): (1) P1:
lim;_, » pi (t) = p,, Vi € V, which implies that the robot—target distance asymptoti-
cally converges to p,. (2) P2: lim,_, « |0; k()| = 27 /n, Vi # k € V, which implies
that all the robots asymptotically maintain an equal angle distribution. (3) P3:
pi(t) > M, 0;,(t) #0, YVt >0, Vi # k € V, which implies that collisions among
the robots and the target are all guaranteed.
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Remark 2.1 Given properties P1 and P2, a finite time 7 exists in which the
target-fencing property Py, (x(¢)) =0, V¢ > T can be achieved, where x =
[x1, ..., x,]". In other words, the target x,; remains inside the convex hull formed by
the robots, with Py, (x) = miNyecor) [Xa — S

cox) =1y Aixi:h =0.Viand » A =1¢. (2.12)
eV ieV

Various target-fencing strategies have been explored in the literature, such as
in [7-15]. A notable aspect of properties P1 and P2 is that the robots gradually con-
verge to a regular polygon formation around the target, centered at a radius p,, with
an equal angle of 27 /n between each pair of adjacent robots. Property P3 ensures
collision avoidance not only between the robots themselves but also between each
robot and the target.

To achieve P1-P3, we also require the following three conditions. (1) C1: The
observer in (2.3) is designed so that the estimation error in (2.4) converges exponen-
tially. (2) C2: The initial positions of the robots and the target meet the conditions
0i(0) > M and 6; 4 (0) # 0 for all i # k € V. (3) C3: The sensing range parameter
is constrained by 27 /n < y < 4m/n.

Remark 2.2 Condition C1 refers to the existence of a local estimator for the moving
target’s velocity based on position measurements by each robot. Each robot designed
this estimator locally without requiring network communication. Such kind of prob-
lem has been extensively studied in the literature, for instance, using output regulation
theory [16, 17] if u, follows a specific dynamics. Moreover, to provide a complete
design, an example is included for the case where the target velocity is constant with
ug = 0. Let & = [x;, V;]", the observer in (2.3) can be designed to be

Xi=— 1% —x0) +V

Vi =i = —o1 (X — xa), i €V (2.13)

with ¢, ¢ > 0. Let E, = ¢ — [x4, v4]". One has 21‘ = AE[ for a Hurwitz matrix

—¢1 1
A= ,
|:—¢2¢1 0
which implies lim;_, o E, (t) = 0 and the condition in (2.4) is satisfied.

Remark 2.3 Condition C2 is essential for ensuring the collision avoidance prop-
erty P3, which requires robots to begin from a non-colliding, generic distribution.
Condition C3 requires that y > 27 /n to ensure the equal angle distribution in P2.
If y < 27 /n, a trivial steady-state distribution can be found for 27 /n > 6, ;1| > vy
fori=1,...,n—1,buté,; > 27 /n > y, resulting in N; = @ fori € V and vio-
lating P2. Additionally, the condition y < 47 /n in C3 provides an upper bound on
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the sensing angle range, simplifying the analysis of angle distribution. Such kind of
constraint essentially ensures that no robot has more than two neighbors when the
regular polygon formation is achieved.

The primary goal of this chapter is to demonstrate that the proposed controller
(2.10) can achieve the three specified properties P1-P3 under the given conditions
C1-C3. It is still worth mentioning two additional technical aspects as follows:

(i) Controller Functionality: The controller performs dual functions—
maintaining the distance between robots and the target and regulating the angles
between the robots. Distance maintenance ensures the cohesion of the robot group
within a specified radius, while angle rules ensure the correct angular relationships
among the robots. Importantly, the network topology is time-varying; a fixed, con-
nected topology is not assumed, and robots are not explicitly labeled as seen in,
e.g., [13-15].

(ii) Target Velocity Estimation: Each robot estimates the target’s velocity, and
while the estimation error converges to zero, it affects the system’s behavior, partic-
ularly in systems with strong nonlinearities. Even in stable nonlinear systems, small
disturbances can lead to divergence or finite escape times [18]. Therefore, assuming
zero estimation error is not feasible, which will pose significant challenges in proving
the main theorem.

2.3 Theoretical Convergence Analysis

In this section, we will present the main theorem with a rigorous proof.

Theorem 2.1 The closed-loop system, consisting of (2.1), (2.3), and (2.10), suc-
cessfully achieves properties P1, P2, and P3, provided that conditions Cl, C2, and
C3 are satisfied.

Proof For clarity, we divide the proof into four steps. First, we perform some prelimi-
nary manipulation of the closed-loop system to select appropriate Lyapunov function
candidates. In the subsequent steps, we provide proofs for properties P3, P1, and P2
in sequence.

(1) In Step 1, we will select a suitable Lyapunov function candidate. Let §; = ¢;
be the velocity difference between robot i and the target, which follows from the
definition of ¢; in the Cartesian coordinates (2.5) that §; = v; — v,. Meanwhile, in
the polar coordinates (2.6), it can be deduced that

= 0:10.0: + OiSs — Ni
81 - pztﬂ-ez + PiSe; = Jﬁl |:,0iwi:| (214)

for n; = p; and w; = 6;. Accordingly, one has that the difference between 3\, in (2.7)
and §; in (2.14) can be expressed in both coordinates as
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R N i
5 — 8 = vy — ML@] (2.15)

where 7; = 7; — n; and @; = @; — w;. For the convenience of presentation, let i; =

u; — uy. From the fact that J,, in (2.8) is nonsingular, it, together with C1 and (2.15),
gives that

lim 7;(r) = 0, Lim p;(1)@;(t) = 0, lim 7;(t) = O. (2.16)
=00 =00 =00

Next, one has that Si = ¢;. On the one hand,

; s | Miwi ni
8 =J, . . 2.17
Yo |:/0i60,-2:| o |:77i(l)i + ,Oiwz} @17
from (2.14). On the other hand, from the condition in (2.10), it can be deduced that

8[ =f/,~—f/d=ui—ud

~ , [7io: —kia(p;) — ki
=i —ua +Jy, [,,@,z} T o | @i + pi(—ks Y BBix) —ksy) |- (2:18)
L keN;

Combining (2.17) and (2.18) together yields
. —kia(pi) — katji S
ni — — 7| Miwi ni Wi ~
[pid)i] = |:7h‘60i + pi(—k3 keZN,- BOik) — kaw;) — mw,} +Jg Js, [p@l? — piwlZ] + Jg i
Meanwhile, from the condition that

0io; = niw; + Niw; + 0i0; + 10:0;
~

o = 0! + 20,0; + o7,
one has

i —kioe(p;) — kam;
|:d)i:| = —ks X BOix) — kaow; | T i

kGN,’

for

o L —ka7;
"] | ks + (Tiwi + miw; + 17i@;) / pi
niw; + 0i0; + 1:0;

RIS, LT
TR 9’|: 2piwi@; + pid}

} + R
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—kol; — 2piw;@; — pid; e
=|_~ o P RITH
|:—k4a),- +2(Miw; + niw; + 0:w;)/ p; + R Jgu
—2p;w; o;
2@ ~ + ; 2.19
|:2(77i0)i + Tha)i)//)ij| |:§,:| (2.19)
with R; = diag(1, p;) and
i e B S (2.20)
Gi| | —kawi +2(m@)/ pi R :

Accordingly, it can be deduced that the closed-loop system is composed of

Oi =1;
ni = —kia(p) — kan; + €, 22D
and
b = w;
i = —ks Y B0rx) — kswi + &:. (2.22)
keN;

Then, given the system (2.21), we first choose a function concerning p; as

Pi — Po

2
0 —M) » Pi € (M’ OO), (223)

P(,Oi)=<

which is continuously differentiable. We pick a Lyapunov function candidate

n

1
Vito,m) = 5 3 (kiP(p) +n7) (2.24)

i=1

with p =[p1,...,0.]" and n =[ny,...,n,]". Taking the time derivative of
Vi(p, n) along the trajectories yields (2.21)

n
. k1 dP(pi) . .
Vl(p,n)=2(3l 3p.1 pi+mm>
= i

n
(pi = po)(po = M) (pi = po)(po — M) R
= P PolPo T iy L Lo ) jon? +eim;
; <k1 (i — M)? ni — Miky (or — M) oM+ €in;
n
= (—kzn?+nie,>

S (ke 1o
SZ( 2771»—&—2](261-). (2.25)
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Analogously, for the system (2.22), we also choose a function concerning 6; ; as

0, 0ikl € [y, 7]

L) , (2.26)
(%) , 16ix] € (0, y)

U©ix) = {

which is continuously differentiable. Taking the time derivative of (2.26) yields

0 |9i,k| € [)/,7'[]

B©Gi) 6 — 60), 16ix] € (0, 7)) (2.27)

U@ir) = {

In this way, one has that é,;k = éi — ék when 16, x| € (0, y) with y < . Also, it
can be deduced that 8(6; ) = —B(6.;). Then, we can pick a Lyapunov function
candidate as follows:

Va0, ) = ZZU(M)+ wa (2.28)
i=1 k=1

where 0 = [0y, ...,0,]"andw = [wy, ..., ®,]". Taking the time derivative along the
trajectories of (2.22) yields

V20, w) = Z > BOO6 — 6 + Zw,w,

i=1 keN;

= Z w; (—ksw; + ;)

i=1

- 1
< (-%wf + —8.2> , (2.29)

It follows from (2.25) and (2.29) that

kz 2 ks 5 1, 1,
1% Vo (6, w) < E — —w+ —e€r 4+ —¢?
l(p 7’]) + 2( (1)) P ( 2 wl + 2k2€l + 2k48l
< E —a; ’71 b; a)- + c,-) , (2.30)
for
ko 652 ke 4(p;@;)? 6ﬁ? aiz 3 giz
a;, = by=———"——L ="+ —"

T2 kot 2 ka kyp? ky 2k
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on the space

S = {[,OT, n,0", 0" € R4 | pi € (M, 00), 0kl € (0, ], i #k € (V}
It is noted that the following conditions:

€} =(=2p;w;&; + 07)* < 8(p;@;) w} + 207
el =Qmwi/pi + 2m:@i/pi + i)
<12(7:/ pi)*w? + 12(@;/pi)*n? + 367

are leveraged in the calculation.

(i1) In Step 2, we will prove the property of P3. First of all, the property P3 is
equivalent to the claim that the states always stay on the space S for # > 0. Under C2,
the states are initially on space S for + = 0. If P3 does not hold, there exists 7 > 0
such that the states are on the space S for t € [0, 7) butnot at 7 = t. A contradiction
is then found below.

For ¢ € [0, 1), the states stay on S and p; € (M, 00), then, by (2.16), there exist
two real numbers v; (not necessarily positive) and v, > 0 such that a;, b; > v; and
doiiCi S v

Let V(t) = Vi(p(t), n(t)) + V»2(0(t), w(t)). Then, it follows from (2.24), (2.28),
and (2.30) that the time derivative of V (¢) satisfies

1% =< Z (—ainiz — b,a)l2 + C,') < -V 4.
i=1
According to the comparison principle [19], it can be deduced that

V(t) < e "TV(0) + v2/ e 1Ty,
0

Since V (0) is bounded under the condition C2, one has that V (7) is bounded, which
further implies that the states stay on S at # = 7. The property P3 is thus proved.

(iii) In Step 3, we will prove the property P1. From the previous Step 2, one has
that p; € (M, oo) for all + > 0, which together with (2.16) gives that

lim & (1) = 0. 2.31)
—00

It follows from the definitions of o;, ¢; in (2.20), and the conditions in (2.16) and
(2.31) that

lim o;() = 0, lim ¢;(t) = 0. (2.32)
=00 =00
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Bearing in mind (2.16), (2.31), and (2.32), it can be deduced thata; > 0, b; > 0, and
lim,_, » ¢; (t) = O after a finite time 7. Note that all the convergences a;, b;, ¢; hold
exponentially. Next, it can be deduced that

V() <V(T) — Z/ (a; ()1 (s) + bi ()] (5)) ds+Z/ ci(s)ds, Vt > T.
i=1 /T i=1 7T

Since lim,_, » ¢;(#) = 0 exponentially, it can be deduced that > ;_, f; ci(s)ds is
bounded, so is V(¢) for ¢t > T'. In this way, one has that n(¢) and w(¢) are bounded.
Also, it, together with (2.16), (2.31), and (2.32), gives that €;, &; in (2.19) fulfill

Ilim €(t) =0, tlim &) =0. (2.33)

According to the fact that V () is bounded, it, together with (2.21), (2.22), (2.24),
and (2.28), gives that n;, w;, 1;, @; are bounded. Moreover, given the condition that
va (1) —’{7,- (t) = uy(t) — u;(¢) is uniformly continuous in ¢, it follows from (2.4) and
(2.15) that

lim [3,() = &0 = lim [r4() =%:0)] =0 (2.34)

based on Barbalat’s lemma. Given the condition of (2.15) again, it can be deduced
that

n Q l ?ii 77
8§ — 6 =J, w; ~ Jo, ~ b, 2.35
o |:;0i0)ij| e [Thwi + pia)i:| (235)

which, together with (2.34), implies that 77“,-, ,oicf)i are bounded, so is $,~. Then, one
has that 7;, @;, 7);, @; are bounded.

Let d; = ainl.z + bia)iz. From the fact that th d;(s)ds is upper bounded and
lim;_ oo f; d; (s)ds exists, one has that d,- contains a;, b;, n;, w;, 0;, @;, ,olfl, @, 5,-,
0i®;, p@i i, ﬁ,- which are all bounded, so is é’i. Then, it can be deduced that d; (¢) is
uniformly continuous in ¢. Using Barbalat’s lemma, one has that lim,_,», d; (#) = 0
and hence lim;_, , #; (#) = 0 and lim;_, ., w; () = 0 when @; and b; are lower bound
away from zero.

For the case of p; € (M, 00), one has that &(p;) is bounded. It follows from
(2.19) and (2.21) that #j; contains &(o;), 7, 1, @;, ®;, Pi®;, Bi, Pi@i, s, i; Which
are all bounded, so is #;. It implies that 7;(¢) is uniformly continuous in f.
Also, it has been proved that lim,_, o, 1; () = 0. Using Barbalat’s lemma, one has
lim,_, o 7; (#) = 0.1It, together with (2.21), gives lim,_, o & (p; (t)) = 0, which further
implies lim;_, o p; (t) = p,, Vi € V,i.e., PI.
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Step 4: Proof of P2.

Using a similar argument, we can show that lim,_, ., @; (f) = 0. It, together with
(2.22), gives

lim )" BE:x(1)) =0.

keN; (1)

From the fact of 9,- = w; in (2.22) and lim,_, o, w; (t) = 0 in the proof of Step 3, it
can be deduced that lim,_, o, () = 0. Moreover, as § is a continuous function of 6,
one has lim,_, o, 6(t) = 6* for 6* satisfying

Z BOS) =0, N ={keV, k#i|lo] <y} (2.36)
keN}

We introduce a simpler notation (i, k) := 6, to avoid using multiple layers of
subscripts in the remaining proof.
To prove P2, it suffices to prove

(i, k)| = 27 /n, Vi #k e V. (2.37)

If all robots have no neighbor, it happens only when y = 27 /n and every two adjacent
robots have the angle of y, which proves (2.37) trivially. In the remaining proof, we
consider the case that at least one robot has at least one neighbor. The details are
given below.

For every i € V, k is called a front neighbor (FN) of i if (k,i) € (0, y), a rear
neighbor (RN) of i if (k, i) € (—y, 0), and not a neighbor otherwise. Pick an arbitrary
robot and label it as s (0), and label the remaining robots in counter clockwise order as
s(1),s(2),...,s(n — 1).Itisobvious that {s(0), s(1), s(2),...,s(n — 1)} = V.For
notation complement, we denote s(i) = s(i mod n) for any integer i, e.g., s(n) =
5(0).

Claim i: Every robot i € V has at least one FN.

If this claim does not hold, there exists at least one robot that has no FN, say s (7).
In the sequence of s (i), s(i — 1), s(i — 2), ..., pick the first robot that has no FN but
at least one RN, called i = s(i — £). Such a robot always exists because we consider
the case that at least one robot has at least one neighbor. As a result,

Yo Bk = Y BUhK) <O,

keN;, keV.(h.k)€(0.y)

which contradicts (2.36). The claim is proved.
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Claim ii: For everyi € V, (s(i +1),5()) > y/2.
If this claim does not hold, suppose (s(0), s(n — 1)) < y /2 without loss of gener-

ality. Let s(ayp), s(ay), . - ., s(a,,) be the longest sequence satisfying ay =0 < a; <
- <Ay < apmyp =nand (s(a;),s(a; — 1)) <y/2,i =0,..., m. We consider two
cases.

Case 1: If (s(a;+1), s(a;)) < v /2, there is no robot between s(a;+;) and s(a;),
thatis, aj+1 —a; = 1.

Case 2: If (s(aj+1),s(a;)) > v /2, then a;+1 —a; > 2 and (s(a; + 1), s(a;)) >
y/2.Dueto (s(a;), s(a; — 1)) < y/2and (s(a; + 1), s(a;)) > y/2,s(a;) has atleast
two FNs, that is, (s(a; + 2), s(a;)) < y. Otherwise,

> BUs(an, k) <B(s(a), s(a; + 1)) + B((s(@), s(a; — 1))

keN*

=—pUs(ai + 1), s(a))) + p((s(ai), s(a; — 1))
<=8/ +py/2) =0,

noting that 8(|s|) is a strictly increasing function of |s| for |s| € (0, y). Itis a contra-
diction to (2.36). From (s(a; + 2), s(a;)) < y and (s(a; + 1), s(a;)) > y /2, one has
(s(a;i +2),s(a; +1)) <y/2. Asaresult,a;11 —a; =2 and (s(a;+1), s(a;)) < y.

The conclusions in the two cases can be unified as (s(a;+1), s(a;)) < (ai+1 —
a;)y /2. As aresult,

m

2r =Y (s(@in), (@) < Y (@i —a)y/2 =ny/2,
i=0

i=0 =

which is a contradiction to C3. Claim ii is thus proved.

Claim iii: Every robot i € V has exactly one FN and one RN.

Every robot s; has at least one FN, as stated in Claim i. However, it cannot have
two FNs due to (s(i +2) —s(i)) = (sG +2) —=sG+ 1)+ (sG+1) —s@) >y
according to Claim ii. Consequently, each robot has exactly one FN, which also
implies that each robot has exactly one RN.

Finally, according to Claim (iii), one has, for any s;, for any robot, it holds that

Z BUs(@), k) = B({s(@), s + D)) + BUs(), s —1))) =0
keNy;
according to (2.36), which further implies (s(i + 1), s(i)) = (s(i),s(@ — 1)) for
all i € V, and hence (s(i 4+ 1), s(i)) = 2z /n. This is equivalent to (2.37). Thus,
property P2 is proven. O

Remark 2.4 The collision avoidance property P3 ensures that solutions
such as p; =M and (s(i +1),s(@)) =0 for the conditions a(p;(t)) =0 and
D e Ni() B(0i, k(t)) =0 are not feasible. Furthermore, another solution where
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(Six1,8;) =y fori eV to Zkemm B(0i, k(t)) =0 is ruled out due to the con-
tradiction with Zf’;ol (s(i+1),s(@{)) =27 and condition C3. Thus, it follows
that p; and (s(i + 1), s(i)) converge to the unique equilibrium point of p, and
2m/n, respectively, as time approaches infinity. Specifically, lim,_,  p; () = p,
and lim,_, o (s(i + 1), s(i)) = 27 /n, which results from lim,_, o, @(p;(t)) = 0 and
lim, s o Zkem(l) B, k(1)) = 0.

2.4 Simulation Results

In this section, we consider a setup with n = 7 robots using the structure defined
by (2.1), (2.10), and (2.13), and a target described by (2.2) with an unknown
constant velocity. The controller parameters are chosen as follows: k; = 40, 000,
ky = 1.5, k3 = 0.006, k4 = 0.2, p, = 30, and M = 20. According to Remark2.2,
the observer (2.13) meets condition C1 with ¢; = 1 and ¢, = 0.2. The initial posi-
tions of the robots are set to x;(0) = [0, 30]7, x,(0) = [0, 80]", x3(0) = [30, 0],
x4(0) = [0, 50]T, x5(0) = [60, 0]", x(0) = [10, 0]", x7(0) = [0, 10]T, and the ini-
tial target position is x4(0) = [75, 85]7, which satisfies condition C2. The ini-
tial velocities for both robots and the target are v;(0) = [0,0]" for i € V, and
vy =[0.7,0.7]7. The parameter y = 2.2 /7 fulfills condition C3.

According to Theorem 2.1, the objective of fencing a moving target with a regular
polygon formation while avoiding collisions is achieved if the properties P1, P2,
and P3 are all guaranteed. Precisely, Fig.2.1 presents the trajectories of the robots
starting from various initial positions and the target with a simulation period of 100s.
Here, the dashed black polygon indicates the convex hull of the robots, and the red

L L L -50 L L L
-50 0 50 100 150 200 250 -50 0 50 100 150 200 250
x axis(m) x axis(m)

Fig. 2.1 a, b Moving-target-fencing trajectories of seven robots from different initial positions in
a 2D plane. (Black rectangle: robot position with a solid line trajectory; red circle: target position
with a dashed line trajectory)
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circles represent the positions of the moving target. As shown in Fig.2.1, a regular
polygon is formed by the robots around the target. Then, we take Fig.2.1a as an
illustrative example, where the distance p; () between the robots and the target, along
with the angle 6; (adjusted using 42« for an integer « such that 6; € (—m, ] for
clearer presentation), is shown in Figs. 2.2 and 2.3, respectively. These figures confirm
properties P1 and P2, with lim,_, o p; (#) = 30 and lim,_, |6, x(¢)| > 27 /7 for all
i # k € V. Additionally, Figs.2.2 and 2.3 demonstrate that p; (t) > 20 and 6; ¢ (¢) #
0 for all i # k € V throughout the process ¢ € [0, 100], validating the collision
avoidance aspect of property P3. Finally, Figs. 2.2 and 2.3 illustrate the convergence
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Fig. 2.4 Time evolution of

the inter-robot distances ~
lxi — xjll,i, j € V,in b
Fig.2.1a for instance <
|
60 80 100
Time(sec)

of the linear velocity 7; and the angular velocity w; tozeroforalli € V, asexpectedin
the proof of Theorem2.1. As shown in Fig. 2.4, the inter-robot distances satisfy |x; —
xj| > Oforalli, j €V, confirming that the robots successfully avoid collisions.

2.5 Conclusion

In this chapter, we have introduced a distributed fencing controller that enables a
network of robots with second-order dynamics to enclose a moving target of unknown
velocity within their convex hull. This approach establishes a solid foundation for
more complex fencing missions to be explored in subsequent chapters. The proposed
control scheme integrates three key functionalities: estimation of the target’s velocity,
regulation of the distance between the robots and the target, and angle repulsion
among the robots. These ensure both the formation of a regular polygon and collision
avoidance. The effectiveness of the control strategy has been demonstrated through
simulation results. Future research could extend this method to accommodate more
complex robot dynamics and practical scenarios such as obstacle avoidance. Potential
applications of this algorithm include convoy protection using multiple unmanned
surface vessels, dynamic target encirclement by unmanned systems, and collaborative
monitoring of designated areas. These applications offer promising directions for
further exploration.
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Chapter 3 ®)
Distributed Fencing Control via e
Input-to-State Stability

3.1 Introduction

In Chap.2, we introduced a distributed fencing controller via neighboring angle
repulsion to achieve cooperative fencing of a constant-speed target, establishing
the fundamental task of fencing. This chapter considers the more complex fencing
problem that ensures evenly rotational formation during the fencing process, which
is distinct from the previous fencing work in Chap.2. Moreover, it also considers
the disturbances induced by intermittent topologies during the fencing process. A
distributed cooperative fencing control algorithm via input-to-state stability is pro-
posed, which aims to solve the more complex fencing problem with evenly rotational
formation. In what follows, we will introduce the related background.

Over the years, coordinated control technologies for multiple USVs have advanced
significantly, driven by the growing demands for aquatic resource exploration, rescue
operations, and waterway logistics. Compared to single USVs, multi-USV systems
offer notable benefits, including higher efficiency, greater flexibility, adaptability to
challenging environments, wider operational coverage, and lower maintenance costs.
These features are crucial for undertaking complex tasks such as ocean resource
exploration, water quality monitoring, and maritime logistics. Despite these advan-
tages, much of the existing research has focused on single-vessel operations, address-
ing challenges like path planning and obstacle avoidance [1-3], trajectory tracking
[4-6], and stabilization and anchoring [7]. However, single USVs are limited in both
capability and coverage, making them unsuitable for more demanding tasks such as
coordinated patrolling, rescue missions, and exploration. This highlights the critical
need for the development of distributed cooperative control strategies specifically
designed for multi-USV systems.

In this endeavor, some initial efforts have been devoted to the formation strategies
of multi-USV systems, such as the leader—follower frameworks [8—10]. While these
methods are effective, they rely heavily on leader information to achieve shared
objectives, making them less adaptable to environmental uncertainties and more
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vulnerable to external disturbances. Additionally, efforts have been made in col-
lective formation control, where USVs are coordinated to form desired geometric
patterns while following prescribed trajectories [11-13]. Due to the complexity of
designing interaction protocols for specific formations, only a limited number of
studies have focused on containment control, in which USVs are guided to a convex
hull surrounding multiple targets or leaders [14, 15].

To accomplish the collective protection of a specified target, effective fencing
control strategies are required for multi-agent systems (MASs). Some studies have
addressed scenarios where all agents have complete knowledge of the target’s states.
Yamaguchi [16] introduced a feedback control law that allows multiple robots to
fence in a target robot. Ni and Yang [17] proposed a neural network-based con-
trol approach for collective pursuit and capture. Sepulchre et al. [18] developed
distributed control protocols to organize unicycles into a circular formation using
all-to-all communication. Marshall et al. [19] extended circular fencing formation
control for practical task execution. Sinha and Ghose [20] designed a circulation
formation control strategy tailored for heterogeneous MASs. Kim and Sugie [21]
developed a cyclic controller to achieve the desired pattern for a moving target in 3D
space. Ceccarelli and Macro et al. [22] introduced a cyclic pursuit strategy consid-
ering the limited visibility of onboard sensors. Li et al. [23] presented a cooperative
circumnavigation control protocol that guides a group of micro-satellites to maintain
a planar elliptical orbit with a specified radius.

In light of the significant maintenance costs involved in real-world applications,
there has been a shift in research toward MAS control approaches where only a subset
of vessels have information about the target(s). For instance, a hybrid control scheme
for full cyclic formation was proposed in [24], while [25] introduced a distributed
cooperative control law where just one agent is informed of the target’s location. In
[26], a cycle formation control strategy based solely on bearing measurements was
presented. Moreover, a global-orientation-free approach was developed in [27] to
guide MASs in circumnavigating an unknown target in 3D space. To tackle scenar-
ios involving dynamically switching topologies, [28] proposed a distributed control
protocol for hunting a moving target, which was later refined into a more practical
distributed dynamic controller in [29] that operates using only intermittent neighbor
information.

Although most existing MAS fencing studies focus on scenarios where target
information is fully accessible to all agents [16-23], the substantial maintenance
costs limit their broader application, particularly in complex maritime operations.
A few studies have explored MAS fencing control where only a limited number of
agents have access to the target [24—29]. However, these approaches mainly address
static targets using agents with first-order or second-order dynamics. The challenge
of developing a fencing control strategy for more practical moving targets, espe-
cially involving underactuated USVs, remains unresolved. Furthermore, intermittent
communications among USVs, which is common in real-world applications, pose
additional challenges. Experimental studies in multi-USV fencing control are still
scarce, though they are essential for bridging the gap between theoretical models
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and real-world deployment. As a result, it is both crucial and demanding to create an
advanced distributed control protocol for multi-USV systems to effectively encircle
a moving target.

In this chapter, we present a distributed fencing control framework tested on
an actual multi-USV setup, which includes three HUSTER-12 USVs, each 1.6m
in length, along with a differential GPS station and a dock at Songshan Lake in
Dongguan City, Guangdong Province, China. The framework features a two-stage
control strategy for multi-USV systems, where only a subset of the vessels has
information about the moving target. An observer is utilized to estimate the tar-
get’s state. In the first stage, the target is enclosed by a convex hull formed by the
USVs positioned at the vertices. In the second stage, the vessels capture the target
and rotate uniformly around it at its geographical center. Experimental results con-
firm the effectiveness of this approach. The main contributions of this chapter are
two-fold.

1. Propose a two-stage fencing controller for multi-USV systems with underactu-
ated dynamics that rely solely on local information and intermittent inter-USV
communications.

2. Demonstrate the effectiveness of the proposed control framework with a practical
experiment involving a setup of three 1.6-meter-long USVs and a differential GPS
station at a dock on a lake.

The remainder of this chapter is structured as follows: Sect. 3.2 presents the formu-
lation of the fencing control problem for USVs and introduces the proposed two-stage
fencing control framework. In Sects. 3.3 and 3.4, an estimator for the moving target is
designed, and a two-stage distributed fencing control protocol is developed. Stability
conditions are derived to ensure the proposed controller’s functionality. Section 3.5
includes experimental results to validate the effectiveness of the control framework.
Finally, Sect. 3.6 provides the conclusions.

3.2 Problem Formulation of Fencing with an Evenly
Rotating Formation

In this section, we consider a multi-USV system with n vessels, where the positions
are given by g := [qlT, q;, e, q;,'—]-r e R?, with ¢; = [x;, vi]T € R? representing
the 2D coordinates of vessel i. The communication network among the USVs is
defined by the graph G(V, &), where V = {1, ..., n} denotes the set of vessels, and
€ represents the edges connecting them. Let N; be the neighborhood of vessel i
within this graph. The symmetric adjacency matrix A = [a;;] € R"*" characterizes
the undirected communication graph, where a;; = aj;. Specifically, a;; = 1 if there
is an edge between vesselsi and j, and a;; = 0 otherwise. Self-loops are not allowed,
hence a;; = 0. The connection matrix B(¢) = diag{b;} € R"*" defines the interaction
between the vessels and the target, with b; = 1 if vessel i detects the target g¢, and
b; = 0 otherwise.



38 3 Distributed Fencing Control via Input-to-State Stability

Fig. 3.1 Illustration of USV Y A
velocities and neighbors

< : Target Vessel
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Now, we introduce a dynamic model for the multi-USV system and proceed to
describe the concept of fencing control. First of all, the kinetic model of USV i is

gi = J(Yi)vi, 3.1
with
TW) = sy, ty,], 59, = [ZTS(%))} Lty = [_Cslsr(‘ff))] . (3.2)

According to Fig.3.1, y; represents the phase angle of vessel i relative to the earth

frame, and v; = [u;, v;]" € R? is the velocity vector in the body-fixed coordinate

system, where u; denotes the surge velocity and v; denotes the sway velocity. The

neighbor relationships in the multi-USV system are established based on their relative

positions in a clockwise sequence around the target, as depicted in Fig.3.1 as well.

Therefore, vessel i’s pre-neighbor is labeled i t, while its next-neighbor is labeled i ~.
Then, we introduce the dynamics model of each vessel (see, e.g., [4])

Y =1,
. mp di Tiu
i = ——vir; — —u; + ——,
mi mii mii
. my—my ds3 Ty
rp = ————u;v; — —1r; + ,
ms3 ms3 ma3
. mig dx
Vi = — — Uity — —Vj, (3.3)
nmyp myy

where i € V, m;; and d;; are the mass and damping coefficients, respectively, 7; =
[T, Tir]" denotes the control inputs, and 7; is the rate of yaw.
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Let v/, u!, and v] represent the desired values for y;, u;, and v;, respectively.
Define
V=i — W W = —ul, v = v — vl (34)

Substituting (3.4) into (3.1) yields
gi =u; +e;, (3.5)

with

N v
u; = J()) |:V-ri| ,

1

e := W + ) = T (W) m + W) [ﬁ"] : (3.6)

Vi

Let co(V) be the convex hull of g1, ¢, ..., qu, 1.€.,

co(V) = {inqi 2=0,) hi= 1} . (3.7)
i=l1 i=1

Define Dy, (p) := minpecocv) Iqo(t) — p| as the distance from the target to the con-
vex hull co(V), where qo(t) := [x0(), yo(t)]" represents the target’s position (see,
e.g., [30]).

Next, we define fencing control and equal fencing control as follows.

Definition 3.1 ([30] Fencing) The multi-USV system G(V, &) with individual
dynamics described by (3.5) achieves fencing status if all the USVs are positioned
such that they form a convex hull enclosing the target vessel, i.e.,

Jim Dy (1) := min ligo(®) = p@)ll =0, (3.8)

where co(V) is given in (3.7).

Definition 3.2 ([30] Equal Fencing) The multi-USV system G(V, &) with individ-
ual dynamics given by (3.5) achieves equal fencing when the fencing status is fulfilled
and all the USVs rotate evenly around the target vessel, i.e.,

lim p; := llgi —qoll =,

t—00

lim 9,+—0,+E,= lim 9j+_9j+sjs (39)
t—00 t—00

with
£ = {0, 0+ —0; >0, (3.10)

277,’, GH— - 0,‘ < 0,
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and i, j € V,i # j.Here, r represents the radius of encirclement, and 6; € [0, 2)
denotes the relative angle of vessel i with respect to the target gy, as illustrated in
Fig.3.1.

So far, many multi-USV control strategies have been based on the assumption of
a consistently connected communication network. In practice, however, factors such
as waves, tides, and winds can disrupt inter-vessel communication, leading to periods
of intermittent connectivity. To tackle this challenge, we introduce the definition of
jointly dwelling connection.

Definition 3.3 ([31] Jointly dwelling connection) The condition is met if T, > uT
for a givenrate 0 < u < 1 and T > 0. Here, T, represents the minimum duration
of time intervals [T, T; 1), where Ty = tp and T; 1 = T; + T. Within each interval
[T}, Tjt1), TJ.” denotes the total duration during which the communication graphs are
connected. These intervals are composed of several subintervals [;, #;4(), where the
interconnection graph remains constant. It is assumed that each subinterval satisfies
tj+1 —t; = T, with T defined as the dwell time.

We are now ready to present three technical problems addressed in this paper.

Problem 3.1 (Fencing Control) Develop a control protocol
W = f(gi.qj), i€V, jeN, (G.11)

for vessel i in a multi-USV system G(V, &) described by (3.5). The objective is to
achieve fencing (as shown in Definition 3.1) around a moving target go(¢) € R? with
a constant velocity go(t) = v, ensuring that the error e; () converges to zero as ¢
approaches infinity.

Problem 3.2 (Equally Fencing Control) Design a control protocol
u = f(qi.q;)), i€V, jeN,, (3.12)

for vessel i in a multi-USV system G(V, &) governed by (3.5). The objective is
to achieve an equal fencing configuration with an evenly rotating formation (as
defined in Definition 3.2) around a target go(t) € R? moving with a constant velocity
qo(t) = vy, ensuring that the error ¢; (¢) converges to zero as ¢ approaches infinity.

For the condition of vy = 0, Problems 3.1 and 3.2 specifically address fencing
control and equally fencing control for a stationary target, respectively. To solve the
overarching collective fencing control problem, each vessel must be regulated to
achieve the target velocities ¥/, u}, v}.

>N

Problem 3.3 (Individual Regulation) Develop a control protocol T = (t;,, 7;,) ' for
each vessel in the multi-USV system described by (3.3), ensuring that lim,_, o, ¥; =
Yl limy oo u; = ul, lim o v; = v/, and lim;_, o ¢; = 0.
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Since Problem 3.3 has been previously solved in our earlier research [30], this
study will focus on addressing the high-level collective fencing control challenges
posed by Problems 3.1 and 3.2, specifically finding the desired control signals u} :=
[/, ul, v/ ]" for each vessel in the multi-USV system.

3.3 Distributed Target Estimation Under Intermittent
Topologies

To address Problem 3.1, we need to develop a distributed estimator for each vessel
that can estimate the state of the moving target, given its constant velocity go(t) =
vy € R?, using intermittent information from neighboring vessels. The estimated
states, % and T%, will then be used to design the feedback control u] for vessel i.

The distributed controller is depicted in Fig.3.2. In Step 1, the control inputs u;,
which include the desired velocities u} and v and the heading v/, are determined
using f(g:, q;) and the estimated target position g. In Step 2, an individual control
law is developed to address Problem 3.3. To continue, the following two assumptions
must be established.

Assumption 3.1 Initially, all USVs in the system G(V, &) are positioned within a
circle of sensing radius R, meaning that for any pair of vessels i and j in V, the
distance between them satisfies |g; (0) — g, (0)| < 2R.

Assumption 3.2 In the multi-USV system G(V, £), there is always at least one
vessel that has access to the target go, meaning that the communication matrix B(t)
always contains at least one entry b; (t) # 0.

Step 1 Step 1
1p Two-stage <-|Estimator ilg Network ;I Estimator j |.> 'Two-stagele
controller A controller
Target qo
. Step 2 Step 2 .
Tr e v ‘ : A
Wi |¥i [Single VCSSCl:L_q'wl UjP; Single vessel uj|¥;
controller o o o | controller
Ti Tj
A A 4
—
| Ushr [usvi]

Fig. 3.2 Two-level fencing controller structure of the multi-USV system, where USV i has access
to the target go but USV j does not



42 3 Distributed Fencing Control via Input-to-State Stability
Let Zl\é(t) and ’\%(t) represent the estimated position and velocity of the target

qo(t), respectively, as determined by USV i. These estimates are obtained following
the methodology outlined in [31], where they are given by

T = — kil Y @0 = G4 0) + bi(O@h(1) — o)) + V().

JEN;
Vo0 = — vkl Y @0 — Gy 1)) + bY@ — qo(e)]. (3.13)
JEN;

Let o) :=[g,)". 0. ....qa . V() :== Do) . V@), ... %O €
R?", and rewrite (3.13) in a compact form as

Go(t) = —ki(Lg(t) + B(1)) ® Lo + (ki B(t) ® )1, ® qo + Vo,
Vo(t) = — yki(Lg(t) + B(1) ® Lo + (vki B(2) ® )1, ® qo. (3.14)

Lemma 3.1 ([31]) For a first-order MAS with a moving target qo(t) and estimator
governed by (3.14) with0 < y < 1 and

1
ki > —————, (3.15)
4y (1 = yHA
where X = min{A(Lg 4 B(1)), if Assumption3.2 holds and G(V,&E) is jointly
dwelling connected (see Definition3.3), then the error of estimators converges to
zero: ' .
lim gy (t) = 04, lim V(1) = 04 (3.16)
11— 00 1—00

with @b := gl — qo and Vi) := V) — vy.

Based on Lemma 3.1, the estimates %(t) and’\% () for the target’s position and veloc-
ity, respectively, will converge to the actual values of go(#) and vy, even when the
network G(V, &) experiences causal disconnections. This enhancement in robust-
ness addresses communication failures more effectively compared to previous work
such as [30].

3.4 Controller Design and Convergence Analysis

3.4.1 Target Fencing Control—Stage 1

According to the estimates g, and ¥}, in (3.14), the objective is to design a control
lawu! = f(q;, q;, %,%, G), i, j € V,that guides vessel i into a convex hull co(V)
surrounding the moving target go(¢), while ensuring lim,_, -, €; () = 0. To achieve
this, a distributed control law u is proposed as follows:
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u =g, +8 —qi +, (3.17)
where §; 1= 8[cos 2mi/n + 6y), sin 27wi/n + 6)]", and § = max |g;(0) — ¢g;(0)],

i,jevV.
Now, we present the main technical result related to Problem 3.1.

Theorem 3.1 Under the system dynamics described by Eqgs. (3.5), (3.13), and (3.17),
and given Assumptions 3.1 and 3.2, Problem3.1 for a moving target with qy(t) =
vo is resolved if lim,_, o €;(t) = 0 and the network G(V, E) is jointly dwellingly
connected.

Proof Let z; :== q; — qo — ;. Then, one has
Zi = gi — Vo. (3.18)
Substituting (3.5) into (3.18) yields
i =uj +e —vo. (3.19)
Then, the closed-loop system (3.19) can be written as
L= +8 —qi+Vyte—vo=qo+8 —qi+e =—z +¢, (3.20)
where ¢; = g\ + Vi +e; and G :=q, — qo, Vi =V, — v are estimated errors.

It follows from Lemma3.1 that lim,_, o[} (2)", V(#)"]" = 04, which implies that
lim, . o, €; (t) = 0,. Rewrite (3.20) in a compact form as

i=—z7+¢, (3.21)
withz = [z1,22,...,2,)" and € = [€], €3, ..., €,]" € R". Pick a Lyapunov function
V(z) = %sz, satisfying

V)= —2'z+7¢
<— Izl + llzll - 2]
<=1 =clzl*+ lzlIA2] = erlizl, (3.22)

withc; € (0, 1). Then, one has V(z) < —(1 — ezl Vizll = €]l /c1. If |z(0) || >
ll€ll/c1, then V(z) < 0, which implies that ||z(#)|| converges into the ball of radius
€]l /c1. If |z(0)]| < ||€]l/cy, it is clear that ||z(0)| has already been in the ball of
radius ||¢]|/c;. Both cases satisfy the definition of input-to-state stability (ISS) [32],
which implies that ||z(0)|| could be randomly picked. Accordingly, the closed-loop
system (3.21) is ISS with respect to ¢ that satisfies

Izl < BAIzOll, 1) +y ( sup IE(D)]l), vz > 0, (3.23)

0<t<t
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where B(-) is a KL function and x| = 1/c; is the gain of the system (see [33]).
Due to lim;_, o ¢; (f) = 0 and the KL function satisfying lim,_, o, 8(||z(0||, £)) = 0,
it follows that lim,_, o, z; () = 0 in (3.23). Moreover, one has

lim Zl ~g; = lim ~ ;@i +qo+8) = lim Zl a0 = 40, (3.24)

which implies that the target gy is enclosed by n USVs within a convex hull co(V),
thereby solving Problem 3.1. This completes the proof. (I

Remark 3.1 The estimator %(I) and T?f)(t) in (3.13) will converge to the moving
target ¢go(t) = vy along with the target’s position gy(¢) if the connection network
G(V, &) is jointly dwelling connected, i.e., T, > uT . Otherwise, the estimator Zfé(t)
and’ﬁé(t) will be unstable. It is important to note that each leader USV (a USV with
potential access to the target based on the communication topology) transmits its
estimated leader states (velocity and position information) to its neighbors, though
this information is not necessarily exact. This communication is continuous and suf-
ficient for controller design. As a result, the convergence of the target state estimator
and the asymptotic stability of the closed-loop system can be achieved.

3.4.2 Equal Fencing with Evenly Rotating
Formation—Stage 2

Problem 3.1 is resolved in Stage 1 for the moving target go(f), where all vessels
form a convex hull surrounding the target go(¢). Next, to address Problem3.2, a
second-stage control law u} = f(q;, q;, 21'}"),7;}"), @) is introduced as follows:

w = ka(r — p)sg + 5O — O + Dt + 90, (3.25)

where the parameter k, > 0, and the values of  and &; are specified in Definition 3.1.

Additionally, p; := |q; — Zjé| represents the distance between vessel i and the esti-

mated target %, while '05: denotes the relative angle from vessel i to the estimated

target %. The angle 6, is accessible since the target is already encircled by the

USVs, allowing each vessel to detect its next-neighbor as illustrated in Fig.3.1.
The main technical result related to Problem 3.2 is established as follows.

Theorem 3.2 For the system governed by Egs.(3.5) and (3.25), Problem 3.2 for a
moving target qo(t) = vy is solved, i.e.,

) limp; =r,i =1,2,...,n;
—00

(ll) lim 9i+_9i+$i = lim 9j+_9j+§jaivj G(V,i 75],
t—00 t—00

iflim;_, » €; (t) = 0 and the network G(t) is jointly dwellingly connected.
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Proof According to the definitions of p;, 6; in Fig. 3.1, one has
gi = pise, + qo. (3.26)

Meanwhile, it follows from (3.18) that
i = pise, + pite,6; = J(6;) [ ¢ ] . (3.27)
0i0;
Since g; can also be rewritten as g; = p;sg + Zfé, which implies
lim 5; = pi, lim 6; = 6;, lim 6 =6,
—00 —>00 t—00
iflim,_, o Zié(t) = qo(t). Substituting (3.25) into the closed-loop system (3.19) yields

Zi = u; + e
= ka(r — pi + pi — pi)(sy, + 55 — s6,) + (i + Oi
— )iy — 0+ & + Oy — 0 — O +0) (b, + 1 — 15,) + V) + € — Vo
=ka(r — ,O,‘)S@/. + pi(9i+ —0; + Ei)te[ +Fevi, (3.28)
where ¢ :=ko(r — pi)(sg — s0,) + ka(p;i — 0i)sg + 0i@ry — 0 — 6, + Ot +
(B — pi) O+ — 6; + &)ty +7V, +e; —vo. From Lemma3.l, it follows that
lim, o0 g5 (1) = qo(2), lim;— oo V(1) = vo, which implies that lim,_ . sg(f) —

s6,(t) = 0,1im o0 p; (1) — Pi (1) = 0, im0 6;(t) — 6;() =0, and  lim,_
0;+(t) — 6;,(t) = 0. Therefore, one has lim,_, o, ¢; () = 0. Analogously, denoting

s — gl T
= J(6) |:p@,:| , (3.29)

with lim,_ o, 7;(#) = 0, lim, o @; (1) = 0 (see, e.g., [30]), it follows from
Egs. (3.19), (3.25), and (3.29) that

o ka(r — pi) + i
4 =70 [Pi(9i+ -0+ &)+ P@i] ’ (3.30)

Besides, from Eqgs. (3.27) and (3.28), one has

pi = ka(r — pi) + i,
. —~ 31
{9,‘=9i+—9i+€i+a)i. (33)

Define the equally cyclic fencing errors as

pi =1 — pi,
{Qi = 27” — O —0; + &), (3.32)
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with

p = [ph 02, --~»Pn]T,5= [51» 52»~-~s/3;1]Ta9 = [ela 927 -~~99n]Ta
9 = [517927'-'35}1]1—7%‘ = [517523 "~7En]T’77\= [ﬁlaﬁZﬂ "-7ﬁn]T'

Then, (3.32) can be rewritten in a compact form, as

5= 1n Xr — P,
~ 2m
O=Lo- - Lo+, (3.33)
n
with
1 -10...0
01 —-10...
L=lo o ... ... : (3.34)
| -1 0 ...... 1
Its derivative is
5 ’
5 e o (3.35)
0 =—-L0+ o,
with% = =7, @ = —Lw. Conditionlim,_, o, 7; (t) = Otogether withlim,_, o, @; (t) =

0 implies lim,_, oo 7; (f) = 0, lim,_, o, @; (t) = 0.
It follows from (3.10) that 1]& = 2. Moreover, from (3.32), the equality holds,
giving

1T’9“=1T<1 ®2—”—(—L9+$))—2n—2n—0 (3.36)
n n n n - - :

According to [34], one has
515
min  —=— = A(L) >0, (3.37)
179=0.620 ||0]?

with A, (L) being the second smallest eigenvalue of L. Let x = min{k;, A,(L)} > 0,

and define N
|2 5.7
e .= |:;] ,Y = [5i| . (3.38)

Clearly, one has lim;_, o, Y () = 0 if lim,_, o, 7(¢) = 0 and lim,_, o, @(¢) = 0. Pick a
Lyapunov function V (¢) = e"e/2, satisfying
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Ve)=7"5+00
— ko P+ P +6(— LO + )

<t |7l ~ 0 [ + €77
<= x(I51 + 1) + ] - 7]
<—x—en el +le| (7] - xer ) 639

with ¢; € (0, 1). Then, one has that V(e) < —x(1 — ) |e]*, V| e] = HXV—‘ .
Analogously, the closed-loop system of & is ISS with respect to ' and satisfies

le@Il < Blle©ll, 1) +y( sup 1P (@), Y >0, (3.40)

O<t=<t

where B(-) is a KL function and x, = 1/x ¢, is the gain of the system (see [33]). It
follows from K L function B(||e(0||, ¢)) and (3.38) that

lim, o B(|l€(0]], 7)) = 0, lim;_. [|¥(1)]| = 0. (3.41)
Accordingly, one has lim;_,, €(t) =0, i.e.,
lim p;(t) =0, lim 5,~(t) =0, (3.42)
— 00 11— 00
which implies that lim,_, o, p; = r and lim,_, o, (6,1 —6; + &) = 27” ie.,
lim 6,y —6; +& = 1im 6;, —0; +&;,i,j € V,i #j, (3.43)
t—00 t—00

subject to lim;_, o 7; () = 0 and lim,_, o, @; (#) = 0. This completes the proof. [

Remark 3.2 Note that the conditions lim;_, o, 77; () = 0 and lim,_, o, @; (f) = 0, i.e.,
lim,_, o €;(t) = 0, ensure the decoupling of high-level collective behavior control
from low-level underactuated dynamics control, which are assumed to be satisfied
for Problems3.1 and 3.2. Consequently, Problem 3.3 can be addressed using the
previously proposed controller from [30].

Remark 3.3 Theorem 3.1 indicates that vessels switch to Stage 2 if Problem 3.2 is
resolved, i.e., lim;_, », z; = 0. To speed up this process in real-world experiments, the
switching condition between Stages 1 and 2 should be triggered when |z;| < o fori €
V, where o > 0 is a predefined threshold that ensures the asymptotic convergence
of |z;] in (3.19).
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3.5 Algorithm Verification

In this section, the proposed fencing control scheme (3.13), (3.17), and (3.25) has
been implemented on our lake-based multi-USV platform, which consists of three
HUSTER-12 vessels: a base control station (BCS), a virtual moving target vessel,
and a USV dock.

As depicted in Fig.3.3, each HUSTER-12 USV is 1.6m in length, with
dynamic model parameters in (3.3) defined as follows: m; = 1000.00 kg, my =
0.60 kg, m33 =263.16 kg - m?, dj; =980.40kg-s~!, dy, =0.59kg-s7!, d33 =
257.61 kg - m? - s~'. Each vessel is equipped with an onboard differential GPS
(DGPS) receiver (NovAtel-OEM615), a DGPS wireless sensor (E32-400T20S),
two DGPS antennas, a 433 M wireless sensor (E32-433T30S), an accelerometer—
gyroscope (AG) chip (MPU6050), an embedded controller (STM32F407VGT6), a
motor driver (SEAKING-V3), a high-power battery (RUI'YI-48), and a waterjet pro-
peller (HJ-064). The AG chip is integrated for vessel navigation. Typically, using the
onboard DGPS receiver and DGPS station, each USV determines its heading angle
and position with an accuracy of £2 cm, which is sent to the embedded controller to
generate actuator signals. Through the communication of intermittent neighboring
information via the 433M wireless sensor and receiver, each USV calculates its con-
trol signals, which are executed by the motor driver. This driver regulates the waterjet
engine (2 kW) and rudder (with arange of 15°) to accomplish the two-stage fencing
control mission. The status trajectories of the vessels and the corresponding controller

Transmitter||| DGPS | DGPS ||Accelerometer
chip receiver ||antennal||and gyroscope

N /]SGI;S\ Y
‘Network

Embedded
controller

STH32FUO?

“433M>
l*<Networ]5)*
<

L |- — =

link Huster-12 USV

i e R et

v
( Other Huster-12 USVs )

Fig. 3.3 Hardware structure of the multi HUSTER-12s USVs
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Table 3.1 Main components in the multi-USV system

Component/hardware | Parameter

NovAtel-OEM615 Accuracy: +£2cm

E32-400T20S Power: 10-20dBm, distance: 3 km

E32-433T30S Power: 21-30dBm, distance: 8 km

MPU6050 Gyroscope range: +250, 500, 1000, 2000° /s, acceleration range:

+2g,+4g £8¢g, £16¢g
STM32F407VGT6 Flash: 1024 kB, frequency: 72 M, pin:100

SEAKING-V3 Voltage: 5-12 s Lipo (21-50.4 V), current: 130 A
RUIYI-48 Capacity: 48 V, 30 Ah
HJ064 Power: 3.6 kW, thrust: 115 N

: Target O: USv

0
®

() (b) (©

Fig. 3.4 Switching inter-vessel communication topologies of the multi-USV system. Circles 1, 2,
and 3 are the vessels, and red rectangle 0 is the virtual motional target

parameters are logged by an onboard SD card (32 GB). Table 3.1 provides a summary
of the main components and hardware specifications for the multi-USV system.

In this experiment, the three vessels start from random positions within a
[20 x 20] m? lake area. The sensing radius R is set to 18 m, and the encircling
radius r is also set to 18 m. Initially, the vessels have states of u; = 0 m/s, v; =0
m/s, and r; = 0 rad/s. The control signals are calculated and updated by the embed-
ded controller at a frequency of 4 Hz. For the moving target go(¢), the initial position
is set to gg = [—9510, 12010]" cm, and the velocity is v = [—50, 50]" cm/s, both
defined in the East—North coordinate system. The intermittent communication net-
work topology among the US Vs is illustrated in Fig. 3.4, which periodically switches
between configurations (a), (b), and (c) with a switching rate of 4 = 0.9. When the
distance between the visual target and any follower USV exceeds r, the follower loses
direct access to the virtual moving target. In such cases, the follower USVs exchange
their estimated positions % with neighboring vessels via the onboard 433 M wire-
less communication network if the target is outside their sensing range. The con-
troller parameters for (3.13), (3.17), and (3.25) are setto k; = 0.1, k, =2, ¢, = 0.2,
c3 = 0.2, and y = 0.5, ensuring they meet the conditions given in (3.15).
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Fig. 3.5 Two-stage fencing process of a virtual moving target with the multi-USV system. The
colored lines are the moving trajectories of the three vessels. a Initial position of the USVs; b USVs
begin to chase the virtual motional target; ¢ The target has been fenced in Stage 1; d USVs evenly
rotate around the moving target in Stage 2

The trajectories of the vessels during the two-stage fencing control process while
following the moving target go(¢) are shown in Fig.3.5. As seen in Fig. 3.6, the dis-
tance between each vessel and the target stabilizes around 12 m. Additionally, the
relative angle between each pair of neighboring vessels uniformly converges to 120°
within 115 s, indicating that the three vessels effectively capture and rotate symmet-
rically around the moving target at the center within the intermittent communication
network. Regarding estimation errors, the evolution of the estimated state errors g/,
and Tff) foreach vessel (i = 1, 2, 3), as determined by the observer in (3.13), is plotted
in Fig.3.7. The estimation errors are observed to settle to zero within 20 s, which
validates the effectiveness of the designed observer in (3.13).
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Fig. 3.6 Evolution of the distance and the relative angle from the vessels to the virtual moving
target, respectively
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Fig. 3.7 Evolution of the estimated position errors g;(¢) and velocity errors v; (¢) toward the a
virtual moving target, respectively
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‘_ Follower USV

Fig. 3.8 A real snapshot of the two-stage equally surrounding control to follow the virtual moving
target

To provide a visualization of the fencing control performance, a real snapshot of
the vessels in an equally cyclic fencing formation is shown in Fig. 3.8. These exper-
iments demonstrate the effectiveness of the proposed two-stage control laws (3.17)
and (3.25), as well as the feasibility of Theorems 3.1 and 3.2. Notably, since the exper-
iments were conducted with intermittent communication (as depicted in Fig.3.4),
which is not addressed by existing studies such as [8-15], the proposed control
method’s superiority is further validated in achieving the target encircling mission
with evenly rotating phases, unknown target velocities, and dynamic communication
topologies.

It is important to note that it typically takes a longer time for the USVs to achieve
an even encirclement of a moving target, and the fencing trajectories exhibit more
oscillations. This is mainly due to the increased external disturbances from water
currents and a higher communication packet loss rate caused by the need to contin-
uously fence the moving target. Despite these challenges, the overall performance
remains satisfactory.
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3.6 Conclusion

In this chapter, a distributed fencing controller via input-to-state stability is proposed
to address a two-stage equal fencing problem of multi-USV systems. The key advan-
tage of the proposed controller is its ability to handle joint dwelling connectivity in
the inter-agent communication graph, making it more practical and reducing com-
munication costs between vessels. Importantly, the chapter establishes conditions
that ensure the asymptotic stability of the closed-loop multi-USV system under this
control strategy. The effectiveness of the proposed controller is validated through
real-world lake experiments involving three HUSTER-12 USVs, demonstrating sat-
isfactory performance. This work bridges the gap between theoretical design and
practical implementation of multi-USV systems by addressing challenges faced in
real-world scenarios. Future research will focus on extending the fencing control
strategy to handle multiple moving targets with significant velocity variations.
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Chapter 4
Distributed Fencing Control via Output e
Regulation Theory

4.1 Introduction

In Chaps.2 and 3, we have explored the themes of “basic fencing” and “complex
fencing” with an evenly rotating formation based on the neighboring angle repulsion
and input-to-state stability, respectively. Although Chaps.2 and 3 addressed a mov-
ing target fencing and formation evolution, they only are applied to a constant-speed
target. However, in practical applications, the varying-velocity target is more com-
mon, which has a more practical value in extremely dangerous situations. Therefore,
this chapter continues to focus on the theme of “complex fencing”. Following the
direction of the previous two chapters, we further propose a distributed controller via
output regulation theory, which aims at solving a more general problem of coopera-
tive fencing of targets with a time-varying velocity. In what follows, we will introduce
the related background.

Inspired by the highly coordinated behaviors of bird flocks, fish schools, insect
colonies, and mammal herds in nature, recent research into the cooperative control
of MRSs has gained momentum. Such natural coordination offers key advantages
like efficiency, broad coverage, and cost-effectiveness, making it applicable to indus-
tries, engineering, and social network systems. The emergence of strong cooperative
behaviors has long been a focal point in MRS control research. Noteworthy advance-
ments have been made in recent years, particularly in formation control [1, 2], syn-
chronization/consensus methods [3, 4], containment strategies [5, 6], and circular
motion control [7, 8].

In the realm of collective circular motion control, the issue of target fencing has
garnered growing interest. Early research on the target-fencing problem in multi-
robot systems (MRS) primarily concentrated on confining a target within the trajec-
tories of well-informed robots [9-11] that had direct access to target information.
However, this scenario is not common in practical applications. To address this, a
more realistic cooperative strategy was proposed in [12], where only a subset of the
robots has access to the target.
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While previous works like [9—12] have achieved target encirclement using moving
trajectories, they do not consistently ensure that the target remains fully enclosed at
every instant. This observation inspires another research avenue known as the target-
fencing problem, where the goal is to continuously enclose the target within the
convex hull of the entire group of robots. In early studies on fencing control for multi-
robot systems (MRS), all robots had fixed labels, with predetermined neighbors and
relative positions. This problem has been addressed for first-order MRSs [13] and
second-order MRSs [14]. Later, this concept was expanded to multi-target fencing
scenarios for second-order nonlinear MRSs [15] and even multiple unmanned surface
vessels [16].

However, label-fixed fencing controllers often struggle with increasingly com-
plex tasks in unpredictable environments. As missions grow more intricate, these
controllers must constantly recalculate the fixed relative positions among robots,
which adds to the computational burden and reduces overall efficiency. In unpre-
dictable settings, these controllers may also take longer and consume more energy
to achieve effective cooperation. For example, if a robot starts in a position that
is significantly different from its designated location, it must navigate through the
formation to reach its assigned spot, which can be inefficient. Moreover, if a robot
fails during the process, the predefined positions make it impossible to maintain the
fencing formation. This highlights the need for more adaptable label-free fencing
controllers, where robots do not have predefined labels [17]. Various solutions have
been proposed to address this challenge: a limit-cycle-based approach for maintain-
ing a stationary target [18], a hierarchical structure with an output regulation method
for surrounding a stationary target [19], and a cooperative controller using attractive,
repulsive, and rotational forces to enclose a specified stationary target [20]. Addi-
tionally, research has extended to fencing a moving target with constant velocity for
first-order MRSs [21], second-order MRSs [22, 23], and multiple unmanned surface
vessels [24].

To date, most research [18-20] on label-free fencing has focused on first-order
MRSs and has not thoroughly addressed the evolution of the formation throughout
the entire fencing process. This consideration is crucial for practical applications
such as unmanned system convoy protection, reconnaissance, and patrol. Although
some recent studies [21-24] have explored rigid formations for constant-velocity
targets, the more complex problem of fencing a moving target with varying velocity
remains unresolved. Therefore, it is both urgent and challenging to develop a label-
free controller for second-order MRSs that ensures collision-free rigid-formation
fencing for targets with variable velocities. The main contribution of this chapter is
two-fold.

1. Design a label-free controller for a second-order MRS to collaboratively fence a
complex target of changing velocity within their convex hull, all while maintaining
a fixed formation.

2. Ensure both collision avoidance between robots and convergence for a nonlinear
MRS that is subject to complex dynamics, strong inter-robot couplings, and time-
varying network topologies.
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The primary challenge addressed in this chapter is the strong nonlinear couplings
introduced by the label-free nature of the system combined with a varying-velocity
target, which makes two significant contributions. (i) It extends beyond previous
studies that focused on label-free fencing for static targets [18—20] and constant-
velocity targets [21-24] by treating the target as an exosystem. This approach leads to
the development of a novel label-free controller that incorporates a dynamic regulator
and inter-robot repulsion to tackle the more complex problem of fencing a target with
variable velocity. (ii) Second, by integrating inter-robot repulsion into the internal
model, this chapter ensures both rigid formation and collision avoidance. Notably,
the method can also address the constant-velocity target fencing problem as a special
case by using the dynamic regulator within the internal model.

The organization of this chapter is as follows. Section 4.2 outlines the preliminaries
and defines the primary problem tackled in this chapter. Section4.3 formulates the
target-fencing control law and presents the principal technical results. Section4.4
conducts numerical simulations to demonstrate the effectiveness of the proposed
approach. Section4.5 provides the concluding remarks.

4.2 Problem Formulation of Fencing a Varying-Velocity
Target

In this section, we first consider an MRS comprising n robots, where each robot
operates under second-order dynamics in Cartesian coordinates,

X (1) = vi(t)
Vi (1) = u;(t), 4.1)

where x; (t) and v; (¢) indicate the position and velocity of robot i, respectively, while
u;(¢) represents the control input. The MRS topology is represented by G = (V, &),
where V = {1, 2, ..., n} denote the set of nodes and & C V x V denotes the set of
edges. N; is defined as the sensing neighborhood set of robot i in V, i.e.,

Ni@) =tk eV k#i|lxik@®] < R} 4.2)

with a detectable range R € (r, 00) and a specified safe distance r € R™. The relative
position between robots i and k is given by x; ; (f) := x; () — xx(¢), wherei # k € V.
From the condition that the relative distances |x; | are both limited and variable, one
has that the neighborhood set N; for robot i changes over time. As a result, the
topology G may also vary dynamically. This situation is more complex than cases
with fixed topologies and predetermined robot labels (see, e.g., [13-16]).

Then, we consider a moving target satisfying

Xa@®) | _ o xa(®)
[wm} =5 [vdm] “-3)
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with the dynamic matrix
01
S = |:S1 0:| QI 4.4)

where s; < 0is a constant, and x; € R2, Vg € R? represent the position and velocity
of the target, respectively. When s; = 0 in (4.4), the target in (4.3) moves with a
constant velocity, as discussed in [22]. For s; < 0, the target moves periodically
with a varying velocity.

Let co(x) be the convex hull of all the robots x = [x, ..., x,]", i.e.,
co(x) 1= {Zmi th > 0,Viand Y A = 1} , (4.5)
ieV ieV

which implies that the distance from the target to the convex hull co(x) is given
by Py, (x) := mMinsecow) [1Xa — 5| (see, e.g., [20]). Accordingly, we can give the
following definition.

Definition 4.1 (Label-free rigid-formation fencing [20]) An MRS V with dynamic
(4.1) asymptotically fences a target governed by the dynamic (4.3) into a convex hull
(4.5) formed by the arbitrarily labeled robots, while ensuring a collision-free rigid
formation, if the following three claims are met:

() lim Py (x(1) =0,
) tlim vi(t) —ve(t) =0,Vi € V,
) lxix@I > r, ¥Vt 20, Vi #k V. (4.6)

In Definition4.1, Claim (1) asserts that the target x; is enclosed within the
convex hull co(x) formed by arbitrarily labeled robots x;, i € V. From Claim
(2), where lim,_, oo (v; (t) — v4(2)) = 0, it follows that lim,_, o (x; (¢) — x4(¢)) = d;,
with a constant vector d; € R?. This indicates that the relative positions between
the robots and the target remain consistent, thereby ensuring that the MRS main-
tains a fixed formation. Finally, Claim (3) guarantees that the distance |x; ()|
between any pair of robots always exceeds r, ensuring collision avoidance among
the robots. Combining Claims (1) and (3) together yields the fencing formation.
Claim (2) introduces an additional condition needed to maintain a rigid forma-
tion during fencing. Furthermore, note that Claims (1)—(3) do not explicitly pre-
define fixed labels or inter-robot relative positions for specific robots, indicating that
the labeling of robots in the fencing formation is flexible, resulting in label-free
fencing.

To illustrate the main problem addressed in this chapter more clearly, an example
of label-free fencing is presented in Fig.4.1. In this figure, all patterns 1-3 demon-
strate successful fencing of a moving target, highlighting that no specific labels are
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@0 @03 @0 (O : Agent

Lo e | ,

! : : : : : [ : Target
Q=@ QOO @O

(a) Pattern 1 (b) Pattern 2 (c) Pattern 3

Fig. 4.1 Example of label-free fencing for a motional target

needed for individual robots. Now, the main problem addressed in this chapter can
be formally introduced as follows.

Problem 4.1 The objective is to design a cooperative label-free controller
up = f(xi,vi, Xa, ), i € V,k € Nj, 4.7)

for an MRS (4.1) and a target of variational velocity in (4.3) to achieve label-free
rigid-formation fencing, as shown in Definition4.1.

4.3 Internal-Model Controller Design and Convergence
Analysis

Let the relative position between an arbitrary robot i € V and the target be given by
ei(t) = x; (1) — xq(1). (4.8)

Now, by omitting (¢) for simplicity, a cooperative fencing controller with dynamic
feedback regulation for i € V is proposed as follows:

w=—([kk]en) [ﬁ’.} ~([lak]om) [E} ks Y el

lli 1l
i keN; ik

é,‘ - 01 €; 0 L ) Xik
-2 e ] (o) n By e

where ki, ko, k3, k4, ks € R are positive parameters, and ¢;, {; € R? represent the
states of the internal model in (4.9) for robot i. The neighborhood set Ni is defined
in (4.2). The term ZkeN,- {o(llxi &k 1Dxi /|l xi ||} represents the inter-robot repulsion,
where the continuous function «(-) (see, e.g., [20]) satisfies

a(s) =0,V¥s € [R, 00), lim a(s) = oo. (4.10)
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1 1
(67 Oz(S): s—r_R—r’T<8§R’

/ 0, s> R,

-
|

O r R S

Fig. 4.2 Illustration of the potential function «(s) in (4.12)

Here, the detectable range R € (r, o) and the specified safe distance r are given in
(4.2). In the following discussions, for conciseness of presentation, we denote

nio= Y {e(lxiel) ===} 4.11)

Xik
keN; ik

llx

Remark 4.1 Note that the function «(s) in (4.10) is monotonically decreasing
for s € (r, R] and equals O for s € (R, c0). This indicates that «(s) is Lipschitz
continuous over (r, c0). An example of «(-) that satisfies (4.10) is illustrated in

Fig.4.2:
1 1

a(s):{ﬁ_ﬁ’r“fR’ (4.12)

0, s > R.

Remark 4.2 As shown in the controller (4.9), the position state x,, although known
to each robot, does not represent the final convergent steady state, which is different
from some centralized controllers (such as those using a star topology). Instead, the
steady states of the robots in (4.9) are determined through a distributed approach,
based on the attraction domain of the target and local interactions among the robots.
This approach is commonly used in label-free fencing studies [18-22]. Additionally,
if the target position x,; is only accessible to a subset of the robots in practical
scenarios, it can be communicated to all robots through a network within finite time,
as discussed in [25].

Remark 4.3 Note that the internal model ¢; and ¢; in Eq.(4.9) serves as a
dynamic compensator to address the varying velocity of the target v,(#) which
only uses position measurements, ensuring that the solution to the augmented sys-
tem remains valid. Furthermore, by incorporating the inter-robot repulsion term
ks ZkeNi a(|x; k])xix/|xi x| into the internal model states €; and ¢;, such kind of
design provides a critical component needed to maintain a rigid formation while fenc-
ing a target with a changing velocity, as demonstrated in Lemma4.6. The dynamics
matrices G; and G, in Eq. (4.9) can be computed from the minimal characteristic
polynomial of the dynamic matrix S in (4.4), as outlined in Lemma4.2.
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Remark 4.4 In the label-free controller u; given by (4.9), labels are merely used for
identification purposes among the robots. Since every robot uses the same controller
structure, swapping labels between robots does not impact the system’s operation.
In contrast, label-fixed designs involve controllers that set specific, predetermined
relative positions between robots, resulting in unique controllers for each robot.

Next, we will demonstrate that the closed-loop MRS governed by (4.1), (4.3),
(4.4), and (4.9) satisfies the following property.

P1: The collision-free rigid-formation fencing in terms of Claims (1)—(3) can be
achieved by the MRS V (see Definition4.1).

Moreover, we still require the following three conditions:

C1: The initial positions of the robots in V fulfill ||x; x(0)|| > r, Vi #k € V.
C2: The parameters kq, k, k3, k4 € RT in (4.9) satisfy

ki + 81—
PR

1
ky =k X , ki —ks+s1—1>0. (4.13)
3

C3: The dynamic matrix S from (4.4) for the target is accessible to all the robots.

Remark 4.5 Here, we illustrate the meaning of the aforementioned three condi-
tions C1-C3. Precisely, Condition C1 is essential for ensuring collision avoidance.
Condition C2 simultaneously ensures the fencing property, collision avoidance, and
the maintenance of a rigid formation. Condition C3 is necessary for designing the
internal model in (4.9), as explained below. Each robot must know the matrix S
to compute the dynamic matrices G| and G, for the internal model, as outlined in
Lemma4.2. Additionally, since the robots have access to the matrix S of the target,
they can also determine the modal characteristics of the target’s velocity v,, such
as its structure and frequency of variation (e.g., f = 1/4/—s1 Hz when s; < 0, and
f =0 Hz when s; = 0). This allows the robots to calculate the real-time varying
velocity v;(¢) based on the matrix S and the target’s position x,(¢). The dynamics
of the target, as given in Eq. (4.3), show how x,(¢) and v,(¢) evolve:

xq(t)| x4(0)
[vd(t)} =20 [vdm)} (4.14)

with the initial position and velocity x;(0), v4(0), and

— sin(yv/=s11)
@(t):[ costy/=sut) Ve }®Iz,ifs1<0,

—4/—51 sin(y/—s11) cos(/—s1t)
O (1) = [é i] ® b, if s; = 0. 4.15)

Here, the modal characteristics of the target velocity v, (¢) are described by the struc-
ture of ®(¢) in Eq.(4.15) and its frequency, which is f =1//—s; Hz if 5; < 0,
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and f = 0 Hz if s; = 0. Equations (4.14) and (4.15) show that the initial velocity
v4(0) can be calculated using ®(t), x;(0), and x4(¢). This calculation allows for
determining the real-time velocity v, (¢) from ®(¢), x4(0), and v,4(0). By considering
the moving target as an exosystem, the cooperative target fencing problem in Prob-
lem 1 is transformed into a cooperative regulation problem. Condition C3 is a widely
accepted assumption in the design of cooperative regulation strategies [26, 27].

To set the stage for the main technical results, we first need to cover some
preliminary concepts.

Lemma 4.1 ([28]) To lay the groundwork for the main technical results, we first
consider a linear time-invariant system governed by

X =Ax 4+ Bu + Ev,
e=Cx+Du—+Fv,
v =38,

and a dynamic state feedback controller
u=%Kix +%z, 2 =Gz + Gae,

where x € R", u € R", e € R?, z € R+, and v € RY? represent the system state,
input, regulated output, internal model state, and exosystem signal, respectively. The
matrices A € R, B e R, CeRP", D e R EecR™, F e RPX, S e
RI*9, K € R™" I € R, G € R=*", and G, € R"*P are system matrices.
Assume that the matrix S has no eigenvalues with negative real parts. If (G1, G2)
represents a minimal p-copy internal model of the matrix S and the matrix

A _|: A+ BK BK;, :|
“T | G2C + D) Gi + G2 DK

is Hurwitz, then the Sylvester matrix equation has a unique solution X € R"*1, Z €
R"*1 gg

XCS Zﬂcxc + Bm
0=C.X.+ D, (4.16)

with

Xc=[Q,BF[gf?.],cﬁ[cp],z)c:[ﬂ.

Lemma 4.2 ([28]) For a regulated output e € R? and an arbitrary square matrix
S € R?%9, one has that a pair of matrices (G, G») is said to represent a minimal
p-copy internal model of the matrix S if they are structured as follows:
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Gl = block diag[B1, Bs, ..., Bp] € RPI*P4,
G» = block diagloy, 05, ..., 0,] € R,

where p is the dimension of the regulated output e, block diag denotes a block diago-
nalmatrix, B; € R1*1 are constant square matrices, and o; € RY are constant column
vectors, satisfying the following two conditions: (i) (B;, ;) are controllable. (ii) The
minimal characteristic polynomial of S divides the characteristic polynomial of B;.
Moreover, we define the minimal characteristic polynomial of S to be

S()\.) —t + a]k”u:71 + -+ anm—l)‘ + Uy, s

which implies that B;,0;,i = 1,2, ..., p can be designed as follows:
0 1 e 0 0
0 | 0
p=| i e
0 0 - 1 0
&, —Op,—1 0 TA) !

where the aforementioned conditions (i), (ii) of the p-copy internal model are
naturally satisfied.

Remark 4.6 According to Lemma4.2, the matrix G, incorporates all the eigenval-
ues of the matrix S, while the matrix G, ensures that the pair (G, G) is controllable.
This configuration allows for a guaranteed solution to the Sylvester matrix equation
given in Eq. (4.16) of Lemma4.1.

Lemma 4.3 (Schur Complement [29]) For the linear matrix inequality

T(p) W(p)
[WT(p) R(p)] >0

with T (p) = T"(p) and R(p) = R"(p), one has that it is equivalent to the following
equation:

1.T(p) >0, R(p) — W (p)T~ " (p)W(p) > 0,
2.R(p) >0, T(p) — W(P)R (p)W'(p) > 0.

To facilitate understanding, the main technical results are broken down into three
steps: fencing, inter-robot collision avoidance, and rigid formation. We begin with a
lemma addressing the fencing property in Step 1.

Lemma 4.4 For an MRS V governed by (4.1) and (4.9) to collectively fence a mov-
ing target governed by (4.3) (i.e., satisfying Claim (1) in Eq.(4.6)) under condition
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C3, it is both necessary and sufficient that the control gains ki, ko, k3, k4 € RT in
(4.9) meet specific criteria:

k3 (ks — s1k1) 0 kiky — ky

ks — s1ky — ,
S T T Tk i

> 0. 4.17)

Proof We define x and v to be the position and velocity centers of the robot set V,
respectively,

N R NS R
x::;;xi,v:zr—l;\h& (4.18)

Based on the definitions of x;, v; in Eq. (4.1), we formulate the dynamics of x, v in
(4.18) in the Cartesian coordinates,

(1) = v(@), v(1) = u(®), (4.19)
whereu = - -_1u;re resents the acceleration of the collective center of the robots.
hereii = 1 3" u;rep he acceleration of the collecti f the rob

Given the definition of n; in Eq. (4.11), it follows that Z:’zl n; = 0, leading to the
result that

i=—([kk]en) m ~ (ks k]on) [j (4.20)

where € :=1/n)""_, €,C:=1/n Yol ¢ are the internal model states of the
robots’ centers. By defining ¢ := [x7,v"]" and x :=[€",¢"]" and substituting
Eq. (4.20) into Eq.(4.19), one has that the dynamic of the center of robots has the
following structure:

¢ = Ac + BK»y, 4.21)

where Ky = [—k3s — k] ®@ L, B=[011"® I,

0 1
A= [—k1 _kj ® b. (4.22)

According to the conditionks > ;_, n; = Oand x = [€", ¢"1"inEq. (4.21), it, together
with (4.20) and internal model in (4.9), gives that the dynamics of x become

% = Gi1x + G»é (4.23)

where ¢ := 1/n)_"_, e; is the center of the relative position error and
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01 0

G, = ® I, Gy = ® L. (4.24)
S1 0 1

Let o =[x}, v}]", the dynamics of the target, as given in Eq.(4.3) be expressed
compactly as

6 = So. (4.25)
Following from the definitions of ¢; := x; — x; and ¢ := [x", V"]", one has that
e=%—x;=Cc+ Do (4.26)
with
C=[10]® L, D=[-10]® L. (4.27)

Let @ := [T, x"]"; it, together with Egs. (4.21), (4.23), (4.25), (4.26), gives that the
augmented system of the center states is

&=A.®+ B, 6 =580, e=C.d+ Do (4.28)

with

[ A Bk, To _
AC_|:G2C Gl}vBc_[GzD}’Cc_[CO]

According to the definitions of matrices A, B, K, C, D, G|, G, in (4.21), (4.24),
(4.27), one has

0O 1 0 O 00
|~k —ky —k3 —ky ~loo
Ac — 0 0 0 1 ® 12, Bc - O 0 ® 12a (429)
1 0 s O -1

which implies that the characteristic polynomial of matrix A. becomes A* 4+ kz)»% +
(k; — s)A% + (ks — s1k2)X + k3 — s1k; = 0. Given the condition of s; < 0, it indi-
cates that all coefficients of the polynomial meeting ky > 0, k; — 51 > 0, kg — s1kp >
0, ks — s1k; > 0, which further implies that A, is Hurwitz iff

k3 (ks — s1k1) - kiky — ky

0, >0
kiky — ky k>

k4 — S1k2 —

according to Routh stability criterion [30]. Meanwhile, with the dynamic matrix S
given in Eq. (4.4), the minimal characteristic polynomial of S(A) is calculated as
A% — 51 = 0. Since the regulated output e := x — x4 in (4.23), one has that p = 1.
Moreover, by Lemma4.2, one has that
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01 0
=t [)

which satisfies the Conditions (1) and (2) of the minimal p-copy internal model in
Lemma4.2. Since ¥ € R? and x; € R?, the matrices G| and G, of the internal model
are thus expanded by the Kronecker product as follows:

01 0
G = |:Sl O] ® L, Gy = |:1] ® b,

which aligns with Eq. (4.24). This indicates that the matrices G| and G, in (4.24) rep-
resent a minimal p-copy internal model of the matrix S [28]. Consequently, accord-
ing to Lemmad4.1, the closed-loop system described in (4.28) satisfies a Sylvester
equation with a unique matrix X, € R*** as follows:

XS=AX.+B.,0=CX.+D (4.30)

where A., B., C., D are given in (4.28). Let b= — X.o be the errors between
the center states @ and the solution states X.o; it follows from Eqs. (4.28) and (4.30)
that ® = A,®, ¢ = C.®, which implies that lim,_, o ®() = 0, lim,_, o &(t) = 0
because A, is Hurwitz.

Bearing in mind (4.18) and (4.26), one has lim,_ o x(¢) —x4(t) =
1/n Z?:l xi(t) — x4(t) = e(t) = 0, which thus proves that lim,_, o Py, (x()) =
0, i.e., the fencing property in P1. (]

Remark 4.7 The condition in (4.17) solely guarantees the fencing property of an
MRS V. Moreover, this condition (4.17) can be satisfied when condition C2 is met,
as will be shown in Theorem4.1.

Lemma 4.5 Given conditions C1 and C2, an MRS controlled by (4.1) and (4.9)
ensures inter-robot collision avoidance, i.e., | x; ;(t)|| > r,Vt > 0, Vi # k € V.

Proof Let ®; := [x],v], €], 1"; it, together with Egs. (4.1), (4.3), (4.9), (4.11),
(4.28) gives that the derivative of ®; is

&, = A, ®; + B.o +ksEn; (4.31)

where A, Bcin (4.29) and n; are defined in (4.11), and E,, =[0,1,0,-1"® I, €
R¥*2, Define ®; := [¥],7V], €], {/]" to be the fencing error ®; := ®; — X.0'; one has

i°

that the time derivative of ®; along (4.28) and (4.31) becomes
cT)i = Acéi + (AcXe + Be — X:S)o + ksEn;.
Combining with Eq. (4.30), one has that

i = A.D; + ksEn;. (4.32)

o
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Equation (4.32) shows that the inter-robot repulsion #n; of robot i is present in the
dynamics of ®;, affecting the convergence of the closed-loop error system (4.32).

Furthermore, the integration of the inter-robot repulsion Y ;.q, > yeni J i k| R
a(t)dr is introduced as a potential function within a Lyapunov candidate to ensure
collision avoidance among robots. Let

Z / a(t)dt (4.33)
[l &

i€V keN;

the integration of inter-robot repulsion be denoted for simplicity. Then, the derivative
of V, is given by

dv, dlxi x|
—5= =20 ) el —

i€V keN;
X, Oxik .  OXik .
=-> Y« (il g "”( i xk)
i€V keN; Xik !
o
= —22205(||x1k||)m ' (4.34)
i€V keN; Xik

According to 7; given in Eq.(4.11), one has that ) ;4 n/va =V} Y ;cqy i =0,
which follows from Eq. (4.34) that

W 2y =2 @ —w =2 @3)

ieV ieV ieV

with V; := v; — v4 and x; = v;. Consequently, ; is intertwined with the error state
v; in Eq. (4.35).

We consider a Lyapunov candidate composed of the error states ®; and the
potential function V,,, which is defined below

Vi@ a0 = Y {81P& | + kv, (4.36)
ieV

where P € R¥8 is a positive-definite symmetric matrix, and y is the parameter
associated with P. Then, using the derivative of V), in (4.35), the time derivative of
% (CD, , Xi, k) along the trajectories of (4.32) becomes

dVi(®;, x;
AVi(®i xin) _ 3 {q>T(PA + AP, +k5(¢>TPEn, + N EPY; )}
dt ieV
— 2yks an_ (4.37)

ieV
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To express the term 57PE17,~ + niTETPEDi on the right-hand side of Eq.(4.37) in
the form of n;'—’ﬁ,-, which can be canceled out by the derivative of V, in Eq.(4.35),
the matrix P is designed below

P1 Ps P71 Ds
P = Pe6 P2 P5 P4 ® I (4.38)
P71 P5 P3 Ds
P6 P4 Ps P4
where the parameters p;, i = 1, ..., 7, are designed later. By comparing the matrices

E and P in Egs. (4.31) and (4.38), we obtain
ks (B[P Ens + 0] ETP;) = 2s(p2 — pa)¥inn, (4.39)

which implies that the parameter y in Eq.(4.36) can be set to y = p, — pa.
Consequently, from Egs. (4.37), (4.35), and (4.39), it follows that

dvl(cz, Xik) _ 3 {%;(PAC + AIP)CTDi} => [5,TQ<T>I~} (4.40)

ieV eV
with
q1 95 46 47
0= 95 92 48 49 ® b, (4.41)
g6 48 43 410
q7 99 410 44

q1 = —2kipes +2ps, q2 =2pe — 2kap2,q3 = —2k3ps + 2s1ps, qa = —2kaps +
2ps,qs = p1 — kape — kip2 + pa, g6 = —k3pe + s1ps — kips + ps, g7 = pa +
P71 — kaps — kipa, g8 = —k3pr + 51 ps + p71 — kaps, g9 = —kapr + ps + ps —
kapa, andqio = —ksps + p3 — k3pa + s1ps._

To establish the convergence of V; and ¢; in Eq.(4.40), the parameters g; for
i=1,3,5,6,7,8,10in(4.41) canbe set to 0. This leads to the following conditions:
Ps=0,ps=0, pr —kipa+ps=0,ps+ p7 —kips =0, —kspr + s1ps + p7 =
0, and p3 — k3 ps + 51 p4 = 0. Then it derives that

K+ (51 — Dk — ks ki 451 — 1

P = ks P4, P2 = ks

p3 = (ks — s1)ps, p7 = (ky — D)ps = (k3 — 51) p2, (4.42)

Pa,

which implies that
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2 _ _
k1+(S1 Dk —ks3 0 kl _1 O

k3
ki+s—1
pP= 0 0 e (4.43)
kl -1 0 k3 — 5 0
0 1 0 1

Given that k3 > 0, s; < 0, and p4 > 0, it follows that the last two diagonal terms of
P satisfy k3 — s; > 0 and 1 > 0. Then, in accordance to Lemma4.3, one has

K 4(s1—Dki—k3 0 (i =1)? 0
T B ST B @44

k3

if P > 0. By directly calculating (4.44), we obtain

& 0
[ o SJ -0 (4.45)
with
£ = (s1+ Dkiks — k2 — s1k3 — (s1 — Dsiky + (s1 — 1)k3
! k3 (ks — s1) '
£ = ki —ks+s1—1
) = I .

As k3 > 0, ks — 51 > 0, we only need to consider the numerators of & and &, to
ensure that P > 0.

Case 1: If sy = 0, it is derived that (k; — k3 + 51 — 1)/k3 > O for P > 0.

Case 2: If s; < 0, rewrite the numerator of & in (4.45) in descending order of
ki as

fla) = —siki + ((s1 + Dks — (s1 — Dsi)ky — k3 + (s1 — D3,

which implies that f(k;) is a quadratic function of k;. From the fact that

(1 Dk3—(s1 — Dsy _ 2s1k3 + 251 — 257 — (s1 + Dk3 + (s1 — Dsy

k3 +1— =
3t . 2s1 2s1
_ s1kz + 51 —S12—k3
- 251
_ (51 = Dk3 —s51)
=~ >0,
251

it can be observed that f(k;) increases monotonically when k; > k3 + 1 — ;.
Substituting k; = k3 + 1 — sy into f(k;) yields
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flk) = —si(ks + 1 —s)>+ ((s1 + Dks — (51 — Dsy)
x (ks +1—s51) — k3 + (s — Dk = 0,

which implies that f(k;) > 0 (i.e., P > 0)ifk; > ks + 1 — 7.

Accordingly, it concludes that & > 0,&, > 0 (i.e., P > 0) if (k; — ks + 51 —
1)/ ks > 0. Note that k% + (51 — Dkt — ks =ki(ky +s1 — 1) — k3 > 0 with k; >
1 and k1 — 1 — k3 + 51 > 0 in (4.43). Moreover, the condition k; +s; — 1 > k3
implies p, — ps > 0 with (4.42), which guarantees V; in Eq.(4.36) is positive
definite.

Next, it follows from the fact ps = 0, p¢ = 0, and Eq. (4.42) that

dVi(®i, xip) W] 5 [V
= - i E] eE]) 49
with

= —2kopy  —kapr — kzpq
pr— 1 .
Q |:—k4pz —kaps  —2kaps ©h

Since the leading principal minors of Q satisfy —2k, p» < 0 and

—2kapy x —2kspa — (—kspa — kapa)* = —(kapz — k2ps)*,
it follows from Eq. (4.42) that k4 p» — ko ps = 0 if

k —1
pats ol (4.47)
k3

which then implies that the matrix Q is negative semidefinite. It follows from
Eq. (4.42) that

k —1
pats (4.48)
k3

Combining the condition k; > k3 + 1 — s; and Eq. (4.47) together gives C2. More-
over, one has that

dVy(®;, x; k -1 - k -1
MOntin) _ S T2k 2 — 2k pai)? - 45 i
dt : k3 ! k3
ieV
2 k1 +s k4 .
_ —Z P4 M 2 4 kg7
ieV
=-> —n(kzv, + k)12 (4.49)

ieV
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To simplify, let V,(¢) := V] (51’ (1), xi, k(t)) denote the function V; at time ¢. It then
follows from Eq. (4.49) that

Tdvl(aivxi,k)

Vi(T) = Vi(0) + /0 -

dt < V,(0) (4.50)

for an arbitrary constant time 7 > 0. Combining this with the definition of V; in
Eq.(4.36), we obtain that

R
ks(pr—p0) Y Y / _als)ds < Vi(T) < Vi(0). 4.51)
i€V keN; lIxi., (TN
Under condition C1, one has that V;(0) is bounded, s0 is }_;q, D ien '[HI;.k(T)H
a(s)ds,YT > 0in Eq.(4.51). However, using the fact
R
lim / a(s)ds = oo, (4.52)
lxia (D l|—>r+ Z Il (D)

i€V keN;

where o is defined in (4.12) and rt represents the right-hand limit of r, we conclude
that |x; x(T)| > rforalli € V,i,k € V,and T > 0. This proves collision avoidance.
O

Remark 4.8 Lemma4.5 aims to demonstrate inter-robot collision avoidance
through the boundedness of the Lyapunov function V; in (4.36), which is com-
posed of two terms. The first term relates to the error states @, between robot i and
the target, while the second term represents the integration of inter-robot repulsion,
V,. These two terms in V| cannot converge to zero but only to an invariant set of
partial states, kyv; + k4z,- =0, due to (4.49). Moreover, if both terms were to con-
verge to zero, it would imply that all robot positions coincide, resulting in V| = oo,
which contradicts the condition that dV;(¢t)/dt < 0 in (4.49). It is also noteworthy
that the chosen function V; and the invariant set k,v; + k4E,- = 0 contribute to the
rigid formation described in Lemma4.6.

4.4 Rigid Fencing Pattern and Analysis

Lemma 4.6 Under conditions C1-C3, an MRS governed by (4.1) and (4.9) achieves
a rigid formation while moving with the target described by (4.3), i.e.,

lim (vi () —va(1)) = 0.
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Proof From Eq.(4.49) in the proof of Lemma4.5, we see that dV; /dt = 0 occurs if
and only if k)v; + k4§, = 0. This implies that the largest invariant set {X;, V;, €, g‘, |
dVy/dt = 0} consists of the line defined by ko v; + k4{, = 0. Since any line segment
between two points on this line remains on the line, the invariant set is compact. By
the LaSalle invariant set theorem [31], it follows that the trajectories of X;, V;, €;, EI
converge to

lim k¥ (1) + kaZi(t) = 0. (4.53)
—00
Then, we will demonstrate that

If ks¥; + kaZ; = 0, then v;(r) — va(t) = 0, Vi € V. (4.54)

According to the dynamics of V;, ?,- in (4.32), one has E, =X; + 51€; — ksn;. Taking
the derivative of v; yields that

.

Vi = — ki — kyEi — (ky — DV — (ks — 818 — &
~ ~ sk IS
= — ¥+ ki) — <k1 . (k—'“) (ks —so(—v, +;,) %
4 ky

(4.55)
Subtracting k, /k4"\3",' at both sides of (4.55), it then follows from Eq. (4.48) that

(k3 — )

1
o (kz Vi + kali) + (kZVl +k4C )-

(4.56)

S ~ k4 ~ g
Vi =81V + ———(kavi + kal;) +
ky — kg

Utilizing the fact that T';,', El T/L,', and El are uniformly continuous, it follows from
(4.54) that

k¥ + kiZ; = 0, ko¥: + kg, = 0. (4.57)
Comparing (4.54), (4.56), (4.57) gives
Vi = 51V, (4.58)
and one has that E, = slz,-. From the condition of €; = E,-, it gives that
L0 =& —m; (4.59)

with a suitable constant vector m; € R?, and considering the fact that E,- =51€0) +
X; — ksn; from (4.32), it follows that
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B0 —ks ) {a(ﬂxi,k ek } =m;, Vi eV (4.60)

& i

Case 1: When s; = 0, the problem simplifies to a fencing problem with a constant-
velocity target (see, e.g., [22]). According to Eq.(4.58), we have limHoo"\?’,' 1) =
0. Therefore, it is sufficient to show by contradiction that limHooT./‘,- (1) =0 and
lim,_, o, V; (t) = 0, which follows a similar approach to [22]. Thus, we conclude that
lim, oo V; (t) = vi(t) — vg(t) =0 foralli € V.

Case 2: If s; < 0, it follows from Eq.(4.58) and the differential equation from
[32] that the solution for V; is given by

Vi(t) = i1 cos(v/—s1t) + c; o sin(y/—s1t) 4.61)

where ¢; | and ¢; » are parameters determined by the initial states. Next, we will prove
by contradiction that ¢; ; = 0 and ¢; , = 0. It follows from Egs. (4.32), (4.61) that X;

\/C—%, sin(v/—s11) — j_LSl cos(v/=s11) + d; (4.62)

with a constant vector d; € R%. It can be deduced that X; in (4.62) is a periodic
functionifc; ;| # Oorc;» # 0, which contradicts with the condition of (4.60). Then, it
derives that ¢; | = 0, ¢;» = 0, Vi € V, which implies that v; (r) = v; () — v4(t) =0
with (4.61) (i.e., the proof of (4.54) is thus completed).

Since the term k,v; + k4a is uniformly continuous, according to (4.54), for any
81 > 0, there exists §, > 0 such that

xXi(t) =

”kz;i + k4Zl || < 8, VieV,
which leads to the conclusion that
[vi = va| < &1, Vi € V.

Since lim;_, o (k2V; (1) + k4z,- (t)) = Oas givenin (4.53), there exists aconstant 7 > 0
such that forallz > T, |k,v; + k4E,-| < 8§, foralli € V. This implies that |v; — vy| <
81 for all i € V. Consequently, we conclude that lim ¢ — oco(v;(t) — v4(¢)) = 0 for
all i € V, indicating a rigid formation. This completes the proof. O

With Lemmas 4.4-4.6, it is ready to present the main technical results.

Theorem 4.1 Under Conditions C1, C2, and C3, an MRS V, governed by (4.1) and
(4.9), and interacting with a moving target described by (4.3), satisfies property P1.
Therefore, Problem 1 is successfully addressed.

Proof Firstly, Lemma4.4 demonstrates that the fencing property is achieved if the
control gains ki, k», k3, and k4 satisfy the condition given in (4.17).
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Secondly, according to the collision avoidance and rigid-formation properties
established in Lemmas 4.5 and 4.6, the control gains must also satisfy Condition C2
from (4.63), specifically

ki 451 — 1
k2:k41++ >0, ki—ks—14s >0. (4.63)
3

Substituting (4.63) into (4.17) from Lemma4.4, one has that

k3 (ks — sikr) ki s — 1= k3)k3

k4 — Slkg — = > 0,
kiky — ky k3 (kiky — kq)
kiky — ky ki+s1—1—ks
= > 0,
ko ki+s—1

which implies that condition C2 is sufficient to satisfy (4.17) (i.e., Remark4.7).
Therefore, Problem 1 is solved under conditions C1-C3, completing the proof. [

Remark 4.9 In contrast to label-fixed strategies, the label-free approach outlined in
(4.9) can be applied directly without additional calculations or design adjustments
when increasing the number of robots. Furthermore, this label-free design offers
greater flexibility in varying environments and specific scenarios, facilitating a more
straightforward achievement of fencing formation. Additionally, it is more robust in
the event of robot failures. An illustrative example will be presented in the following
section.

4.5 Simulation Results

In this section, we consider an MRS governed by (4.1), (4.9) with n = 4 robots
and a moving target described by (4.3) with a variable velocity. We set the sensing
range and safe distance to R = 10 and r = 2, respectively. Accordingly, the potential
function «(-) in (4.12) is defined with these values: » = 2 and R = 10.
Additionally, we set s; = —0.1 to ensure the target moves periodically, start-
ing from the initial position x4(0) = [2, 8]" and with the initial velocity v;(0) =
[0.5,0.5]7. The target’s trajectories are shown by the red dashed curves in Fig.4.3.
The parameters in (4.9) are chosen as k; = 2.2, kp =6, k3 =0.1, ky =3, and
ks = 20, ensuring that condition C2 is met. Figure4.3a—d depicts the evolution of
robots from various initial states (blue circles), meeting condition C1, toward their
final rigid-formation states (yellow circles) while tracking the moving target (green
square) with Py, (x) = 0. These figures illustrate that the robots successfully achieve
fencing formation from any starting point, independent of their labels. To demon-
strate the advantages of the label-free strategy, Fig.4.4 compares this with simula-
tions using a label-fixed approach, starting from the same initial positions as Fig. 4.3.
In this approach, specific desired relative positions for each robot with respect to the
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Fig. 4.3 a-d Trajectories of the robots from random initial positions and velocities to collision-
free rigid-formation target fencing with the proposed label-free controller (4.9) (here, the blue and
yellow circles denote the initial and final states of the robots, respectively, whereas the green square
the target)

target are pre-set as [—7, —7]7, [7, =717, [7,7]", and [—7, 7]. The results shown
in Fig. 4.4a—d reveal that, with fixed labels and relative positions, the robots achieve
rigid-formation fencing from their initial states (blue circles) to their final positions
(yellow circles).

Comparing Fig. 4.3a—d with Fig. 4.4a—d, it is evident that the label-fixed approach
results in more oscillations during the fencing process, as shown in Fig.4.4. This
highlights the label-free method’s greater flexibility and efficiency in minimizing the
robots’ movement. Figure 4.5a demonstrates the robustness of the label-free fencing
controller (4.9). When robot 4 fails at ¢+ = 20s, the remaining robots 1, 2, and 3
successfully maintain a triangular formation to continue fencing the moving target.
In contrast, the label-fixed strategy fails to maintain the formation under the same
conditions, as shown in Fig. 4.5b. This confirms the label-free design’s robustness in
handling robot breakdowns.
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Fig. 4.4 a—d Trajectories of the robots from the same initial positions and velocities in Fig.4.3 to
collision-free rigid-formation target fencing with a label-fixed strategy (here, the blue and yellow cir-
cles denote the initial and final states of the robots, respectively, whereas the green square the target)
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Fig. 4.5 A special case when robot 4 suddenly breaks down at t = 20s. Trajectory comparison
of the robots and the target between the proposed label-free fencing controller (4.9) (see subfigure

(a)) and a label-fixed strategy (see subfigure (b))
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Fig. 4.6 Temporal evolution of the fencing error e (see Eq. (4.26)) and the relative distances ||x; —
xjll,i #k, i,k €V among robots in Fig.4.3b for example

In the label-free fencing simulation depicted in Fig.4.3b, we examine the state
evolution. Figure4.6 shows the state evolution where lim;_, , e(#) = 0 achieves
Py, (x) = 0 implicitly in P1. The pairwise distances between robots remain greater
than 2, ensuring inter-robot collision avoidance with » = 2. To compare the label-
free approach quantitatively, Fig.4.7 presents the state evolution for the label-fixed
strategy, corresponding to Fig. 4.4b. Both approaches converge to zero fencing errors
within 110s, indicating similar efficiency in achieving the fencing goal. However, the
pairwise distance oscillations in Fig. 4.7b are 60% larger than those in Fig. 4.6b for the
label-free strategy. Additionally, the convergence time for the distances in the label-
fixed strategy is 50 s longer compared to the label-free approach. Figure 4.8 illustrates
that lim;_, » x; (#) — x4(t) = d; # 0 and lim;_, o v; (¢) — v4(¢) = O for the simula-
tion in Fig.4.3b, confirming that the rigid formation described in Definition4.1 is
achieved. This demonstrates the feasibility of Theorem 4.1 and verifies the advantages
of the label-free fencing controller.
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Fig. 4.7 Temporal evolution of the fencing error e (see Eq. (4.26)) and the relative distances ||x; —

xjll,i #k, i,k €V among robots in Fig.4.4b for example
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4.6 Conclusion

In this chapter, we have introduced a label-free control strategy that enables second-
order MRSs to cooperatively fence a moving target with variable velocity within a
convex hull. This approach ensures both inter-robot collision avoidance and rigid
formation without the need for pre-assigned labels for specific robots. The effective-
ness of the proposed cooperative control protocol has been demonstrated through
numerical simulations.
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Chapter 5 ®)
Distributed Fencing Control via e
Long-Term Task Execution

5.1 Introduction

The previous Chaps.3 and 4 introduced complex fencing with an evenly rotating
formation and a varying-velocity target in 2D space, however, they still lack a for-
mal method to develop the fencing control with general dynamics and even higher-
dimensional Euclidean space. To this end, in this chapter, we propose a long-term
task term algorithm (LTTE) algorithm for a multi-robot system to fence a moving
target into an ordering-flexible convex hull resiliently in the n-dimensional Euclidean
space. In what follows, we will introduce the related background.

Over the years, the concept of multi-robot target fencing, where a group of robots
collectively provides protection for a target, has gained increasing importance in
complex urban scenarios, such as highway vehicle conveyance [1], marine vessel
escort [2], and multi-UAV protection [3]. In these applications, the primary challenge
lies in designing a coordinated fencing strategy that allows the robots to collectively
form a convex hull, effectively ensuring that the target remains secured within the
interior of the formation.

A straightforward and convenient approach to forming such a convex hull involves
predefining the desired robot-target relative positions (or displacements) with a
fixed spatial ordering, known as ordering-fixed target fencing. Early studies focused
on achieving fixed-order fencing formations for static targets [4], which was later
extended to moving targets [5, 6]. For more complex scenarios involving multiple
moving targets, a distributed fencing controller was introduced in [7], relying on the
estimation of the targets’ center. However, these ordering-fixed approaches [4—7]
inherently require predesignated positions and a fixed ordering of robots within the
controller, limiting their flexibility in dynamic environments. This lack of adaptability
can lead to inefficiencies in energy usage and even deadlock situations.

Alternatively, a more adaptable and efficient method known as the ordering-
flexible strategy has gained attention in recent studies. Unlike the ordering-fixed

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 81
B.-B. Hu and H.-T. Zhang, Multi-Robot Systems, Cognitive Intelligence and Robotics,
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methods [4—7], this approach enables target fencing within a convex hull without pre-
defining the spatial order of robots [8]. The robot positions naturally emerge through
interactions during fencing rather than being rigidly assigned beforehand, thereby
addressing issues like deadlock and inefficiency. Initial efforts focused on this concept
include an output-regulation algorithm for static target fencing [9] and a limit-cycle-
based structure that adds collision avoidance to static target scenarios [10]. These
methods were later expanded to constant-velocity targets in an ordering-flexible man-
ner [11-13]. A dynamic regulator incorporating an internal model was developed for
targets with variable velocities to maintain a rigid fencing formation [14]. However,
while these studies [§—14] have made significant strides in realizing ordering-flexible
fencing, they still fall short of providing a comprehensive framework that guarantees
the feasibility of this approach in dynamically changing conditions. Moreover, these
methods have primarily been applied in 2D environments, leaving the challenge
of higher-dimensional ordering-flexible target fencing in more complex scenarios
largely unexplored.

Drawing inspiration from the long-term task execution frameworks in [15, 16],
this chapter addresses the challenge of ensuring the feasibility of ordering-flexible
fencing by integrating it into an online constraint-based optimization strategy. The
proposed LTTE algorithm enables a multi-robot system to effectively fence a moving
target within an ordering-flexible convex hull in n-dimensional Euclidean space, even
in dynamic environments. The approach involves defining the target-approaching and
sensing-neighbor collision-avoidance subtasks as constraints within the optimiza-
tion process, ensuring continuous adaptability during long-term operations. Slack
variables are incorporated to manage potential conflicts between these constraints,
balancing the attraction forces driving the robots toward the target and the repulsion
forces from collision-avoidance requirements. This mechanism allows the robots to
naturally form a fencing configuration with flexible spatial orderings. The efficacy,
adaptability across dimensions, robustness, and obstacle avoidance of the proposed
LTTE algorithm are demonstrated through 2D experiments and 3D simulations. The
main contributions of this chapter are three-fold.

1. Propose an LTTE algorithm to build an online constraint-based optimization
framework that enables multi-robot long-term target fencing with arbitrary spatial
orderings in evolving environments.

2. Introduce slack variables to accommodate the relaxation of various subtask con-
straints and ensure rigorous asymptotic convergence to ordering-flexible tar-
get fencing despite the strong nonlinear interactions imposed by time-varying
collision-avoidance constraints.

3. Showcase the effectiveness of the proposed method with 2D ordering-flexible
target-fencing experiments involving three AMRs. Additionally, validate its
multi-dimensional adaptability, robustness, and obstacle avoidance capabili-
ties through 3D simulations addressing various initial positions, sudden robot
breakdowns, and static obstacles.
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The structure of this chapter is as follows: Sect.5.2 introduces the definitions
and formulations for long-term task execution and ordering-flexible target fencing.
Section 5.3 covers the analysis of asymptotic convergence. Section 5.4 presents the
results of 2D experiments and 3D simulations. Finally, Sect.5.5 summarizes the
conclusions.

5.2 General Fencing Problem Formulation

5.2.1 Long-Term Task Execution

Assume a task set 7 is characterized by an implicit function ¢ (o) [17]
7 :={o eR?|¢(0) <0}, (5.1)

whereo = [0y, - -+, 04]" € R represents the dummy coordinates withd € R* indi-
cating the dimensionality, and ¢ (-) : R? — R is a twice continuously differentiable
function (i.e., ¢ (-) € C?). The condition ¢ (¢) < 0 in Eq.(5.1) defines the region of
the target set 7, encompassing all possible states within 7.

Remark 5.1 The formulation in Eq.(5.1) enables describing the target set 7~ as
either a point or a 1D (or 2D) manifold region, depending on the selection of ¢ (o).
Asillustrated in Fig. 5.1, for example, a point-target set can be defined by ¢ (o, pg) :=
|o — po| with pg = [0.5,0.5,0.5]T, while a target ball is defined by ¢ (¢) := 012 +
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Fig. 5.1 a A point-targetset 7 : ¢(0) := (0] — 0.5)2 +(62 — 0.5)2 + (03 — 0.5)2 <0 only con-
tains a red point py = [0.5,0.5,0.5]". b A ball-target set 7 : ¢(0) =0 +07 +07 —1<0
contains both the surface and interior of the green ball
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03 + o} — r* with radius = 1. Instead of using the complex distance calculation
dist(py, 7) :=inf |p — p1| | p € 7 to measure the distance between a point p; €
R and the target set 7, ¢ (p;) provides a simpler implicit method for measuring this
distance. For instance, with the target ball ¢ (o) := of + 05 + 0 — r?, the value
¢ (py) is positive if the point p; is outside the ball and ¢ (p;) < 01if p; is on or within
the ball. However, there are some pathological cases where this implicit method might
not be sufficient, such as when lim,_, .o ¢ (p;(¢)) < 0 does not necessarily imply that
lim,_, o dist(p;(¢), 7) = 0. To address these issues, the following assumption will
be introduced.

Assumption 5.1 ([17]) For any given ¥ > 0 and a point p,(¢) € R, it follows that
inf ¢(pi(¢)) : dist(p1(¥),T) =k > 0.

Assumption 5.1 guarantees that the implicit function ¢ (p;(¢)) can be used to
accurately represent the distance from the point p; to the target set 7. This condition
can be fulfilled by certain polynomial functions [17].

Defining x € R to represent the state vector of the robot and substituting x into
the parameterization of 7~ in Eq. (5.1), one has that ¢ (x) provides an implicit measure
of the distance between the state x and the target set 7. Specifically, x is outside
the set 7 if ¢ (x) > 0, and x is within the set 7 if ¢ (x) < 0. When x is not in the
set 7~ (i.e., ¢ (x) > 0), we can introduce the minimization of ¢ (x) to ensure that x
converges to 7 : Then, when x is not in the set 7 (i.e., ¢ (x) > 0), we are ready to
introduce the minimization of ¢ (x) to make x converge to 7,

muinq)(x) s.t.x = f(x)+g)u 5.2)

where u € RY is the control input, and f(-) : RY — R? and g(-) : R — R*7 are
locally Lipschitz continuous functions. The constraint x = f(x) 4+ g(x)u inEq.(5.2)
represents a standard control affine dynamic structure that applies to a broad range
of robots [18]. Essentially, ¢ (x) decreases along the optimal input u in Eq. (5.2),
indicating that the robot will eventually approach the target set 7.

Remark 5.2 The dimension of the state vector d € R™ in Eq.(5.2) can be greater
than the dimension of the robot’s operational space n € R (i.e.,d > n). This allows
x € R? to include additional states, such as orientation, linear velocities, and angular
velocities of UAVs [19]. However, for this chapter, this extended representation is less
pertinent since Eq. (5.2) primarily offers a general optimization approach for ensuring
that the state vector x converges to the target set 7. In the context of the ordering-
flexible target fencing problem discussed in this chapter, our focus is specifically on
the n-dimensional Euclidean space where the robot operates, rather than the extended
state space. This is because the position information x; € R", governed by the single-
integrator dynamics in Eq. (5.5), suffices for formulating the position-based subtasks
outlined in Egs. (5.9) and (5.12). The issue of underactuated dynamics is addressed
by external low-level tracking modules, such as output regulation control and sliding
mode control [9], which are beyond the scope of this chapter. For details on orientation
regulation, please see Remark 5.10 for details.
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Remark 5.3 At each time step, Eq.(5.2) is solved to find the optimal input #*. In
this framework, ¢ (x) is treated as a cost function, and u* can be determined using
a standard gradient-descent method [20]. The optimal input is computed as u* =
gt (—f(x) — 3¢ (x)/dx), where g* € R?*? denotes the Moore—Penrose inverse of
g(x), satisfying gg* = I, with I; € R?*“ representing the d-dimensional identity
matrix. By differentiating ¢ (x) with respect to time ¢ and substituting u*, we get

99 (x) . 8¢>(X)

dlx) = =k =

0 0
<f<>+g(x>g ( F) - "’(x))) H ¢ |

In this case, the function ¢ (x) will explicitly decrease along the optimal trajectories as
long as [0¢ (x)/dx| # 0. However, when ¢ (x) is not a convex function, convergence
to local minima is a typical outcome that cannot be avoided.

However, the traditional task execution in (5.2) only tries the best to make the states
x approach the target set 7~ because the function ¢ (x) is minimized as a cost function,
which may fail to work any longer in dynamic environments (i.e., x(71) € 7 #
x(t) € T,Vt > T) > 0). Torigorously guarantee the task performance for long-term
autonomy, a recent work [16] has proposed an approach of long-term task execution
by incorporating ¢ (x) into the constraint rather than the cost function.

Definition 5.1 (Long-term task execution [15]) For a target set 7 in Eq.(5.1), a
robot governed by Eq. (5.2) achieves the long-term task execution if the following
constraint-based optimization is solved, i.e.,

min lull® + 18]° s.t. L ph(x) + Loh(x)u > —y (h(x)) — 8, (5.3)

where h(x) = —¢(x) satisfying the inequality in (5.3) is a control barrier function
(CBF) [22], L th(x), Lgh(x) denote the Lie derivatives of /(x) along the functions
f and g in Eq.(5.2), respectively, and § > O represents a slack variable to measure
the violation extent of execution to target set 7. Here, y (-) : (—b, a) — (—00, 4+00)
for some a, b > 0, referred to as the extended class K function, is strictly increasing,
and satisfies y (0) = 0, which can determine how fast the states x approaching the
target set 7~ by setting y (h(x)) := h(x)? with different odd positive integer Q [21].

In Definition 5.1, the long-term task execution (5.3) ensures robust task perfor-
mance in dynamic environments by explicitly constraining the state evolution of
h(x) := —¢(x). Fundamentally, this long-term behavior is guaranteed because the
CBF h(x) provides resilient forward invariance of the states x with respect to the
target set 7 in a constrained manner [22], meaning that

x(T) eT = x(t)eT,¥t >T, > 0. 5.4)
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5.2.2 Ordering-Flexible Target Fencing

In this subsection, we consider a multi-robot system consisting of N robots, labeled
asV=12,..., N(N > 3), where each robot follows a single-integrator dynamic
model [17]:

Xi=u;, i€V, (5.5)

with x; € R" and u; € R” representing the position and control input of robot i in
the n-dimensional Euclidean space, respectively. The control input u; is bounded by
a common value ¢ € R, satisfying |u;|oo < ¢. For broader applicability, the input
u; in Eq. (5.5) can be interpreted as the high-level desired guidance velocity, making
it relevant for robots with higher-order dynamics. This model can be extended to
various platforms, including UAVs, AGVs, and USVs [23-28].

Assumption 5.2 We assume that the low-level velocity-tracking module can asymp-
totically track the high-level desired velocity u} of roboti,i € V,in Eq.(5.5), which
implies that lim,_, o, v; (#) = u}, where v; is the actual velocity of robot i.

Since the ROS controllers' embedded in many commercially available robotic sys-
tems are typically simple PID controllers that only achieve asymptotic convergence,
Assumption 5.2 is both practical and necessary.

Then, the neighbor set of robot i is defined as follows:

Ni=1{jeV.j#i

llxi; (I < R}, (5.6)

where the collision radius r € R and the sensing radius R € R share the same
center, where R > r. The relative position between robots i and j is denoted as
x; j = x; — x;. Since |x; ;(#)| varies with time, the robots in the neighbor set N; are
also time-varying. This dynamic nature facilitates the ordering-flexible fencing but
presents challenges in the subsequent convergence analysis.

We also consider a moving target governed by the following dynamics,

Xq = vgq, (5.7

where x;, € R"” and v; € R” denote the position and velocity of the target. According
to Eq. (5.7), the target may move with either a constant velocity (i.e., v; = 0) or a
non-constant velocity (i.e., vy 7# 0). It is important to note that |v, |, < ¢; otherwise,
the robots will be unable to keep up with the moving target.

Assumption 5.3 We assume that the robots have access only to the target’s posi-
tion x4(t), not to its velocity v,. Therefore, each robot i € V has a local velocity
estimator v}, where 0, i € V, ||} lloo < ¢, such that lim,_, {0}, (t) — vs(t)} = 0,
exponentially.

I'ROS controller: https:/slaterobotics. medium.com/how-to-implement-ros-control-on-a-custom-
robot-748b5275112e.


https://slaterobotics.medium.com/how-to-implement-ros-control-on-a-custom-robot-748b52751f2e
https://slaterobotics.medium.com/how-to-implement-ros-control-on-a-custom-robot-748b52751f2e
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Remark 5.4 Assumption5.3 outlines the practical feasibility of estimating the mov-
ing target’s velocity v, from position-only measurements, assuming each robot is
equipped with position sensors. While the design of such local estimators v}, is well-
documented in the literature, such as through output regulation theory [29-31], these
specific methods are beyond the scope of this article. Nonetheless, it’s important to
note that the vanishing estimation errors v}, — vy can impact the convergence of the
ordering-flexible target fencing task. To illustrate, we provide an example of a local
estimator for the case where v, = 0 below.

Xg = —x1(Xy — Xa) + 0y, Vg = —x1 02Xy — xa), (5.8)
with the ith estimator Q; = [x}, 01" and the estimation gains x; € RT and x» € RY,
let ﬁi = §i — [x4, v4]". It follows that SNZ,- = A?Zi, where A is a Hurwitz matrix

below
-x1 1
A= ,
[—Xl)(z 0}
which thus implies lim,_, o, SNZ,-(t) =0,,,ie., limt_,oo{?)\;(t) —vy()} =0,.

To define ordering-flexible target fencing, we first introduce the spatial ordering
sequence s[i], fori e ZYN, of robots arranged within a convex hull. Different rules
can determine this spatial ordering. For instance, in 2D, one approach is to start with
the smallest relative angle between each robot and the centroid of all robots, and then
establish the ordering sequence s[1], ..., s[N] in an anticlockwise direction around
the centroid. This is illustrated in Fig.5.2: in subfigure (a), the ordering sequence
iss[1] =2, s[2] = 6, s[3] = 1, s[4] = 3, s[5] = 4, s[6] = 5, and in subfigure (b), it
is s[1] = 5, s[2] = 3, s[3] = 2, s[4] = 4, s[5] = 6, s[6] = 1. For 3D coordination,
analogous ordering rules can be applied.

Definition 5.2 (Ordering-flexible target fencing) For a multi-robot system V gov-
erned by Eq. (5.5) to achieve ordering-flexible fencing for a moving target (5.7), the
following three objectives must be fulfilled,

>

Centroid @ nticlockwise @ Anticlockwise

& ® @ @

(a) Ordering: {2-6-1-3-4-5} (b) Ordering: {5-3-2-4-6-1}

Fig. 5.2 Two spatial ordering sequences of a 6-robot hexagonal formation in 2D. (The circles
represent the robots, and the red node is the centroid)
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1. (Convex-hull fencing) The moving target is fenced into the interior of the
convex hull formed by all the robots, i.e.,

lim { > xi()/N - xd(t)} =0,
ieV

where x; is the position of robot i, and N is the number of robots.
2. (Flexible-ordering formation) The robots’ fencing formation converges to a
stable region with a consistent spatial ordering, i.e.,

(@) lim {%51i1() = g4 ()} = 0y,

b)r =< tlggo ”x.v[i]([) — Xs[i+17(2) || <R,

Vi e ZY (Ifi = N, then s[i + 1] = s[1]),

where s[1], s[2], ..., s[N] denote the spatial ordering sequence of the robots in
the convex hull, calculated by a bijection s[i] : Z¥ — Z1V from the robot labels
V =1,..., N; xg represents the position of the s[i]th robot; and R is the sensing

radius as defined in (5.6).

3. (Collision & Overlapping avoidance) The avoidance of both inter-robot
collisions and robot-target overlaps is ensured simultaneously, i.e., ||x; ()| >
7, 1xia(@®)] > 0,Vi # j € V,t >0 with x; ; given in Eq.(5.6) and x; 4 := x; — x4
the relative position between robot i and the target.

In Definition5.2, Objective (1) ensures the fundamental requirement of target
fencing. Condition (a) in Objective (2) describes the implicit rigid formation, while
condition (b) highlights the concept of flexible-ordering formation by maintaining a
steady ordering according to a specified rule. Notably, no specific spatial ordering is
predetermined for the robots. Objective (3) addresses the prevention of undesirable
collisions and overlapping between robots and the target, thereby ensuring that the
robots eventually form the desired convex hull. Illustrative examples of this are
provided in Fig. 5.3, where circle robots with varying orderings fence a triangular
target in both 2D and 3D Euclidean spaces.

5.2.3 Encoding Long-Term Target Fencing

To encode the long-term ordering-flexible target fencing, we design two subtasks
based on Definitions 5.1 and 5.2: sensing-neighbor collision avoidance and target
approaching.

From Assumption 5.1, it follows that the target approaching subtask 77 ( for robot i
is described as

bio(xi) = llxi —xqll.i € V. (5.9)



5.2 General Fencing Problem Formulation 89

@ @ b @ ©) @ ------- ® d @ @

JAN S AN A A
¢—0 G0 @ &0
Triangle-pattern fencing Square-pattern fencing
© @ O @ @ 92 m

Tetrahedron-pattern fencing Hexahedron-pattern fencing

Fig. 5.3 Illustration of four kinds of ordering-flexible target fencing in 2D and 3D. (The circles in
different colors represent the robots, and the red triangle is the target)

It can be seen that ¢; o(x;) in (5.9) involves only the point x,; from the target set 7
and is twice differentiable, provided that |x; 4(¢)| # 0, V¢ > 0, a condition which
Lemma5.2 will ensure later. Thus, given the long-term execution framework in
Eq. (5.3) and the dynamics in Egs. (5.5) and (5.7), the derivative of ¢; ¢ (x;) in Eq. (5.9)
satisfies

;0 (x; ~
—¢8’1(Tx )(u,« —vy) < —vi(Pio(xi)) + 80, (5.10)

where §; o > 0 represents the slack variable, 'ﬁfi is the ith local estimator for target’s
velocity vy in Assumption 5.3, and y; (¥; o(x;)) is designed to be

vi(¢i0(x)) = millxiall (.11

with the parameter n; € R* and x; ; = x; — x4 as given in Definition5.2, Eq.(5.11)
includes 71, an arbitrary positive constant that dictates the approach speed of the robot
toward the target. Increasing 7, leads to a faster approach speed u; for the robot, up
to the maximum input norm ¢, i.e., |¢#;|s < ¢ in (5.15d). The simple formulation of
the function y; (-) in Eq. (5.11) will be used in Lemma 5.3 to demonstrate convex-hull
fencing.

Similarly, the sensing-neighbor collision-free subtask 7; ; for robot i, where j €
N;, is designed to be

bij(xi) =r — |xijll.i €V, jeN, (5.12)
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where N, the specified collision radius € (0, R), and x; ; are defined in (5.6). It is
observed that the target setin Eq. (5.12) is positioned outside the circle, i.e., |x; ;| > r,
which aligns with the collision avoidance definition. Furthermore, Moreover, ¢; ; (x;)
is also twice differentiable for ||x; ;(#)|| # 0, V¢ > 0, which will be guaranteed in
Lemma5.2 as well.

Note that the radius r is stipulated to be larger than actual distance for inter-
robot collision avoidance, which will be utilized to eliminate the influence of
target-attracting force in Eq. (5.9) later. Moreover, from Definition 5.1, one has that
¢i,j(x;i), ] € Nj, in Eq. (5.12) satisfy

¢éjc(.Tx ) Wi =) < = v2(i,j (%)), (5.13)

where y,(¢; ;j(x;)) is another kind of extended class % function

20 (x;
Va(oi; (x) = Wn—;(x) (5.14)

where 1, € R* is a constant, and ¢ is given in (5.5). The function y»(¢; ;(x;)) in
Eq.(5.14) is designed using ¢ and will be used to demonstrate that collision-free
subtasks for non-neighboring robots are inherently met, as shown in Lemma5.1. The
constant 5, € R* in Eq. (5.14) determines the minimum value of the sensing radius
R in Assumption5.4. Specifically, increasing 1, results in a larger sensing radius
R. Conversely, if 1, is too small, the collision-free constraints for non-neighboring
robots in Lemma 5.1 might not be satisfied.

Inspired by Eq.(5.3) for long-term task execution, multi-robot long-term target
fencing is formulated as a decentralized constraint-based optimization problem for
robot i. This formulation is derived from Eqgs. (5.9), (5.10), (5.12), and (5.13).

min {lu; — 93112 + 167} (5.15a)
Ui, 00
I .

s.t. ai}o (ui —0y) + y1(¢i0) — 8i0 <0, (5.15b)
991 0y <0, j 5.15
ﬁ(”i_vd)"‘)@(d’i,j)_ , JEN;, (5.15¢)
luilloo < ¢, Vi €V, (5.15d)

where the position x;, the input u;, the ith velocity estimator TI;, and the slack vari-
able §i, 0 € R are specified in Egs. (5.5) and (5.10), while / € R denotes the corre-
sponding weight. For clarity, the functions ¢; o = ¢i 0(x;), @i j = @i j(xi), v1(dio) =
Y1(@i0(xi), and y2(¢i ;) = v2(¢i,j(x;)) are given in Eqgs. (5.10), (5.13), (5.11), and
(5.14), respectively.

The cost function in (5.15a) aims to minimize two objectives simultaneously. The
minimization of [u; — | focuses on tracking the target’s velocity, while minimizing
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8[.2,0 aims to reduce the distance between robot i and the target x;. The weight [ is set
to! > 1, indicating that reducing the robot-target distance is prioritized over velocity
tracking. The constraint in (5.15b) represents the CBF constraint for performing the
target-approaching subtask 77; o forrobot i. The inclusion of §;  ensures the feasibility
of this constraint at the initial time, given that x; (0) is not in the target set 7; ¢ (i.e.,
x; (0) ¢ T;.0), otherwise, the constraint might not be satisfied initially. The constraint
in (5.15c¢) represents the CBF constraint for ensuring collision avoidance between
robots i and j, where j € N;. The absence of slack variables in this constraint
guarantees that |x; ;| > r will be strictly maintained. Finally, the constraintin (5.15d)
ensures that the control input remains within the bounded limit.

Remark 5.5 To ensure the feasibility of Eq. (5.15), a feasible solution always exists,
which can be expressed as

{u; =70}, 80 > 0is sufficiently large}. (5.16)

This solution can satisfy all the constraints (5.15b)—(5.15d). Specifically, for the
solution provided in Eq. (5.16), constraint (5.15b) is satisfied when §; ¢ is sufficiently
large. From the condition of |x; ;(0)| > r, as detailed in Assumption5.5 later, one
has that y»(¢;, ;(0)) < 0. This ensures that constraints (5.15c) are satisfied due to the
forward-invariance property discussed in Lemma35.2 later. Additionally, constraint
(5.15d) is naturally satisfied since [vd’|co < ¢, as shown in Assumption5.3.

Remark 5.6 Similar to the LTTE algorithm in Definition 5.1, the proposed frame-
work in Eq. (5.15) focuses on minimizing the energy consumption associated with
tracking the target’s velocity within the cost function. Furthermore, by incorporat-
ing time-varying target-fencing subtasks into the rigorous constraints (5.15b) and
(5.15¢), the long-term property of Eq.(5.15) accommodates ordering flexibility to
address varying environmental factors. These factors include different initial posi-
tions, potential sudden breakdowns of some robots, and static obstacles, which will
be illustrated through experiments and simulations in Sect. 5.4 later.

Now, we are ready to introduce the main problem addressed in this chapter.

Problem 1 (Long-term target fencing) We design a coordinated optimized controller

[u], 8i0]" := @ (¢i,0. v1(di0),
Gijs - V2(i)), i €V, j €N, (5.17)
for achieving multi-robot long-term ordering-flexible target fencing in changing

environments, the constraint-based optimization problem (5.15) is utilized. Here,
w () R — Rl represents an unknown implicit function.
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5.3 Long-Term Task Execution Controller Design and
Convergence Analysis

In this section, we present the technical results related to Objectives 1-3 of ordering-
flexible fencing as defined in Definition5.2. This is necessary because these three
objectives are not directly intuitive from the long-term target fencing described in
(5.15).

Before proceeding with the detailed analysis, we first need to ensure that collision-
free constraints between non-neighboring robots (i.e., j ¢ N; | |x;, ;| > R) are satis-
fied. Although these constraints are not explicitly shown in (5.15), they are crucial
due to the discontinuity of d¢; ;/dx] when |x; ;| > R.

Assumption 5.4 The sensing radius R is chosen to be at least as large as a specified
value, i.e., R > r + no, where r is given in Eq.(5.12) and n, € R* is a positive
parameter.

Assumption 5.4 specifies a minimal sensing radius that will be used to ensure the
collision-free constraints for non-neighboring robots, as demonstrated in Lemma 5.1.

Lemma 5.1 Under Assumption 5.4, all robots V governed by (5.5) naturally satisfy
the collision-free constraints (5.13) for non-neighboring robots with arbitrary input,
Le.,

T

”x’j{” i =) < =y (@i ), Vluilloo < & ylloe < Ci €V, j &N,
LJ

X

with n, € RT given in Eq.(5.14).

Proof For arbitrary non-neighboring robots i # j € V satisfying |x; ;| > R, it
follows from Assumption 5.4 and the definition of ¢; ; in Eq.(5.12) that

Gij=r —xijll <—m <0. (5.18)
Using y»(¢;, ;) in Eq. (5.14), it follows from Eq. (5.18) that
v2(¢i ;) < —2¢. (5.19)

Meanwhile, the constraints in Eq. (5.13) satisfy

8¢ij —~ xz-'rj ~
’ i — — ’ P — <2 5.20
p [T (u vd) ”xi’j” (u vd) ¢ ( )

with arbitrary inputs |u;|oo < ¢ and |i):"1|oo < ¢. By combining Eqgs.(5.19) and
(5.20), we get (3¢, ;/0x," ) (u; — V) < —y2(¢h;,j), which implies that the collision-
free constraints in Eq. (5.13) are naturally satisfied when |x; ;| > R. Thus, the proof
is completed. O
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Remark 5.7 The elimination of non-neighboring collision-free constraints in
Lemma5.1 not only avoids the complex analysis of discontinuous situations when
robots just enter the sensing radius of another robot (i.e., |x; ;| = R), but also incor-
porates local sensing-only constraints. This approach can reduce communication
costs and is thus practical and economical, as noted in [21].

Based on Lemma 5.1, we can concentrate on the collision-free constraints in (5.15)
where |x; ;| < R. However, singular cases of inter-robot collisions and robot-target
overlapping (i.e., |x; j(#)] <r or |x;4(t)| =0, for some i € V and j € N;) may
still occur, making the constraint-based optimization in (5.15) infeasible. Therefore,
we will first address undesired collisions and overlapping (i.e., |x; ;()| > r and
|x;q(t)] > 0,foralli # j € Vandt > 0) and then demonstrate convex-hull fencing
and flexible-ordering formation in Lemmas 5.2-5.4, respectively.

Assumption 5.5 The initial values of inter-robot and robot-target distances are
assumed to satisfy |x; ;(0)| > r and |x; 4(0)| > Oforalli # j € V.

Assumption 5.5 is essential to avoid undesired scenarios; without it, the constraint-
based optimization (5.15) would lack a feasible solution from the start.

Assumption 5.6 The optimal inputs u in the constraint-based optimization (5.15)
are assumed to be locally Lipschitz continuous concerning their arguments within
the target set 7 ; defined in Eq. (5.12).

Assumption 5.6 is crucial for proving inter-robot collision avoidance via forward
invariance in Lemma 5.2, as discussed in [22]. This assumption is necessary because
the local Lipschitz continuity of u} in (5.15) is not guaranteed with the additional
input constraints (5.15d), which differs from the traditional QP-based problems (refer
to the comment below Eq. (42) in [22]).

Lemma 5.2 Given Assumptions5.5 and 5.6, all robots in “V controlled by the long-
term target fencing strategy in (5.15) ensure avoidance of inter-robot collisions and
prevent robot-target overlap, i.e., |x; j(t)| = r and |x;q(t)| > 0 forall i # j €V
andt > 0.

Proof Letm; — 1 € Z* represent the number of neighbors in the set N; for robot i,
and we first rewrite the variables and functions in (5.15) as follows:

m;—1 m;—1
8 = [8i0,0, .. .,()]T eR™, ®; = [P0, ... ¢ ]T e R™,
- e ST )
y (@) =[1(i0). ... v2(¢ij) | €R™, (5.21)

which implies that the decentralized constraint-based optimization problem (5.15)
can thus be reformulated

min u; =012 + 11817 st g < O, pi <0, (5.22)

Ui,oi
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where 0,,, = [0, ...,0]" € R™, and g;, u; are given below

90, .
g = |:8x7 (uj —0y) + y(P;) — 51'], wi = |luilloc — ¢

with ¢ being the input limit of robots in (5.5). Firstly, since ¢; ; =r — ||x; ;(O)|| <
0,Vi # j € Vin Assumption 5.5, it follows from Eq. (5.12) that x; (0) € 77 ;. Using
Assumption 5.6, it follows from the forward-invariance property in Eq. (5.4) that all
the states x;(¢) will stay in the set 7; ; all along, i.e., x;(t) € 7, ;,Vi € V,t > 0,
which implies that ||x; ; (#)|| = r, Vi # j, t > 0. The inter-robot collision avoidance
is thus proved.

Next, we aim to prevent robot-target overlapping, i.e., ensuring |x; 4(¢)] > 0
for all ¢+ > 0. Let the corresponding Lagrangian function for robot i in Eq.(5.22)
be expressed as L(u;, &, Ai, ¢i) = |lu; —'172”2 + ||8i||2 + Mg+ gipy. with A; =
(i1, dim]" € R™ and ¢; € R. Using the KKT conditions [32], we take the
partial derivative of L(u;, &;, A;, ;) along the vector u], §]

[

. T
20 =T || Fo ki + sisenCluilloe) | _ g
215; — e

Mg =0, cipni =0, hix >0,k € Z}", (5.23)
which implies that

9@T R ,-
L5 +ﬁ;+w, A = 215, (5.24)
Xi

Ml‘:—l

FromAlg; =0, ¢;u; = 0inEq.(5.23), one hasthatA; = 0,,, org; = 0,,,,andg; =0
or u; = 0.

From the fact that the constraints in (5.22) represent target-approaching and
collision-free subtasks that are eventually activated during the process, the con-
dition A; = Om; can be ruled out after a certain time 7; > 0. This implies that
gi(t) = Om; whent > T). Additionally, the control-input constraint is activated (i.e.,
wi = 0) when the robots are far from the target, implying that there exists a time
T, > 0 such that ¢; = 0 holds when ¢t > T,. Letting 73 := max{T}, T»}, it follows
that [|x; j ()| = r and |x; 4(¢)] > O forall i # j € V and t € [0, T3] because u; is
bounded and the constraints g; are not activated. Next, we will prove the absence
of undesirable overlapping for t > T3. Given g; = 0,,, and ¢; = 0, it follows from
(5.24) that

ID; IDT
=08 + y(Pi) = 6; =0,,. (5.25)
ax] ox;
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Combining with 3®; /dx] = (d®!/dx;)" € R™*" and (5.25) yields

8 = By (®)) (5.26)
with
00; (APNT\T
= = (1,,, +la—x;( ax;> ) e R™*m, (5.27)

Substituting ¢; = 0 and Eq. (5.26) into Eq. (5.24) yields the optimal input

T

D]
uh = —1—L 8y (d;) + 7). (5.28)
8x,»

According to the implicit function y (®;), i € V in Eq.(5.21), a Lyapunov function
candidate is picked below

V= me 0>+ 5 ZZn(qs,]) (5.29)

i=1 jeN;
whose derivative is
a ay <¢> ) ay (¢> )
. 1\¢%i,0 2\ @i .
V= ygio)— Zzyz(sz, Gy — ).
i=1 i=1 jeN;

(5.30)

Recalling the definition of ¢; ; in Eq.(5.13), one has that

ZZ z(qz,)a”(")”)( i—x,)—zzzmp,, Y220 s

aT
i=1 jeN; i=1 jeN;

Moreover, we have Z,N=1 ZjeN; y2(¢,-,j)(8y2(¢,<,j)/8x;j) vy = 0. Substituting
Egs. (5.5), (5.7), (5.31) into Eq. (5.30) yields

N

7 0 i, ad i,
V= Z{(m(@ R AT 2 ”)(ui —vd>}. (5.32)

=
i=1 9% Yid JEN;
Meanwhile, from the definition of ¢; o, ¢; ; in Egs. (5.9) and (5.12), one has that

0V1(¢i0) _ 0yi(dio) dpio 3ya(di ;) ya(di ;) 0

ax;:d o a¢i,0 8.xlT ax;:j N ad’i,j ax;l' '

(5.33)
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Recalling y;(-), y2(-) in Egs.(5.11) and (5.14) are locally Lpischiz, there exists a
constant B > 0 satisfying

y1(i0) <B 0y2(¢i ;)
gLy T 0

<BVieV, jeN, (5.34)

it then follows from Eqgs. (5.21), (5.28), (5.33), and (5.34) that V in Eq. (5.32) rewrites

N
Vg—BZ(
i=1

o] T/A0] ~
oy, V(@) | {15 - Eiv(®) =7, (5.35)

1

with 7%, := 7}, — v;. Meanwhile, according to Woodbury matrix identity [33], one
has that Z; in (5.27) is rewritten as

AP, ~ 0D,
8 =1, — 5, 5.36
oox] o ox] (5.36)
with
3 = (1 +z(aq)")T8®i T e (5.37)
U ax] /) ox] ' ’

By combining Eqs. (5.36) and (5.37), we obtain (3 O /ox)E; = Z:0 ®]/dx;). Since
the matrix &; in Eq. (5.27) is positive definite, it follows that the smallest eigenvalue
Amin(8;) > 0, indicating that

9T T (0] ~ | a®T :
(@) ) & V(P ) = Apnin(Ei) y (@) (5.38)
ax; ox; 0x;
based on Courant—Fischer Theorem [34]. At the same time, one has
dDT T 1] ed] : ,
Ly(@) ) Uy < — | ==Ly (@) | +«llTyl? (5.39)
0x; K| 0x;

with an arbitrarily selected constant k > 0 sz_ltisfying 1/k < lAmin(Ei), which then
follows from Egs. (5.35), (5.38), (5.39) that V < —« + 8 where

~ 1\|o®T
a:=B8B Z (lkmin(ai) - ;) ” axl

ieV

2
y(@)| =0, B:=B) «|T|*=0.

ieV

(5.40)

By applying the comparison theorems from [35] and integrating V from Eq. (5.35)
with respect to time 7, we derive
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t t

V() < V(T3) —/ a(s)ds + B(s)ds, t > Ts. (5.41)

T; T3

Leveraging Assumption 5.5, we can see from Eqgs. (5.11), (5.14), and (5.29) that the
initial value of V (73) is constrained. According to Eq. (5.40), we have — f th a(s)ds <
0. Given that v/, (¢) approaches On exponentially as 1 — 0o, as noted in Remark 5.4,
Eq. (5.40) indicates that lim,_, o, B(¢#) = 0 exponentially. This implies that f;} B(s)ds
is bounded above, leading to the conclusion that V (¢) is also bounded.

The function V (¢) only becomes unbounded if |x; ;j(¢)| = 0 for all j € N; or if
|x; 4(¢)| < 0. However, this contradicts the result from Eq.(5.41) which shows that
V(t) is bounded. Consequently, we can conclude that |x; ; ()| > r and |x; 4(¢)| > O
foralli # j € V and for all + > 0. Thus, the proof is completed. (]

Remark 5.8 When a global reference frame is not available for the robots, it is
still feasible to apply the velocity estimation 7/, as discussed in Remark 5.4 and
the long-term target fencing problem in Eq.(5.15). Specifically, suppose robot i
operates in its own local frame, which is obtained by rotating the global frame with
the matrix R; € R"*" and translating it by the vector pi € R".In thls local frame, the
states are (X))l = RX, + p;, @I = RV}, xd = Rixq + pi, vd =R vd,xl[] =
Rix; + pi,l € Z’lv , l[’] = R;u;, where the superscript [i] denotes the ith local frame.
Then, the example of velocity estimator in Eq. (5.8) becomes

@ = = (@M =2 + @,
" = = (@M -,
which also achieves that lim,_, o, {(?’ )[‘](t) ['](t)} = 0,,, exponentially. It follow

from Egs. (5.9), (5.11), (5.12), and (5.14) that |lu; — v}|| = ||u£’] @D, pio =
¢>l[f(]), @i = ¢!, which implies that the proposed framework in Eq.(5.15) can be

i,]°
implemented in the ith local frame, i.e.,

. ' N 2
1[1]11n {||ul[t] _ (%)["H + 181»,0}
s

Ui ,0;

¢1[l(]) [l ~i\[i] [i]
s.t. = [l])T( —@D") +v1(d; ) —8i0 <0,
‘bz[lj [l ~i[i] [i] ;
3 [[])T( (Ud) )+ y2(¢i,j) <0, jeN;,

lull o < ¢, Vi € V.

Lemma 5.3 Given Assumption5.1, the convex-hull fencing is achieved by all robots
V under the long-term target fencing problem in Eq. (5.15). Specifically, it holds that
lim [TX xi®)/N = x,(0)) = 0,.

—00
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Proof Given that V (¢) is upper bounded as shown in Lemma5.2, it follows from
Eqgs.(5.21) and (5.29) that both y (®;) and ®; are also bounded. Additionally, by
examining the definition of « in Eq.(5.40), V(¢) in Eq.(5.41) can be expressed
below

f a(s)ds < V(T3) — V() + B(s)ds, (5.43)
T: T3

3

which implies that f ;z a(s)ds is upper bounded and reaches a finite value as t — oo.

Since & depends on y(®;), y(®;), ®;, and &;, all of which are bounded, « is
uniformly continuous. Consequently, by applying Barbalat’s lemma [35], it follows
thatlim,;_, o, o (#) = 0. According to the definition of & in Eq. (5.40), it can be deduced
that

P (1)
m
oo dx; (1)

It follows from ®;, y (®;) in Eq.(5.21) that

y(@;() =0,,VieV. (5.44)

0P; i
gm{ "5?((0) 71(@i0(0)) + Z 20,4 )V2(¢u(f))} =0, (549
With ¢; 0 = —hio, ¢i,j = —hi j, ] € N;j in Egs.(5.9), (5.12), one has that

dpio()  Xig O ;1) —xij
oxi (1) lxiall” 0xT (@) i Il

e N;. (5.46)
Combining with Eqgs. (5.45) and (5.46) yields

. Xia(t) ) Xi j(t) T _ .
fim o7 (301 = 2 sor”C bs O] = 0.7 <.

(5.47)

Note that for arbitrary two neighboring robots i # j € V, one has yg(r -
llxi,j )i, /1% 1l = —v2(r — llxj.ill)x;.: /N1, which implies that P D ien,
yz(r — ||xi,j(t)||)xi,j(t) /lxi i@l = 0,,Vt > 0. Then, it follows from Egs. (5.45)

and (5.47) that lim, .o Y"1 {1 (Ix1.0 (O 1) 1.0/ 1141} = 0,
Given that y; (|x; 4(¢)|) in Eq. (5.11) is an odd function, it follows that

N
lim Zl Xia(t) =0,
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Let the target-fencing errors be e := 1/N Z,N= | Xi — Xg4, one has that

=z

lim e(r) = lim 1 3 {x,- (t) — xd(t)} =0, (5.48)

t—00 N
i=1

with 1/N Z,N=1 x4 = x4. The proof of convex-hull fencing is thus completed. [

Lemma 5.4 Given Assumption5.5, the long-term target fencing described in (5.15)
ensures that all robots V achieve a flexible-ordering formation, which means that

(a) lim Xsiy51i417() = O,
—00
(b) 0 < im ||xs054+11(DN < R,
=00

Vi e ZY (Ifi = N, then s[i + 1] = s[1]), (5.49)

where Xs[il.s[i+1] = Xs[i] — Xs[i+1]-

Proof According to (5.28) and (5.44) in Lemmas 5.2 and 5.3 respectively, one has
that lim,_, oo u () = 7):"1, Vi € V. Combining with the condition of lim,_, o, vfi ) =
vg(t) in Remark 5.4, it can be deduced that the optimal input u] of robot i satisfy
limy_, o u (1) = limy o0 w3 (1) = v4(2), Vi # j € V, which follows from Eq.(5.5)
that lim,_, oo {X; (t) — x;(t)} = 0,, (i.e., the relative position of x; against any other
Xj, j # i converges to be time-invariant and a rigid pattern with a spatial sequence
s[1], s[2], - -+, s[N] is formed). The condition (a) in (5.49) is thus verified.

The condition (b) in Eq.(5.49) will be established. According to Lemma5.2, it
follows that |x; ; ()| > r and |x; 4(t)| > Oforalli # j € Vand ¢ > 0. This implies
that

im |54 ()] = Vi € ZV(ifi = N, then s[i + 1] = s[1]). (5.50)
=00

Thus, the left-side inequality in Eq. (5.49) is satisfied. We will now prove the right-
side inequality of condition (b) in Eq. (5.49) by contradiction.

Intuitively, from Lemma5.3, we obtain that the target x; is asymptotically
fenced in the centroid of the convex hull Z,N: ,Xi/N with a spatial sequence
s[1], s[2], - - - , s[N]. Without loss of generality, we assume that there exists at least
one pair of adjacent robots labeled s[/], s[l + 1], VI € Z{V_l such that || xsq sp+171l >
R, and then separate the robots V into two subgroups V; := {s[l/ + 1], s[l +
2], ---,s[k]} and V, := {s[l — 1], s[l —2],--- , s[k + 1]} along the dashed line
(i.e., a dashed plane in 3D) formed by x,;; and x4, as shown in Fig.5.4. Then,
the contradiction is analyzed in the following two cases.

Case 1: {Robot s[k + 1]is not on the dashed line, see Fig. 5.4a}. For || X1 sp+17 1l >
R, one has that ||x.) ;I > R, j € Vi, which implies that robot s[/] may only
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S[l] S[l]
s[l-1]

s[l+1] :
. S[-2]
d .A .
S| slh1] sl s 1]
(a) (b)

Fig. 5.4 2D illustration of two-subgroup robots along the dashed line formed by x;[/] and x4

have neighbors fulfilling ||xs1.0]l < R, 0 € V,. Moreover, the vectors x4 and
Xs[il.0» © € V>, are not in same or opposite direction, i.e.,

X 1) -x t
1 < lim stild (1) = Xs11,0(2)

<1loeV,, (5.51)
=00 || x577,a (O 1 X5177,0 @ ||

Let 9,, 0 € V,, be the repulsion term between robots s[/] and s[o], 0 € YV, below,

Xs(ll,0
o= Ty (r = Ixo ), 0 € Va, (5.52)
”xs[ll,o ”
it follows from Eq. (5.51) that there only exist left-side repulsion terms 9%, 0 € V,,
perpendicular to x4 below,

ol — g _ Ssld

o

- (5.53)
57,4l

However, 9/ cannot be eliminated by the robot-target attraction term
(Xstn.a/ 1%sun.a D) v1 (I1xs.4 1) . Then, one has

Tim {f”"—"“)yl(||xsm,d<t)||) -y ﬁo} £0,.

[xs01,a (Ol ol

Then, it contradicts the condition in Eq. (5.47).

Case 2: {Robot s[k + 1] is on the dashed line, see Fig.5.4b}. Since robot
s[k + 1] is on the dashed line, one has that X, sk+17 and x4 are in the oppo-
site direction, which follows from Egs.(5.52) and (5.53) that z?SL[k 411 = Vst —
(xsp.a/ N xsi.all) - 90 = 0. Then, the repulsion term ;1) cannot eliminate the



5.3 Long-Term Task Execution Controller Design and Convergence Analysis 101

other left-side repulsion term 9% in Fig.5.4b as well. The following contradic-
tion analysis is the same as Case 1, which is omitted. Finally, we obtain that
Lim, o0 | Xsinsti+11 (1 < R, Vi € Z’]V (If i = N, then s[i 4+ 1] = s[1]). The proof
is thus completed. (]

Remark 5.9 In the optimization problem (5.15), the time-varying neighbor set N; ()
makes the collision-free constraint (5.15¢) time-dependent, implying that the repul-
sion forces between neighboring robots, dictated by these constraints, also vary over
time. At the same time, when combined with the attraction forces toward the tar-
get from constraint (5.15b), the system achieves a dynamic equilibrium similar to
physical forces. This results in a solution to the optimization problem (5.15) that is
flexible, thereby achieving ordering-flexible fencing.

Theorem 5.1 Under Assumptions 5.1-5.6, a multi-robot system in (5.5) governed by
the constraint-based optimization problem (5.15) achieves the long-term ordering-
flexible target fencing.

Proof We draw the conclusion from Lemmas5.1-5.4 directly. (]

Remark 5.10 Although the CBF constraints in Egs. (5.15b)—(5.15c¢) are established
only based on position, where the implicit regulation of the robot’s orientation is
still possible. One common approach is to convert the high-level desired veloc-
ity u in Eq.(5.15) into the desired orientation, such as the desired yaw angle
0 = arctan 2(u;,, uj ) in the 2D plane. This desired orientation can then be tracked
using an additional low-level tracking module [2]. With all robots maintaining a rigid
pattern around the target, i.e., u} = vq, i € V, their orientations will converge to be
the same. For robots with simple unicycle dynamics, Sect. 5.4.1 will use near-identity
diffeomorphism (NID) [36] to regulate their orientation. Moreover, this chapter pri-
marily focuses on homogeneous robots as a preliminary exploration of ordering-
flexible target fencing. Although two types of AMRSs are used in the experiments
of Sect.5.4.1, their tracking capabilities are nearly identical, thereby they do not
affect the fencing performance. However, extending the proposed LTTE algorithm
(5.15) to heterogeneous multi-robot systems remains challenging due to the diverse
capabilities of different robots, and this will be addressed in future research.

Remark 5.11 The proposed framework in Eq. (5.15) offers three main benefits: (i)
Feasibility: The introduction of slack variables in the constraints ensures that a
feasible solution always exists for multi-robot long-term target fencing. For further
details, refer to Remark5.5. (ii) Forward Invariance: By incorporating different
target-fencing subtasks as constraints rather than cost functions, Eq. (5.15) retains
the forward-invariance property of Eq. (5.3) as defined in Definition 5.1. This property
ensures rigorous collision avoidance, as demonstrated in Lemma5.2. (iii) Robust-
ness: The use of a time-varying neighbor set N; (¢) allows the system to adapt even
if some robots suddenly break down. The remaining robots governed by Eq. (5.15)
can still achieve the ordering-flexible target fencing, as illustrated in Fig.5.14.
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Remark 5.12 The potential undesired equilibria commonly observed in QP-CLF-
CBF and QP-CBF problems refer to scenarios where robots converge to the boundary
of the safe set rather than the minimum of the Lyapunov function [37]. Specifically,
these undesired equilibria in Eq.(5.15) are characterized by {||x; ;|| =7, [|x;qll =
8i0/m > 0 with §; o > O remaining constant for i € V and j € N;, and where
the constraints (5.15b) and (5.15¢) are active. Despite these undesired equilibria,
they still satisfy the conditions for fencing formation and do not affect the perfor-
mance of the target-fencing tasks. Unlike traditional QP-CBF approaches [15, 16,
37] which focus on approaching the target point (i.e., |x; 4| = O in this article), the
proposed optimization problem (5.15) aims to achieve a fencing formation (i.e.,
(., Y ;cqXi/N =0y, |Ix; ;|| = 7, |Ixiqll > O as defined in Definition5.2) by bal-
ancing the target-approaching and collision-free constraints (5.15b)—(5.15c). Thus,
the ordering-flexible fencing formation can still be realized even with the unde-
sired equilibria of {||x; ;|| =7, |xi4ll = 8i,0/m > 0, 8; 0 > 0 keeps invariant, Vi €
V, j € N;.Itisillustrated in Fig. 5.5, where both triangle- and square-pattern fencing
formations are achieved under these undesired equilibria.

Remark 5.13 Based on the constraint-driven optimization setup in (5.15), we can
further tackle the static obstacle avoidance by seamlessly accommodating the cor-
responding robot-obstacle subtask 77, k € O, to be ¢7; = ||x7 || — r{ with x7, :=
x; — x, the position x/ and the radius r; to cover the kth circular obstacle in the
obstacle set O. More precisely, the condition of ¢7; is encoded to be

ik

T
0x;

(u; =) < —2(fy) i € V. k€O, (5.54)

=
>
.

(a) (b)

Fig. 5.5 a The triangle-pattern fencing is achieved under the undesired equilibria: {||x; 2| =
lx2.3ll = llx1.3ll = r, lxiqll > 0,i = 1,2, 3}. b The square-pattern fencing is achieved under the
undesired equilibria: {||x1 4] = llx1,3]l = llx2,4ll = lIx23l =1, lxiall > 0,i = 1,2, 3, 4}. (All the
symbols have the same meaning as in Fig.5.3)



5.4 Algorithm Verification 103

which can be added into the constraints of the optimization problem (5.15). For the
feasibility of Eq.(5.15) with the additional obstacle-avoidance constraints (5.54),
based on the initial condition of ¢/, (0) > 0 and forward-invariance property in
Eq. (5.4), there also exists a feasible solution {u; = T)fj, 8i0 > Ois sufficiently large},
such that all the constraints (5.15b)—(5.15d), and (5.54) are satisfied, which is simi-
lar to Remark 5.5. For the undesired local equilibria of Eq. (5.15) with the additional
obstacle-avoidance constraints (5.54), robots cannot stay at the undesired equilib-
rium points and will finally leave them. Specifically, after adding the constraints
(5.54), it follows from [37] that the undesired equilibrium points become

{1l = rgs lxij | = 7, llxiall = 8i0/m # 0,

and ;0 > O keeps invariant, i € V, j € N;} (5.55)

with the constraints (5.15b), (5.15¢) and (5.54) being active. We assume that robots
are already at the undesired equilibria when ¢ = T3 > 0. (i) Since the target x, is
moving with the velocity vy, one has that x; will moving to satisfy |[x; 4] = &;.0/m
in Eq. (5.55). (ii) However, due to the obstacles being static, it follows from ||x{. || =
x; — x; =r{ in Eq.(5.55) that x; cannot deviate from the circle where the obstacle
x; is located, which contradicts (i). Hence, the undesired equilibrium points will be
excluded after some time ¢ > 73. For more complex scenarios of moving obstacles,
the feasibility and undesired equilibrium are hard to analyze and will be investigated
in future works.

5.4 Algorithm Verification

In this section, we will conduct 2D experiments and 3D simulation for algorithm
verification.

5.4.1 2D Experiments

In this subsection, we present 2D experiments conducted with a multi-AMR plat-
form to assess the effectiveness of the long-term ordering-flexible target fencing
(5.15). We begin by describing the multi-AMR platform. As depicted in Fig.5.6a,
the platform includes a 5m x 5m working space and three AMRSs: the largest being
Hunter 1.0 and the other two being Scout Mini.? In Fig.5.6b, it is shown that the
Hunter-1.0 AMR measures 0.98 m in length and 0.72m in width, while the Scout
Mini AMR measures 0.62m in length and 0.54 m in width. Each AMR is equipped

2 AMRs: https://global.agilex.ai/.
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Computer

(b) Components of the AMRs

/ Long-term task execution
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(c) The operation procedure of the long-term target fencing

Fig. 5.6 a The multi-AMR platform consists of three AMRs and a working space. b Sizes of two
kinds of AMRs and detailed components. ¢ The operation procedure of the target fencing consists of
localization, LAN network, and long-term task execution. (The solid arrows in subfigure ¢ represent
the physical connection, and the dashed arrows in subfigure ¢ are the virtual connection.)

with an onboard computer, the NVIDIA Jetson Xavier NX,.? a depth stereo cam-
era, the ZED2i,* which integrates depth detection and an inertial measurement unit
(IMU), and a ROS TCP-protocol communication component. Figure 5.6¢ details the
operational procedure, where the AMR uses the ZED2i camera for position localiza-
tion via a VINS-Fusion SLAM algorithm [38], and then transmits this position data
to the onboard computer via a common WiFi LAN network. The onboard computer
calculates the desired signals based on its own position and those of its neighbors,
which are then communicated to the AMR actuators. It is noteworthy that AGILE-X
company has effectively implemented the tracking of these desired signals in the
AMR regulation module.

To adapt the optimal u} in Eq. (5.15) for commercial AMRs with specified speeds
and rotation rates, we use the unicycle model for AMRs as described in [17]

J.Ci,l = V; COS 9,', J.Ci,Z = V; sin 9,‘, éi = I/tgi,l' S (V, (556)
where x; = [x; 1, x,-,z]T e R? represents the position, 6; € R is the yaw angle in the

X-Y plane, and v; € R and uy, € R are the desired velocity and rotation rate for robot
i, respectively. Using near-identity diffeomorphism (NID) [36], the desired velocities

3NVIDIA Jetson Xavier NX: https://www.nvidia.com/en-us/autonomous-machines/embedded-
systems.

4 ZED2i: https://www.stereolabs.com/zed-2i/.
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ujy, uj, from Eq.(5.15) can be converted into the desired commands v;, u, as given
in Eq. (5.56) below.

Vi = uj cost; +u;,sinb;,
Uiy Uiy .
Up = — T’sm@,- + T’cos@,-,z eV,
with [ € R being an arbitrary small constant. In the experiments, [ is set to be
I = 0.2 for convenience.

In the following, we address the ordering-flexible fencing task with three AMRs
and a constant-velocity virtual target, considering the constraints of the limited
working space. Based on Eq.(5.5), the input limit is set to ¢ = 0.2, meaning
luilloo <0.2,i € Z?. To prevent the Scout Mini and Hunter AMRs from exceed-
ing the working space and to accommodate their varying performance characteris-
tics, we set £ = 0.2, which is much lower than the maximum speeds of the Scout
Mini (2.7 m/s) and Hunter 1.0 (4.8 m/s). This ensures that the AMRs operate at lower
speeds with minimal turning rates. Additionally, setting & uniformly across all AMRs
provides similar performance capabilities. The selection of parameters r, R, and 1,
is as follows: (i) Considering the sizes of the Scout Mini and Hunter AMRs, we
choose the collision radius r = 1.5 m. (ii) Based on the effective range of the ZED2i
camera, we set the sensing radius to R = 4 m. (iii) According to Assumption 5.4,
1y is determined as R — r = 2.5. The gain n; in Eq.(5.10) is set to 2.0, and the
initial value of the slack variable §; o is 100. Due to the large size of the AMRs and
the wide turning radius (1.6 m) of Hunter 1.0, which occupies significant space, the
virtual target’s velocity is set to a constant v; = [0.06, 0]" m/s. A distributed velocity
estimator with an additional connected communication topology, as shown in [31],
is used to track the target’s velocity. Figure 5.7 presents two experimental scenarios
(Cases 1 and 2) demonstrating the three AMRs collectively achieving the fencing
formation around the moving target. Specifically, Fig.5.7a and b show that starting
from different initial positions (depicted as blue vehicles) and fulfilling Assump-
tion35.5, the AMRs successfully form a triangle-pattern target fencing (depicted as
red vehicles) with distinct orderings 2, 1, 3 and 3, 1, 2 in Cases 1 and 2, respectively.
The snapshots of the initial positions and final fencing formations for both cases are
provided in Fig. 5.7c through f, illustrating the effectiveness of the long-term target
fencing framework in Eq. (5.15).

Moreover, we focus on Fig.5.7a to quantitatively analyze the state evolution.
As illustrated in Fig. 5.8, the fencing errors e = [e,, e,]" € R3 from Eq. (5.48) con-
verge to near zero by ¢ = 20 s. This demonstrates that the virtual target is effectively
fenced by the three AMRs, fulfilling Objective (1) in Definition5.3. The distances
between robots and between each robot and the target, shown in Fig.5.8, satisfy
lx2.1 (@] > 1.5, lx13() || > L.5, [|x32(8)|| > 1.5, V¢t > 0, which prevents overlap-
ping as required by Objective (3) in Definition 5.3. Figure 5.8 reveals that the relative
distances between adjacent robots, following the ordering sequence s[1] — s[3] :=
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-2 Case 1 -2 Case?2

e -

\

(e) Final convoying (T=20s) (f) Final convoying (T=17s)

Fig. 5.7 Two experimental cases of ordering-flexible target fencing with different initial positions.
Subfigures a, b: Trajectories of three AMRs starting from different initial positions form a fencing
formation with distinct spatial orderings in Cases 1-2. Subfigures ¢, d: Snapshots of initial positions
of the three AMRs in Cases 1-2. Subfigures e, f: Snapshots of the final stable fencing formation
formed by the three AMRs in Cases 1-2. (Here, the blue and red vehicles in subfigures a, b denote
the initial and the final positions of the three AMRs, respectively. The green circle denotes the
moving target. Moreover, the larger AMR Hunter 1.0 is labeled 1, whereas the other two Scout
Mini are specified with labels 2, 3)

{2, 1, 3}, fall within the range 1.5 < lim,_, o¢ || Xs[i1s1i+17() || < 4. This ensures com-
pliance with Objective (2) in Definition 5.3. Finally, Fig. 5.9 indicates that the desired
velocities u; = [u; v, uiy1" € R3,i = 1,2, 3, foreach robot i are consistently within
the bound { = 0.2, i.e., |lu; (t)]|c < 0.2 for all #+ > 0, which confirms the feasibility

of the long-term target fencing described in Eq. (5.15).

Remark 5.14 The velocity-tracking module used in the 2D experiments is pro-
vided by AGILE-X Company. This module is proprietary, so public users only have



5.4 Algorithm Verification 107

Fig. 5.8 Temporal evolution 5 w w w
of the fencing errors . & !
e =[ex, e,]" € R?, the Eo i
robot-target distances © ///
Ixiqll,i =1,2,3, and the
. . -5 L L L
vttt B S S
2.t flxe 3l s 2] with ~ [ lwral— [zl Jwsall
an ordering sequence in a 2D wogl |
plane in Fig.5.7a for = \_/—\
example EE —
— 5 10 15 20
8= | Cleal T
= o1l —llers—Jlasall]
7 5| ]
g 0 s ‘ ‘
- 5 10 15 20
Time (sec)
Fig. 5.9 Temporal evolution —~ 05 . .
of the AMR desired P (—llurell— [[uze U%&,z”‘
velocities u; := [u; y, N 02 I ST
wiyIT € R2,i =1,2,3, in v o
Fig.5.7a for example. (The % 0.2
dashed red lines are the 3 05 . . .
upper and lower limits of the —~ 05 5 10 15 20
input) 5 Nyl lluzyll—llusy ]
R T Tty —
~ 9 f\/‘/\ YA ,/\ K\\J
w \
s 02f e
§ 05 ‘ ‘
5 .10 15 20
Time (sec)

access to transmit desired command velocities to the AMRs, without insight into the
detailed tracking methods. Before using this module for fencing experiments, we
conducted several tests to verify its performance. The AMRs were able to track both
constant and varying velocities with only minimal disturbances. These tiny distur-
bances are further mitigated by the outer-loop target fencing described in Eq. (5.15),
as the velocity-tracking module operates within the inner loop of the closed-loop
system. Thus, the ordering-flexible target fencing experiments can be effectively
conducted with the encapsulated velocity-tracking module. It is important to note
that the proposed framework in Eq.(5.15) does not directly handle frequent tran-
sient changes in the commanded velocities u;,i € V. If the velocities u;,i € V,
experience transient changes, their derivatives may become infinite at some time
t=T; >0 (e, limHTf i; = 00). This would contradict the boundedness of the
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states ®; and compromise the convergence of convex-hull fencing as established in
Lemma5.3. Consequently, handling such transient behaviors will be the focus of
future research.

5.4.2 3D Simulations

In this subsection, we perform 3D simulations to assess the validity of Theorem 5.1 in
the context of varying environmental factors within a higher-dimensional Euclidean
space. We analyze a multi-robot system comprising six robots, controlled by the
dynamics outlined in Egs.(5.5) and (5.15), with an input limit set to ¢; = 6. For
consistency, we use the same collision radius r, sensing radius R, and the parameters
n, and n, as specified in Sect.5.4.1. In the following experiments, we examine
ordering-flexible multi-robot fencing with two types of moving targets: one exhibiting
linear motion and the other circular motion.

For the line-motion target, we assume the target moves at a constant veloc-
ity vy :=[1,0,0]"m/s, tracked by a similar velocity estimator as described in
Sect.5.4.1. Figure 5.10a, b show the trajectories of six robots starting from various
initial positions (blue triangles) fulfilling Assumption 5.5, leading to a hexahedron-
pattern target fencing (red triangles) with two different orderings: {1, 4,6, 5, 2, 3}
and {3, 5, 1, 6, 4, 2} in 3D Euclidean space. For the circular-motion target, we set the
target’s velocity as vy := [2w cos(0 + 7 /2), 2w sin(6 + 7 /2, 0]" m/s, where 6 repre-
sents the angle between the target x,; and the centroid of the desired circle [6, 10, 0]",
and @ = 0.1s™! is the angular velocity. Figure5.10c, d depict the trajectories of
six robots starting from the same initial positions as in Sect.5.4.1, leading to the
desired hexahedron-pattern fencing (red triangles) with orderings {1, 3, 6, 4, 2, 5}
and {3, 5,1, 6,4, 2}. These simulations validate the flexible-ordering property in
Objective 2 of Definition5.2.

Additionally, using Fig.5.10b as an example, we analyze the state evolution of
the ordering-flexible multi-robot fencing in 3D space. As shown in Fig.5.11, the
fencing errors e = [ey, ey, ¢,]" € R3 across all three axes converge to zero, indi-
cating that the target is eventually fenced by the six robots, fulfilling Objective
(1) in Definition5.2. The robot-target distances ||x; 4|, i € YV, and the inter-robot
distances |[x; ;ll,i # j € V, in Fig.5.11 satisfy ||x; j(®)|| > 1.5, [|x;4(®)|| > O for
alli # j € V and ¢t > 0, which thus prevents overlapping behavior as required by
Objective (3) of Definition5.2. Furthermore, Fig.5.12 shows that the relative dis-
tances between adjacent robots in the ordering sequence {3, 5, 1, 6, 4, 2} satisfies
1.5 < im0 |[Xsipsi+11 O || < 4, s[1] — s[6] := {3, 5, 1, 6, 4, 2}, ensuring Objec-
tive (2) of Definition5.2. Finally, Fig.5.13 demonstrates that the control inputs
wj = (Ui, Uiy, Ui ]" € R3,i € <V, for robot i are consistently bounded by ¢ = 6,
ie., |lu;(t)]o < 6forallt > 0,ensuring the feasibility of the long-term target fencing
(5.15).
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Fig.5.10 Four cases of a six-robot system from two different initial positions to the ordering-flexible
hexahedron-pattern fencing for a target of different dynamics using the proposed constraint-based
optimization framework (5.15) in 3D. Subfigures a, b: A line-motion ordering-flexible target fencing
(i.e., a constant velocity vy := [1, 0, 0]" m/s). Subfigures ¢, d: A circular-motion ordering-flexible
target fencing (i.e., a variational velocity vy := [2w cos(8 + 7/2), 2w sin( + /2, 0] m/s) with 6
being the relative angle between the target x4 and the centroid of desired circle, w the corresponding
angular velocity. (Here, the blue and red triangles represent the initial and final positions of the robots,
respectively. The green ball and red line denote the target and its trajectory, respectively)

To demonstrate the robustness of the ordering-flexible target fencing approach,
Fig.5.14 shows scenarios where two robots fail unexpectedly at + = 0.5s during the
six-robot target fencing task. Specifically, as depicted in Fig.5.14a, the remaining
fourrobots (i = 1, 2, 3, 5) successfully maintain tetrahedron-pattern fencing with the
ordering {5, 3, 1, 2} even after robots i = 4 and i = 6 fail. Similarly, in Fig.5.14b,
the robots i = 1, 3,4, 6 achieve the desired tetrahedron-pattern fencing with the
ordering {3, 1, 4, 6} when robots i = 2 and i = 5 break down. These results confirm
the robustness of the LTTE algorithm in 3D, demonstrating a capability that surpasses
previous methods [4—14].

Furthermore, to evaluate the obstacle-avoidance capability, we introduce two
static spherical obstacles into the six-robot system as described in Remark5.13.
The positions and radii of these obstacles are specified as x{ = [2, 8, 0]" m with
r{ =1.2mand x§ = [2, 13, 0]" m with 7§ = 1 m, ensuring that no robots are ini-
tially inside them. Figure5.15 illustrates the trajectories of the six robots starting
from the same initial positions as in Fig. 5.10b (blue triangles), transitioning through
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Fig. 5.11 Temporal evolution of the fencing errors e = [e)c,ey,ez]T € R3, the robot-target
distances ||x; 4|, i € V, and the inter-robot distances ||x; ; ||, i # j € V in Fig.5.10b for example
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Fig. 5.12 Temporal evolution of the relative distances between adjacent robots in the ordering
sequence [|x35|l, [lxs,1 1, [lx1,6ll, lx6.4ll, lx4,2]l in Fig.5.10b for example

obstacle avoidance (yellow triangles), and finally forming the hexahedron-pattern
fencing (red triangles). As shown in Fig.5.15a, the dashed trajectories demonstrate
that all six robots successfully avoid the obstacles (dark blue spheres), confirm-
ing that the obstacle-avoidance requirement is met. Figure 5.15b provides a clearer
view of the final hexahedron-pattern fencing from another perspective. Additionally,
Fig.5.16 shows that the fencing errors e = [e,, €y, e;]" € R3 converge to zero, and
the distances between the robots and obstacles satisfy x7’ (1) > 1.2, x7,(z) > 1 for
alli € Vandr > 0, thereby confirming the obstacle-avoidance capability mentioned
in Remark 5.13.
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Time (sec)

Fig.5.13 Temporal evolution of the robotinputs u; := [u; x, u;y, u; ;" e R3,i eV, in Fig.5.10b
for example. (The dashed red lines are the upper and lower limits of the input)

(b)

Fig.5.14 Special situations of two robots suddenly breakdown atz = 0.5 s in the six-robot ordering-
flexible target fencing task. Subfigure a: The rest four robots i = 1,2, 3,5 form the successful
tetrahedron-pattern fencing when robots i = 4, 6 break down. Subfigure b: The rest four robots
i =1,3,4,6 form the successful tetrahedron-pattern fencing when robots i = 2, 5 break down.
(All the symbols have the same meaning as in Fig.5.10)
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Fig. 5.15 a Trajectories of six robots and the target from the same initial positions in Fig.5.10b
with two static ball obstacles. b Another view to better illustrate the desired hexahedron-pattern
fencing. (Here, the yellow triangles represent the obstacle-encountering positions of robots. All the
other symbols have the same meaning as in Fig.5.10)

5.5 Conclusion

In this chapter, we have proposed an LTTE algorithm that enables ordering-flexible
multi-robot target fencing by integrating fencing subtasks as constraints within an
online constraint-based optimization framework. These constraints facilitate the exe-
cution of long-term target-fencing tasks in dynamic environments. The algorithm’s
global convergence is rigorously analyzed, accounting for time-varying collision
avoidance among neighbors and external disturbances that decay exponentially. The
effectiveness, adaptability across multiple dimensions, and robustness of the LTTE
approach are validated through 2D ordering-flexible fencing experiments with three
AMRs and 3D simulations.
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Part 11
Multiple-Target Scenario



Chapter 6 ®)
Coordinated Multiple-Target Fencing st
Control and Collision Avoidance

6.1 Introduction

The previous three Chaps.3-5 focused on the theme of “complex fencing,” and
successively proposed cooperative fencing controllers that are based on input-to-
state stability, output regulation theory, and long-term task execution, respectively.
Although they covered various functions such as target fencing, pattern regulation,
and neighboring collision avoidance, the aforementioned methods are only applicable
to a single target, which has not yet been studied with multiple varying-velocity tar-
gets. In practical scenarios involving the collaborative fencing of multiple unmanned
surface vehicles (USVs), there may be some situations requiring the fencing for mul-
tiple targets of varying velocities. However, fencing multiple targets with varying
velocities raises a series of new issues, such as how to reasonably define the fencing
of multiple varying-velocity targets and the topological connectivity between targets
and robots. Therefore, this chapter continues to focus on the theme of “complex
fencing” and aims to study the problem of cooperative fencing control for multiple
varying-velocity targets. In what follows, we will introduce the related background.

Over the decades, significant advancements have been made in the cooperative
control of MRSs [1-5], spanning fields such as biology, physics, systems science,
computer engineering, and swarm intelligence. Investigating the coordination mech-
anisms of MRSs sheds light on the dynamics of biological collective behavior and
provides insights for analyzing and designing networked scientific and engineering
systems. These mechanisms play a crucial role in applications like wireless sen-
sor networks, smart grids, wind farm networks, and unmanned systems, enhancing
cooperative efficiency, adaptability to system uncertainties, and robustness against
external disturbances.

Significant efforts have thus far been focused on developing and analyzing con-
sensus and flocking protocols for MRSs [6-10]. In recent years, growing attention
has been directed toward containment control, which aims to guide robots into the
convex hull defined by target positions [11-13]. Moreover, fencing control, which
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drives a team of robots to move around target(s) within a convex hull, has emerged
as the reverse problem of containment control. Both containment and fencing strate-
gies apply to tasks such as collaborative escort, and patrolling with USVs, as well as
formation control for UAVs, UGVs, and satellite or spacecraft clusters.

Due to the inherent challenges in stabilizing the collective behavior of robots
around multiple targets, most existing research has concentrated on single-target
scenarios [14-20]. Early studies primarily addressed single static targets. For exam-
ple, Lan et al. [14] introduced a hybrid control strategy for cyclically enclosing a
static target. Liu and Chen [15] proposed a hierarchical control structure with output
regulation to achieve target fencing. Later, Chen [16] tackled a fencing problem with
ensured collision avoidance. As target dynamics became more complex in real-world
marine applications, attention shifted toward fencing control for moving targets. For
instance, Lin and Dong [17] developed a robust real-time vision system for target
tracking, while Guo et al. [18] presented a distributed control method for surround-
ing a moving target based on relative neighbor positions. Zhang et al. [19] utilized
a game-theory framework to track a moving target while maintaining a specific dis-
tance. Yu and Liu [20] devised a dynamic distributed control law to form circular
formations of unicycles with switching interconnection topologies, with the target
accessible to only one unicycle. Subsequently, Li et al. [21] introduced a coopera-
tive fencing scheme with collision avoidance guarantees for networked MRSs with
nonlinear Lagrangian dynamics.

The primary difficulty in addressing the multiple-target fencing control problem
is the need for robots to estimate the center of multiple moving targets without direct
access to their information. Among the limited research on this topic, Chen and
Ren [22] focused on enclosing a group of stationary targets and proposed a fenc-
ing control law within an estimation-and-control framework with a fixed topology.
Following this work, Shoja et al. [23] introduced an adaptive approach to tackle the
fencing control of non-identical robots with unknown system parameters. Most ear-
lier studies have concentrated on first-order MRSs due to the complexities involved
in controller design. However, many real-world systems, such as unmanned vehi-
cles and sensor networks, have at least second-order dynamics. To address this, Shi
etal. [24] explored the collective fencing problem for linear second-order MRSs using
LaSalle’s Invariance Principle [25], considering both stationary and moving targets.
Despite these contributions, current research on multiple-target fencing control is
largely confined to simulations of linear MRSs, with little progress in real-world
experiments involving actual robots, which limits the practical application of these
potentially effective protocols.

As a key example of nonlinear second-order systems, USVs are increasingly vital
for marine activities such as resource exploration, rescue operations, naval attacks,
and water area surveillance. While some studies [15, 26] have addressed collective
fencing control for single target vessels, the development of fencing protocols for
multiple target vessels is still ongoing. This is due to the complexities of design-
ing distributed state estimator-based controllers and the difficulties of implement-
ing these protocols in real-world scenarios. Furthermore, the challenge of collision
avoidance adds to the difficulty. With the growing demands from the modern marine
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industry and the need for advanced resource exploration, it has become essential
and advantageous to develop a systematic distributed protocol for controlling mul-
tiple moving targets with collision avoidance. In response to this need, this chapter
presents a collective approach for second-order nonlinear MRSs to fence multiple
moving targets with guaranteed collision avoidance. The main contributions of this
chapter are two-fold:

1. Design a quasi-equal-distance fencing strategy for a second-order nonlinear MRS
to fence multiple moving targets while ensuring collision avoidance, utilizing a
state estimator to track the center of the targets.

2. Implement this distributed fencing control strategy in our established indoor multi-
USV system to validate its effectiveness.

The rest of this chapter is organized as follows: Sect. 6.2 provides preliminaries
and outlines the main problem. Sections 6.3—6.5 present a fencing strategy for encir-
cling multiple targets and derive the conditions for asymptotic stability. Section 6.6
discusses experimental results to validate the effectiveness of the proposed method.
Finally, conclusions are drawn in Sect.6.7.

6.2 Problem Formulation of Fencing Multiple
Varying-Velocity Targets

In this section, we consider an MRS consisting of n follower robots: I, =

gili=1,2,...,n, where ¢; denotes the follower robot i with the following
second-order dynamics:

xi(t) = vi (1),

. 6.1

{vi(t>=ﬁ(vi,z>+u,~<r>, ©.1)

wherei € I,, x;(t), v;(t) € R? represent the position and velocity of follower robot i,
respectively, u; (¢) € R? is the control input, and f; (v;, t) € R2 is a nonlinear function
assumed to be of the form:

fivi, 1) = ¢ (vi, 6. (6.2)

where ¢;(-) : R? x R — R”*? is a nonlinear vector function of the input v;, ¢ and
6; € R?,i e I, constant coefficients. Moreover, there exists m targets I, = {7;]j =
n+1,n42,...,n+m} with 7; set as target j in the MRS, each of which moving
with a variable velocity described as,

Fi(t) = v;(t), (6.3)
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where r;(t), v;(t) € R? represent the position and velocity of target j, respectively.
Assume that v;(#) in Eq.(6.3) can be expressed as

vi(t) = oL (On;, (6.4)

where ¢z (-) : R — RP*2is anonlinear vector function of ¢ with constant coefficients
n;j e Rl jel.

For the multi-robot-multi-target MRS, let G(V,&) be the communication
graph, where V =1,2,...,n+m = I, U I, represents the vertex set, and & =
(Vi, Vi) €V x V denotes the edge set. Here, (V;, Vy) indicates that vertex V; is
a neighbor of vertex V;. The connections within the follower set I, are undirected
if, for any two vertices i, k € I, both (V;, Vi) € & and (Vy, V;) € &€ hold. Let
N; C I, denote the neighbor(s) of follower robot i. The matrix B = [b;;] € R™*",
where i € I, and j € I, represents the connection between the follower robot set 1,
and the target set /;. In this matrix, b;; = 1if target j is a neighbor of follower robot i,
and b;; = 0 otherwise. The undirected connection within the follower set is consid-
ered connected if there is at least one path between any two vertices V;, V; € [,.
The following assumptions are made for further derivations.

Assumption 6.1 The connection G(V,E) among the follower robot set I, is
assumed to be undirected and connected. Furthermore, the connection between
the target set I, and the follower robot set I, satisfies the following conditions:

Yiiby =10 by <1iel,jel.

Under Assumption 6.1, each target in /; is linked to exactly one unique follower robot
in [, and each follower robot in /, can be connected to no more than one target in /;.
Connections between multiple targets and a single follower, or multiple followers and
a single target, are not permitted. It is important to note that the practical significance
of Assumption6.1 is its role in estimating the center of targets when only partial
information about the targets is available.

Lemma 6.1 ([23]) Under Assumption6.1, one has
n+m
bij Y b =hij, j. kel
k=n+1

Additionally, it is assumed that the distance between each target and the center of
I; is bounded, as specified in the following assumption.

Assumption 6.2 There exists M € R™ such that
M = sup{||r;(t) —r®OI}, j € L,

with 7(¢) == Y 12" () /m.

j=n+1

With Assumptions 6.1 and 6.2, we can give the following definition.
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O / /6, C)’ \ O :Follower Agent
/ ’
O 6 = U //)»O)‘nm O :Target
\

Initial states Equal-distance fencing

Fig. 6.1 A equal-distance fencing scenario for a four-target six-robot MRS

Definition 6.1 (Equal-distance fencing [15]) A set of m targets is asymptotically
surrounded by n follower robots if each follower robot i € I, satisfies

lim lx; (1) —7(1) — pill = 0, (6.5)

i . 1T . . .
where p; = [,0 cos %, p sin %] € R? is the relative fencing vector for follower

roboti € I,, with p > M representing a constant radius.

Definition 6.1 indicates that the follower robots are arranged at equal distances around
the center of the targets, as shown in Fig.6.1. Additionally, if p > M is suitably
selected, the set of robots [, will effectively encircle the set of targets I;, thus
addressing the equal-distance fencing control problem.

Definition 6.2 (Quasi-equal-distance fencing) A set of m targets is asymptotically
fenced by n follower robots if each follower robot i € I, satisfies

Tim |15 (1) = F() = pill < o, (6.6)

with the threshold o > 0, quasi-equal-distance fencing is achieved.

Obviously, Definition 6.2 is more practical and less stringent than the equal-distance
fencing described in Definition6.1.

Definition 6.3 (Collision avoidance) For any two follower robots i, k € I,, the
collision is avoided if
lxix (DI > r,t >0,

where x; ; := x; — x; and r > 0 is a safe distance.

It is important to note that the targets have varying velocities and are assumed to be
free of collisions. With this in mind, we can now present the main technical issues
addressed in this chapter.

Problem 6.1 Design a control signal

u = fxi, xg,rj), i€l keN;,jel
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for robot i in a multi-target multi-robot MRS I, U I;, governed by Egs. (6.1) and (6.3),
to achieve a quasi-equal-distance fencing configuration.

Problem 6.2 Design a control signal
up = f(xi,xi,rj),i €l,,keN;,jel

to address Problem 6.1 while ensuring guaranteed collision avoidance (as defined in
Definition 6.3) among the follower robot set .

6.3 Estimation of the Center of Targets and Analysis

Let X;(t) and v; (¢), for i € I, denote the estimated center position and velocity of
the target set for follower robot i, respectively, as given below

Xi(t) = (1),
wi(1) = B, Y sig(F; () — %), 6.7)
JEN;

xXi(t) = wi(t) + 7 (1).

Here, w; (¢) represents the consensus part with an initial state of w; (0) = 0, 8,, € R

is the estimator gain, and 7; (1) = = Zji:znﬂ bijrj(t), i € 1,, j € I, is derived from

the target group. It follows from Eq. (6.7) that

1 n R 1 n ~ 1 n n+m B
=Y NN ==Y R0 == Y byri() =) (6.8)
i=1 i=1 i=1 j=n+l

by the virtue of Assumption6.1.

Lemma 6.2 ([27]) For the estimator governed by Eq.(6.7), it follows that

n

d 2 PR PR
L 3 %~ Rl — Der = 15 T,

i=1 jeN;

where
lepll* = 37, i —7)? (6.9)
is the estimated position error and oy = sup{||?,< @) |i el,t>0}

To estimate the center state 7;() and 7 (z) of the target set /,, an additional
assumption is required.
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Assumption 6.3 There exist upper bounds of [|7¥; ()|, |I7; (O, 17|, i €I
defined in Eq. (6.7).

Note that |7 (7)], |F; ()|, and |7,~ ()| fori € I, are accessible to the followers with
the aid of Assumption6.1. In practice, Assumption6.3 implies that the motional
targets do not undergo sharp braking or turning, which corresponds to the bounded
inter-distance among the targets.

Lemma 6.3 For the positive real numbers o, and o, € R, the estimates of position
X; and acceleration v; converge to the center of I, under Assumption6.3, adhering
to specified bounds, such that

n n
Y@ -P <o) i —i) <o,
i=1

provided that there exists an estimated gain B, > 0in Eq.(6.7) satisfying

By > B (6.10)

. 2 —1)2 —1)2 (n?=2)(n—1)3
with B = max {2(1’1 — Doy, 2(n — Day, %, (n 2(2, a 3/ (n 4;1p o 7
2_ — 132 ~ . ~ .
,3/%}, where ay := sup{||F; ()| |i € I,,1 > 0} and &z := sup{|| 7 (1)]| |

el,,t>0}

Proof Let a Lyapunov function be Vi (1) = (|le,|* — 0)%, whose derivative is

2
Vi(t) =2(le, I — o) ll "”

According to Lemma 6.2, one has

d
Aol 3 S 07—l — D — BT ~F D) 6.11)

i=1 jeN;
with o) = sup{||7'f',~(t)|| ]i € I,,t > 0}. Moreover, in accordance to Eq. (6.8), one has

n 2
ey Z(xl Py Z(f,- 135

i=1 j=1

It can be derived that

n n n n
~ Il ~ Il PO
llepll =J El(xl‘ - E 1Xj)2 = E] Ixi — . E lxj'll < (n— Dmax{llx; —X;ll,i, j € L},
i= j= i= j=
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which implies max{[|x; — X;l, i, j € I} > n”%l if ||e,,||2 > a,%. Furthermore, if
—1 —1)?
(n ) < idi ie., B, > —(n ) ,
28, n—1 20,

one has the following inequality

d||e,,||2 5 (n— 1)%{% op op
_— -2 2 — Doy — ,
T T | U
20, n*—-2)(n — 1)20112
STt 4p? 200

with the virtue of Eq. (6.11). Note that

n*—2)(n — 1)201%
4,312)

20,
fp(ﬁp)z_n_ ﬂp+ +20PO(1

1

is monotonically decreasing with respect to 8,, which implies that

d||ep||2 op n*=2)(n — 1)2(xf o,
— — 2
ar = a1 42 PR LU
20 n* —-2)(n — D2a?
<—n_p1,3,,+ 452 l—}—20,,0!1
)4
< 0,

if B, > max {Z(n — Day, J ("2—22(2—1)3[1,2’ ("_2(17)2“1} is picked. Accordingly, the

2 and 4% <0, which implies that V(1)

decreases if ||e,, I? > o,%. Thereby, ||e, || eventually converges into a set {e ,,| lle, I? <

derivative V() < 0 if |le,|> > o

2
op}.
We will next demonstrate the boundedness of Y ;_, (v; — )2. To begin, we con-

sider the dynamics of the estimated acceleration for the center of the targets to
be

Vi(t) = & (t) + 7 (1), i € I,
with &; (t) = B, Zje/\/,»(vj —79;). Note that

n n 2
2 A 1 A
leal> =Y (Vi—==> %) .
n

i=1 j=1
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one thus has |e,||> = Z:’zl(ﬁ, — )2 according to Eq.(6.8). Then, let a Lyapunov
function be V2 (¢) = (J|eq||*> — 0(12)2 with o, > 0, one has

II a||2

Va(t) = 2(lea|I* — o)

and

dlle® < 5 v
ol S ST Ry =3 = Dz — 15, — i)

dt i=1 jeN;

with &y = sup{|7; (1)] i € I,,t > 0}L.If [le, || > o2, the following inequality holds
n(ﬁl
one has

1 . 1
< max{[v; — vj||z, j € I,}. Furthermore, if % < 2o (e, B, > U 20?, Sy

allleall2 20, +(n —2)(n — 1)2a2
dt n—1" 42

2_ —1)3a2 . .
if B, > max{2(n — Daa, |/ (" 2)4(Z DA (”721‘)2“2} is picked. It thus follows

. 2 .
that Va(r) <0 when |le,||> > 02 and 2Ll < 0. Therefore, [le, |, lle.|l will
eventually converge into the set {ep,ea| lleall < oq, llepll <op} if B, > B is

2 2_ — 132
picked with B = max {2(” — Day, 2(n — Day, ©5 (1,) ., ("E? @, e 2)4(2 o
P a P
2_ 132 .
v (”2)4(& } The proof is thus completed. U
Oq

Remark 6.1 The convergence speed of the estimation errors e, and e, is influenced
by the estimator gain 8, in Eq. (6.7). A sufficiently large value of 8, can help mitigate
the effects of the upper boundary of the target’s dynamic variations. Furthermore, 8
indicates the practical upper limit of the dynamic variations of the targets.

+ 20,00 < 0,

6.4 Equal-Distance Fencing and Convergence Analysis

We are now set to introduce a distributed fencing controller to tackle Problem6.1.
Before presenting the specifics of the controller, we first establish the following
assumption regarding ¢; and n; fori € I, and j € I, as used in Egs. (6.2) and (6.4).
Assumption 6.4 There exist positive real numbers 6, and n,, such that for any
followerroboti € I, and any target j € I;, the following holds: |6;| < ), and |n;| <
-

The Assumption6.4 is reasonable in practical scenarios, the nonlinear function
fi(vi, t) and the target velocities are bounded, ensuring the existence of 6y, and



126 6 Coordinated Multiple-Target Fencing Control and Collision Avoidance

nu- These upper bounds on the uncertain parameters are critical for understanding
and controlling the fencing errors.

Prior to introducing the control protocol, let us define the equal-distance fencing
error ¢; (t) for the ith follower robot. This definition uses the estimator provided in
Eq.(6.7) and is expressed as below

ei(t) == x;(t) — x;(t) — pi, (6.12)

where i € I, and p; are given in Definition 6.1. Accordingly,

e =4,
{Si =u; + ¢ 0, — Vi ©.13)

where §; := v; —V; is the velocity error between the follower robot i and the estimated
center v; of I,. From Eq. (6.13), it immediately follows that

e = —kne; +z,
{Zi =Mi+¢;r9i_/vki +kilZi_k,'21€i (6.14)
with z; := §; + k;1e;. An adaptive controller is thus proposed as below
—~ n+m . .
up = kjei —knzi —¢10 + Y byl (O,
j=n+1
0; = pizi — kisbh, (6.15)
. . n+m N
My = —¢rzi —kia Y by,
k=n+1

where k;1, k2, ki3, kis € RY, i € I,, are the control gains of robot i to be designed
afterwards.

Theorem 6.1 Given Assumptions6.1 through 6.4, the closed-loop MRS governed
by the dynamics in Egs.(6.1), (6.3), and (6.14), along with the controller specified
in Eq.(6.15), is able to achieve quasi-equal-distance fencing.

Proof Let 6:, ﬁ’] be the parameter errors to be

~ ~ — n+m .
O == 0; —0;, 0 := D byl —n; (6.16)
k=n+1

withi € I, j, k € I,. The first part of (6.16) implies thaté} = 5, By Assumption 6.1,
it is obtained that b;;by; = b;j, if j =k, and b;;b;; = 0, otherwise, with k, j € I,.
Then, the derivative of ﬁl, in (6.16) becomes
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. n+m .
W= > buili €l jkel.
k=n+1
Consider Lemma®6.1, one has
. n+m . .
bifily = bij Y bixly = bisil}. 6.17)
k=n+1

Substituting (6.15) and (6.17) into (6.16) yields

B = ¢izi — kinbl,
5 : ndm ; (6.18)
M = —¢rzi —kia 3 budly.
k=n+1

Let a Lyapunov function be
V() = Vi@t) + V(@) + V3(0), (6.19)

where

1 n 1 n - 1 n  n+m i )
N = Zl{e?ei +alai) Vo) = 5 ) 810 Vs =230 Y Gy
i= i=1 i=1 j=n+1

It thus follows from Eq. (6.16) that
2076 > 676, — 076
n+m

2 > | b M) = DT — ;T
=n+

Accordingly, one has the derivative of V;(¢),i = 1, 2, 3 fulfill

n n+m
' N1, o LT T T 4Th T
Vi@) SZ{ - <ki1 - 5)6,- et 52 % — (kip —kiDz; zi +7; (—=¢; 6; + Z bijor 0y — i},
i=1 j=n+1
; N1 7r kisste  kizoT
V) <) 12l 00— =616 + el e
i=1
n n+m . 1 n n+m k'4 n n+m . .
Vs() <=3 2TdL D0 b+ 30 D0 &lelny -5 >0 Y G

i=1 k=n-+1 i=1 j=n+1 i=1 j=n+1
k‘4 n ntm -
i

+gz 2 i

i=1 j=n+1
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which thus implies that

- - 1\ 1 T kz3~r = T
V() SZ{ - <ki1 —§>eiei — (ki — ki1 — Dz zi — 0 — — Z (Nl) 7 }
i=1 j=n+1
n+m
+Z{ 3T6; + Z n,n,+ K Ti; (6.20)
j=n+1
withi; = L300 gln; ;.

Furthermore it follows from Eq.(6.7) that ) _"_, B, ZjeNi sig(fj ) — Ec\i(t)) =
0. Cons1dermg Eq.(6.8), one has £ Y7 % = £ >"T" | ¢[n;, which implies that

i S Vi = Z":”H éin;. Therefore, it follows from Lemma 6.3 that

n+m 2 n n 2
> (53 dtn- ) -y (A3 5) e
i=1 j=1

i=1 j=n+1

which implies that Y7, 1T, < %. Then, Eq. (6.20) directly leads to that
V() < —i kit — 2 )eler + (ki — ki — Dl + 2375, + = f G} + €
— P 1 2 v 1 1 1<l 2 _n+l ]
with
n k n+m
o7
N L RS D )
i=l1 j=n+1
It is clear that
n n+m 2
ki3 2 kia 2 o,
Gsew=) VS0t 5 o D it
i= Jj=n+1
according to Assumption 6.4. Let
1
mjy =k — 5> 0, mjp :==kip — ki1 —1 >0,
ki ki
Miz = 2 50, My = —2 > 0, 6.21)
2 2m

and define y as
y =1l 207" (6.22)



6.4 Equal-Distance Fencing and Convergence Analysis 129

withe:=T[e].e],....e]1T, z:=1[z].20..... 21", 0:=1[0].0].....0]1", 7:=
[GDT, GO, .., GO, G G, 6T, it s derived that

V() < —yTQy +eu
with Q :=diag{m i, my, ..., my1, mip, Man, ..., Mp2, M3, M3, ..., My3, Mg @

1Lomyy @11, ... muy ®111 > 0. Accordingly, yTQy > Amin(Q)lly > with
Amin(Q) > 0. Then, it is obtained that

V(©) < =2min( DY 7 + €.
From Eq. (6.19), one has that V (t) = y T Py, where

11 1
2727777727 2m 2m’ T 2m

3n nxm

P = diag{

with Apax (P) = 1/2 and Apin (P) = 1/2m. It immediately leads to

V() < =Amin( OV + €r < —22nin(Q)V () + €.

Direct calculation gives

t
V() < V(0)e o 845 4 e—fondS/ eneéSds < V(0)e & + %M(l — et
0

with § = 2Anin (Q). In accordance to definition of V (¢) in Eq.(6.19), one has

. . v o mey
lim Iyl < Jim [0 < [

which implies that e;, z;, 6;, 773,1' e I,, j € I, are all bounded by y defined in
Eq. (6.22). Taking into account the boundedness of the estimated position error |e,, |
as established by Lemma 6.3, the proof is thereby concluded. g

Remark 6.2 The equal-distance fencing error e¢;(¢t) for i € I,, as defined in
Eq.(6.12), can be minimized by adjusting the upper boundary /m€y /Amin(0),
which is controlled by the gains k;i, ki2, k;3, kis. This boundary also satisfies the
inequality in Eq. (6.21). Similarly, the estimation errors for 5, (fori € I,) and 'ﬁj (for
J € I,) can be managed, effectively reducing the boundary €,,.
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6.5 Equal-Distance Fencing with Collision Avoidance and
Convergence Analysis

Next, we will tackle Problem6.2. Define a potential function U;; between two
follower robots i and k as follows

2
)" < lxikl < R,

0, llxikll > R,

Uik == (nx.;kHZ—RZ (6.23)
llxi 12 =72

where R represents the radius of the detection region and r is the safe radius defined

in Definition 6.3. Clearly, U; ; approaches co as |x; — xx| — r. Taking the partial

derivative of U, ; with respect to x;, we obtain

U« 0 s Ixikll > R,
= =1 T 4R (] 2-R) (6.24)
0x; Yk o < vkl = R.
Note that
: . . oU; k ) Ui k
lim U= Ilm U =0, Ilm == lim =
i kIl R~ [ i I = R* lxill—R~  0X; lxixll— Rt 0X;

with R™, R representing the left and right limit of R. Apparently, both U; ; and
");]Tk are continuous for ||x; || > r. It follows from Eq. (6.24) that

i U Ui Uk,

x; Axy dx; dx

Analogously, an adaptive fencing control law with collision avoidance is designed
to be

ui = —kire; — ko8 — 90 +v; — ki Z
k=1

b = s, (6.25)

8U,~,k
3)Ck

’

where k;1, k>, ki3 € RT are the control gains for follower robot i, and e; and §;
are defined in Eq. (6.13), respectively. The last term on the first line of Eq. (6.25) is
responsible for collision avoidance.

To continue with the analysis, we provide the following assumption.

Assumption 6.5 Initially, for each pair of follower robots i and k, it holds that
|Xi x(0)] > r, where i, k € I,.
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Assumption 6.5 is essential for ensuring collision avoidance. It mandates that
the follower robots begin from a configuration where no collisions occur. With this
assumption in place, we can now present the main technical result.

Theorem 6.2 Under Assumptions6.1-6.3, 6.5, the closed-looped MRS with dynam-
ics (6.1), (6.3), (6.13), (6.24), and (6.25) is able to achieve quasi-equal-distance
fencing with guaranteed collision avoidance.

Proof (i) (Collision avoidance) We will prove collision avoidance by contradiction.
Let a Lyapunov function be

V(@) = Vi@) + Va(t) + V3(2), (6.26)

where

1Vl
vl(r>=Eg{knekiwki},vz(r): Z“Tel,vgm— ZZklsUlk

11k1

It follows from Eq. (6.24) that

=0, (6.27)

and
n

. oU;
in= Y {—kill?;rei — ko8] 8 + 3,T< kis Z 3;:)}

i=1

Va(t) = Z(@&«)Té,

V3(t)—*ZZk,3<T Ulk TaUlk) TZZn:kﬁaUlk—BTZik 8Ulk

i=1 k=1 i=1 k=1 i=1 k=1

Accordingly, it together with Eq. (6.26) that

V(t) = - kindl8: <0,

i=1

which implies that V (¢) is non-increasing and bounded for all # € [0, co). Addition-

ally, we have
1 n n
32 kUi < V@),
i=1 k=1
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which indicates that U, i, for any pair of follower robots i and & in /,,, is bounded. This
is inconsistent with limyy, , ;yj—,+ U; x = 00, where r* denotes the limit approaching
r. Therefore, ||x; || must stay greater than r, preventing any collisions among the
follower robots in 1,,.

(i1) (Quasi-equal-distance fencing )

In part (i), we have demonstrated that V (¢) is uniformly bounded. Consequently,
this implies that e;, &;, 0i ,and Ui, k for i € I, are all uniformly bounded. Addition-
ally, the fencing position error ¢; (¢) remains bounded. According to Lemma 6.3, the
estimated position error ||e, || for the targets’ center is also bounded. This resolves
Problem 6.2, which completes the proof. (]

Remark 6.3 The equal-distance fencing problem can also be addressed with the
availability of the acceleration v; (¢) of the estimated center (6.7). The proof for this
is analogous to that of Theorem 6.2 and is therefore omitted here for brevity.

6.6 Algorithm Verification

In this section, we present experiments on our indoor multi-USV system, focusing on
quasi-equal-distance fencing with multiple moving targets while ensuring collision
avoidance.

6.6.1 A Multi-USV Experiments Platform

Figure 6.2a shows our indoor multi-USV system, which features a USV motion cap-
ture system (MCS), a control station (CS), six 300 mm-long 3D-printed HUSTER-0.3
vessels, and a 3000 mm x4000 mm pool. The MCS is equipped with eight infrared
cameras and optical motion capture software, allowing for the creation of a spatial
Cartesian coordinate system in the pool and precise measurement of vessel positions
with an accuracy of =3 mm. Each vessel includes two DC motors, speed encoders,
an onboard wireless device, infrared emitters, indicators, and an LI-PO battery, all
managed by a microcontroller unit (MCU).

As depicted in Fig. 6.2b, the system employs an infrared emitter mounted on each
vessel along with the USV motion capture system to monitor the relative positions
and velocities of the vessels. This data is transmitted to the control station, which
then communicates with each HUSTER-0.3 vessel over a wireless network operating
at 100 Hz. Each vessel uses this information to generate control signals aimed at
achieving quasi-equal-distance fencing. Furthermore, the control station tracks the
status trajectories and controller parameters to analyze performance. It is important
to note that the control strategy is decentralized, with each vessel only interacting
with its neighboring vessels.
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Fig.6.2 Anindoor multi-USV system for quasi-equal-distance fencing experiments. a Components
of the indoor multi-USV system. b The operating procedure of the indoor multi-USV system

6.6.2 Setup and Results

In this subsection, we detail the experimental results of the fencing control with our
multi-USV system. Recent advancements in USV dynamic control have been well
achieved [13, 15]. A key practical approach involves reducing the USV dynamics
to a second-order model and designing a two-level control system (see, for instance
[15]). This methodology allowed us to implement and test the control law (6.25),
which guarantees collision avoidance, using our 3D-printed HUSTER-0.3 vessels.

In the experiments, the multi-target-multi-robot system denoted as V = I, U I,
includes six vessels. The sensing radius R is set to 600 mm, and the safe radius r is set
to 200 mm. Here, the first four vessels are designated as follower vessels (/,), and the
last two are target vessels (I;). According to Assumption 6.1, the inter-robot commu-
nication topology is illustrated in Fig. 6.3, with targets only partially known to the fol-
lower vessels. Initially, the four follower vessels are randomly positioned in the pool,
and their initial velocities are set to v; = 0 mm/s for i = 1, 2, 3, 4. The target ves-
sels are also placed randomly, with their velocities defined as vs = [—10sin(0.2¢ +
1) — 40, 0]"mm/s and v = [—10 cos(0.4¢ + 1) — 40, 0] " mm/s, respectively, under
Assumption 6.3. The fencing radius p is set to 600 mm. Given these target veloc-
ities, the estimator gain 8, for the estimator (6.7) is chosen as 2.5, with o, = 30
mm, which ensures compliance with the inequality (6.10) as stated in Lemma6.3.
Additionally, following Theorem 6.2, the controller parameters for (6.25) are set to
ky =0.5,k, =5, and k3 = 0.01.
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Fig. 6.3 The topology of the multi-robot-multi-target USVs
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Fig. 6.4 A quasi-equal-distance fencing process of motional target USVs with the follower USVs,
where the colored lines are the moving trajectories of the four vessels, while the red dashed lines
are two targets. a Initial positions. b Chasing stage. ¢ Catching up stage. d Target fencing

The results of the multi-target-multi-robot system V = I, U I, are shown in
Fig.6.4, where the four follower vessels (/,) successfully encircle the two mov-
ing targets. For a detailed view of the fencing operation, refer to the snapshot in
Fig.6.5, which corresponds to Fig.6.4d. Figure 6.6a illustrates that the estimated
errors X; for i =1, 2,3, 4 converge to the target center 7 within 5 s, adhering to
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Follower Vessels

Target Vessels

Fig. 6.5 A snapshot of the equally fencing behavior with multiple vessels, which corresponds to
Fig. 6.4d. The four white vessels form a follower set and the two red vessels are the targets

the specified boundary. This confirms the effectiveness of the estimator (6.7). Simi-
larly, Fig. 6.6b shows that the fencing errors e; fori = 1, 2, 3, 4 reduce to within 200
mm in less than 20 s, validating the proposed control scheme (6.25). In Fig.6.7a,
the distances between the USVs consistently remain above 200 mm, ensuring that
collisions are avoided. Additionally, Fig.6.7b demonstrates that the phase of the
inter-USV arrangement shifts toward the center of the targets and converges to 90°,
which verify the practical application of Theorem 6.2.

6.7 Conclusion

In this chapter, we have developed a distributed control strategy for a nonlinear
second-order MRS designed to fence a group of moving targets while ensuring
collision avoidance. Our approach has demonstrated that the robots can successfully
surround multiple moving targets with an even distribution around a common circle.
By incorporating potential functions to manage interactions among robots and with
the estimated target center, the strategy has also ensured obstacle avoidance. We have
detailed the conditions for maintaining the stability of the closed-loop system and
provided experimental results from our multi-HUSTER-0.3 USV system to illustrate
the practical effectiveness of the proposed method, which shows significant potential
for real-world applications, including marine resource management and multi-USV
system operations.
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Chapter 7 ®)
Coordinated Multiple-Scattered-Targets e
Fencing via Flexible Subgrouping and

Ordering

7.1 Introduction

In the previous Chap. 6, we studied the multi-target fencing via adaptive controller,
where the dynamics of the targets are always limited to cluster together. Such kind
of scenario inevitably limits the application of the designed controller. A straight-
forward idea is to form a big circle of robots to fence the small circle formed by the
target. However, there still exist some challenging scenarios where the targets may
be scattered at different positions, which motivates the fencing controller design via
flexible subgrouping and ordering in this chapter. In what follows, we will introduce
the related background.

In recent years, substantial progress has been made in multi-robot research across
various domains, such as robotics, control systems, and autonomous driving [1-4],
largely due to its inherent efficiency and wide-ranging applications. Coordinated
target fencing, a critical problem within multi-robot research, involves guiding a
group of robots to form one or more convex hulls to protect a target(s) [5], and it has
gained significant attention. Approaches to target fencing can be broadly classified
into two categories—fixed-ordering and flexible-ordering—depending on whether
the convex hull is formed with a predetermined spatial sequence or not.

In fixed-ordering strategies, robots are controlled to reach designated relative
positions within the convex hull, resulting in a fixed spatial sequence among the
robots. Such kind of method is simple and suitable for many practical applications.
Early studies concentrated on target fencing for stationary targets [5, 6], and these
were later extended to address moving targets [7] under varying network topologies.
However, these approaches [5—7] primarily deal with single-target scenarios, leaving
the more complex cases involving multiple targets largely unexplored, mainly due to
the unpredictable and random nature of target motion. To tackle this challenge, some
works have confined multiple targets within a bounded area and then enclosed them
within a larger convex hull using estimators for the targets’ centers [8—11], reducing
the need for complex dynamic tracking. For more difficult cases where multiple tar-
gets are dispersed across different regions, robots are typically grouped in advance

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2025 139
B.-B. Hu and H.-T. Zhang, Multi-Robot Systems, Cognitive Intelligence and Robotics,
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and then tasked with fencing each target individually using fixed-ordering meth-
ods [12, 13]. Nevertheless, these fixed-ordering approaches [5—13] predetermine the
robots’ desired positions and orderings, limiting adaptability and potentially increas-
ing the robots’ travel distances. Additionally, the pre-assignment of robot subgroups
in [12, 13] further restricts flexibility, as it locks in the number and indices of robots,
making it difficult to adjust to dynamic environments.

Meanwhile, a different line of research has focused on more efficient flexible-
ordering strategies for target fencing, allowing robots to form a convex hull without
enforcing a fixed spatial sequence [14]. For instance, a cooperative controller was
proposed in [15] to fence a stationary target, while an output-regulation-based con-
troller was designed in [16] for fencing a target using unmanned surface vessels.
This approach was later adapted to constant-velocity targets [17]. For more chal-
lenging cases involving targets with varying velocities, a distributed control law was
introduced in [18] to achieve circular fencing. More recently, a cooperative label-
free controller using a dynamic regulator was developed in [19] for fencing targets
with periodic dynamics. However, most existing flexible-ordering approaches [15—
19] focus exclusively on single-target scenarios and have yet to address the critical
yet complex problem of multiple scattered targets (MSTs). While some studies [20,
21] explored multi-robot allocation strategies that could potentially be integrated
with existing flexible fencing techniques [15-19] to divide robots into subgroups,
this two-step allocation-control design treats each stage separately, leading to high
computational complexity and limiting the practical application of these methods.

Drawing inspiration from minimum-energy task execution [22] and the flexible-
ordering fencing approach for a single target [19], we develop an FSOC algo-
rithm to manage a team of robots tasked with fencing multiple scattered targets
(MSTs) of varying speeds within distinct convex hulls formed by different robot
subgroups in dynamic environments. The proposed FSOC method encodes the three
key subtasks—flexible subgrouping, target convergence, and neighboring collision
avoidance—into CBF constraints, framing the problem as a decentralized constraint-
based task-execution optimization. By incorporating fencing matching conditions
into both hard integer constraints and soft cost functions, the algorithm allows for
adaptive subgrouping with flexible sizes and member assignments. Within each
subgroup, the interplay between target-convergence constraints and neighboring
collision-avoidance constraints results in the formation of a convex hull with an
arbitrary spatial ordering for each target. The main contributions of this chapter can
be summarized as follows.

1. Design the FSOC algorithm to guide a team of robots in dynamically dividing
into subgroups with flexible sizes and compositions to handle multiple scattered
targets. Each target is then enclosed within a rigid convex hull formed by its
corresponding subgroup, allowing for flexible spatial orderings among the robots
within the formation.

2. Rigorously ensure that each target’s fencing formation converges asymptotically,
despite the strong nonlinear interactions resulting from flexible subgrouping and
spatial orderings.
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3. Optimize the process by simultaneously computing both the optimal subgrouping
vector and control inputs, which reduces computational costs and eliminates the
need for separate planning steps.

4. Conduct comprehensive 2D and 3D simulations to verify the proposed algorithm’s
flexibility across different starting configurations, which includes its robustness
to sudden robot breakdown and unexpected target appearances, its adaptability in
obstructed environments, and its scalability for complex high-dimensional fencing
tasks.

The remainder of this chapter is structured as follows: Sect. 7.2 provides the neces-
sary preliminaries. Section 7.3 formulates the problem. Section 7.4 details the FSOC
optimization process. Section 7.5 presents the convergence analysis. Section 7.6 dis-
cusses the simulation results. Finally, Sect. 7.7 concludes the chapter.

7.2 Preliminaries

In this section, we will introduce the necessary ingredients for MST convoying
missions.

7.2.1 Task Set

We consider a desired task set 77 € R” to be
T :={eR"|¢¢) <0}, (7.1)

where & :=[&, ..., én]T denotes the dummy coordinates in the n-dimensional
Euclidean space, and ¢ : R” — R is a twice continuously differentiable function
[22]. By substituting a specific point py € R" into ¢ (£), the resulting value ¢ (po)
provides a rough approximation of the distance dist(pg, 7°) between the point py and
the set 7. Consequently, ¢ (po) can be used to represent the task-convergence errors
at po when ¢ (po) > 0.

Assumption 7.1 ( [23]) For any « € R" and for any point p, located outside the
set 7~ as defined in Eq. (7.1), it holds that inf ¢ (po) : dist(pg, T) > k > O.

Assumption7.1 rigorously ensures that lim,_, o dist(po(?), 7) = 0 if lim,_,

¢(po(r)) = 0.
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7.2.2 Multi-robot Task Execution

The initial component of the MST fencing mission is a multi-robot system consisting
of N robots, withindicesinthe setV = {1, ..., N}. Eachrobot operates according to
single-integrator dynamics as outlined in [23], represented by the following equation,

)'C,' =u;,i € V. (72)

Here, x; € R” and u; € R” denote the position and control input of robot i, respec-
tively, where i € V. The complexity of the MST fencing primarily resides in the
coordination among multiple robots, rather than in the intricate dynamic control. For
simplicity, we use a basic single-integrator model as specified in Eq.(7.2). In (7.2),
the input u; can be viewed as the upper-level velocity command assigned to each
robot, applicable when interacting with robots that have distinct dynamics [23]. For
further details, see Remark 7.3.

Definition 7.1 (Minimum-energy task execution [22]) To achieve minimum-energy
task execution for a desired task set 7 as specified in (7.1), the multi-robot system
V governed by (7.2) solves the following constraint-based optimization problem

min {lu; |2 + 18 (7.3a)
ah(xi) . N

S.t u; > —y(h(x;))—6;,i € Z, 7.3b

T v (hx) (7.3b)

i

where x; and u; are defined in Eq. (7.2). The function i (x;) = —¢ (x;), which adheres
to constraint (7.3b), represents a CBF [24]. The slack variable §; € R measures the
extent of task violation when x; ¢ 7. Moreover, y (-) : (—b, a) — R is an extended
class K function with a, b € R™, which is strictly increasing and satisfies y (0) = 0
[24].

Definition 7.1 outlines a core framework for encoding both flexible subgroup-
ing and flexible-ordering fencing, which will be detailed further in Definitions 7.2
and 7.3.

Remark 7.1 According to the Karush—Kuhn—Tucker (KKT) conditions [26] for the
minimum-energy task execution problem in (7.3), [22] demonstrates that the opti-
mal solutions for u}, 8}, along with the optimal Lagrange multiplier A* > 0, are

determined by the constraint g; := —(ah(xi)/BxiT)ui — y(h (xi)) — §; in (7.3b).

_rlb) ) . 2ylbts))
B o T

(7.4)

Due to the properties of the extended class K function y (-) in Eq.(7.3), it follows
from Eq. (7.4) that
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MDA >0 << h(x;)) <0 < x; ¢ 7T,
Q1A' =0 < h(x;)) =0 = x;€7. (7.5)

According to the complementary slackness condition A*g; = 0, if A* > 0, then the
boundary of the constraint (7.3b) must be active, which implies g; = 0. Furthermore,
giventhath(x;) = —¢(x;)and 7 := {o € R" | ¢ (o) < 0}inEq.(7.1),itfollows that

V>0 & xi()¢T = g =0,
V=0 = x;,0) eT = g <0. (7.6)

The connection between A™ and x;(¢) € 7;, as outlined in Eq. (7.6), will be used in
proving Lemmas 7.1 and 7.2 later in this chapter.

7.2.3 Multiple Scattered Targets

The second component of the MST fencing mission consists of M scattered targets,
indexed by the set M =1, ..., M. Each target moves with a distinct velocity as
described below

e =vi,k e M, (7.7)

where r, € R" and v, € R” represent the position and velocity of target k, respec-
tively. It is assumed that vy is continuously differentiable.

Assumption 7.2 For any pair of distinct targets, the distance between them satisfies
|re(t) — r1(t)| > R forall k #1 € Mand for all t > 0, where R € R denotes the
sensing radius.

Assumption 7.2 ensures that each scattered target k € M is independently fenced
by different subgroups. However, this assumption has a limitation: in practical sce-
narios, the distance between any two scattered targets may not always be adequately
maintained. When targets are close to each other, collision avoidance measures for
robots can impact the convex-hull fencing.

Assumption 7.3 The number of targets M and the number of robots N satisfy the
condition M(n + 1) < N.

Assumption 7.3 is valid because n + 1 robots are required to form a convex hull
around each target in an n-dimensional Euclidean space. If there are fewer than
n + 1 robots, some targets might not be properly enclosed within the convex hull.
For example, in a 2D space, n = 2 robots can only create a line, and in a 3D space,
n = 3 robots can only form a plane, not a full convex body. The limitation arises if
M(n + 1) > N, which means there may be insufficient robots to effectively fence
all the scattered targets in practice.
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7.3 Problem Formulation of Fencing Multiple Scattered
Targets

7.3.1 Flexible Subgrouping for MSTs

We start by defining a subgrouping vector «; for roboti aso; := [ 1, . . ., ozi,M]T €
RM [25] where each entry ok, k € M satisfies

1, if robot i is assigned to fence target k,
Qg = ) (7.8)
0, otherwise.

Then, we can define M subsets V; C V for the corresponding M targets to be
Vi={i €V |ax=1}, (7.9)

and @ == [, ..., ay]" € R¥*M to be the subgrouping matrix for the robot group
V, respectively.

Definition 7.2 (Multi-robot flexible subgrouping) All robots YV in Eq. (7.2) are flex-
ibly divided into M subgroups V; as described in (7.9) for M scattered targets if the
following two mild conditions are met,

1. Each robot fences only one target, i.e., a1y = 1y.
2. Each target is fenced by at least n + 1 robots in the n-dimensional Euclidean
space, i.e., 1La > m+ 1)}, withm+ 1Dy :=[n+1,....,n+ 11T e R¥,

In Definition 7.2, Condition (1) ensures that each robot is assigned to only one
subset V; in Eq. (7.9), meaning that U,’(”:lV;C =V, ViNV;, =0,Vk #1 € M. Con-
dition (2) specifies only the minimum number of robots needed to form a convex
hull, without dictating the exact number or indexing of robots, i.e., |Vi| > n + 1 for
all k € M. Combining Conditions (1) and (2) allows Definition7.2 to be flexible
for the number and indices of subgroups. Examples illustrating this flexibility are
provided in Fig.7.1.

7.3.2 Flexible-Ordering Fencing for Each Specific Target

Next, we will introduce flexible-ordering fencing, which adds further flexibility to
the algorithm by allowing for varied spatial ordering sequences.

Let co(V}) denote the convex hull formed by the robot subgroup V; [15], defined
as co(Vy) := {Zier AiX;i ‘ A >0,i € Vi, and Zievk A; = 1}, where x; represents
the position of robot i € V. The distance from a specific target k to the convex hull
co(Vy) is given by: dist(rk, co(Vk)) = inf{||ry — s|| | s € co(Vp)}.
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a1_1 =1 a1,2 =1 0(1'2 =1
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2

Fig. 7.1 Three examples of the flexible subgrouping for a seven-robot two-target system in Defi-
nition 7.2, where the blue circles, red triangles, and black arrows denote the robots, targets, and the
robots assigned to the targets, respectively. a Subgroups 1: V| = {1, 3,4} and V, = {2,5,6,7}.
b Subgroups 2: V| = {2, 5, 6} and V, = {1, 3,4, 7}. ¢ Subgroups 3: V| ={2,3,4,7} and V, =
{1.5, 6}

Definition 7.3 (Flexible-ordering rigid-formation fencing [19]) For each targetk €
M, governed by Eq. (7.7), the robot subgroup V, following Eqgs. (7.2) and (7.9), will
asymptotically establish flexible-ordering rigid-formation fencing if the following
three conditions are satisfied

1. (Flexible-ordering fencing) The robots in subset V; fence the scattered tar-
get k within the interior of co(V}), using an arbitrary ordering sequence, i.e.,
lim, _, o0 dist(ry (1), co(Vi (1)) = 0 with ry given in (7.7).

2. (Rigid-formation maneuvering) The robots in subset V; establish and main-
tain a rigid formation around the moving target &, i.e., lim,_, oo {u; (t) — v ()} =
0,,i € Vi, where vy is given in (7.7).

3. (Collision avoidance) The robots in subset V; continuously avoid undesired
inter-robot collisions, i.e., [|x; (1) — x; ()| > r,Vt > 0,i # j € Vi,
where r € R* is a collision radius.

In Definition 7.3, Objective (1) does not impose a predetermined spatial ordering
for the robots in the convex hull co(V;). Consequently, co(V;) can be formed with
robots arranged in any flexible ordering.

Problem 7.1 To simultaneously determine the optimal subgrouping vector and con-
trol inputs o, u} for each robot i governed by Eq. (7.2), such that flexible subgroup-
ing and ordering fencing for the scattered targets (MSTs) governed by Eq.(7.7) is
achieved, satisfying Conditions (1)—(2) in Definition7.2 and Objectives (1)—(3) in
Definition 7.3.
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7.4 FSOC Optimization

To solve Problem 7.1, we begin by encoding the subtasks related to target convergence
and neighboring collision avoidance. For robots i € Vk assigned to target k € M,
we introduce the desired target-convergence task set 77, analogous to the set 7~ in
Eq.(7.1), as follows:

T ={& =& ....6a]" €R" | ¢, (&) ==& —ril <0}i € Visk e M,
(7.10)

where &; is the ith dummy coordinates and 7y is the position given in Eq. (7.7). Com-

bining with x; in Egs. (7.2) and (7.10) together, one has that the target-convergence
error becomes

Gi ik (xi) = llxi —riell, i € Vi, k e M. (7.11)
Based on the subgrouping entry «; ; in Definition7.2 and the CBF constraint from
Definition7.1, the target-convergence CBF constraints for 77, are given as follows

(Fig.7.2):

9¢; 1 (xi)

T Wi —vi) < =y (B (x) + 874 + (1 — i ), (7.12)

>/ G- > & W o
(a) Convoying 1 (b) Convoying 2 (c) Convoying 3
& - -
(d) Convoying 4 (e) Convoying 5 (f) Convoying 6

Fig. 7.2 The same-shape fencing formations for the specific target 1 and V| = {2, 3, 4, 7} with
three different ordering sequences in Fig. 7.1c. Here, a—c and d—f are the fencing formations in 2D
and 3D, respectively
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where 3; « € R is a slack variable that accounts for cases where x; # ry, since the set
T/ contains only the single point r. The term 5 € R > 8}, serves as a penalty for
a;r = 0,and y (-) represents the extended class K functions defined in Definition 7.1.

Based on the different values of «; ;, we can categorize the constraints in Eq. (7.12)
into two distinct cases: (i € Vi for o;x = 1) and (i € V\V, = {i € V|i ¢ V,} for
a;r = 0). Specifically, when robot i satisfies i € Vk, the constraint in Eq. (7.12) is
strictly enforced by a positive variable &}, as follows:

Ay i (xi)

T (i —vi) < —y (¢l (x)) + 68/ i € Vy. (7.13)

Here, for robot i, the remaining |V\Vk| constraints in Eq. (7.12) are governed by a
higher slack value of 8i, k" + n, which can be expressed by

09, (x:) , oo
o =) = =y (B, 00) + 8+ i € NV

Let N; denote the set of sensing neighbors defined as follows:
Ni@)={j #i e V|lx®)—x;®)| <R} (7.14)

where R € Rt € (r, 0] is defined in Assumption7.2, we define the collision-
avoidance task set 7;°; for the neighboring robots j € N; as follows:

C & . [&. oqT n c N . 1 _ 1 .
T =6 =161, .. &ial € R [ 95,5 = CETET p_rso},zefv,
(7.15)

where p € R satisfies p € (r, R] with R, r given below (7.14). Analogously, sub-
stituting x; for &; in Eq. (7.15) yields the neighboring collision-avoidance error

1 1

lxi —xjll—r p—

¢ ;(xi) = r,jGNi, (7.16)

which implies that
¢ ;(xi) =0, if lxi —x;ll = p, @5 ;(x;) — o0, if [lx; —x;[| — r. (7.17)

Next, we can define the corresponding collision-avoidance CBF constraint for 77,
to be '

99, (x)

xT

l

(i —vi) = =y (8], () + 875, ] € Ny, (7.18)
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where§; ; € R* isaslack variable to align with the constraintin Eq. (7.13). Moreover,
it follows from the definition of A; in Eq.(7.14) that the collision avoidance is
naturally satisfied for robot j ¢ N;. Based on Definitions 7.1-7.3 and the constraints
givenin Egs. (7.12) and (7.18), the MST fencing problem is framed as a decentralized
optimization problem with constraints for each robot i.

min {bll o=@+ DL +e( Y602+ Y 61)?)

T C
u; .Biyk,zsiyi,a,»

keM JEN;
+ Y ekl — vkuz} (7.192)
keM
s.t. C1 :w(ui —v) + ¥ (9, () — (1 —ai )@ — 8, <0, ke ZY,
i (7.19b)
© —a¢a() (i =)+ (95, () = 8, <0, j € N, (7199)
C3:0/1y =1, 0 €{0,1} (7.19d)

where b, ¢ € R* represent the weights of different cost terms, the cost function in
Eq.(7.19a) comprises three components. The first term, ||11,ot —(n+ I)LH2 , 18
designed to satisfy Condition 2 in Definition7.2. The second term, Y, (87 ,)* +
> jen: (6 j)z, aims to construct a flexible-ordering convex hull for the assigned tar-
get k. The third term, e, 4 ||u; — vi||?, focuses on maneuvering toward the assigned
target k. Regarding the constraints, details of C1 and C2 in Eqgs. (7.19b) and (7.19¢)
are outlined in Egs.(7.12) and (7.18), respectively. Constraint C3 in Eq.(7.19d)
aligns with Condition 1 in Definition7.2. Note that the subgrouping vector o; =
[, ...,oz,',M]T in Eq.(7.19a) ensures that robot i is assigned to target k since
a!1y = 1 in C3. Meanwhile, the control input u; in Eq.(7.19a) is responsible for
the robot’s movement. By incorporating «; into the CBF constraints (Eq. (18b)), u;
can be regulated to drive robot i toward target k.

Assumption 7.4 The initial positions of any two robots and targets are such that
l2:(0) — x; (0)]| > r, |x;(0) — rx(0)|| > Oforalli # j € Vandk € M.

Assumption 7.5 The cost weights b, ¢ in Eq. (7.19) satisfy b > c.

Assumption 7.5 implies || 1}05 —(n+ I)L || dominates in the cost function (7.19a),
which is necessary for Assumption 7.6 later.

Remark 7.2 Unlike traditional collision-avoidance constraints found in previous
works [22, 24], which do not incorporate slack variables and achieve collision
avoidance through forward invariance, the constraints C2 in Eq.(7.19¢) introduce
an additional slack variable 6 ;. This adjustment helps align with the constraint
C1 and ensures strong duality and the existence of a solution that meets the KKT
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Fig. 7.3 Structure illustration of the FSOC optimization in Eq. (7.19)

conditions. Consequently, by using such slack variables, we will later demonstrate
that flexible-ordering fencing can be proven in Lemma7.2. However, introducing
these slack variables §; ; may lead to issues where inter-robot distances might not
fully satisfy the desired collision-avoidance requirements as defined by the task set
T ; (e, llxi —xjll >p & xi ¢ T j). As aresult, the traditional forward invariance
approach might not be sufficient to prove collision avoidance. Nevertheless, we will
show later that collision avoidance is still ensured through a new proof technique.
Specifically, we use the boundedness of a Lyapunov function to demonstrate that
collisions among robots will not occur. For technical details, refer to the proof of
Lemma?7.1 (Fig.7.3).

7.5 Convergence Analysis

Due to the presence of mixed-integer constraints in Egs. (7.19b) and (7.19d), which
complicate the direct analysis, we will break down the main results into two steps
to facilitate understanding for the readers. In Step 1, we prove that the robots V
will be flexibly and stably separated into M subgroups for M scattered targets, i.e.,
Conditions (1)—(2) in Definition7.2. In Step 2, we prove that each target will be
fenced by a flexible-ordering convex hull, i.e., Objectives (1)—(3) in Definition 7.3.
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7.5.1 Subgrouping Convergence

Assumption 7.6 The costterm || 1-,'\-,05 —(n+ I)L linEq. (7.19) will ultimately con-
verge to its minimum value and remain constant after a finite time 7 > 0. Specifically,
we have lim,7 [[1La(t) —m+ D] | = [1La*— @+ 1D}, and |1]e@) —
m+ D =1 e* — @+ 1D}, ¥Vt > T, with the optimal o*.

Assumption 7.6 is reasonable and can be satisfied under Assumption7.5. Given
that Condition 1 of flexible subgrouping is always met in Eq. (7.19d), it suffices to
prove Condition 2 as defined in Definition7.2.

Proposition 7.1 Under Assumptions7.3 and 7.6, the robot group V will become
separated after a finite time T > 0, ensuring that each target is fenced by at least
n + 1 robots. Specifically, this is expressed as

1a() > m+1)],, v > T, (7.20)

in Condition (2) of Definition7.2 is achieved.

Proof First, we define the row vector ¢ := [{y, ..., {n] = ILu. It follows that ¢; >
n + 1 forall k € M, which is equivalent to I]T\,oe >+ I)L — g >n+1,Vk e
M.

We will prove by contradiction. Without loss of generality, assume that there exists
at least one target / such that, for ¢t > T, it is fenced by fewer than n + 1 robots, i.e.,

Vi)l =¢@) <n+1,Vt > T. (7.21)

Then, the contradiction is analyzed below. For one thing, from Assumption 7.6, there
exists a corresponding a} such that

(1T (t) — (n + 1)],|| is minimized, Vz > T. (7.22)

Furthermore, according to the condition of M (n 4+ 1) < N in Assumption 7.3, it fol-
lows from Eq.(7.21) that there exists at least one target 4 7% [ such that |V, (¢)| =
¢n(t) > n+ 1,Vt > T. Therefore, by reassigning at least one robot from the sub-
group V;, to V;, we can always find another subgrouping matrix o, such that
| 1-,'\-,a’2‘ — (n+ I)LH < | 1;'\-,05’{ — (n+ I)I,,II, which contradicts Eq.(7.22). Hence,
we conclude that levot > (n+ 1)},, holds under Assumptions 7.3 and 7.6. O

Proposition 7.2 Under Assumption7.6, the MST fencing optimization problem in
Eq. (7.19) ensures that robots do not experience infinite switching behaviors between
different subgroups V for k € M. In other words, there cannot be multiple optimal
solutions o* that repeatedly oscillate while achieving the minimum value of || 1},0( -

(m+ 1)L,
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Proof To prove this by contradiction, we start by assuming that there is a finite time
T > T such that the optimal o} keeps invariant for ¢t € (T, T1) but not at t = T,
which implies that there exist at least two optimal &} # o} such that a7 — a3 at
t = T and satisfy the same minimum value, i.e.,

115 (T) — m+ DIl = [1xe5(T) — (m+ 1Dl (7.23)

For the elements a.li in aj(t), when t = T (i.e.,t — T;"), one has that the cost

I,

terms Z,iwzl (5{,,()2 in Eq. (7.19a) are minimized to be
8ix(T7) > 0, (since ail”,Z(Tl_) =1), 8£q(T1_) =0, Vg #£k, (7.24)

while adhering to the constraints C2 in Eq.(7.19b). At this time, 8£ «(I7) > 0 sig-
nifies that robot i has approached the target k but has not yet fully converged to
it.

However,ifa} — o att = T}, somerobots are reallocated to different subgroups.
For simplicity, assume that only robot i is reassigned to target /, such that {ai"’,i ) =
1, a7 (t) = 0} transitions to {a?}(r) = 1, a7} (1) = 0}. Meanwhile, since robot i is
closer to target k than to target /, it implies that robot i will require more energy u;
and a larger §;; to meet the constraints C2 in Eq. (7.19b) again. Thus,

8i1(Th) > &7, (Ty"), (since oz?j(t) =1, 6,T)=0, Vg #I

with o7} being a component of 3. Although the values of [|1},5(T7) — (m + 1),
and the collision-avoidance slack variables JeN: (8 /)2 remain constant, the cost
terms ((Si”k)2 + |lu; — vi||? in Eq. (7.19) will increase at t = T;. This contradicts the
objective of minimizing the MST fencing optimization in Eq.(7.19). Therefore, the

proof is concluded. O

7.5.2 Fencing Convergence

Given the MST fencing optimization in Eq.(7.19), once the optimal subgrouping
matrix e* is established, the constraints C1 and C3 in Eq. (7.19b) for «; , = 0 where
q # k € M, as well as the constraints in Eq.(7.19d), can be omitted, which sim-
plifies the cost function to c(((Si’Yk)2 + ZjeN,» (Sifj)z) + llu; — v ||>. Therefore, the
optimization problem for robot i, i € V) reduces to the following minimum-energy
problem
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,min { (6107 + Y0 )+||ui—vk||2} (7.250)
Lk JEN;

0!, (x;

095 . (x;) . . )

S s = )+ y (85, (0) — 8, S0 J €N (1250

1

Lemma 7.1 The robots within subgroup V, as managed by the minimum-energy
optimization problem in Eq. (7.25), achieve the Objective 3 of Definition 7.3, which
guarantees that collisions between robots are consistently avoided, i.e., ||x;(t) —
x;® > r, vVt >0,i #jeV,.

Proof Let N; represent the number of elements in the set N, i.e., N; = |N;|. We
define

JEN;

——
8 =[8],. ... 8. ... 1T e RMHL,

®; =[] (). ... df (x;), ... 1T e RNH
Y (@) =[y (@), s v (8, 00), ... ] € RV, (7.26)

Combining with Egs. (7.25) and (7.26) yields

min{c&?& + |ju; — Vk||2}, st.g < 0N,+], (7.27)

Ui, 0;

with g = [gi1, ... gin]T = 9 @ —vi) +y(@i(x) — & € RV Let
Ai :=1[Ai1, ..., Ain+1] where each entry is nonnegative, one has that the cor-
responding Lagrangian function for Eq.(7.27) is £L;(u;, §;, A;) = C(SITS + lu; —
vell? +X,-Tg,-. Using Remark 7.2, it follows from the KKT conditions [26] and
Eq.(7.27) that

8L,(ul, 87, A1)

ST oI = e ()78 =047 = Oyi1.8 < Oxpr,  (728)
u;

i Vi

whereu}, 87, A} are the optimal parameters. Since the Lagrangian multipliers A; ; and
rigyl e Zév i+ are designed for the different constraints (7.25b)—(7.25c), respectively,
we will analyze the collision avoidance in the following four cases.

Case 1: A =0y, 41,0 € V.

If Case 1 holds, it follows from (k;‘)Tgi = 01in Eq. (7.28) that the boundary of the
constraints g; < Oy, are notnecessarily activated. Additionally, one has that 2 (u} —
Vi) = 0,, 2¢87 = Op,41, which implies that u} = v, §7 = Oy, 4. Recalling (7.26)
and substituting u, §; into the constraints (7.25b)—(7.25¢c) yields y (¢}, (x;)) <
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0= ¢/, (x;) <0,and y(¢[‘;j(x,-)) <0,j € N;, = ¢ ;(x;) < 0, which then follows
fromEgs. (7.11),(7.16) and (7.17) thatx; = ry,i € Vi, llxi —xjll = p > 1, j € N;.
Then, the neighboring inter-robot collision avoidance is naturally guaranteed in
Case 1.

Case2: 1, > 0,4f, = 0,V € ZY"™ (A # Op1).

If Case 2 holds, it follows from the relationships of A;; and x; in (7.6) that Al ;=
0,Vl e ZéVH = ¢ﬁj(xi) <0,Vj € N;, whichimplies that ||x; — x;|| > p >7r, j €
N, i.e., the neighboring collision avoidance is guaranteed in Case 2.

Case 3: 1F, =0,4f, > 0,3j € Z)" " (W) # On10).

For )»;.fq =0,9 #j€ ZIZViJrl, analogous to Case 2, it follows from Eq. (7.6) that
lxi — x4l = p > r,q € N;, then collision avoidance between robots i and g is sat-
isfied.

For Aj‘ > 0, let A; ;é # < N; for which A} ; > 0, and a; be the cardinality of the
set A;. We define X; =[inyeees higs - ]T e R4 =g, ....8u5...]" €

R 8 =[S, .- ,,1T ERN &y (x)) = [, o 8 1o 1T € REH (3,
) = [y (D1 x)s - v (05 (), ] e R%*!  one has that the
Lagrangian function for Eq. (7.27) becomes £; (u;, & 1[3]’ XB]) (6[2])T§£3] + Jlu; —
vell? + ()»,B])TEI[ 31 which implies that the stationarity condition in Eq. (7.28) becomes
T ~[3]«
20 — )] || XL

|: 2 5[3]* + ax’x[%] = 0n+N,-+ls (7.29)

which implies that

I@TE e _ Lz

Y= —— 1§ =) 7.30
T Ty 2 0% T (730)

Substituting u; in Eq.(7.30) into g = 0,4+ in Eqs.(7.27), (7.29) yields 31[3]* _
g8y () with

ax[T ox;

3P §(@PhT\ !
gl = (Ia, + c—’g> € R4, (7.31)
It, together with Eq. (7.30), gives that u;}

A(dHT ~
uf =v — c% glly (@M. (7.32)

Based on u} in Eq.(7.32) and y(CTDL[S]) in Eq.(7.29), we pick a Lyapunov function
candidate
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1
ity =5 D v@i; 00 (7.33)

iEVk jeﬂ,-

By choosing y(¢) = ¢ as a simple choice, the derivative of V (¢), as described in
Eq.(7.33), can be derived from Egs. (7.11), (7.16), and (7.33), as follows:

( D
ity =) ) ¢ (x o 20t —u)) (7.34)

i€V jeA;

with 8(])2_]. (x,-)/ax;r = 8¢£j (x;)/0(x; — xj)T. Using the fact that

3¢f (x ) 8¢f (xi)
Yo el — I —u) =2 > ¢ ) L (i — ),
i€V jeA; i€V, jeA;
(7.35)
it, together with Egs. (7.29), (7.34), gives that
3 [3]
Vi(t) =2 ) (9} o0 o (= i), (7.36)
lEVk l
Substituting u} in Eq. (7.32) into Eq. (7.36) yields
. - 8¢[3] a(cb[ ])T
— [BINT H[%] 31
Vi(1) _—2c2(q>i ) T om | (7.37)
I€Vk
with y (51[3]) <I>[3] Additionally, based on Woodbury matrix identity [27], & "[3] in
Eq.(7.31)is formulated to be
8(13[ ] B(CDB])T
~[31
EN=1, — 7.38
' a“ ¢ 8x;r =i ax; (7.38)
with
A(@HT 9\ !
r'-[3] i i nxn
I, e R"™" 7.39
( e dx;  ox; (7:39)
which follows from Eqs. (7.38) and (7.39) that
@D _ Gl m 9@ (7.40)
Bx,» ! Bxi ' '

Substituting Eq. (7.40) into Eq. (7.37) yields
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9B 5 0(dPHT
Vi(t) = —2¢ Z(@B])T "P] Gl 3P, (7.41)
3)(,'
lEVk
Given that E ’“[3] inEq.(7.39)is positive definite, it follows that its smallest eigenvalue

is strictly posmve ie., )\,mm(u ) > 0, which indicates that

=312
Vi) < = 2c2min(EPH) Y |(

IEVk

<0. (7.42)

@HTI% 9P
axT

i

From Assumption7.4 and the definition of V| in Eq.(7.33), it is evident that the
initial value of V;(0) is bounded. Combined with the fact that V1 < 0 as given in
Eq. (7.42), this implies that V (¢) is bounded for all # > 0 in Case 3. Consequently,
q&f, j(x,-) is also bounded. Furthermore, from Eqgs.(7.17) and (7.33), it follows that
¢;:j(x,-) — oo, if ||x; — x|l = r, j € A;. This indicates that|lx; — x;|| > r,Vj €
A; at all times, which thereby ensures neighboring inter-robot collision avoidance
in Case 3.

Cased: 1, > 0,17, > 0,3j € Z)" " (AF # Oy,10).

The approach to nelghbormg collision avoidance in Case 4 mirrors that of Case
3. In particular, when Aiq =0forg #j€ ZN 1 and if lxi — x4l = p > r for
q € N;, then the collision avoidance between robots i and ¢ is assured.

For A7, > 0,2}, > 0, we define X = [Ai1, ..., 20, ... ] € RO 1 € A,

~4 <14 . X4
W= gin, s g,-,,,...] eROH & =[80,,.... 8, .. T e R+ M=

b 1 ]’
[¢>,-,k(x,->, 8GRIy (@) = [y (g7, (). v (85 ,G)
]T € R4*! with A; and a; given in Case 3, which then formulates the Lagrangian
function in Eq.(7.27) to be

4] (4] <141 1514l

L, 80 W) = ¢3! T,

)18+ llui — well> + (&

Analogous to Eq.(7.29), one has that the optimal u} is calculated to be

5[4] T -
uy =vg — C(a—;) g4y (@) (7.43)
with
dDIM g\ !
EZHJ = ([a‘_Jrl +c lT u) e R@t+hx@+1 (7.44)
ax; ox;

Then, we pick a Lyapunov function candidate
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1
Va®) = 3y @) 45 30 Y v (e 0y (7.45)

eV ieVy JjeA;

Similarly to the proof in Case 3, from Eqgs. (7.34) to (7.42), the derivative of V,(t) in
Eq.(7.45) is given by

; =4 R L
Va(t) < = 2chmin(E[) ) (@I — (7.46)
[ iEVk l 8xlT
with the positive-definite matrix 51[4] being
~ A(@T gl !
S =<1n n C%BX_T) c R, (7.47)

Since V5 < 0 as shown in Eq. (7.46), the analysis for neighboring collision avoidance
in Case 4, which requires ||x; — x;|| > r forall j € A;, is analogous to that in Case
3 and is therefore not repeated. Consequently, by integrating the results from Cases
1 through 4, the proof for collision avoidance is completed. ([

Lemma 7.2 The robots in subgroup Vy, optimized through the minimum-energy
approach in Eq.(7.25), will ultimately achieve Objective 1 as defined in
Definition7.3. Specifically, each target r will be fenced within the convex hull co(Vy),
e, lim,_ dist(rk(t), co(Vk(t))) =0,Yke M

Proof Similar to the proof of Lemma7.1, we will analyze the convergence of the
flexible-ordering convex hull by considering four distinct cases.

Case 1: A =0y, 41,0 € V.

In Case 1, referring to Case 1 of Lemma?7.1, we have x; = ry fori € Vy, ||x; —
xjll = p > r, j € N;. This indicates that robot i approaches target k and remains
there. However, this scenario cannot be sustained continuously for all robots in V,
as it would inevitably conflict with the collision avoidance requirements of the other
robots. Therefore, Case 1 is excluded.

Case2: 1, > 0,4f, = 0,V € ZY" " (A # Op1).

In Case 2, it follows from (X?)Tg,- = 0in Eq. (7.28) that only the boundary of the
constraint g; ; < 0 is activated, i.e., g;; = 0. Then, from the stationarity condition
in (7.28) and A;, §; in (7.26), one has that

994

2(“7 — V) =— Ee i1

20875 = A%y, 2885 =0,¥j € N;. (7.48)

i1
Substituting u], §;7 in (7.48) into g; 1 = 0 yields

0y 1 (xi) 07 1 (xi)
c
axT’ 0x;

l

8k + v (¢ (i) — 85 =0,



7.5 Convergence Analysis 157
one has that 8% = y (¢} (x)))s;" with

) 090,
ST o '

l

Therefore, it can be deduced that the optimal input u} is formulated to be

9P () B
Wt =v — c#y(da,k(x,-))gi L

i

which implies that robot i, for i € Vi, converges to the target k such that x; = ry.
Consequently, Case 2 would essentially be reduced to Case 1, which has already
been excluded. Thus, Case 2 is also excluded.

Case3: 15, = 0,17, > 0,3j € Z)" " (A} # On,10).

In Case 3, given that A*l = Oand from Eq. (7.6), we have x; € 77, indicating that
robot i is positioned exactly at target k. However, this condition cannot be sustained
for the entire robot subgroup V. At least one other robot, g # i € V, would also
need to be at the position of target k, which directly conflicts with the collision
avoidance requirements between robots i and g. Thus, Case 3 is also not feasible,
analogous to Case 1.

Cased: A7) > 0.2%, > 0,3j € Z)" " (A7 # Oy ).

In Case 4, recalling Vz (t) in (7.46), integrating both sides of Eq. (7.46) in the time
interval ¢ € [T, oo) yields V(1) < Vo(T) — ftfo o (s)ds with
(5[4])ngm ’

' ax'

i

o= 2ckmin(§l[4]) Z

ieVy

(7.49)

Recalling Lemma 7.1, it follows from (7.46) that V, (T") is bounded. Meanwhile, since
— ftjo o(s)ds = 0, one has that the states y (¢; (x;)), ¥ (97 ; (xi)), &} (xi), ¢; ;(xi)
are bounded as well, which further implies that ftjo o (s)ds is upper bounded. Then,
it follows from Egs. (7.11), (7.16), (7.49) that ¢ are bounded as well, which implies
that ¢ is uniformly continuous in ¢t € [T, 00). According to Barbalat’s Lemma [28],
one has that lim, ., o (¢) =0, i.e.,

(7.50)

hm H @[4] A Q)] 8q>[4] ®)) ” _

ax; (1)

With ®'*! given in Eq.(7.43), it follows from Eqs. (7.11) and (7.16) that
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. 1 1
tlggo{xi(t) —ro - ,;(; <||xi(t) —x;Ol-r p—r ”)

xi (1) —x; (1)
lxi () — x;(@)|°

} =0,,Vi e Vy. (7.51)

From the fact that

ZZ( 1 ) X,’([)—Xj(t) -0
||xl(t)—x,<r)||—r (o —r)) Ixi®) —x;01F "

i€V jeA;

summing (7.51) in the subgroup of V; yields

lim 3 (o) — o) = jim 3 HOZBD g,

iEvk iGVk

Letco(Vy) = 1/N 3, .y, xi(t), it follows from } ; ., rx/N = ry that

Tim dist(r (1), co(Ve(1))) = lim {% 3 i) - rk(t)} —0,,

iEVk

which implies that r; will be enclosed within the convex hull co(Vy) = 1/N >, v,
x; (t), fulfilling Objective 1 as defined in Definition 7.3. Therefore, by considering
Cases 1 through 4, the proof is completed. (]

Lemma 7.3 The robots in the subgroup Vi, managed by the minimum-energy opti-
mization (7.25), will eventually accomplish Objective 2 as defined in Definition7.3.
In particular, the relative velocities between any robot i (wherei € V) and the target
vi will asymptotically diminish to zero, i.e., lim;_ oo {u; (t) — vi(t)} = 0,,1 € V.

Proof Analogous to the proof of Lemma7.2, we can exclude Cases 1-3 and focus
on the convergence analysis in Case 4. On one hand, analogous to Eq.(7.40) in
Lemma?7.2, one has that (3(®!*)T/ox) ! = "[4](a(q>[‘”)T/ax ) with 214, E4
3),[4] givenin (7.43),(7.44), (7.47), whichimplies that u? in (7.43) can be reformulated
to be

ut = — —i 7 (cp[‘”) (7.52)

On the other hand, it follows from Eqgs. (7.47) and (7.50) that

(@M ()T
0x; (1)

lim () y (@i (1)) =0, (7.53)
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Combining Eqgs. (7.52) and (7.53) together, one has that lim,_, u](t) = v, which
implies that Objective (2) in Definition 7.3 is achieved. The proof is thus completed.
0

Theorem 7.1 Under Assumptions7.1-7.6, all robots governed by (7.2) and (7.19)
successfully achieve the flexible subgrouping and flexible-ordering fencing of the
moving targets governed by (7.7). In other words, Conditions (1)—(2) in Definition 7.2
and Objectives (1)—(3) in Definition7.3 are satisfied.

Proof We draw the conclusion by Propositions 7.1-7.2, and Lemmas 7.1-7.3 directly.
O

Remark 7.3 Although the FSOC algorithm (7.19) may not be directly suitable for
vehicles with general affine dynamics, it can be extended to various types of vehicles
through a hierarchical control approach, such as unicycles, unmanned aerial vehi-
cles (UAVs), and unmanned surface vessels (USVs) [23]. In this setup, the optimal
commands u] from (7.19) serve as higher-level guidance velocities. As long as the
low-level velocity tracking system can effectively follow the desired velocities in real-
time, the FSOC algorithm remains applicable to many real-world robotic systems.
Moreover, by defining obstacle sets and incorporating obstacle-avoidance constraints
similar to those in Egs. (7.15) and (7.18), the proposed FSOC algorithm (7.19) can be
adapted for MST fencing in environments with obstacles. This will be demonstrated
through subsequent 2D and 3D simulations.

Remark 7.4 The FSOC algorithm (7.19) has a few notable limitations. (i) When tar-
gets are positioned very close to one another, the robots’ collision-avoidance behavior
may disrupt the convex-hull fencing process. (ii) If the robots’ dynamics are mod-
eled as general affine systems, the algorithm could become ineffective due to the
complexity in choosing suitable CBFs. (iii) The algorithm might not perform well
in environments with polygonal obstacles instead of circular ones, as the current
CBF constraints are designed for smooth obstacle boundaries. (iv) Unpredictable
target dynamics could hinder the robots’ ability to fence the targets effectively. As
a preliminary approach to the MST fencing problem, further research is needed to
overcome these challenges and improve the algorithm’s robustness.

7.6 Simulation Results

This section presents a series of simulations to verify the flexibility, robustness, adapt-
ability, and scalability of the FSOC algorithm. Initially, we employ single integrator
dynamics in Eq. (7.2) within the control barrier function framework to guarantee the
asymptotic convergence of the FSOC algorithm (7.19). Although these dynamics
may not directly suit robots with more complex models, the FSOC algorithm (7.19)
can still be applied to a practical unicycle model for the robot group V, as demon-
strated below [23].
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Xi1 = vigcosb;, Xip = viysinb;, 6 = v,
(Xi3 = Vi, if robots are in 3D), i € V, (7.54)

where [x; 1, X; 2, X;, 31T € R*and6; € Rrepresent the position and X-Y heading angle
of robot i, respectively, whilev; ; € R,v; , € R,andv; . € Rdenoteits linear, angular,
and climbing velocities. Utilizing the near-identity diffeomorphism [29], the optimal
FSOC control inputs u} derived in (7.19) can be efficiently mapped to the desired
velocities v; ;, vi 4, Vi, for the practical unicycle model presented in (7.54) below

* *
=u*, cos6; + u*, sin@ = L G+ B2 o
Vi,i =U; | COS ,<+ui’zsm ,-,v,;,l——Tsm i—i—Tcos i

(vic =u; 5 if robots are in 3D),i € V,

where u} = [ujﬁl, ul’fz, u%]T, and | € RY represents a small positive constant. The
sensing, desired, and collision radii are chosen as R =6 m, p =4 m, and r =
1.5 m, respectively. Under Assumption7.5, the weights in the FSOC optimiza-
tion (7.19) are set to b = 100,000 and ¢ = 100.

To demonstrate the flexibility of the proposed FSOC algorithm (7.19), we run
a simulation involving ten robots starting from different initial positions and two
scattered targets. As shown in Fig.7.4a, b, the robots successfully form pentagon
formations around the targets. Although the overall shapes are similar, the specific
subgroups and ordering sequences differ, highlighting the flexibility and high effi-
ciency of the FSOC algorithm (7.19).

In addition, Fig. 7.4a provides a detailed view of the state evolution. As illustrated
in Fig. 7.5, the flexible-ordering fencing errors, 1 /N Zi ev, Xi — Tk fork =1, 2, con-
verge to zero, which means that lim,_, o, dist(rk(t), co(Vy (t))) = 0, thereby ensur-
ing the achievement of Objective (1) in Definition7.3. Figure7.6 shows that the
velocity-tracking errors, u; — v; foralli € Vy, also converge to zero, confirming that
Objective (2) in Definition 7.3 is met. Furthermore, Fig. 7.7 reveals that the inter-robot
distances, [|x; — x;|| > 1.5 for i # j € V, which ensures that the collision avoid-
ance requirement in Objective (3) of Definition 7.3 is satisfied. For comparison, we
also simulated the fixed subgroup + fencing algorithm [19], as shown in Fig.7.4c,
d. These results show that robots under the fixed subgroup method travel longer
distances compared to those using the FSOC algorithm in Fig.7.4a, b.

To demonstrate the robustness of the proposed FSOC algorithm (7.19), we ana-
lyze two scenarios: one where some robots suddenly break down and another
where a new target appears during the fencing process. In the first scenario, we
use the same initial robot positions and velocities as in Fig. 7.4b. Initially, the con-
vex hull is maintained through a balance between the attraction forces from target-
convergence constraints (7.19b) and the repulsion forces from neighboring collision-
avoidance constraints (7.19c). When some robots break down and stop, as depicted in
Fig.7.8a, b, the remaining robots adjust by deviating away from the malfunction-
ing robots. They continue interacting with the operational neighbors, leading to the
formation of quadrilateral and triangular patterns with different ordering sequences.
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Fig. 7.4 First simulation: flexibility of the FSOC algorithm (7.19) to different initial positions
and comparison with fixed subgrouping and fencing algorithm [19]. a, b Trajectories of ten
robots from different initial positions to flexible fencing of two scattered targets with different
subgroups and orderings. ¢, d Comparison trajectories under fixed subgrouping + fencing algorithm
[19]. Here, the blue and yellow triangles denote the initial and final positions of robots, respectively;
the dashed lines are the trajectories. The green circles denote two targets

In the second scenario, we simulate the appearance of a new target. In Fig.7.9a, b,
when a new target emerges at the bottom or top at ¢ > 3's, the ten robots initially
form two subgroups to create pentagon formations around the original targets. Subse-
quently, they reconfigure into three subgroups to incorporate and successfully fence
the new target, which demonstrates the algorithm’s ability to adapt to new targets
while maintaining the overall fencing strategy.
To evaluate the adaptability of the proposed FSOC algorithm (7.19) in environ-
ments with obstacles, we explore how different obstacle configurations affect the
robots’ behavior in the fourth set of simulations. We define and apply obstacle-



162 7 Coordinated Multiple-Scattered-Targets Fencing via Flexible ...

5 : : :

—X-axis — y-axis

Ziévl L —T1 (m)
o

- 5 1 1 1
0 2 4 6 8

‘-—x—axis —y-axis‘_

L
N

o

0 2 4 6 8
Time (s)

Diew, Ti — T2 (m)

1
N

Fig.7.5 Temporal evolution of the errors of flexible-ordering fencing 1/N >, ev, Xi —re,k=1,2
in Fig. 7.4a for example

avoidance constraints similarly to those in Egs.(7.15) and (7.16). In Fig.7.10, as
obstacles are introduced into the environment, robots must navigate around them,
which can increase their travel distances. In Fig. 7.10a, b, we see that ten robots, start-
ing from the same initial positions (marked as blue triangles), adjust their formations
into three subgroups to efficiently circumvent obstacles. This reconfiguration not
only demonstrates the algorithm’s flexibility but also its efficiency in energy con-
servation. Additionally, Fig.7.10c, which features a more densely packed obstacle
field, shows the FSOC algorithm’s ability to adaptively respond to complex and
challenging environments.

To demonstrate the high-dimensional scalability of the proposed FSOC algo-
rithm (7.19), we perform MST fencing simulations in a 3D environment. In Fig. 7.11a,
we observe that targets 1 and 2 are fenced by five and four robots, respectively, with
ordering sequences {7, 3,2, 5,9} and {1, 8, 4, 6}. These sequences differ from the
subgroups and ordering sequences {2, 8, 1,4} and {5, 6, 3, 7, 9} shown in Fig.7.11b,
which confirms the scalability of the FSOC algorithm in 3D environments. Addition-
ally, Fig.7.11c incorporates scenarios with robot breakdowns and obstacles, further
validating the algorithm’s robustness and adaptability in complex settings. Thus, the
FSOC algorithm’s ability to handle high-dimensional and dynamic environments is
effectively demonstrated.
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Fig. 7.7 Temporal evolution of the inter-robot distance |lx; — x|, i # j € V, in Fig.7.4a for
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Fig.7.8 Second simulation: robustness to robots suddenly breaking down. a Robotsi = 1, 6, 8
break down at 7 = 1s. b Robots i = 2, 3, 4, 5 break down at T = 1s. (The blue, yellow triangles,
green circles, and the dashed and solid green lines have the same meaning as in Fig. 7.4. The magenta
triangles denote the final positions of the broken robots)

7.7 Conclusion

In this chapter, we have developed the FSOC algorithm, which allows multiple robots
to dynamically organize into distinct subgroups and fence multiple scattered targets
within their respective convex hulls, accommodating flexible ordering sequences.
We have established conditions to ensure that the closed-loop multi-robot system
asymptotically converges when using the FSOC algorithm. The algorithm’s flexibil-
ity, adaptability, robustness, and scalability have been demonstrated through com-
prehensive 2D and 3D simulations. Future work will explore extending the FSOC
algorithm to handle vehicles with general affine dynamics, manage polygonal obsta-
cles, and address complex dynamics of targets.
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appears at the bottom with a velocities v3 = [0, 2]m/s at T = 3. b The target 3 appears at the
top with a velocities vz = [0, —2]m/s at T = 3. (The blue, yellow triangles, green circles, and the
dashed and solid green lines have the same meaning as in Fig.7.4. The dark blue triangles denote

the positions of robots at 7 = 3's)
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Fig. 7.10 Four simulation:
adaptability in obstacle
environments. a, b Same
initial positions of robots,
same positions, and
velocities of three scattered
targets with different two
obstacles result in the
flexible fencing formations
of different subgroups and
ordering sequences.

¢ Trajectories of ten robots
from the same initial
positions in Fig. 7.4a to the
flexible fencing formations
with different ordering
sequences. (Most of the
symbols have the same
meaning as in Fig.7.4. The
red disks denote the
obstacles. The purple
numbers denote the different
ordering sequences
compared with Fig.7.4)
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Fig. 7.11 Fifth simulation:
scalability in 3D. a, b
Trajectories of nine robots
from different initial
positions to 3D flexible
fencing of two scattered
targets with different
subgroups and orderings. ¢ A
special situation when robot
2 suddenly breaks down at

t = 1s, and the rest of the
eight robots from the same
initial positions in Fig. 8a
can spontaneously form
regular tetrahedron fencing
formations in the obstacle
environments. (Most of the
symbols have the same
meaning as in Fig. 7.4. The
dark blue balls denote the
obstacles in 3D. The
magenta triangle denotes that
robot 2 is broken at r = 1)
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Bearing-Only Scenario



Chapter 8 ®)
Bearing-Only Fencing via Gresho
Persistent-Exciting Condition

8.1 Introduction

In the previous Chaps. 2—7, we have conducted detailed research on two themes for
the cooperative control of multi-robot systems, namely, “basic fencing” and “com-
plex fencing.” However, the cooperative methods in these studies rely on the relative
position between the robot and the target. However, such kind of information usually
depends on distance or position sensors in practice which are costly and challeng-
ing to implement on a large-scale system. Considering the usage of simple and
cheap orientation sensors can significantly reduce costs and is of great importance
for large-scale scenarios. However, the incompleteness and constraints of orientation
information lead to issues in distributed cooperative fencing. Therefore, based on the
previous “basic fencing” and “complex fencing,” this chapter proposes a distributed
cooperative bearing-only fencing control algorithm via the persistent-exciting con-
dition, which aims to delve into the distributed cooperative fencing problem. In what
follows, we will firstly introduce some related works.

Over the years, the control of USVs has garnered increasing attention due to
their effectiveness, versatility, and ability to adapt to complex environments, which
has been extended to applications such as trajectory tracking [1-5], path following
[6-9], and collective exploration [10—14]. Cooperative target-fencing missions using
multiple vessels are particularly important for tasks such as surveillance, detection,
and escort formations. Therein, the study of USV target-fencing problems originated
from multi-agent systems (MASs), where theoretical challenges initially focused
efforts on strategies involving both position and velocity measurements. Chen and
Ren et al. [15] developed an estimation-and-control framework with a fixed topology
for surrounding stationary targets. Lan et al. [16] proposed a hybrid control strategy
for static target fencing. Later, Liu and Chen et al. [17] introduced a hierarchical
output regulation scheme for target fencing, while Chen [18] offered a cooperative
control approach incorporating attractive, repulsive, and rotational components to
handle specific target-fencing problems with assured collision avoidance.
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As aquatic missions become increasingly complex, more focus has been placed
on encircling moving targets. For instance, Guo et al. [19] proposed a distributed
protocol that relies only on neighboring positions to fence a moving target. Yu and
Liu developed a distributed dynamic controller for surrounding a moving target
under both fixed [20] and switching [21] inter-agent topologies. Shoja et al. [22]
later introduced an adaptive method to handle the fencing of multiple moving targets
by non-identical agents. However, the above studies [19-22] mainly addressed first-
order MASs due to the significant difficulties associated with fencing control in
higher-order MASs. To address more practical scenarios, Shi et al. [23] investigated
a second-order MAS fencing problem using Lasalle’s Invariance Principle [24]. Li
et al. [25] introduced a cooperative fencing strategy that ensures collision avoidance
for networked MASs with nonlinear Lagrangian dynamics. Hu et al. [26] designed
a distributed equal-distance fencing controller for second-order nonlinear MASs.
Peng et al. [27] later presented an event-triggered dynamic surface controller for a
USV to encircle a dynamic target. Xu [28] proposed a novel fault-tolerant control
scheme for a fleet of USVs using only line-of-sight range and angle to track a target.
Hu et al. [29] developed a distributed fencing controller for multiple USVs with
varying interconnection topologies. Kou et al. [30] studied the problem of multiple
second-order vehicles fencing a moving target with an unknown constant velocity.

However, the high cost of onboard sensors makes it challenging for USVs to
consistently obtain both the position and velocity of targets in real-world scenarios.
This challenge has prompted research into approaches that rely solely on bearing
measurements (e.g., bearing vectors or subtended bearing angles), which only require
more affordable sensors like pinhole cameras and wireless sensor arrays. Among the
pioneering works in this area, Zheng et al. [31] introduced a control strategy that
depends purely on local bearing measurements to achieve the enclosure of a stationary
target. Li et al. [32] developed a distributed bearing-only controller for targeting
stationary objects in 3D environments. Deghat et al. [33] investigated the localization
and circumnavigation of a moving target with unknown velocity. Yang et al. [34]
explored a target-entrapping problem using only bearing data, while Dou et al. [35]
proposed a distributed controller that enables agents to encircle a moving target and
form desired collective patterns based exclusively on bearing measurements.

Despite these advancements, the above-mentioned bearing-based methods [31—
35] primarily focus on first-order MASs and do not account for more complex
USV scenarios with significant nonlinearity and strong coupling dynamics. Although
position-based target-fencing strategies for USVs have been studied in [17, 26, 27,
29], addressing the theoretical challenges of controlling USV groups using only
bearing measurements remains an unresolved issue [33-35].

From a technical standpoint, the key difficulties lie in the presence of bounded
errors and the limited availability of target velocity information to the USVs, which
hinders the broader implementation of multi-USV cooperative control strategies. In
response, this chapter introduces a tailored distributed protocol for multi-USV sys-
tems that effectively reduces fencing errors to zero using only bearing feedback.
Beyond enabling the fencing of a moving target, the proposed controller ensures
the USVs continuously rotate around the target vessel with dynamically changing
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topologies, essential for the asymptotic convergence of bearing-only target estima-
tion. In contrast to most existing studies that rely solely on simulations [32-35], this
work includes experiments conducted on a real-world multi-USV platform consisting
of a USV motion capture system, a monitoring station, three 3D-printed HUSTER-
0.3 vessels, and a target vessel, thereby validating the proposed framework. The
contribution of the chapter is two-fold.

1. Propose a distributed bearing-only controller for the multi-USV systems to col-
lectively fence and rotate evenly around a motional target vessel, with the design
of a bearing-only target estimator, an upper-level fencing protocol, and a single
vessel regulator.

2. Conduct indoor experiments with three HUSTER-0.3 USVs to verify the
effectiveness of the proposed algorithm.

The rest of this chapter is structured as follows. Section 8.2 presents the problem
formulation. Section 8.3 details the main technical results, along with comprehensive
mathematical proofs. In Sect. 8.4, experimental validation is carried out on a real
multi-USV platform. Finally, Sect. 8.5 concludes the chapter.

8.2 Problem Formulation of Bearing-Only Target Fencing

In this section, we firstly consider a multi-USV system with n USVs, each of which is
characterized by its kinematic equations in Cartesian coordinates, as detailed in [36].

)'C,' = U; CoS lﬁ,’ —V; sin Iﬁ,’,
Yi = u; sinyr; + v; cos v,
Yi =ri, (8.1)

where the position of USV i is represented as g;(¢) = [x;(¢), y; O1T € R2, while
¥;(t) € R denotes its yaw angle. Additionally, u;(t), v;(¢), and r;(t) € R corre-
spond to the surge, sway, and yaw velocities of USV i in its own coordinate frame,
respectively.

Moreover, The dynamics of USV i typically adhere to a practical model (see, e.g.,
[17]) given as

w; = kyu; + koviri + kati g,
f‘,‘ = k4ri + kSTi.2a
Vi = kevi + kqu;r;. (8.2)

Here, ki, ky, k3, k4, ks, ke, k7 € R are parameters determined via zig-zag tests, while
7;1 and 7; 5 € R denote the control inputs for USV i.
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Fig. 8.1 Illustration of the Y A T
: Target Vessel
bearing angle in the < g

multi-USV system

Secondly, we consider a motional target to be gq,(t) = [x4(¢), yd(t)]T e R?
satisfies

4a = pda (8.3)

where p; = [vjf, vj{]T € R? is a constant velocity.

As illustrated in Fig. 8.1, it is assumed that only the relative bearing angle «;
is measured between the ith USV and the target within the ith USV’s coordinate
frame, which is not necessarily aligned with the coordinate frames of the other USVs.
The position g, and the velocity p, of the target vessel are not directly measured.
Considering the yaw angle v;, one obtains

_ Ya.i
lga.il

(8.4)

ag; .

where Zo; := ¥; + «; and q4; := g4 — q; in Eq.(8.18).

Note that the communication topology of the multi-USV system is typically
characterized by G(V, &), where V := {1, 2, ..., n} is the set of nodes, and & :=
{(i, J), ] € N;,i € V} represents the set of edges. The neighbor set of USV i is
defined as N; = {j € V| min; 4 A; j, min;»; A ;}, where A; ; € [0,27),i # j €
V is the forward separation angle from USV i to USV j, obtained by rotating o;
counterclockwise until it coincides with o;. Conversely, A ;; € [0, 27r) denotes the
backward separation angle from USV j to USV i, as illustrated in Fig.8.2 (see,
e.g., [35]). Note that N; may encompass more than two neighbors, and both the
pre-neighbor i* and the next-neighbor i~ of USV i can be randomly chosen
from N;.
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Fig. 8.2 Tllustration of the
forward and backward
separation angles A; ; and
Aj i, respectively, between
vector o; of USV i and
vector o of USV j

b T

We define the relative distance p; and the bearing angle 6; between USV i and
the target vessel to be

pi = (xi — x> + (i — ya)?
0; = arctan2(y; — yq, Xi — xq4) + 27w € [0, 27) (8.5)

where « is an integer selected to ensure that 6 € [0, 2;7). The function arctan2(y, x)
computes the angle of the vector (x, y), returning a value between —x and 7 radians.
Consequently, one has

O=vi+o+m (8.6)

where «; and v; are shown in Fig. 8.1. The separation angle ¢; between USV i and
its pre-neighbor i+, with respect to the target vessel, is defined as

Gi=0i+ —0; +§ (8.7)
with

£ = 0, 6;+ —6; = 0,
T 27'[, 9,’+—9,'<0.

Based on the target and neighboring information provided, the following
assumptions are needed for the subsequent analysis.

Assumption 8.1 The target’s velocity p; € R? in (8.3) is constrained by an upper
bound pj; € R*, such that || ps|l < pj.

Assumption 8.1 is valid because, in practice, the target vessel’s energy is inherently
finite, which means that there is an upper limit on the target’s velocity.

Assumption 8.2 For each USV i € V, the communication neighbor set Nf =

it i)

Assumption 8.2 illustrates that each USV is capable of communicating with its
pre-neighbor it and next-neighbor i ~. The communication topology G(V, &), which
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is derived from the minimal-neighbor strategy, maintains strong connectivity even
when neighbors change over time [37]. One will have a cost-effective communica-
tion topology, which is beneficial for real-world applications. To proceed, it is also
essential to define target fencing.

Definition 8.1 (7arget fencing) Target fencing by the USVs is achieved asymptoti-
cally with the following characteristics:

. . 2w
lim p;(t) = pg4, lim ¢; = —, (8.8)
t—00 t—00 n

where p; € R denotes the desired radius, and ¢; represents the separation angle as
given in (8.7).

Definition 8.1 demonstrates that the USVs evenly surround the target vessel, mean-
ing that the target vessel lies within the convex hull created by the USVs [17, 18].
Thus, one has that

lim de(,)(x(t)) =0
—00

where x := [x], ..., x117, P, (x) := minsccoq) [lXs — | and
co(x) := {Zkixi tA; >0,Vi and ZA; = 1}.
eV eV

Taking the temporal derivative of p; along the dynamics of Eq.(8.5) yields

(i = xa) (i = v + i = ya) i — v¥)

bi =
V& — x>+ i — ya)?
. )Ef,' - Vfcl
= [cos 6; sin6;] [y.i _ v;l] . (8.9)

Analogously, one has that the temporal derivative of 6; is

(i — x2)? (% = x) i = V) — i — ya) (i —v)
o} (xi — xa)?

—sin6; cosb; | [x; — 9
_ [osin6i cosi] [x V;‘,} . (8.10)
Pi Yi =y

6 =

Rewriting Egs. (8.9) and (8.10) into a compact form yields

pi | | cosf; sinf; ||x; — vd
[Piéi] - |:— sin 6; cos 9,:| |:)'1,- — Vdi| ) (8.11)

y
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which implies

xi| _ | cos(—=6;) sin(—6;) bi vff
[)"i] o |:— sin(—6;) Cos(—Gi):| |:piéi:| + [Vﬂ . (8.12)
Together with Eq. (8.1), one has
ui| | cosyy sinyy || X
|:Vl:| o |:— sin v; cos Wi] |:yli| ’ (8.13)

which follows from Eq. (8.13) and (8.12) that

wi| [ cos(yi —6) sin(wi —0)|[ o cosy; sinyy; | [ve
M = [— Sin(yi — ;) cos(; — 9»} [piéi} + [— sin ; cos w,} [vgf] - @19

From the condition that {; — 6; = —«; — 7 in (8.6), it can be deduced that
ui| _[—cosa; sin; bi cos; sinyy; | [v¢
[v,} - [— sina; — cosoz,-] [p,ﬁ,} + |:— sin v; cos w,} |:v§1i| : (®.15)

Define u}, v as the upper-level signals for u;, v;, respectively, in the kinematics (8.1),
we can further define the signal errors to be

— rosy e r
Wi '=u; —u;, v '=v; —vj, (8.16)

it, together with Egs. (8.15) and (8.16), gives that the dynamics of p;, 6; is formulated
to be

Pi | _|[—cosa; sine; u; + U; cosf; sin6; vjf 8.17)
. — . ' _ —_ . d .
0i6; —sino; —cosa; | | V] Vi —sin6; cos6; vy
where i1; := —cosa;u; + sino;V; and V; := —sino;U; — coso;V;. We are now

prepared to present the two main problems addressed in this chapter.

Problem 8.1 (Target fencing) Design an upper-level fencing protocol
u;, v == f(a;,6;,0;), jeN,

for the multi-USV system described by (8.1), (8.3), and (8.17) to achieve the motional
target-fencing (see Definition 8.1), while ensuring that #; and V; approach zero.

Problem 8.2 (Vessel Regulation) Design an actuator input

T, 0= f v, u,v,r)
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for asingle vessel, as described by (8.2) without the subscript i, such that the velocities
u and v converge to the upper-level signals u” and v" from Problem 8.1, i.e., ensuring
lim;_, 0 #(¢) = 0 and lim,_, 5, ¥(z) = 0.

8.3 Perturbed-Stable Controller and Convergence Analysis

8.3.1 Target Fencing Control

We define g, ; to be the relative position between the USV i and the target vessel
below

qd,i ‘= qa — qi (8.18)

where ¢;, g, are given in Eqgs. (8.1) and (8.3), respectively.

Due to the fact that the position g, ; and velocity p, of the target are not available,
we define gy ; and py; = [’\7,(,?7},]-'— as the estimates of g, ; and p,, respectively, and
design the estimates using the bearing-only measurements

t
4ui () == ¢i(1) — c1(I = 0;(00; (O )i (1) — &2 / (I = 0;(€)0;())qui (€)de,
0
Pai() == c2(I = 0;(1)0; () )qa,i (1)dt, (8.19)
with ¢, ¢; € RT being the estimated gains and o; defined Eq. (8.4). Then, we propose
a distributed bearing-only controller,

| _[—cosa; —sine; c3(pa — pi) + cos 6;v, + sin 6,V
vl sina; —cosa; | |ca(si — 6i-) + B — sin6; v, + cos6;v,

} . (8.20)

where c3, ¢4 € R represent the control gains, ps denotes the desired radius in Def-
inition8.1, p; := ||qu.;| is the estimated radius in Eq. (8.19), and ¢;, ;- are the sep-
aration angles between the unmanned surface vehicle (USV) i and its next-neighbor
i~, respectively.

Remark 8.1 In contrast to target information that is available only to a subset of
agents (e.g., position-based target-fencing controllers [20-22]), each USV in this
chapter has access to the bearing information o; between itself and the target vessel,
where such kind of bearing is an integral part of the bearing-only target estimator
(8.19). The key reason is that o; is measured in each USV’s coordinate system and
cannot be directly shared among USVs, where this assumption is widely accepted
in the literature on bearing-only methods (see, e.g., [33-35]).

To lay the groundwork for the main technical result, we first need to introduce the
following lemmas.
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Lemma 8.1 ([35]) Consider a perturbed system
X =A(,d(t)x + h(t), (8.21)

where x € R", h(t) € R", d(t) € D denotes a time-varying function, and A : RT x
D — R"™" is a continuous and globally bounded function. If the nominal system
X = A(t, d(t))x is uniformly globally exponentially stable and h(t) is bounded with
lim;_, o h(t) = 0, one has that lim;_, o, x(t) = 0.

Lemma 8.2 ([37]) For a connected and symmetric matrix L € R"*", the following
holds:

T

min Y S () > 0. (8.22)
1Tx=0,x20 ||x]2

Lemma 8.3 ([35]) Consider a nominal system

~ _ - _T~

qq; = —0i0; qd.is (8.23)
where @y *=qa.; — qa.i € R? denotes the estimated error given in (8.26), and ;, i €
YV, is aunit vector perpendicular to o; with respect to the angle Z6; = ¥; + o; — /2
in Fig.8.1. Then, one has that

lim gy,(1) =0,
— 00

i.e, 0;(t),i €V, is persistently exciting [38], if B in (8.20) fulfills the following
condition

B >2mcq+ p+ B (8.24)

where B* € R is a constant and c4 € RT denotes the control gain in (8.20).

Lemma 8.4 Consider the estimator of the state qq ;, pa given by (8.1), (8.3), (8.18),
(8.19), it holds that

tlirgﬁd,,-(t) = qa,i, Im Pa.i(t) = pa, (8.25)
if B in (8.20) satisfies (8.24) in Lemma 8.3.
Proof We define g, ;, Py to be the estimated errors,

Ga.i *=qa.i — qd.i> Pd.i ‘= Pd.i = Pd- (8.26)
which implies that

Ga: =qui — Gai» Dai = Pai- (8.27)
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It follows from Eqs. (8.3), (8.19) and (8.27) that

Ggi=—ca(— 0:00)(Gai + qai) + Pais
Pai=—c(I — 00 (i + qai)- (8.28)

From the condition that

qd,i QJ,[
- qd,i =
lga.ill lga.:ll

(I —0;01)qa; = qa,i

and

- =T T
0;0; =1 —o0;,

it can be deduced that

[qg,i} A [qg,z} (8.29)
Pa Da
with
- =T
_ | —cioi0; 1

Here, o; represents the unit vector perpendicular to o;, with an angle Zo; = ¥; +
«; — 75 asdepicted in Fig. 8.1. The convergence of the error dynamics given by (8.29)
is ensured if the matrix A is Hurwitz. This is equivalent to demonstrating that o; for
i € Vis persistently exciting [38].

According to Lemma 8.3, it follows that o; is persistently exciting for a suitably
chosen 8 in (8.24). Consequently, the estimated errors gy ;, pg.; Will converge.

lim gy ,;(t) =0, lim p,;(t) =0, (8.31)
—00 —>00
the proof is thus completed. ]

Remark 8.2 The inequality B8 > 2mcs + p) + B* in Eq.(8.24) ensures that all
USVs continuously orbit the moving target vessel under the bearing-only protocol
(8.20). This condition guarantees that 6;(¢), i € V, as given in (8.29), is persistently
exciting, which is necessary for the convergence of the estimator (8.19) as shown in
Lemma 8.4. This differs from conventional fencing strategies, where agents simply
maintain fixed relative positions around the moving target (see, e.g., [17, 18, 26]).

Remark 8.3 Given that ¢4 in (8.24) is a control gain designed for the controller
(8.20) and B* € R™ is a predetermined constant, the parameter 8 can be set in
advance to meet the condition (8.24), ensuring all parameters are feasible in practice.
To mitigate the need for global information pj, B can be estimated by using an
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overestimate p. Specifically, if each USV uses a value p}; > p3, then B can be
chosen to satisfy 8 > 2mcs + p + B*, thus avoiding the requirement of knowing
P < Z)j. Moreover, the controller (8.20) can be implemented in a distributed manner
because all necessary parameters for condition (8.24) can be set before executing the
individual control laws.

Theorem 8.1 Given Assumptions 8.1 through 8.2, the closed-loop system consisting
of (8.1), (8.3), (8.19), and (8.20) successfully solves Problem 8.1, with the conditions
lim, oo u; () =0, 1im;_ o Vi () = 0 being satisfied.

Proof 1t follows from the controller (8.20) and the closed-loop system (8.17) that

bi | _| e3(pa— Pi) + cos 0;Vy +sin6;vy N ij| [ cos6; sing; vd
0i0; c4(si — ;-) + B —sin6;Vx + cos 6; vy Vi —sin6; cosb; v;l

= [64(2(fd§i_—§)ij-; ]-7; O)i] (8.32)
where
ni =it; + cos 6; Gy — v¥) + sin6; ¥, — V;{),
w; =V; — sinb; v, — vjf) + cos 6; (v, — vi),
which implies that the closed-loop system is decoupled to be
bi =c3(pa — Pi) + i,

c(si—gi-)+ B Lo
Pi Pi

b, = (8.33)

Based on the condition of lim, o ;(t) =0, lim,_7;(f) =0, it, together
with (8.17) gives that

tllglo ui(t) =0, tlingo vi(t) =0. (8.34)

Additionally, it follows from Lemma 8.4 that (8.3) that
lim V(1) — vl =0, lim V(1) — vl =0. (8.35)
Then, according to Egs. (8.34), (8.35) and 7;, w; in Eq. (8.32) together, one has that
lli)rgo ni(t) =0, tll)rgo w;(t) =0. (8.36)

Define p; := p; — pq to be the radius error, and take the temporal derivative of o;
along the dynamics of (8.33)

0: = c3(pa — pi) + c3(pi — Pi) +ni = —capi + i (8.37)
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where 7; = ¢3(p; — p;) + ;. Meanwhile, recalling the estimated g, ; and p, in
Lemma 8.4, one has that

lim (1) = 11ga.i (DI = pi(0), (8.38)

which further follows from Egs.(8.36) and (8.38) that lim,_ . n;(t) = 0. By
formulating Eq. (8.33) in a compact form to be

0 =—cp+1, (8.39)

with 5 = [P, P2, ..., Pp]" and 77 = [71, 72, . .., 71,]T € R™. We select a Lyapunov
function V (p) = % P 7, satisfying

V@) =—c3p p+07 < —(1 —m)eslpll? + 1817l — micslIpl) — (8.40)
with m; € (0, 1). In this way, it can be deduced that
V(p) < —(1 —mes|Ipll,

if |1l > 1711/ (mic3). If [|(0) || = [177(0)]I/(m1c3), then V() < 0, which indicates
that ||p(r)|| approaches the ball of radius ||7]|/(mc3). Otherwise, or, ||[p(0)| <
17(0) ||/ (myc3), it is clear that ||p(0)| has already been in the ball of radius
1711/ (mic3). Both scenarios fulfill the definition of ISS [24], which implies that
for any initial condition ||3(0)], V(p) < 0. Consequently, the closed-loop system
(8.39) is ISS with respect to ||, satisfying the following condition

151 < BUABON, 1) +y( sup 7)), ¥r > 0. (8.41)

0<t<t

Here, B(-) is a K L function with k; = 1/(mc3) as the system gain (see [40]). Given
that lim;_, , 77; (#) = 0 and the KL function satisfies lim;_, ., B((||2|l, £)) = 0, one
has that lim;_, o, 0(t) = 0 in Eq. (8.41).

Next, we will prove that the USVs are evenly distributed around the moving target
vessel. Referring to the definition of ¢; in (8.7), it can be derived from (8.33) that

. s ca(Gir —s)+ B (i —G )+ B wir o
Gi =0+ — 6 = — L2
Pi+ Pi Pi+ Pi
i+ — 26+ G
_cler Z26 G | G o (8.42)
Pd Pd

where i*, i~ denotes the pre-neighbor and next-neighbor of the USV i, respectively,
and
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. (it —si)(pir —pa)  (Si — Gi-)(pi — pa)

i -

Pi+ Pi
l_ ::,3(,01‘+ - pi) 4 QP T @ipie (8.43)
Pi Pi+ Pi Pi+
Rewrite (8.42) in a compact form to be
. c c
c=— 2L V) + —e +w, (8.44)
Ld Pd
where ¢ =[c1, 62, ....cul", € =1, €2, ....&]", @ =[w1, @2, ..., w,]" and

L(V) € R™" is a Laplacian matrix corresponding to the strongly connected graph
GV, E).

Define € = [Z], &, ..., 1T € R” to be the error vector between the separation
angles and the desired angles as

E=1®7—g (8.45)

where a vector 1 € R”. Then, it follows from Eqgs. (8.44) and (8.45) that

L C c c 2T o c
=L Vs + Zetw = —4L((V)(1 ® — — g) + et (846)
Pd Pd Pd n 0d

Note that ¢;, w; is

. ::(9’ — Git)(pir —pa) (G- = Gi)(pi — ,Od)' (8.47)
Pi+ i

From the fact that the matrix L (V) satisfies L(V)1 = 0, the dynamic of Cin (8.46)
is

~ C. ~ C
E=—2LV)C+ L+ w. (8.48)
Pd Pd

At the same time, it, together with Eq. (8.41), gives that

pi() Zpa — BUIBON, 1)) — y( sup 7)) (8.49)

0<tr<t

Since B(|(O]l, 1)) > 0, y(sup [7(x)|]) > O satisfies lim,_,oc B(([|2]l. 1)) = O and
lim,_, » 7; (t) = 0, one has that there exists #; > O such that p;(t) > p,i € V,t > t
with a constant 5 > 0 and p; > 0. Due to ¢; — ¢;+ < 2w, i € V, it can be deduced
from Eqgs. (8.43) and (8.47) that
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27| pi+ — pal | 2m|pi — pal Blpi+ — pil

wi+ wj
el < + , il < = + —+ —, (8.50)
P P P

which indicates that ||€;||, ||z; || are both bounded. Additionally, it can be deduced
from Eqgs. (8.36) and (8.41) that lim;_,  ||€;]| = 0, lim;_  ||@;|| = 0, which indi-

cates that

. c
lim —[le(®)]| + @ (1)]| =0, (8.51)
—>00 Iod
where 0 € R” is a zero vector. We consider a nominal system of (8.48) to be
~ Cq ~
c=——L(V)g. (8.52)
Pd

Since G(V, &) is time-changing during the target fencing mission, we select a
Lyapunov candidate to be

U D
V(©) =55Tg, (8.53)

which is piecewise continuously differentiable. Given that the topology G(V, &)
remains unchanged, the corresponding L (V) is symmetric and strongly connected.
Taking the right upper Dini temporal derivative of V (<) (see [19]) along the trajectory
described by (8.52), we obtain

~ 1 ~T AT~ C4 ~ ~
DTV(%) = 5(5% +59= - TLWV)ST. (8.54)

From the condition that 17¢ =27 —1T¢ =27 — 27 =0, ¢ # 0 and Egs.(8.7)
and (8.45), it, together with Lemma 8.2, gives that

dv(@) _
dr  —

— @)1z~ (8.55)
Pd

Due to the minimal-neighbor strategy outlined in Assumption 8.2, the graph G(V, &)
belongs to a finite set. Furthermore, there exists a lower bound y > 0 such that
M (L(V)) > x, which implies that

WE) Sz <o, (8.56)
dt Pd

Then, ¢ in the nominal system (8.52) satisfies lim,_, o, ¢;(¢) = 0, exponentially.
According to Lemma 8.1 and (8.51), it follows that the perturbed system (8.48)

satisfies 1im;_, o, ¢(¢) = 0, which means lim,_, o, ¢; () = 27 /n as stated in (8.8),

resulting in an even phase distribution. Thus, the proof is completed. (]
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Remark 8.4 The proposed estimator (8.19) is more economical because it relies
solely on bearing information about the moving target vessel, without needing to
know the target’s velocity. This is in contrast to the frameworks discussed in [33—
35], where it is typically assumed that only a subset of agents can access the target’s
velocity. Bearing sensors are generally less expensive than velocity sensors, making
the proposed approach less costly.

8.3.2 Vessel Regulation Control

After completing the target fencing mission for the multi-USV system with upper-
level signals u} and v/, and ensuring that u;, v; approach zero, we can proceed to
address Problem 8.2. This involves designing the actuator inputs t; 1, 7; » for the USV
i, governed by the dynamic system (8.2), so that u; and v; converge to u} and v;,
respectively.

According to u;, v; in Eq. (8.16), one has that the actuator inputs 7; 1, 7; » for USV
i are designed

1
.r r r ~
Ti1 =ﬁ(u,-u,- —kuiu; — kouivir; — ciu;i;),
Su!

1

1
Ti2 =k—(—k4"i —c3r + 7)), (8.57)
5

where c{, ¢3, c3 € R are positive parameters to be designed later, 7; and r] the yaw
velocity error and the desired yaw velocity, respectively, to be formulated as

L, L
ri=r;—71;, 1] = ——(—kevi +V; — c2V;). (8.58)
k7ui

Theorem 8.2 A USV dynamic system, governed by (8.2) and (8.57), will solve
Problem 8.2 by ensuringlim,_, o i (t) = 0andlimt — oov;(t) = O for the designed
signals u and v}, only if the initial condition u;(0) > 0 is satisfied.

Proof From the definition of %; in (8.16) and the dynamic equation u; in (8.2), one
has that

i[,' =ku; +koviri + k3t — Ltlr (8.59)

Then, it follows from Egs. (8.57) and (8.59) that

. 1
~ . r r ~ .
u; =ku; + kpvir; +k3(—k ”; Wiu; — kyuju; — koujvir; — cruiu;) | —u;,
3%

. r . r ~
Uy —u;u; — Cruil;

= i (8.60)

u
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Since the closed-loop system (8.60) is time-invariant, and according to the definitions
of non-autonomous and autonomous systems given in [24], this indicates that (8.60)
is an autonomous system. Then, we select a Lyapunov function candidate to be

u; — u’ 2
Vi(ui,up) = < ) ; (8.61)
Ui
whose temporal derivative along the trajectory of (8.60) is
~'2.'_.r_A/l2'.' ,vz
Vi, ) :2u,ul (u; uz) 2u7uin, _ _26‘1214, <o. (8.62)
Uu. us

l 1

It follows that V (u;, u!) = Oonly when i = 0. This implies that the largest invariant
setin {u;| V(u i» u;) = 0} consists solely of the point {«}}, making this invariant set a
compact (bounded and closed) set. According to LaSalle’s invariance principle [24],
the trajectory of u; converges to u;, i.e., lim, u;(t) =0.

Additionally, V (u;, u}) is also bounded. The initial condition #; (0) > 0 provided
in Theorem 8.2 guarantees that u; () > 0 for all future times. This will be utilized in
the next proof to establish that lim;_, . v; (r) = 0.

Substituting the desired yaw velocity r/ in Eq. (8.58) into the dynamic v; in (8.2)
yields

T‘;i = k¢v; + k7u,~ri’ + kqu;7; — Vlr = —CoV; + kqu;T;. (8.63)

From the dynamic equation 7; in (8.2), it can be deduced that the derivative of 7; in
(8.58) is

Fi = kar; +kstio — 7. (8.64)

Analogously, combining Eqgs. (8.57) and (8.64) together yields
< 1 ~ . . . ~
ri = kqri + ks (k—(—km — a3+ ”ir)> —Fj = —caTi, (8.65)
5

which indicates that lim;_, o, 7; () = 0 exponentially.

Due to the upper-level signals u, v/ and the signal error u; are all bounded,
one has u; is bounded, which implies that lim,_, o k7u;7; (£) = 0. Considering the
dynamic of V; in Eq. (8.63), one can conclude that lim,_,, V; () = 0 exponentially,
which completes the proof. (]

Remark 8.5 The term 7; ; in (8.57) not only facilitates convergence to u}, but also
ensures that u;(¢#) > 0 as long as u;(0) > 0. This is essential for maintaining the
desired yaw velocity r; as defined in Eq. (8.58), thereby providing an improvement
over the existing work in [17].
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Fig. 8.3 Closed-loop structure of the bearing-only target-fencing controller for multi-USV systems

8.4 Algorithm Verification

In this section, we conduct bearing-only target-fencing experiments using our indoor
multi-USV platform, which includes a motion capture system with eight Optitrack
Flex 3 infrared cameras, a monitor station, three 300 mm-long 3D-printed HUSTER-
0.3 USVs, a target vessel, and a pool measuring 4000 mm x4000 mm x 500 mm, as
shown in Fig. 8.4. Each USV is equipped with two 5V DC motors, two 150 mm trans-
mission shafts, two Freescale Mini256ABC speed encoders, onboard 2.4 GHz wire-
less components (NRF24L.01), three infrared emitters (peak wavelength: 850 nm),
two LEDs, and an LI-PO battery (7.4 V, 1300mAh, 25C). All these components are
controlled by a microcontroller (STM32F103CBT®6). For detailed information on the
components and parameter settings, refer to [26].

The working principle of the platform is outlined as follows: First, the motion
capture system detects the embedded infrared emitters on each USV using multiple
infrared cameras, allowing it to calculate the positions and velocities of the USVs

Fig. 8.4 The real map of the
indoor multi-USV platform
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with high accuracy-+3mm for position and 5 mm/s for velocity. Next, the monitor
station calculates the bearing angles between the target vessel and the USVs based
on the detected positions and velocities. These bearing angles are then transmitted to
each USV via 2.4 GHz wireless components at a frequency of 100 Hz. Additionally,
using the neighboring bearing angles as described in Assumption 8.2, the separation
angles between pre- and next-neighbors are also communicated among the USVs via
the wireless network. This enables each USV to estimate the target’s velocity based
on the neighboring bearing angles, allowing it to generate the individual control
signals needed to perform the target fencing mission.

Precisely, the multi-USV system includes three USVs and a target vessel. We
performed classical zigzag tracking experiments (refer to [17]) and collected data
with a sampling interval of 0.1s. Through least squares identification on this
data, the dynamic parameters k; for i = 1,2,...,7 were estimated as follows:
k1 =0.9969, k, = —0.0731, k3 =0.00062, k4 = 0.2491, ks =0.00014, k¢ =
0.9877 and k7 = 0.0081. At the start of the experiment, the three USVs were
randomly positioned within the pool area of [—1000, 0)lmm x [—1500, 0] mm,
with the total pool size being [—1500, 2500l mm x [—2000, 2000] mm. The ini-
tial velocities for the USVs were set as u;(0) = 10mm/s, v;(0) = Omm/s, and
r;(0) = Orad/s for i = 1, 2, 3. The target vessel’s position was randomly placed
within [0, 500] mm x [0, 500] mm, and its velocity was set to p; = [40, 401" mm/s,
ensuring || pq|l < p); = 80mm/s according to Assumption8.1. The desired radius
was set to p; = 500mm. Following Theorem 8.1, we configured the estimator and
controller parameters as c; = 1, ¢; = 0.01, ¢3 = 1, and ¢4 = 1. Given these settings
and the desired radius, we selected 8 = 200 for (8.20), which satisfies the condition
in (8.24) with 8* = 20. The actuator input parameters for (8.57) were chosen as
cs =2,c¢ = 1.2, and ¢7 = 2, in accordance with Theorem 8.2.

Based on the fencing behavior described in Theorem 8.1, Fig. 8.5 demonstrates the
fencing trajectories of three USVs around a moving target vessel, which illustrates
that all USVs effectively fence and rotate evenly around the target using only bearing
measurements. Figure 8.6 shows the convergence of the estimated relative position
errors gq,1 = 1,2,3, and the estimated relative velocity errors py,,i = 1,2, 3,
between the USVs and the target vessel. Figure 8.7 indicates that the relative distances
pi,i =1,2,3, converge to the desired radius p; = 500 mm, with the separation
angles approaching 120° within less than 30s. This demonstrates the successful
target fencing as defined in Definition 8.1. Additionally, Fig. 8.8 captures a snapshot
of the steady-state target fencing at the 24th second, as shown in Fig.8.5.

Remark 8.6 By applying least square identification to zigzag tracking data with per-
sistently exciting (PE) input signals, the vehicle parameter errors remain generally
bounded. These errors are effectively managed by the vessel regulation law (8.57).
The framework depicted in Fig. 8.3 integrates a high-level multi-vessel target fenc-
ing control with a low-level single-vessel regulation. This hierarchical closed-loop
system benefits from robustness against bounded identification errors, as guaranteed
by Theorem 8.1 and grounded in ISS theory. Consequently, experimental results
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Fig. 8.5 A bearing-only target fencing process of a motional target vessel with three USVs, where
the colored lines are the moving trajectories of the three USVs whereas the red dashed line is the
target vessel’s trajectory
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Fig. 8.7 Temporal evolution of the relative distances p;,i = 1,2, 3, and the separation angles
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Fig. 8.8 A snapshot of the
target-fencing mission with a
motional target vessel at 24th
second from the start

Follower vessel

demonstrate robustness against such errors (see Figs. 8.5, 8.6, 8.7 and 8.8). To fur-
ther enhance the multi-USV system’s robustness against larger identification errors,
one could incorporate terms for coefficient uncertainties and external noise into the
vessel dynamics model (8.2). Seeking robust formation controllers, as discussed in
recent developments (e.g., [39]), may provide additional support.

Remark 8.7 Note that the indoor multi-USV experimental platform incorporates
a collision avoidance mechanism. When the distance between any two USVs falls
below a specified safe threshold, the involved USV will enter a safe mode: the rear
USV will either slow down, deviate, or stop to avoid a collision until the distance
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exceeds the safe threshold again. After the safe distance is restored, the system will
revert to the original distributed fencing control laws (8.20) and (8.57). Collision
avoidance can be considered a disturbance to the closed-loop system, which makes
theoretical proof of motional target fencing convergence under these switching con-
ditions more challenging. Nevertheless, in a sufficiently large pool, each USV will
have enough space to perform collision avoidance maneuvers effectively. As the
USVs gradually form a near-circular arrangement, they will remain sufficiently sep-
arated, reducing the need for further collision avoidance. Consequently, the proposed
controllers (8.20) and (8.57) demonstrate robustness against disturbances caused by
collision avoidance, thereby ensuring the effectiveness of motional target fencing.

8.5 Conclusion

In this chapter, we have developed and demonstrated a distributed bearing-only con-
trol strategy for networked USVs to achieve target fencing around a moving vessel.
The proposed method has offered the advantage of calculating desired surge and
sway velocities at the upper level, enabling the USVs to rotate uniformly around the
moving target based solely on bearing measurements. Additionally, a single-vessel
regulation has been employed to track these upper-level commands. The effective-
ness of this control approach has been validated through experiments on an actual
multi-USV platform. Future work will focus on enhancing the multi-USV fencing
controller to handle challenges such as intermittent bearing measurements, commu-
nication delays, significant identification errors, strong external disturbances (like
waves and tides), and the management of multiple moving targets.

References

1. E. Lefeber, K.Y. Pettersen, H. Nijmeijer, Tracking control of an underactuated ship. IEEE
Trans. Control Syst. Technol. 11(1), 52-61 (2003)

2. H. Ashrafiuon, K.R. Muske, L.C. McNinch, R.A. Soltan, Sliding-mode tracking control of
surface vessels. IEEE Trans. Ind. Electron. 55(11), 40044012 (2008)

3. K. Shojaei, Neural adaptive robust control of underactuated marine surface vehicles with input
saturation. Appl. Ocean Res. 53, 267-278 (2015)

4. W.He,Z. Yin, C. Sun, Adaptive neural network control of a marine vessel with constraints using
the asymmetric barrier Lyapunov function. IEEE Trans. Cybern. 47(7), 1641-1651 (2017)

5. N. Wang, H. He, Dynamics-level finite-time fuzzy monocular visual servo of an unmanned
surface vehicle. IEEE Trans. Ind. Electron. 67(11), 9648-9658 (2019)

6. Z.Peng,J. Wang, Q.-L. Han, Path-following control of autonomous underwater vehicles subject
to velocity and input constraints via neurodynamic optimization. IEEE Trans. Ind. Electron.
66(11), 8724-8732 (2018)

7. B. Liu, H.-T. Zhang, H. Meng, D. Fu, H. Su, Scanning-chain formation control for multiple
unmanned surface vessels to pass through water channels. IEEE Trans. Cybern. 52(3), 1850—
1861 (2020)



194 8 Bearing-Only Fencing via Persistent-Exciting Condition

8. N. Wang, G. Xie, X. Pan, S.-F. Su, Full-state regulation control of asymmetric underactuated
surface vehicles. IEEE Trans. Ind. Electron. 66(11), 8741-8750 (2019)

9. Z.Peng,J. Wang, D. Wang, Q.-L. Han, An overview of recent advances in coordinated control
of multiple autonomous surface vehicles. IEEE Trans. Ind. Inform. 17(2), 732-745 (2020)

10. L. Liu, D. Wang, Z. Peng, T. Li, C.L.P. Chen, Cooperative path following ring-networked
under-actuated autonomous surface vehicles: algorithms and experimental results. IEEE Trans.
Cybern. 50(4), 1519-1529 (2020)

11. D. Li, G. Ma, W. He, S.S. Ge, T.H. Lee, Cooperative circumnavigation control of networked
microsatellites. IEEE Trans. Cybern. 50(10), 45504555 (2019)

12. M. Hassan, E. Aljuwaiser, R. Badr, A new on-line observer-based controller for leader-follower
formation of multiple nonholonomic mobile robots. J. Franklin Inst. 355(5), 2436-2472 (2018)

13. K. Shojaei, Observer-based neural adaptive formation control of autonomous surface vessels
with limited torque. Robot. Auton. Syst. 78, 83-96 (2016)

14. Z.Sun, G.Zhang, Y. Lu, W. Zhang, Leader-follower formation control of underactuated surface
vehicles based on sliding mode control and parameter estimation. ISA Trans. 72, 15-24 (2018)

15. F. Chen, W. Ren, Y. Cao, Surrounding control in cooperative agent networks. Syst. Control
Lett. 59(11), 704-712 (2010)

16. Y.Lan, G. Yan, Z. Lin, Distributed control of cooperative target enclosing based on reachability
and invariance analysis. Syst. Control Lett. 59(7), 381-389 (2010)

17. B. Liu, Z. Chen, H.-T. Zhang, X. Wang, T. Geng, H. Su, J. Zhao, Collective dynamics and
control for multiple unmanned surface vessels. IEEE Trans. Control Syst. Technol. 28(6),
2540-2547 (2019)

18. Z. Chen, A cooperative target-fencing protocol of multiple vehicles. Automatica 107, 591-594
(2019)

19. J. Guo, G. Yan, Z. Lin, Local control strategy for moving-target-enclosing under dynamically
changing network topology. Syst. Control Lett. 59(10), 654-661 (2010)

20. X.Yu, L. Liu, Distributed circular formation control of ring-networked nonholonomic vehicles.
Automatica 68, 92-99 (2016)

21. X. Yu, L. Liu, Cooperative control for moving-target circular formation of nonholonomic
vehicles. IEEE Trans. Autom. Control 62(7), 3448-3454 (2016)

22. S. Shoja, M. Baradarannia, F. Hashemzadeh, M. Badamchizadeh, P. Bagheri, Surrounding
control of nonlinear multi-agent systems with non-identical agents. ISA Trans. 70, 219-227
(2017)

23. Y.J. Shi, R. Li, K.L. Teo, Cooperative enclosing control for multiple moving targets by a group
of agents. Int. J. Control 88(1), 80-89 (2015)

24. K.H. Khalil, Nonlinear Systems (Prentice Hall, Upper Saddle River, 2002)

25. C.Li, L. Chen, Y. Guo, Y. Lyu, Cooperative surrounding control with collision avoidance for
networked Lagrangian systems. J. Franklin Inst. 355(12), 5182-5202 (2018)

26. B.-B. Hu, H.-T. Zhang, J. Wang, Multiple-target surrounding and collision avoidance with
second-order nonlinear multiagent systems. IEEE Trans. Ind. Electron. 68(8), 7454-7463
(2020)

27. Z. Peng, Y. Jiang, J. Wang, Event-triggered dynamic surface control of an underactuated
autonomous surface vehicle for target enclosing. [EEE Trans. Ind. Electron. 68(4), 3402-3412
(2020)

28. X. Jin, Fault tolerant finite-time leader-follower formation control for autonomous surface
vessels with LOS range and angle constraints. Automatica 68, 228-236 (2016)

29. B.-B. Hu, H.-T. Zhang, B. Liu, H. Meng, G. Chen, Distributed surrounding control of multiple
unmanned surface vessels with varying interconnection topologies. IEEE Trans. Control Syst.
Technol. 30(1), 400-407 (2021)

30. L.Kou, Z. Chen, J. Xiang, Cooperative fencing control of multiple vehicles for a moving target
with an unknown velocity. IEEE Trans. Autom. Control 67(2), 1008—-1015 (2021)

31. R.Zheng, Y. Liu, D. Sun, Enclosing a target by nonholonomic mobile robots with bearing-only
measurements. Automatica 53, 400-407 (2015)



References 195

32.

33.

34.

35.

36.
37.

38.

39.

40.

R.Li, Y. Shi, Y. Song, Localization and circumnavigation of multiple agents along an unknown
target based on bearing-only measurement: A three dimensional solution. Automatica 94, 18-25
(2018)

M. Deghat, 1. Shames, B.D. Anderson, C. Yu, Localization and circumnavigation of a slowly
moving target using bearing measurements. IEEE Trans. Autom. Control 59(8), 2182-2188
(2014)

Z. Yang, S. Zhu, C. Chen, G. Feng, X. Guan, Entrapping a target in an arbitrarily shaped orbit
by a single robot using bearing measurements. Automatica 113, 108805 (2020)

L. Dou, C. Song, X. Wang, L. Liu, G. Feng, Target localization and enclosing control for
networked mobile agents with bearing measurements. Automatica 118, 109022 (2020)

T.I. Fossen, Handbook of Marine Craft Hydrodynamics and Motion Control. (Wiley, 2011)
R. Olfati-Saber, R.M. Murray, Consensus problems in networks of agents with switching
topology and time-delays. IEEE Trans. Autom. Control 49(9), 1520-1533 (2004)

S. Sastry, M. Bodson, Adaptive Control: Stability (Courier Corporation, Convergence and
Robustness, 2011)

B.S. Park, S.J. Yoo, Connectivity-maintaining and collision-avoiding performance function
approach for robust leader-follower formation control of multiple uncertain underactuated
surface vessels. Automatica 127, 109501 (2021)

A. Isidori, Nonlinear Control Systems II (Springer Science & Business Media, UK, 2012)



Chapter 9 ®)
Summary and Future Work st

In this chapter, we summarize the whole monograph and further discuss future
research topics of coordinated fencing missions.

9.1 Summary

This monograph has deeply explored the cooperative multi-robot fencing algorithm
design and experiments. Compared with previous multi-robot fencing formation
algorithms, the distinctive features of this monograph can be summarized as follows.

1. Firstly, most of the existing algorithms still focus on fixed-ordering fencing under
fixed topologies. In contrast, this monograph delves deeper into convex-hull fenc-
ing, theoretically exploring more complex time-varying topology fencing, and
achieving the flexible-ordering fencing formation.

2. Secondly, most of the existing fencing works remain at simple linear systems
and typically consider controllers based on position feedback. This monograph
integrates the complex USV dynamics, taking into account multiple factors such
as bearing constraints and rotating formations, which thus brings it closer to
practical applications.

3. Thirdly, most of the fencing works often remain in the stage of simulation vali-
dation. This monograph considers the cooperative fencing experiments using the
self-established multi-USV platform, which further validates the effectiveness of
the proposed algorithms, and thereby makes the conclusions more reliable and
practically valuable.
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Despite this monograph investigating a series of studies on the theory and
application of cooperative fencing control, it still has limitations.

1. InChap.2, adistributed controller for the basic fencing problem of constant-speed
targets is proposed, but it is limited to a constant-speed target.

2. In Chap. 3, we only focus on complex cooperative fencing control, primarily con-
sidering the uniform rotating formations and intermittent topology disturbances,
but the target remains a constant-speed target as well, without addressing the
challenging scenarios with a varying-velocity target.

3. In Chap.4, we further explore the complex fencing of a varying-speed target, but
the target dynamics are limited to some extent known, without considering the
cooperative fencing problem where the target dynamics are completely unknown.

4. In Chap. 5, we propose the formal method for cooperative fencing of multi-robot
systems. However, due to the CBF functions requiring smooth boundaries of
functions, one has that such kinds of methods cannot apply to the polygon obstacle
environments, which requires further investigations.

5. In Chap. 6, we leverage the adaptive controller for fencing multiple targets with
different speeds, but only consider bounded speed variations, and collision avoid-
ance between robots. It does not address the multiple targets with randomly
varying speeds and collision avoidance between robots and multiple targets.

6. InChap.7, we consider the flexible fencing and subgrouping for multiple scattered
targets. However, due to the introduction of mixed-integer quadratic programming
(MIQP), such kind of methods require a high computation burden, which cannot
be extended to a large-scale scenario. Additionally, it also cannot be used in
polygon-obstacle environments as well.

7. In Chap. 8, we propose a cooperative fencing algorithm relying solely on bearing
information. However, it only simulates bearing using multi-camera positioning
systems and differential GPS calculations, without using monocular cameras to
directly obtain bearing information. Meanwhile, the current work only considers
a single type of sensor, without involving heterogeneous sensors.

In general, Chaps.2-8 focus on distributed cooperative fencing control in open
environments, achieving good simulation and experimental results. However, they
have not been combined with more complex fencing tasks and dynamically chang-
ing narrow environments, including moving obstacles, and irrelevant targets. The
limitations mentioned above will be further addressed and improved in future work.

9.2 Future Work

The research on cooperative fencing of multi-robot systems has been a hot topic in
the robotics community. Although this monograph has conducted some research on
the design and practical application of distributed cooperative fencing algorithms, it
is still in the initial stage. There are still various unresolved issues that require further
investigation in future work.
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1. (Heterogeneous Coordination) Currently, most of the works on multi-robot
cooperative fencing only consider the fencing tasks of homogeneous robots. These
algorithms focus on how to drive a single type of robot to complete the coopera-
tive fencing of a target, which is often only suitable for simple task scenarios. In
some real-world scenarios, multiple types of robots with different features may be
involved, which is necessary to fully utilize the different advantages of each type
of robot and coordinate the impacts of differences among them to complete the
corresponding fencing tasks. Therefore, one of the future directions can consider
the cooperative fencing of heterogeneous robots, which may include multi-task
allocation and real-time scheduling. Additionally, conducting multiple tasks in
parallel according to actual scenarios is another interesting topic.

2. (Cross-domain Coordination) Currently, most of the works on multi-robot coop-
erative fencing only focus on designing 2D fencing missions for USVs or UG Vs,
which results in these algorithms being suitable for some unobstructed environ-
ments. However, in real environments, in addition to USVs and UGVs, there may
also be a requirement for the coordination of UAVSs, involving cooperative fencing
control for the target in the air. Furthermore, other constraints such as obstacles,
ships, buoys, channels, and reefs can significantly impact the control signals,
making the fencing mission difficult to achieve. Therefore, one of the future
directions can consider distributed cross-domain planning and decision-making
of multi-robot systems, which is more challenging to design the distributed real-
time planning of each robot’s desired path and control signals in dynamic environ-
ments. It can enhance the practical application potential of cooperative operations
with unmanned vehicles.

3. (Game-Theoretic Fencing) Currently, most of the works on multi-robot cooper-
ative fencing only assume individual homogeneous intelligence, where the target-
fencing mission is always achieved through collective motion of robots. Therein,
the target’s position usually is available and the target behaves cooperatively as
well, typically being passively fenced without the awareness to actively escape. In
reality, due to different performances among individual robots, they may exhibit
individual intelligence while completing the overall fencing mission, aiming to
minimize their costs as much as possible. The target also possesses intelligence
and is capable of actively evading the fencing. One of the future directions can
consider relevant game theory, focusing on the competitive game situation among
individual robots during the fencing process, as well as the pursuit—escape game
between the individuals and the target, making cooperative fencing intelligent.
Moreover, due to the introduction of the game theory, there are some theoretical
directions such as Nash equilibrium searching and convergences analysis, which
are also very interesting.
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4. (Formal Feasibility Analysis) Currently, most of the works on multi-robot coop-
erative fencing mainly focus on how to achieve the fencing task as a coop-
erative control objective, without considering the problem feasibility. In other
words, there are few works considering whether the target-fencing mission can
be achieved or not. Specifically, when facing a complex fencing problem, one of
the future directions can consider how to quickly determine whether a feasible
solution exists, i.e., finding sufficient and necessary conditions for individuals to
achieve cooperative fencing.
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