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Résumé: Dans cette thése, nous abordons
des problémes de commande de systémes
multi-agents sous contraintes, avec des in-
teractions coopératives et compétitives, en
présence de leaders multiples. Certaines
de nos contributions traitent des problémes
de consensus biparti pour des systémes
linéaires de premier et de second ordre
sur des réseaux contenant plusieurs lead-
ers ou sous contraintes inter-agents, ainsi
que pour des systémes non linéaires, par ex-
emple des robots manipulateurs sous con-
traintes et avec des perturbations. Nous
utilisons la théorie des graphes signés pour
traiter la présence d’interactions compéti-
tives.

Concernant les réseaux signés con-
tenant plusieurs leaders ou soumis a des
contraintes, nous étudions le probléme de
suivi de confinement biparti pour des sys-
témes de premier et de second ordres.
L’originalité de ce travail repose sur le
développement d’une nouvelle analyse de
stabilité pour les systémes multi-agents
contenant des interactions coopératives et
compétitives, plusieurs leaders et avec des
perturbations. L’analyse de stabilité re-
pose sur la théorie de Lyapunov, et nous

établissons des propriétés de stabilité et
de robustesse, au sens de la stabilité ex-
ponentielle et de la stabilité entrée-sortie,
via la construction de fonctions de Lya-
punov strictes. Nous considérons ensuite
des réseaux signés soumis a des contraintes
d’évitement des collisions et de maintien
d’une distance maximale ou de la connec-
ivite. Tou abord, nous concevons un
tivité. Tout d’abord,

nouveau controleur basé sur le gradient
d’une fonction de Lyapunov barriére garan-
tissant le respect des contraintes imposées
pour les systémes du premier et du second
ordre afin de résoudre le probléme de la
formation bipartie. Ensuite, nous consid-
érons des robots manipulateurs modélisés
par des systemes d’Euler-Lagrange et nous
raiton roblém rmation bipar-
traitons le probléme de la formation bipa
1 urs terminaux sou n-
tie des effecteurs te aux sous des co
raintes inter-agents et des perturbations.
t t t ts et d turbat
Nous utilisons une approche basée sur le
modele interne pour compenser les per-
urbations. u idér uite u
turbations. Nous considérons ensuite un
réseau de satellites soumis a des contraintes
d’évitement des collisions et de maintien
de la connectivité. Dans les deux cas,
nous établissons la stabilité asymptotique
du systéme en boucle fermée.
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Abstract: In this thesis, we address sev-
eral problems of control of multi-agent sys-
tems with competitive interactions, under
inter-agent constraints, and for the pres-
ence of multiple leaders. Some of our
contributions address problems of bipar-
tite consensus for linear systems, e.g., first-
and second-order systems over networks
containing multiple leaders or under inter-
agent constraints, and for non-linear sys-
tems, e.g., robot manipulators under con-
straints and with disturbance. We use the
signed graph theory to address the presence
of competitive interactions.

Concerning the signed networks con-
taining multiple leaders or under con-
straints, we study the bipartite con-
tainment tracking problem for first- and
second-order systems, and the originality
of this work relies on developing a new
stability analysis for multi-agent systems
containing cooperative and competitive in-
teractions, multiple leaders and with dis-
turbances.

The stability analysis relies on Lya-
punov theory, and we establish strong sta-
bility and robustness properties, in the
sense of exponential stability and input-to-
state stability, via the construction of strict
Lyapunov functions. Then, we consider
signed networks under collision avoidance
and connectivity maintenance constraints.
First, we design a new controller based on
the gradient of a barrier-Lyapunov func-
tion encoding the imposed constraints for
first- and second-order systems to address
the bipartite formation problem. Then,
we consider robot manipulators modeled
by Euler-Lagrange systems and address
the bipartite formation problem of end-
effectors under inter-agent constraints and
disturbances. We use an internal-model-
based approach to compensate for the dis-
turbance. Then, we consider a network
of satellites under collision-avoidance and
connectivity-maintenance constraints. In
both cases, we establish asymptotic stabil-
ity of the bipartite formation manifold.
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PREAMBLE

Coordination control of multi-agent systems consists in making several systems coordinate
their motion according to their mission objective and the constraints imposed between agents
or in the environment. It is used in many engineering applications. For instance, it is used in
Robotics to deploy several autonomous vehicles in an unknown and uncertain environment,
when the objective is to guide the vehicles to a safe zone while avoiding collisions between
agents and obstacles. This problem may also be related to problems addressed in opinion
dynamics, in which the agents’ behavior is studied in a social network, e.g., in a scenario
involving consumers that are influenced by their neighbors and external influential entities,
such as two competing marketers. In these scenarios, unlike the consensus problems widely
studied in the literature, the system may have multiple leaders that are either cooperative
or competitive, and there are distrust/dislike interactions between some agents.

Motivated by the above, the aim of this thesis is to design distributed control laws for
multi-agent robotic systems required to execute coordination tasks under the assumption
that these systems communicate over a network that comprises both collaborative and an-
tagonistic agents. More precisely, the objective is to control a swarm of autonomous vehicles
to gather and advance in formation or to be contained in a safe zone in realistic, constrained
environments. To that end, in the analysis of the control problems and the design of the
control laws, the following challenges are addressed:

Control in presence of cooperative and competitive interactions among agents.

Control in presence of multiple leaders in the network.

Control under inter-agent constraints.

Disturbance rejection.

ORGANIZATION OF THE THESIS

The dissertation is organized into five chapters addressing the problems posed above. The
first chapter is a brief summary of the state of the art prior to this thesis. The content of
the remaining chapters is explained below.

e Chapter 2: In this chapter we recall elements of graph theory used to model the dynam-
ics of multi-agent systems. Then, by revisiting the classical consensus algorithm for
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cooperative networks, we introduce the basic control law to address networks having
competitive interactions to achieve bipartite consensus. We also introduce important
properties of signed networks through simple examples. At the end of the chapter, we
introduce an alternative representation of the networks, called the edge-based formula-
tion.

e Chapter 3: In this chapter we address the bipartite containment tracking-control prob-
lem over structurally balanced and unbalanced signed networks with multiple cooper-
ative and competitive leaders for first-order and second-order systems. We present a
Lyapunov approach to analyze the exponential stability of the bipartite containment
tracking set by expressing the system in terms of two interconnected dynamical systems
evolving in orthogonal spaces: dynamics of the leaders and synchronization errors rel-
ative to the group of leaders. Thus, the bipartite containment problem is transformed
into one of stability of a set of appropriately defined errors. Then, we establish a bound
for the convergence set of the followers, as well as the limiting set points for all the
agents. Moreover, we provide strict Lyapunov functions. Disposing of strict Lyapunov
functions allows us to establish the system’s robustness with a bounded disturbance.
These results were originally presented in [1, 4].

e Chapter 4: In this chapter we present a BLF-based distributed control law to solve
the bipartite formation-consensus control problem for simple and double integrators
over structurally balanced, connected undirected, and structurally balanced, strongly
connected directed signed networks. The proposed control laws ensure that connectiv-
ity is maintained for all cooperative agents and that both cooperative and competitive
agents do not collide. We analyze the asymptotic stability of the system using Lya-
punov’s direct method.

These results were originally presented in |2, 5|.

e Chapter 5: In this chapter we address the problem of constrained bipartite formation
of cooperative-competitive Euler-Lagrange systems. We first study robot manipula-
tors and then flying spacecraft, both modeled by Euler-Lagrange equations, and we
consider structurally balanced and undirected signed graphs. First, we present a bipar-
tite formation control law based on the gradient of a barrier-Lyapunov function that
guarantees that robot manipulators’ end-effectors do not collide and stay within the
maximum distance imposed by the task requirements. Then, in order to deal with per-
turbed robot manipulators, we robustify our controller with an internal model-based
approach to reject disturbances. We establish asymptotic stability of the bipartite
formation manifold in the absence and the presence of disturbance. Next, we consider
networked satellites interconnected over a signed graph and under collision avoidance
and connectivity maintenance constraints. We establish asymptotic stability of the
bipartite formation manifold.

These results were originally presented in [3, 6].
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RESUME ETENDU EN FRANCAIS

La commande de systémes multi-agents permet de coordonner le mouvement de plusieurs
systémes en fonction de I'objectif de la mission qui leur est donné et des contraintes imposées
entre les agents et/ou par l'environnement. La coordination de systémes multi-agents est
utilisée dans de nombreuses applications techniques, telles que la robotique, pour déployer
plusieurs véhicules autonomes dans un environnement inconnu et incertain, ot 'objectif est
de guider les véhicules vers une zone stire tout en évitant les collisions entre les agents et
avec les obstacles. Ce probléme peut également étre lié aux problémes abordés dans la
dynamique des opinions, ot le comportement de chaque agent est étudié dans un réseau
social. Par exemple, dans le cas ol des consommateurs sont influencés par leurs voisins ou
par des entités influentes et extérieures, comme deux spécialistes du marketing concurrents.
Dans ces scénarios, contrairement aux problémes de consensus étudiés dans la littérature,
le systéme peut avoir plusieurs leaders qui sont soit coopératifs, soit compétitifs, et des
interactions de méfiance ou d’aversion entre certains agents.

Motivé par ces scénarios précédents, le but de cette thése est de concevoir des lois de
commande distribuées pour les systémes robotiques multi-agents qui éxecutent des taches de
coordination en prennant en compte les interactions coopératives et compétitives entre les
agents. Plus particuliérement, l'objectif est de controler un essaim de véhicules autonomes
pour qu’ils se rassemblent et avancent en formation ou pour qu’ils soient contenus dans une
zone sécurisée dans des environnements réalistes et contraints. A cette fin, dans lanalyse
des problémes de commande et la conception des lois de commande, les aspects suivants sont
abordés :

e [nteractions coopératives et compétitives entre les agents: La nature des interactions
de deux agents détermine si ces systémes interconnectés ont les mémes objectifs ou
non. Les interactions coopératives sont utilisées pour les agents censés collaborer a
I’exécution de la tache. Les interactions compétitives sont utilisées pour représenter
la présence de groupes d’agents ennemis, de zones dangereuses et d’obstacles dans le
systéme.

e Présence de multiple leaders dans le réseau: Les leaders sont utilisés afin de définir
les zones dangereuses a éviter et les zones de sécurité vers lesquelles les agents doivent
converger. Les leaders qui sont coopératifs avec les agents définissent la zone de sécurtié
vers laquelle les suiveurs doivent converger, tandis que les leaders compétitifs représen-
tent les obstacles et les zones dangereuses a éviter.
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e Contraintes inter-agents: Dans cette thése, nous utilisons les distances relatives
pour garantir la sécurité et le succeés de la mission du systéme multi-agents. Cela
signifie que, pour que la mission réussisse, les agents doivent toujours rester a portée de
leurs capteurs afin que I’échange d’informations se poursuive et que la connectivité soit
maintenue. De plus, pour assurer la sécurité du systéme, les agents doivent également
éviter les collisions avec les obstacles, les agents ennemis présents dans I’environnement,
ainsi qu’avec les autres agents de leur équipe.

e Perturbations: Dans les environnements réalistes des systémes robotiques, il existe,
par exemple, des perturbations aérodynamiques, qui sont généralement inconnues et
variables, et qui peuvent avoir un impact important sur les performances des véhicules.

Cette thése se concentre sur les aspects présentés ci-dessus et nous les adressons en
reformulant les problémes de commande comme des problémes de stabilisation. A cette fin,
nous utilisons la théorie de Lyapunov et étendons certains travaux récents sur celle-ci pour
les systémes multi-agents.

L’ORGANISATION DE CETTE THESE

Ce mémoire est organisé en cing chapitres traitant les problémes posés ci-dessus. Le premier
chapitre est un bref résumé de 1’état de 'art avant cette thése. Le contenu des autres
chapitres est expliqué ci-dessous.

e Chapitre 2 : Dans ce chapitre, nous rappelons les éléments de la théorie des graphes util-
isés pour modéliser la dynamique des systémes multi-agents. Ensuite, en reconsidérant
I’algorithme de consensus classique pour les réseaux coopératifs, nous introduisons la
loi de commande basique pour traiter les réseaux ayant des interactions coopératives et
compétitives afin que les agents atteignent consensus biparti. Nous introduisons égale-
ment des propriétés importantes des réseaux signés a travers des exemples simples. A
la fin du chapitre, nous rappelons une autre fagon de représenter les réseaux, appelée
formulation basée sur les arétes.

e Chapitre 3 : Dans ce chapitre, nous abordons le probléme de suivi de confinement
biparti sur des réseaux signés structurellement équilibrés et déséquilibrés (structurally
balanced et unbalanced, en anglais) qui contiennent multiples leaders coopératifs et
compétitifs pour des systémes du premier ordre et du second ordre. Nous présentons
une approche de Lyapunov pour analyser la stabilité exponentielle de I'ensemble de
suivi du confinement biparti en exprimant le systéme en termes de deux systémes
dynamiques interconnectés évoluant dans des espaces orthogonaux : la dynamique
des leaders et les erreurs de synchronisation relatives aux groupes de leaders. Ainsi,
le probléme du confinement biparti est transformé en un probléme de stabilité d'un
ensemble d’erreurs. Ensuite, nous présentons une borne de convergence pour I’ensemble
des suiveurs ainsi que les valeurs limites finales pour tous les agents. En outre, nous
généralisons la caractérisation de I’équation de Lyapunov de la propriété de Hurwitz
d’une matrice aux matrices ayant plusieurs valeurs propres nulles, ce qui nous permet
de construire des fonctions de Lyapunov strictes. Disposer de fonctions de Lyapunov
strictes nous permet d’établir la robustesse du systéme avec une perturbation bornée
en termes de stabilité entrée-état.

Ces résultats ont été initialement présentés dans les publications [1, 4].
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e Chapitre 4 : Dans ce chapitre, nous présentons des lois de commande distribuées basées
sur les fonctions barriéres de Lyapunov pour résoudre le probléme de la formation bi-
partie pour les simples et doubles intégrateurs sur des réseaux signés structurellement
équilibrés, connectés et non dirigés, ainsi que pour les réseaux structurellement équili-
brés et fortement connectés. Les lois de commande proposées garantissent I’évitement
des collisions entre chaque couple d’agents interconnectés ainsi que le maintien de la
connectivité pour les agents coopératifs. Nous analysons la stabilité asymptotique du
systéme a I’aide de la méthode directe de Lyapunov.

Ces résultats ont été initialement présentés dans les publications [2, 5].

e Chapitre 5 : Dans ce chapitre, nous abordons le probléme de la formation bipartie
des systémes Euler-Lagrange coopératifs-compétitifs sous contraintes. Nous étudions
d’abord les robot manipulateurs et ensuite les vaisseaux spatiaux volants, modélisés par
des équations d’Euler-Lagrange, et nous considérons des graphes signés structurelle-
ment équilibrés et non dirigés. Tout d’abord, nous présentons une loi de commande
de la formation bipartie basée sur le gradient d’une fonction de Lyapunov barriére qui
garantit que les effecteurs terminaux n’entrent pas en collision et restent dans leurs
régions de portée. Ensuite, afin de considérer les robot manipulateurs perturbés, nous
robustifions notre contréleur avec une approche basée sur un modéle interne pour re-
jeter les perturbations. Nous établissons la stabilité asymptotique de ’ensemble de
formation bipartie a la fois en I’absence et en présence de perturbations. Puis, nous
considérons un groupe de satellites interconnectés sur un graphe signé et soumis a des
contraintes d’évitement de collision et de connectivité. Nous établissons la stabilité
asymptotique de I’ensemble de formation bipartie.

Ces résultats ont été initialement présentés dans les publications [3, 6].
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CHAPTER 1

CONTEXT

1.1 MOTIVATION

The objective of this thesis is to design distributed controllers for multi-agent robotic
systems required to execute complex tasks. This thesis addresses the general problem
of guiding a swarm of autonomous vehicles required to gather and advance in formation
or to be contained in a safe zone in realistic, constrained environments—see Figure 1.1
for an illustration. Such problems are also relevant in applications, such as collabo-
rative human-robot interactions, where teams of robot manipulators or mobile robots
equipped with manipulators are controlled to perform tasks in constrained workspaces
with safety guarantees—see Figure 1.2.

Enemy
., agents

Figure 1.1: Guiding a group of drones in formation to a safe zone while avoiding collisions
with obstacles, dangerous zones, and other agents.

More precisely, we consider problems of containment and formation for multi-agent
systems in the presence of:

e Cooperative and competitive interactions among the agents: The nature of
the interconnections between two agents defines whether these interconnected
systems have the same objectives or not. Cooperative interactions are used for
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agents expected to collaborate in executing the task. Then, competitive interac-
tions represent the presence of enemy agent groups, dangerous zones, and obsta-
cles in the system.

Multiple leaders in the network: Multiple leaders can be used to define dan-
gerous zones to avoid and identify the safe zone to which agents should converge.
Leaders that are cooperative towards which followers must converge are illus-
trated in Figure 1.1 determining a safe zone, whereas competitive leaders with
agents represent the obstacles and dangerous zones to avoid.

Inter-agent constraints: In this thesis, we use relative distances to guarantee
the safety and mission success of the multi-agent system, which means that for
the mission to succeed, the agents should always stay in their sensors’ range
so that the information exchange continues and the connectivity is maintained.
Moreover, for the systems’ safety, agents should also avoid collisions with the
obstacles or enemy agents present in the environment as well as with other agents
of their team.

Disturbances: In realistic settings of robotics systems, there are, e.g., aero-
dynamic disturbances, which are generally unknown and varying, significantly
impacting the performance of the vehicles.

STIT7 vk 72

S

S

Figure 1.2: A team of robot manipulators performing tasks in a constrained workspace with
guaranteed safety: (a) collaboration of manipulators to move a product, (b) two groups of

manipulators working on opposite sides of a product.

To address the aspects above, we recast the pertinent control problems as stabilization
ones. In turn, to that end, we use Lyapunov theory and extend some recent work on
Lyapunov theory for multi-agent systems. Such methods are briefly put in perspective

below.

1.2 PRESENCE OF COOPERATIVE AND COMPETITIVE INTERAC-

TIONS

The literature on consensus and synchronization of multi-agent systems is abundant.
Still, it is largely focused on networks containing only cooperative interactions [100],



such as consensus for first-order [62], second-order [74] and linear high-order dynamics
[100]. In these cases, all the agents may reach a global agreement regarding a certain
quantity of interest through collaboration [75]. However, this excludes several scenarios
where some agents cooperate, while others compete as, e.g., in the context of herding
control [15, 26, 80], in social networks [2, 72|, or in aerospace applications [48, 113]. The
cooperative vs competitive nature of the links, which is at the center of attention here,
may be analyzed using the formalism of signed networks 2], also known as coopetition
networks |30], in which the edges may have positive or negative weights. Some of such
networks are called structurally balanced'. For the latter, agreement on a common
value is generally not attainable. However, an achievable goal is bipartite consensus
[95], [2], in which all the agents converge to the same state in modulus but opposite
in signs. There are multiple studies on the bipartite consensus-control problem for
single-integrators |2, 52|, double-integrators [104], and linear high-order dynamics [95].

In this thesis, we focus on consensus-like problems, but in which the interconnections
between agents are represented both by positive and negative weights on the edges.
We use the tools introduced in [2, 52|, but as we will see, in contrast to [95, 2|, even
bipartite consensus may be out of reach, notably due to the presence of multiple leaders.
In this case, we give conditions to achieve bipartite containment.

1.3 PRESENCE OF MULTIPLE LEADERS IN THE NETWORK

In the coordination of multi-agent networks containing a single leader (defined as either
a single root agent or a strongly connected subgraph containing multiple nodes but
without any incoming edges), all the followers adopt the leader’s trajectory or converge
to the leader’s state [58]. However, this so-called leader-follower consensus does not
occur if the network contains more than one leader. In this case, multiple consensus
equilibria may appear [55|, and it is more appropriate to speak of containment control
[7]—see Figure 1.3 below. This problem consists of ensuring all followers converge to a
containment set determined by the leaders’ initial conditions and is solvable if, for each
follower, there exists at least one leader from which emanates a directed path to that
follower. There are multiple studies on distributed containment control, e.g., for social
networks [36] or for networks of single-integrators [8, 35|, double-integrators [9, 44|,
and general linear autonomous systems [41]. However, most of the current research
on the consensus or containment problems for multi-agent systems is on cooperative
networks, i.e., the coordination of nodes is achieved only by cooperative interactions.

To analyze directed signed networks containing multiple leaders, in [49], the notion
of containment control is extended to bipartite containment tracking-control. The lat-
ter consists in having all the followers’ states converge to containment sets determined
by the leaders’ states and their symmetric states, and more than two consensus equi-
libria appear because of the presence of multiple leaders. Succeeding [49], bipartite
containment has also been studied in [110, 53] and [98]. On the other hand, in [50, 30],
the interval bipartite problem is studied for directed signed networks, where multiple

LA signed network is structurally balanced if all the nodes may be split into two disjoint subsets,
where agents cooperative with each other are in the same subset and agents competitive with each
other are in different ones— see Definition 1 in Section 2.3.
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equilibria appear, which is similar to the bipartite containment problem. The differ-
ence is that in [50, 30], multiple equilibria appear because of only one leader and the
structural unbalance property.

Figure 1.3: Containment of a group of robots inside a safe zone defined by the leaders’ states.

In the context of this thesis, we are interested in signed networks containing multiple
leaders. In this setting, a competitive leader may define, e.g., a group of enemy agents
or an obstacle to avoid, whereas a cooperative leader defines the safe final destination
to attain; that is, a leader is not bound to being a single agent. In the case of a
directed signed graph containing a root agent, defining a leader, all agents achieve
leader-follower bipartite consensus. This means that all the agents that cooperate with
the leader node converge to the leader’s state, and the competitive agents converge to
the leader’s symmetric state. In that regard, bipartite containment [49] over multileader
signed networks is similar to the leader-follower bipartite consensus problem. But, in
the context of the containment problem, the equilibrium points are defined by the
leaders’ states and their symmetric states, called containment sets.

In the case where multiple (cooperative and/or antagonistic) leaders appear, a sig-
nificant difficulty that appears in the analysis is that of the properties of the Laplacian
matrix and the construction of the eigenvectors associated with its zero eigenvalues [51].
This is because the Laplacian matrix has multiple zero eigenvalues (as many as the
number of the leader groups in the network) and multiple right and left eigenvectors
associated with each zero eigenvalues. Moreover, since the graph is signed, the ele-
ments of the eigenvectors are also signed, depending on the interaction topology. The
eigenvectors are useful for calculating where the agents’ states converge. For instance,
in [49] and [98], limit points for the followers’ states are given explicitly.

In this thesis, in contrast to [110, 53, 98], where bipartite containment is studied
only over structurally balanced networks, we address the problem regardless of whether
the graph is structurally balanced or unbalanced. Furthermore, in [110], only coop-
erative leaders are considered, and in [98|, interconnections between the followers are
assumed to be only undirected. We consider both cooperative and competitive leaders,
with followers interconnected over a directed signed graph. As in [49] and [98], we cal-
culate the explicit limit values of the followers, but regardless of the structural balance
property, and for second-order systems.

For the purpose of analysis, we recast the problem into one of stability of the set
of containment errors, and our analysis relies on Lyapunov theory. More precisely, it
is based on the framework introduced in [67], and we extend the results from [68| to

28



the case of containment. The contributions and innovations of our work on bipartite
containment with respect to the literature are:

(i) the construction of the right and left eigenvectors for both structurally balanced
and unbalanced signed networks containing multiple cooperative and competitive
leaders;

(ii) the extension of the definition of the average system (defining the explicit limit
values of the followers) and the synchronization errors for general multi-leader
signed networks;

(iii) the extension of the well-known Lyapunov equation to the case of matrices having
multiple zero eigenvalues (corresponding to the Laplacian matrix of a multi-leader
signed network);

iv) the construction of strict Lyapunov functions for multi-leader signed networks
Y g
(exponential stability and input-to-state stability).

1.4 COLLISION AVOIDANCE AND CONNECTIVITY MAINTENANCE
FOR SIGNED NETWORKS

In many instances where multi-agent vehicles are used, besides attaining the goal desti-
nation, the safe zone, or following a reference trajectory, autonomous vehicles must also
satisfy other objectives, such as guaranteeing collision avoidance between two agents
or maintaining information exchange between the ones cooperating with each other.
Those objectives are encoded as inter-agent constraints, and various approaches based
on artificial potential functions are exploited in the literature to enforce them—see
e.g., |22, 12, 97, 85, 77, 105] and [66]. The latter uses Lyapunov-like barrier functions
to encode collision avoidance and connectivity maintenance control goals and assures
the convergence to desired destinations for a network of multiple nonholonomic ve-
hicles. Alternative methods that address the constrained consensus-control problem
include those that use repulsive vector fields [4], employ a nonlinear learning error
function [106], or apply various optimization-based approaches such as Voronoi dia-
grams |14, 32, 13, 93| and control barrier functions [3, 87]. However, only a few works
in the literature focus on constrained control problems for networks containing both
cooperative and competitive interactions.

In [15] the multi-swarm herding problem is solved under connectivity constraints
using a mixed integer quadratically constrained program; in [26] a control strategy is
proposed for the non-cooperative herding problem described by first-order dynamics
and control barrier functions are used to prevent some agents from escaping from a
protected zone. Yet, in [15] and [26] the system is modeled by a network in which all
the agents cooperate and the control laws are optimization-based. Moreover, in [26]
only a two-agent scenario is considered. In [24] the bipartite flocking-control problem
is studied, and artificial potential functions are used to guarantee collision avoidance
and connectivity maintenance. The statements rely on LaSalle’s invariance principle
[39]. Collisions are avoided in [24], but a minimal safety distance between agents is not
guaranteed. Thus, only a few works in the literature focus on inter-agent constrained
control problems for coopetition networks.
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One of the goals of this thesis is to address constrained control problems in the
presence of cooperative and competitive interactions. For this purpose, we encode the
constraints using barrier-Lyapunov functions (BLF). Then, the distributed control laws
are designed in terms of the gradient of the BLFs and consequently grow unboundedly
as the agents’ state approaches the boundaries of the set where the constraints hold.
The contributions of this thesis on control of constrained multi-agent systems rely on
providing, for the first time in the literature, barrier-Lyapunov-function-gradient-based
controllers guaranteeing collision avoidance and connectivity maintenance for agents
interconnected over both cooperative and competitive edges for first- and second-order
systems over undirected and strongly connected directed signed graphs.

Compared to [100, 75, 22, 12, 66, 105, 4, 106, 77|, which focus on traditional cooper-
ative networks, our results apply to a more general and complex scenario where agents
have both cooperative and competitive interactions. Compared to [2, 30, 104, 95|, in
which bipartite consensus-control problem of signed networks is studied, we address
the problem under collision avoidance and connectivity maintenance constraints. The
innovations of our work with respect to related literature reside in the construction of
barrier-Lyapunov functions encoding collision avoidance and connectivity maintenance
constraints for agents interconnected over both cooperative and competitive edges and
the design of a bipartite consensus control law satisfying the control objective while
ensuring inter-agent constraints are respected.

1.5 CONTROL OF COOPERATIVE AND COMPETITIVE EULER-LA-
GRANGE SYSTEMS

The challenge of considering constraints and collision avoidance is most naturally as-
sociated with applications involving mobile robots. However, the aspects previously
described are also pertinent in the context of control of cooperative and competitive
manipulators. In all of the previous references, generic first, second, or higher-order
linear models are used. These are less suitable for robot manipulators, which are most
commonly modeled by the Euler-Lagrange equations. In that regard, the literature
on control of multi-agent Euler-Lagrange systems is also rich, but most often, only
cooperative networks are considered. For instance, in [112, 90], the tracking-consensus
problem for mobile robots with nonholonomic constraints is addressed, in [16] the for-
mation control of flying spacecraft, in [17| the synchronization of multi-Lagrangian
systems, and in [78, 59, 73, 61] the synchronization of multiple robot manipulators.
In all of these references, the synchronization problem is studied in joint coordinates.
Formation of manipulators in end-effector coordinates is considered in [79, 103, 102].
Nonetheless, in all of the previously cited references, only networks of cooperative
agents are considered. For signed networks, the bipartite consensus of networked robot
manipulators is addressed, e.g., in [45, 29, 111, 20, 115], while the leader-follower bi-
partite consensus is studied in [31, 46, 42, 40] (in the latter parametric uncertainty is
also considered). In end-effectors coordinates, the bipartite formation-control problem
is considered in [65].

In the last part of the thesis, we consider the distributed bipartite formation-control
problem of robot manipulators’ end-effectors under relative distance constraints and
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in the presence of disturbances. We consider a networked system of cooperative-
competitive robot manipulators modeled by the Euler-Lagrange equations and inter-
connected over a structurally balanced undirected signed graph. The desired formation
goal is imposed on the manipulators’ end effectors. Such scenarios are motivated, for
example, by applications in industrial robotics’ where robots share the same workspace
but are assigned symmetric tasks by the team. Ideally, the robot manipulators should
occupy the minimum space while evolving with guaranteed safety and increased reac-
tivity. Compared to the literature, we contribute with a robust bipartite formation
control law that ensures that the manipulator’s end effectors achieve the desired for-
mation while avoiding inter-agent collisions and staying within the maximum distance
imposed by the task requirements.

Next, we consider the bipartite formation-control problem of networked satellites
under collision avoidance and connectivity maintenance constraints. In the related
literature, the formation-control problem of cooperative flying spacecraft has been
addressed—see e.g., |64, 16, 70, 1, 47|. In this memoir, we address a group of cooperative-
competitive satellites modeled by the Euler-Lagrange equations, following the devel-
opments in [1], over a structurally balanced undirected signed graph. Such a scenario
is motivated by a group of spacecraft working in cooperation with the objective of ob-
serving objects in space while avoiding competitive space vehicles and debris to achieve
their mission. Compared to the literature, we contribute with a bipartite formation
control law that ensures the satellites achieve the desired formation while avoiding
inter-agent collisions and staying in their sensors’ range. To the best of our knowledge,
similar results are not available in the literature for robot manipulators or for satellites
interconnected over networks containing competitive interactions.

1.6 DISTURBANCE REJECTION

Besides the presence of cooperative/competitive interactions, the existence of multiple
leaders, and the constraints imposed on the agents, another important aspect that
must be considered in the control of multi-agent robot systems is the effect of external
disturbances. Considering that a disturbance may be modeled by a multi-periodic sig-
nal [102], an effective method to compensate for its effect is the internal-model-based
approach, see, e.g., |99, 61, 102, 33, 34| for works on consensus among cooperative
robots, and |20, 31, 115] and [65] for works on coopetitive networks of robot manipula-
tors. Yet, none of the references cited above considers the presence of constraints. One
additional contribution of this thesis is the design of controllers for constrained ma-
nipulators’ end-effectors in the presence of matching disturbances. For that purpose,
we rely on an internal-model-based approach [33]. In the case of this thesis, while
addressing constrained control problems, we reject the disturbances using an internal
model-based compensator.
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CHAPTER 2

CONSENSUS PROTOCOLS FOR ANTAGONISTIC
MULTI-AGENT SYSTEMS

In this chapter we recall elements of graph theory that we use to model the dynamics
of multi-agent systems. Then, by revisiting the classical consensus algorithm for coop-
erative networks, we recall the basic control law to address networks with competitive
interactions for achieving bipartite consensus. We also recall important properties of
signed networks through simple examples. At the end of the chapter, we recall an
alternative representation of the networks, called the edge-based formulation.

2.1 GRAPH THEORY FOR COOPERATIVE SYSTEMS

Under distributed control, multi-agent systems communicate via neighbor-to-neighbor
interactions and only have access to their own measurements. Therefore, a natural way
to model their interaction topology is using elements of graph theory [54], [75]. To that
end, we recall some basic notations and definitions of graph theory.

A graph describes the information exchange, defined as the interaction topology be-
tween a set of agents. A graph is denoted by G = (V, ), where V := {v,1v,..., vy} is
the set of N nodes corresponding to the agents in the system and € := {e1,¢e9,...,ep} C
YV x V is a set containing M edges, corresponding to the information exchange (inter-
connections) between agents. If there exists an edge between a pair of agents, they
are said to be adjacent. If the information flow between a pair of agents is bidirec-
tional, the graph is said to be undirected. The edge ¢, = {v;,v;} € £ of an undirected
graph denotes that the agents v; and v; can obtain information from each other. Thus,
in an undirected graph, we have the property that ¢, = {v;,v;} = {v;,v;}. Other-
wise, if the information flow is only in one direction, the graph is said to be directed,
and is commonly referred to as a digraph. The edge ¢, = {v;,v;} € £ of a digraph
denotes that the agent v;, which is the terminal node (tail of the edge), can obtain
information from the agent v;, which is the initial node (head of the edge)—see Fig-
ure 2.1. It is also assumed that the graph is defined in such a way that there are
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no self-loops, i.e., edges of the form ¢, = {v;,v;} are not included in €. For in-
stance, for the undirected graph at the left of Figure 2.1 we have the following edge
set: € = {{vi, e}, {v1, s}, {vi, v}, {ve, vs}, {ve, 6}, {15, a}, {vs, 6} }, and for the di-
rected graph at the right of Figure 2.1 we have & = {{wa, 11}, {vs, 1 }, {v1, va}, {vs, 10},
{VQ, 1/6}, {V4, 1/3}, {V67 V5}}.

On the other hand, a weighted graph is denoted by G = (V,E, W), where W : £ — R
associates a value to each edge ;. For weighted graphs, we define a matrix called the
adjacency matrix that contains the weights of interconnections. The adjacency matrix
is defined as A(G) = [a;;] € RV*Y. For an undirected graph, we have a;; = a;;, Vi # j
and a;; > 0 if {v;,v;},{vi,v;} € € and a;; = 0 if {v;,v;},{vi,v;} ¢ £, and a;; = 0. For
a digraph, we have A(G) = [a;;] € RV*N | where a;; > 0 if {v;,1;} € € and a;; = 0 if
{v;,v;} ¢ £, and a; = 0.

(1) () () ()
(a) (b)

Figure 2.1: Example of two graphs: (a) an undirected graph; (b) a directed graph.

A (directed) path is a sequence of distinct adjacent vertices in a graph. When the
vertices of the path are distinct except for its end vertices, the (directed) path is called
a (directed) cycle. An undirected graph is said to be connected if there exists a path
between every pair of nodes. For instance, the undirected graph on the left of Figure
2.1 is connected. A connected graph without any cycles is called a tree, meaning that
any two vertices are connected by exactly one path. A digraph is said to be strongly
connected if there exists a directed path between every pair of nodes. The directed
graph in Figure 2.1b is not strongly connected, as, for instance, there is no directed
path from node 5 to nodes v3 or vy. A (directed) spanning tree is a (directed) tree
subgraph containing all the nodes of the graph. A (directed) spanning tree of the
(directed) graph in Figure 2.1b is shown with the edges colored in blue. In a directed
spanning tree, every agent has a parent node, except for the root node. A root node
is a node without incoming edges and has a directed path to every other node. Notice
that a directed spanning tree has no cycles, as every edge is oriented from the root
node to the other nodes. For undirected graphs, containing a spanning tree equals a
graph being connected, but for directed graphs, containing a directed spanning tree
does not mean that the digraph is strongly connected.

2.2 THE CONSENSUS-CONTROL PROBLEM

The consensus control problem, loosely speaking, consists in making a team of agents
work in a coordinated fashion and agree on a common value [75]. It may be studied
using different tools, including graph theory and stability theories, both of which are
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Figure 2.2: Example of three vehicles interconnected over an undirected graph.

extensively used in this memoir. For illustration, let us consider a robotic system con-
taining three autonomous vehicles, as illustrated in Figure 2.2. They are interconnected
over an unsigned, undirected, and connected graph with the objective of meeting at
a rendezvous point before beginning their task. Since they all cooperate, they are
interconnected over an unsigned graph, and their interactions are represented by the
positive weights associated with each edge. Each vehicle only communicates with its
neighbors, and if we assume that each node’s dynamics corresponds to a simple inte-
grator in closed loop with a diffusive control law, the multi-agent system dynamics are

described by

[tl = —05(ZE1 - 5(32) - 2([)31 - 133) (21&)
tg = —0.5(xg — x1) — 1(xe — x3) (2.1b)
i?g = —2(1’3 — 1‘1) — 1([E3 — ZL‘Q), (21C)

where x; € R is the state of each agent, e.g., the position of each vehicle, and the
factors 0.5, 1 and 2 correspond to the values of the adjancency weights a5, ass and a3
of the interconnections.

Remark 1 In this chapter, and throughout the whole dissertation, for notational sim-
plicity and without loss of generality, we assume that x; € R, but all contents of this

thesis apply to systems of higher dimension x; € R™, n > 1, using a Kronecker product
[27]. °

Then, to study the behavior of the solutions of (2.1), we start by rewriting these
equations in the compact form

(2+05) —05 —2
i=—| —05 (05+1) -1 |=, (2.2)
9 1 (2+1)

where x = [, x5 x3]" is the vector containing the states z; of all agents and the matrix
in (2.2) is called the Laplacian matrix, which in the N-agents’ case reads L := [{;;] €
RNXN Tt describes the topology corresponding to the graph in Figure 2.2 and, in
general, is defined as

Yo G i=]
gij = kE€Ln ) » Z,j <N (23)
—a;; 1 F .

Since the agents are interconnected over a connected undirected graph, the Laplacian
matrix L is symmetric and positive semidefinite. Moreover, the sum of each row of
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L is equal to zero, so L has a unique zero eigenvalue, and all nonzero eigenvalues are
positive, such that,

Moreover, 13 := [1 1 1]7 the eigenvector associated with \;(G). Also, since L = LT,
we have that L13 =0 and 1] L = 0.
Thus, the system in (2.1) is linear time-invariant, since it has the form & = —Lzx.

The Laplacian matrix in (2.2) plays an important role in the analysis of the consensus
problem via tools involving linear systems theory, which we use and extend to address
the problems of bipartite consensus and containment of interest in this memoir. For
clarity and to put our contributions in perspective, we describe below two approaches
to analyze the behavior of the solutions of the otherwise well-known equation & = —Lx
[75, 54, 7].

2.2.1 Limit values for the network solutions over an undirected graph

The solution of the system (2.1) is given by
x(t) = e Hay, (2.4)

where xy = x(0) is the vector containing the initial conditions of all agents and L €
R3*3 which is symmetric and positive semidefinite, is defined in (2.3). Let

U= [UDl UD, UDs]

be a matrix containing normalized and orthogonal eigenvectors of the Laplacian matrix
associated with its eigenvalues. Using the Jordan decomposition of L such that, L =
UA(G)UT and the spectral factorization of the Laplacian matrix [75], we have

e—Lt _ e—UA(g)UTt _ Ue—A(g)tUT’

where A(G) = diag([A1(G), A2(G), A3(G)]). Then, (2.4) can be decomposed as

z(t) = Ue MU T,

(9 T X2 ()t T ~X3(9)t T
e Up,Up, To + € 2(9) Up,Up,To + € 3(9) VD3V, To-

Since A;(G) = 0, we have that e=*(9* =1, and for all 1 < i < 3, we have e (9" — 0
as t — oo. Then,

1
lim z(t) = vp,v), T = = 1313 . (2.5)
t—o0 3

Thus, the trajectories of the system in (2.4) converge to the agreement set
{r eR:xy =29 = 23}

In addition, from the expression in (2.5), we notice that the convergence point is
the average of the initial conditions of all agents. Then, all agents achieve average
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consensus. Indeed, note that here each x; converges to %1;:1:0, which corresponds to an
average. This is a particular case of consensus, but in the more general coordination
setting, the average is defined as %1;% and not with the initial conditions z(, as the
system may be moving [67].

The above development allowed us to establish the convergence of the network
containing three autonomous vehicles. The same conclusion is obtained after analyzing
the stability of the system using Lyapunov stability tools [38].

2.2.2 Lyapunov stability of the consensus set over an undirected graph

Here, we analyze the stability of the origin in the space of the synchronization errors.
We saw above that three agents interconnected over a connected and undirected graph
achieve average consensus. Then, it makes sense to define the synchronization errors
with respect to the average value of the system. To that end, we use the approach
introduced in [67] and express the system in terms of two interconnected dynamical
systems: the dynamics of the weighted average system x,,, which is actually the con-
sensus equilibrium, and of the synchronization errors e; relative to z,,. The consensus
equilibrium is calculated by the left eigenvector associated with the zero eigenvalue and
the states of the agents, such that,

1
Ty = glgx (2.6)

Here, x,, is scalar since all the agents converge to the same state, which is the ren-
dezvous point. Then, we define the synchronization errors as the difference between
the agents’ states and the average system, that is,

e:=1x— 132, (2.7)

Remark 2 In (2.6), %13 corresponds to the left eigenvector associated with the zero
eigenvalue. In (2.7), 13 corresponds to the right eigenvector associated with the zero
ergenvalue. In this example, left and right eigenvectors differ only by a scalar factor
because the graph under consideration is undirected. However, this is generally not the
case, as will be demonstrated in Chapter 3 for directed graphs. )

Then, differentiating the errors, and from (2.2), we obtain

6 =3 — 1ain,

1
= —[1— g1313T]Lg;.

Since 1; L = 0 and L13 = 0, note that @, = 0 and the error dynamics can be expressed
as

€= —Le. (2.8)
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Consider the following Lyapunov function candidate!
L+
V(e) = Je e (2.9)
[ts derivative along the trajectories of (2.8) reads

V(e) = % (—Le)Te + ¢ (~Le)]

= —¢'Le, (2.10)

which is negative semi-definite. Next, we use Barbashin-Krasovskii’s theorem [5, 38].
On the set {e € R: V =0}, we have

Le= Lz — L1351;2 = Lz = 0,
as L13 = 0. The only solution of (2.10) that remains in the set {e € R: V = 0}, is
T =T =2, < =0

Thus, global asymptotic stability of {e = 0} follows, which means that the agents
achieve consensus. Moreover,

1
lim z(t) = g131;35(0).

t—o00

Let us now consider the consensus control problem for networks containing N dy-
namical systems modeled by

l“i =U;, TiU; € R, 1€ IN (211)

where Zy := {1,2,...,N}. Each right-hand-side in (2.1) may be assimilated to a
control input of the generic form

N
U; = — Z&i]‘(l‘i — {L'j), (212)
7j=1

where a;; € R>( is the interconnection weight between the nodes v; and v;. More
precisely, a;; > 0 if there is a (directed) interconnection between the ith and the jth
nodes, and a;; = 0 if there is not. The control law in (2.12) is a well-known consensus
algorithm that ensures that,

lim[z;(t) — x:i(t)] =0 Vi,j <N, (2.13)

t—o00

which is the property that we established to hold for the system (2.1). In general, (2.13)
holds if and only if the underlying (directed) graph contains a (directed) spanning tree

1See Appendix A.2 for the definition of a Lyapunov function.
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[7]. Indeed akin to (2.2), the system (2.11) interconnected via the distributed consensus
algorithm in (2.13) may be analyzed by expressing it in the multi-agent form

i=—Luz, (2.14)
where
- N -
Z (0502 —a12 ce —Qa1N
k=2
N
—a Z asp ... —a9g3
L = k=1, k#2 , (2.15)
N—-1
—apn1 —an2 Z AN
L k=1 .

is the resulting Laplacian matrix corresponding to the considered graph. Now, the
Laplacian matrix may also be defined as

L:=D— A, (2.16)

where D is a diagonal matrix, called the degree matriz and A is the adjacency matriz.
For an undirected graph, D contains the vertex degrees d(v;), such that

D := diag([d(v1) d(vs) - -+ d(vn)]).

For instance, the degrees of the vertices of the graph in Figure 2.2 are d(v;) =
2.5, d(vy) = 1.5, d(v3) = 3, which also corresponds to the diagonal of the matrix
in (2.2). Then, the resulting Laplacian matrix is symmetric and positive semi-definite,
and all nonzero eigenvalues of L are positive, such that

0=X(G9) <X(G) <+ < An(9),

with 1y the eigenvector associated with the zero eigenvalue. Moreover, since L = LT,
we have that L1y =0 and 1L = 0.
We now move forward with the case of directed graphs.

2.2.3 Limit values for the network solutions over a directed graph

+1

Figure 2.3: Example of three vehicles interconnected over a directed graph.

For a directed graph, D contains the in-degree of each vertex on the diagonal, such
that

D := diag([din(11) din(v2) -+ din(vn)]),
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where the in-degree is the sum of the weights of the incoming edges to the node. On
the other hand, the out-degree is the sum of the weights of the outcoming edges. If
the in-degree and out-degree are equal for every vertex, the directed graph is called
balanced. Thus, every undirected graph is naturally balanced. For instance, the in-
and out-degrees of the vertices of the graph in Figure 2.3 are d;,(11) = 0, din(10) =
0.5, din(v3) = 3 and dyu(v1) = 2.5, dout(v2) = 1, dow(vs) = 0. Then, the result-
ing Laplacian matrix is generally not symmetric and all its nonzero eigenvalues have
positive real parts, such that,

0=XM(G) < Re(X(G)) < -+ < Re(An(9)),

with 1y the right eigenvector associated with the zero eigenvalue. Moreover, if the
digraph is balanced, in addition to having L1y = 0, we also have 1L = 0.

Following the steps of the latter example, we now consider the system (2.11) inter-
connected with the control law (2.12) under a directed graph containing a spanning
tree.

The solution of (2.11) is given by z(t) = ez, where 2y = x(0) and L # L.
Let L = UJ(A)U™! be the Jordan decomposition of the Laplacian of the digraph,
where U = [vp, vp, ... vp,] with vp, = 1y, contains the right eigenvectors and
U™' = [wp, wp, ... wp,] contains the left eigenvectors associated with the eigenval-
ues. Moreover, \;(G), 2 < i < N have positive real parts and J(A\(G)) = J(0) =0
[54]. Then,

0 0 . 0
0 J(X(G)) .. 0
UL = J(AG) = | . . .
0 0 0 J(AN(G))
We also have LU = UJ(A(G)) and U~'L = J(A(G))U~!, which implies that 1y and
wp, are the right and left eigenvectors associated with the 0 eigenvalue such that

L1y = Oy and wglL = 0. In addition, since UU~! = I, we also have 1Lw01 = 1.
Thus,

el 0 0

0 /@t | 0
tlim e =U/| . ) . Ut
*)OO . . . .

0 0 0 e/(An(9))t

Since Re()\;) > 0 for all i > 1, we have lim,_,o, e =/t = (. Consequently,
lim 2(t) = 1ywp), o, (2.17)

t—o00

Hence, all the agents converge to the agreement set
{reR:z;=x;, Vi,j < N}.

Furthermore, if the digraph is balanced, all agents achieve average consensus, i.e.,
limy o0 2(t) = %11\;1%:1:0.
Next, we show how to analyze the stability of the agreement set using Lyapunov-

stability tools.
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2.2.4 Lyapunov stability of the consensus set over a directed graph

Once again, we analyze the stability of the origin in space of the synchronization
errors by using the approach introduced in [67] and express the system in terms of
two interconnected dynamical systems. To that end, we define the weighted average
system as

T = WHT, (2.18)
and the synchronization errors as
e:=x— 1yx,. (2.19)

Then, differentiating the expression above and using @, = whLz = 0 and L1y = 0,
we obtain

¢ = —Le. (2.20)

Next, consider the following Lyapunov function candidate in (2.9) whose derivative
along the trajectories of (2.20) reads

V(e)=—e (LT + L)e.

Since the graph is directed, the Laplacian matrix is not symmetric, and L' + L is
not positive semi-definite. Therefore, we cannot conclude that V is negative semi-
definite. However, there are some works in the literature on Lyapunov-function design
for balanced or strongly connected digraphs based on M-matrices concepts [69]. For
instance, if the considered digraph is balanced, then L™ +L > 0 and the derivative of the
Lyapunov function is negative semi-definite [109]. Then, invoking LaSalle’s invariance
principle [39], we can conclude that the system converges to the invariant set {e € R :
V =0}, that is, {e = 0}. On the other hand, if the digraph is strongly connected, then
the left eigenvector associated with the zero eigenvalue of L has all positive elements,
and using this property, a quadratic Lyapunov function of the form V(e) := e' Pe,
where P is diagonal and contains the elements of wp,, may be constructed [109].
However, if the digraph is not strongly connected, the left eigenvector may contain
zero elements, so this construction cannot be used. That is, in general, the analysis of
consensus over general digraphs is more complicated than for undirected graphs. In [68]
a Lyapunov approach for the study of consensus problems for the systems over general
digraphs containing a directed spanning tree is presented. The following statement,
repeated here for convenience, provides a Lyapunov characterization of the necessary
and sufficient condition to achieve consensus over digraphs.

Proposition 1 ([68]) Let G be a directed graph of order N and let L € RN*N be its
associated, non-symmetric, Laplacian matriz. The following statements are equivalent:

1. the graph G contains a directed spanning tree;
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2. for any matriz Q € RN, Q = Q" > 0, and any real o > 0, there exists matriz
P(a) e RVN . P = PT >0 such that

PL+ L"P =Q — a[P1yw), + wply P, (2.21)

where wp € RY is the left eigenvector of L corresponding to the zero eigenvalue.

In particular, Proposition 1 gives the guidelines to construct a strict Lyapunov
function for the consensus problem in the space of the synchronization errors defined
in (2.19) [68]. Consider the system (2.20) and the Lyapunov function candidate

V(e) =e' Pe, (2.22)

where P = PT > 0 is to be defined. Its derivative gives
V(e) = —e"(PL+ L"P)e.
Let @ = Q" > 0 and o > 0 be arbitrarily fixed. Under the assumption that the digraph
contains a directed spanning tree, from Proposition 1, there exists P = PT > 0 such
that (2.21) holds. Then, using such P in (2.22) we obtain
V(e) = —e"Qe + ae' [P1yw), + wpl Ple.
However, from (2.18) and (2.19), and from the fact that w1y = 1 we have
Plywje = Plyw)[I — 1yw)]z =0,

SO

V(e) = —e' Qe,

which is negative definite for all e satisfying (2.19). Thus, the consensus manifold
{e = 0} is globally exponentially stable.

Remark 3 Disposing of strict Lyapunov functions is important as it provides a basis
to establish input-to-state stability (ISS). In Chapter 3, we construct strict Lyapunov
functions to analyze the stability of the synchronization errors, and then we conduct a
robustness analysis of the error set in the sense of 1SS. °

The previous developments allowed us to establish convergence and asymptotic or
exponential stability to the consensus set over networks of agents that evolve with
cooperative interactions having the same objectives. They set the basis to consider the
more general case of networks containing both cooperative and competitive interactions
between agents, modeled by signed graphs, which is discussed next.
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2.3 THE BIPARTITE CONSENSUS-CONTROL PROBLEM

In a network with signed interconnections, the agents generally do not have a unique
consensus equilibrium, but at least two equilibria [2], [30], [95]. However, it is not
impossible for them to converge to a consensus equilibrium. This depends on the
structural balance property of the graph [2]—see below.

Definition 1 (Structural balance) Let V denote a set of cardinality N, of vertices
(nodes) vy, let £ C V? denote the set of cardinality M, of edges (interconnections)
k= {v,v;}, and let G(V,E) denote the corresponding graph. Then, a signed graph
s structurally balanced if it may be split into two disjoint sets of vertices Vi and Vs,
where Vi UVy =V, V1 NV, = 0 such that for every v;,v; € V,,p € {1, 2}, if a;; > 0,
while for every v; € V,,v; € V,, with p,q € {1, 2},p # q, if a;; < 0. It is structurally
unbalanced, otherwise.

(- >/@\< )
(2

Figure 2.4: Example of two signed networks: (a) a structurally balanced signed network (b)
a structurally unbalanced network.

An example of two signed networks is given in Figure 2.4, where the cooperative
interactions are represented by solid black lines and the competitive interactions by
red dashed lines. The nodes of the signed graph in Figure 2.4a can be separated into
two disjoint subsets such as V) = {v1} and Vy = {1, v3}, so the graph is structurally
balanced. However, the nodes of the signed graph in Figure 2.4b cannot be separated
into two disjoint subsets, so the graph is structurally unbalanced.

We first address undirected and directed graphs that are structurally balanced.

2.3.1 Structurally-balanced undirected signed networks

+05 05 ()
ot @ OO

(a)

Figure 2.5: Example of two undirected graphs with three agents: (a) an undirected unsigned
graph; (b) an undirected signed graph.

For the purpose of illustration, consider a robotic system containing three au-
tonomous vehicles interconnected over an undirected and connected graph but with
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cooperative and competitive interactions. Suppose that if two vehicles are cooperative,
they aim to meet at a rendezvous point, whereas if they are competitive, they have the
objective of going in opposite directions. To illustrate these interactions, we consider
a signed graph with both positive and negative signs on its adjacency weights. More
precisely, if the interactions are cooperative for some ¢, 5 < N then, a;; > 0 whereas if
they are competitive for some i, j < N, then a;; < 0—see Figure 2.5. Thus, {v;,v;} € £
if and only if a;; # 0; otherwise, {v;,v;} ¢ € and a;; = 0. Each vehicle only communi-
cates with its neighbors, and each agent’s dynamics correspond to a simple integrator
interconnected with a diffusive control law. Then, the system dynamics are described
by

x’l = —05($1 -+ 332) — 2(1’1 -+ 273) (223&)
Zl"JQ = —0.5(1‘2 + 271) — 1(ZE2 — 373) (223b)
jfg = —2(1’3 + ZL’l) - 1(1’3 - ZEQ), (223C)

where x; € R is the position of vehicle 7 and the factors —0.5, 1 and —2 correspond to
the values of the adjacency weights a1, ass and ai3. Notice that in equations (2.23a)
and (2.23b), for agents that are interconnected with a competitive edge, i.e., agents v
and 15 or agents v; and 3, we have the sum of the agents’ states whereas in equations
(2.23b) and (2.23c), for agents that are cooperative with each other i.e., agents v, and
v3, we have the difference of the agents’ states, as for the case of unsigned graphs.
Then, by rearranging (2.23), we obtain

(2+05) 05 2
i=—1| 05 (0541 -1 |=, (2.24)
2 ~1  (241)

where the matrix on the right-hand side corresponds to the signed Laplacian matrix
associated with the signed graph describing the cooperative and competitive interac-
tions, which in the N-agents’ case reads L, := [{,.] € RN Its elements are defined
as

81]

> lai] i=7

ls,; = keIn o (2.25)
—Qij i F

Moreover, the signed graph in Figure 2.5 is digon sign-symmetric. A signed graph is

said to be digon sign-symmetric if a;;a;; > 0. It means that the interaction between
two interconnected agents always has the same sign in both directions.

Assumption 1 (Standing assumption) Throughout this manuscript, signed graphs
are assumed to be digon sign-symmetric.

Furthermore, the signed graph in Figure 2.5 is said to be structurally balanced [2]—
see Definition 1. More precisely, we recall the following characterization of structurally
balanced and undirected signed graphs [2, 30, 108].

Lemma 1 (Structural balance for undirected signed graphs) A connected and undi-
rected signed graph G = (V, ) is said to be structurally balanced if and only if one of
the following equivalent conditions holds:
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(i) All the cycles of the graph are positive.

(ii) There exists a matrix D € © such that all off-diagonal elements of DLsD are
negative and is equivalent to the Laplacian matriz of an unsigned graph through
a gauge transformation, where ® = {D = diag(c), o = [01,09,...,0n],0; €
{-1,1}, i < N}.

(iii) A (Ls) = 0 is a simple eigenvalue of Lg and the rest of the eigenvalues are positive.

The condition (i) of Lemma 1 means that the signed graph is structurally balanced
if the multiplication of the signs of the interconnections on a cycle is positive [10]. The
signed graph in Figure 2.4b is structurally balanced because the cycle is positive, such
that, for one cooperative and two competitive edges, we have 1 x (—1) x (=1) = 1.
On the other hand, the graph in Figure 2.4a is structurally unbalanced because the
cycle is negative, such that, for two cooperative and one competitive edges, we have
Ix1x(-1)=-1

The condition (ii) of Lemma 1 implies that if the considered graph is structurally
balanced, then the resulting Laplacian matrix of the signed graph L, is equivalent to the
Laplacian matrix L of an unsigned graph through a gauge transformation. The gauge
transformation consists in a change of coordinates performed by a diagonal invertible
matrix D € ®, such that L = DL,D. Consider the signed graph in Figure 2.5. The
corresponding Laplacian matrix is given in (2.24). On the other hand, as there are
three agents in the considered graph, the set © contains 2V = 8 possible matrices, as
shown below.

100 -1 0 0 10 0 -1 0 0

Di=1010|,Dy=|0 -1 0|,D3=]01 0|,Dy=|0 -1 0,
0 0 1 0 0 —1] 0 0 —1 0 0 1]
1 0 0 ~10 0 1 0 0 ~1 0 0]

Ds=10 -1 0|, Dg=]0 1 0|,D;=]0 =1 0|, Ds=1]0 1 0.
0 0 1 0 0 —1 0 0 -1 0 0 1

Remark 4 The entries of the matriz D are either +1 or —1. The signs indicate that
agents correspond to two distinct disjoint subsets, as explained in the structural balanced
property in Definition 1. For instance, from matrices D7 and Dg, it is clear that agents
vy and v belong to the same subset V,, p € {1,2}, as the last two diagonal entries have
the same signs. In contrast, agent vy belongs to the other subset V,, p € {1,2}, where
p # q, since the first diagonal entry has the opposite sign. °

Then, there exist 2¥~! = 4 possibilities of gauge equivalent Laplacian matrices
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E(L) = {DLSDyD € 9}7 as DLSD - (_D)Ls(_D), such that,

(25 0.5 2]
L1 - DlLle - DQLSDQ == 05 15 —1 5

2 -1 3]

(2.5 0.5 —2]
L2 - D3L5D3 - D4L3D4 - 05 15 1 5

-2 1 3]

[ 25 —0.5 2
L3 = D5L5D5 - D6L3D6 == —05 15 1 5

| 2 1 3

[ 25 —0.5 -2
Ly=D;L,D; =DsL;Dg = |—-05 15 -1

-2 -1 3

All the matrices above are symmetric and positive semi-definite, and their eigenvalues
are A\(L;) =0, 4, 4. However, the only matrix corresponding to the Laplacian matrix
of an unsigned graph is Ly, as it is the only matrix for which all off-diagonal entries
are nonpositive.

Condition (iii) of Lemma 1 holds if and only if the signed graph is structurally
balanced. This comes from the fact that L and L, are both square N x N matrices
and L, — DLD is a similarity transformation as D = D' = D7! so L and L, have
the same eigenvalues and the same geometric multiplicities of eigenvalues [2].

Now, we analyze the solutions of the system of three autonomous vehicles intercon-
nected over a signed graph.

2.3.1.1 Limit values for the network solutions

Let us first transform the system in (2.24) into a system of agents interconnected over
an unsigned graph, e.g., the one on Figure 2.5a, using the gauge transformation defined
in Lemma 1 [2], [108]. To that end, we define

z = Dz, (2.26)

where 2 = [z 23, 23]" are the states of agents of the unsigned graph with z; = o,
and o; € {1,—1}. Its derivative along the trajectories reads

z = Dz.
Replacing (2.24) in the latter and using (2.26), we obtain
= —DLga = —DL,Dx,

which is equivalent to
z=—Lz, (2.27)
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since L = DL,D, where L is the Laplacian associated with the transformed unsigned
graph. Then, the solution of (2.27) is

1
2(t) = efh(g)t§131;zo + e**Q(g)tvDQngzo + 6*AN(g)tngv£320-

Coming back to the original coordinates corresponding to the signed graph by x = Dz,
since D = D!, we obtain

1
x(t) = €_>\1(g)tD§131;—DI0 + €_>\2(g)tDUD2U;|)2D$0 + e_’\N(g)tDngvg3on.

Since the considered undirected signed graph is structurally balanced, from Lemma 1
we have A{(G) =0 and for 1 <i <3, \;(G) > 0. Then,

1
lim iC(t) = —D1313TD1'0.
t—o0 3
On the other hand, let

Us = [0r, Uy, Ury)

be a matrix containing normalized and orthogonal eigenvectors of the signed Laplacian
matrix associated with its eigenvalues. Then, we have v,, = D1y and v, = %DlN,
which means that the right and left eigenvectors associated with the zero eigenvalue of
the signed Laplacian matrix have positive and negative entries. Thus, the trajectories
of the system converge to the set {x € R : 0,2, = ojx;, Vi,j < 3}, where 0; = £1.
More precisely, they converge to the disagreement set

{r eR: 2 = —x9 = —x3}. (2.28)

With the above disagreement set (2.28) for the networked system, we established
the convergence of the network. Now, to analyze the stability of the system, we use
Lyapunov stability theory, similar to Subsection 2.2.2.

2.3.1.2 Lyapunov stability of the bipartite consensus set

As in the ordinary consensus problem discussed in Section 2.2, we follow the approach
of [67]. It relies on representing the network dynamics as two interconnected dynamical
systems. One corresponds to average dynamics, and the other to the dynamics of syn-
chronization errors relative to the trajectories of that average system. More precisely,
we define the state of the average system as

Ty =0 2, (2.29)

where vy, is the left eigenvector associated with the zero eigenvalue. For instance, for
the example in Figure 2.5b, v, = 5[1 —1 —1]. Then, we define the synchronization
errors as

€:=1T — Up Ty, (2.30)
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where v,, is the right eigenvector associated with the zero eigenvalue. For instance, for
the example in Figure 2.5b, v,, = [l —1 —1]7. Then, the error dynamics can again
be expressed as

e = —Lge, (2.31)
which is equivalent to & = — L x, because
L.e=L,x — strlvl—lrl‘ = L.x

since Lsv,, = Ox. Then, we reconsider the Lyapunov function candidate in (2.9). Its
derivative along the trajectories reads

V(e) = —e' Lye, (2.32)

which is negative semi-definite. Next, we use Barbashin-Krasovskii’s theorem [5, 38].
The only solution of (2.32) that remains in the set {e € R: V =0}, is

T = Vp Ty & e=0.
Thus, global asymptotic stability of {e = 0} follows.

Remark 5 Here, the right eigenvector v,, is not a vector of all ones. It also contains
negative valued elements, so the agents converge to two symmetric equilibrium points
T ANA — Ty, . °

The previous arguments apply to generic signed networks containing more than
N = 3 agents. Let us now consider the bipartite consensus-control problem for signed
networks containing N dynamical systems modeled by (2.11). Then, the distributed
consensus control law in (2.12) becomes, for signed networks,

N
wp=— |ag|(z; — sgn(ai;)z;), (2.33)
j=1

where we clearly see that the sign of the edge interconnecting two agents v; and v;
appears.

Remark 6 Notice that for the case of a graph with all cooperative interactions, the
control law in (2.33) is equivalent to the consensus control law in (2.12) since a;; > 0

foralli,7 < N. °

The control law in (2.33) is a well-known bipartite consensus algorithm that solves the
bipartite consensus problem [2], [30], that is,

lim [x;(t) — sgn(ai;)z;(t)] =0 Vi, j <N, (2.34)

t—o00

if and only if the underlying (directed) graph contains a (directed) spanning tree and
is structurally balanced |2]—see Definition 1.
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Indeed akin to (2.23), the system (2.11) interconnected with the bipartite consensus
algorithm (2.33) may be expressed in the multi-agent form

i =—Lg, (2.35)
where
- N _
Z |a1k\ —Qa12 Ce — Q1N
k=2
N
—Q21 Z |a2k| cee —ag3
L, = k=1, k#2 : (2.36)
N-1
—Aani —anN?2 Z |CLNk|
L k=1 i

is the resulting signed Laplacian matrix, which can also be defined as
L, :=|D| - A, (2.37)

where D is the degree matrix and A is the adjacency matrix corresponding to the
signed graph.

2.3.2 Structurally-balanced and directed signed networks

The properties of the signed Laplacian matrix depend on the structural balance prop-
erty of the signed graph. Now, for generic directed signed graphs, we have the following
characterization of the structural balance property [2, 30, 108].

Lemma 2 (Structural balance for directed signed graphs) For a digon sign-symmetric
structurally balanced directed signed graph G = (V, &) containing a spanning tree, the
following statements are equivalent:

(i) All directed cycles of the graph are positive.

(ii) There exists a matrix D € © such that DLsD has all nonpositive off-diagonal
entries and is equivalent to the Laplacian matriz of an unsigned directed graph
through a gauge transformation, where © = {D = diag(c), o0 = [01,09,...,0n],
o; € {—1, 1}, 1 < N}

Lemma 3 (|30]). If a signed network G = (V, €) has a spanning tree and is structurally
balanced, then all eigenvalues of its signed Laplacian matrix have nonnegative real parts,
and 0 is a simple eigenvalue.

Corollary 1 (|2]). A (directed) spanning tree is always structurally balanced since no
(directed) cycles are present in the graph.

Following the steps of the analysis for unsigned digraphs, we address a system of
autonomous vehicles interconnected over a structurally balanced signed digraph con-
taining a directed spanning tree.
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2.3.2.1 Limit values for the network solutions
From (2.17) and using the gauge transformation, we obtain

tliglo z(t) = D1ywj, Dy,
where D1y is the right eigenvector v,, and wng is the left eigenvector v;, associated
with the zero eigenvalue of L,. This comes from the fact that 1y and wp, are the
right and left eigenvectors associated with the zero eigenvalue of the Laplacian matrix
of the unsigned graph, as in (2.17), before applying the gauge transformation. Hence,
the trajectories of the system converge to the disagreement set

{x e R:ow; = ojxj, Vi,j < N},

where o; € {1, —1}. Furthermore, if the signed digraph is balanced, we have

tlggo z(t) = %DlngD:po.
Remark 7 For the analysis of signed networks, we used the gauge transformation to
show the similarities between the consensus and bipartite consensus problems. Howewver,
the gauge transformation cannot be used in every situation. For instance, it is inef-
fective on structurally unbalanced signed networks (containing multiple leaders)—see
Chapter 3, as well as for bipartite consensus problems with inter-agent constraints—
see Chapters / and 5. )

Now, we analyze the Lyapunov stability of the disagreement set.

2.3.2.2 Lyapunov stability of the bipartite consensus set

The weighted average system and the synchronization errors are defined as in (2.29)
and (2.30), where v,,,v;, € RY are the right and left eigenvectors associated with
the zero eigenvalue of the signed Laplacian matrix. Then, considering the Lyapunov
function candidate in (2.22), and using Proposition 1, it may be concluded that the
derivative of V' is negative definite and the bipartite consensus manifold {e = 0} is
globally exponentially stable.

Next, we look at the case of structurally unbalanced networks.

2.3.3 Structurally-unbalanced and undirected signed networks

Agents in a structurally unbalanced and undirected graph cannot achieve bipartite
consensus because the graph cannot be partitioned into two disjoint subsets. Instead,
the agents’ states converge to the origin. We follow the same steps of analysis of
solutions and Lyapunov stability as before. In the case the undirected signed graph is
not structurally balanced, we have the following.

Lemma 4 (Structural unbalance for undirected signed graphs |2]). A connected undi-
rected signed graph G = (V,&) is structurally unbalanced if and only if one of the
following equivalent conditions holds:
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(i) One or more cycles of G are negative.

(ii) There does not exist a matric D € ®© such that DL;D has all nonpositive off-
diagonal entries.

(i) A (Ly) > 0.

If a graph is structurally unbalanced, the resulting Laplacian matrix is positive
definite, and the eigenvalues are all positive. Consequently, we have that e~ (9t —
ast — oo for all 1 <i < N. Then,

tlgilo x(t) = 0.

Moreover, for the stability of the agreement set, consider the Lyapunov function

candidate .
V(z) = §xTx.

Its derivative along the trajectories reads
V(z) = —2z" La < =2\ (Ly)|z|* <0,

which is strictly negative since L; > 0. Then, the origin of the system is globally
exponentially stable, and agents achieve consensus at the origin {z = 0}.

2.3.4 Structurally-unbalanced and directed signed networks

For strongly connected signed digraphs that are structurally unbalanced, we have the
following.

Lemma 5 (Structural unbalance for directed signed graphs [2]). A strongly connected,
digon sign-symmetric signed digraph G = (V, ) is structurally unbalanced if and only
if one of the following equivalent conditions holds:

(i) G has at least one negative directed cycle.

(ii) There does not exist a matric D € ® such that DLsD has all nonpositive off-
diagonal entries.

(iii) Ai(Ls) >0, i.e., —Lg is Hurwitz.

After Lemma 5, it follows that the state trajectories of all agents interacting over a

strongly connected and structurally unbalanced digraph converge to zero, as for struc-

turally unbalanced and undirected signed graphs. Since the eigenvalues of the signed

Laplacian matrix associated with the digraph are all positive, we have lim; ., x(t) =
1,.T

On. Moreover, considering the Lyapunov function candidate V(z) = 52"z, we have

that V(z) = —z (L] + L)z < —A|z[> < 0, which is strictly negative since L] 4+ L, > 0
and A\ > 0 is the smallest eigenvalue of L] + L,. Then, the origin of the system is
globally exponentially stable, and all the agents’ states converge to the origin, that is,

{z = 0}.
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On the other hand, several possible scenarios exist for the convergence of agents
interconnected over directed signed networks that are structurally unbalanced, whereas
Lemma 5 only applies to strongly connected digraphs. However, if the structurally
unbalanced digraph contains one root agent (also called as leader), the states of all
agents do not converge to zero, but at least two equilibrium points appear [30]. We
illustrate this by the following example.

Figure 2.6: Example of a structurally unbalanced signed digraph with a root node.

Example 1 In Figure 2.6, v; is the root agent as it is a node without any incoming
edges, meaning its state is not influenced by other agents. The agents 1», 15, and v, are
interconnected over a strongly connected digraph that is also structurally unbalanced.
As a result, all their states will converge to zero. However, as agent 14 is also getting
information from the root node 14, its state will converge to a value between the state of
the root node v; and 0. This is because the system has three distinct equilibrium points
but not two symmetric equilibria. Consequently, the agents do not achieve bipartite
consensus, but instead reach multi-consensus. This will be studied and explained in
more detail in Chapter 3. O

2.4 EDGE-BASED FORMULATION

In Sections 2.2 and 2.3, we studied the solutions of the trajectories of the system in node
coordinates, meaning the states were represented using the nodes of the graph. We
represented the networked system in terms of two interconnected dynamical systems:
weighted average and synchronization error dynamics. The synchronization errors e
were defined as the difference between the states of the agents x and the weighted
average x,,, so the errors were dependent on the graph topology, as the left eigenvector
associated with the zero eigenvalue was used to define x,,.

Another way to address the consensus or the bipartite consensus problems, which
we use in this memoir, relies on the so-called edge-based formulation. In this case, we
also look at the synchronization errors, and the network model is expressed in terms
of its interconnections; that is, the states represent relative differences between pairs
of nodes. This is a natural way, for instance, to address constrained control problems,
where constraints are defined between a pair of interconnected agents. Below, we
recall first some elements of the edge-based formulation, originally proposed in [54]
for unsigned networks; then we recall some material for signed networks [23]. The
edge-based formulation is used in Chapters 4 and 5.
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2.4.1 The edge-based formulation for unsigned networks

The construction of edge-based models of graphs G(V, ) starts with the definition
of the incidence matrix £ € RV*M where N is the cardinality of V and M is the
cardinality of £. According to [54], for an unsigned and arbitrarily oriented graph G
containing N nodes and M edges, the incidence matrix is defined as

+1, if v; is the initial node of the edge ey;
[Elir := ¢ —1, if v; is the terminal node of the edge ey; (2.38)
0, otherwise.

g £
1 @ 2

Figure 2.7: Example of two undirected graphs with three agents: (a) an undirected unsigned
graph, where all interconnections are cooperative; (b) an undirected and structurally balanced
signed graph, where some interconnections are competitive.

Example 2 Consider the unsigned graph containing three nodes on the left of Figure
2.7. We define the orientations of the edges as follows,

€1 = X1 — To, &9 = X1 — T3, €3 = T9 — I3.

Then, from the definition in (2.38), the incidence matrix reads

O

Moreover, using the definition of incidence matrix we can define the edge Laplacian
matrix L, € RM*M ag
L..=E"E. (2.39)

It is also useful to remark that the node Laplacian matrix L € RV*Y defined in (2.3),
may also be rewritten in terms of the incidence matrix, as

L:=FET. (2.40)

With these definitions, for an undirected connected signed graph, we have the following
linear algebraic properties [107]:

(i) the non-zero eigenvalues of L and L. coincide.
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(ii) rank(L) = rank(L.) = N — 1.

Now, for digraphs, we recall the definitions of two incidence matrices: the first defines
the incoming edges to a node, and the second defines the outgoing edges from a node.
The so-called in-incidence matrix of an unsigned graph is defined as

=1, if v; is the terminal node of the edge &;
[Eolu = {0, otherwise, (2:41)
whereas the out-incidence matrix is defined as
_J+1, if v; is the initial node of the edge ey;
Bl = {O, otherwise. (2:42)
Then, the node and edge Laplacian matrices of a digraph can be defined as
L=E,E", L.=E"E,, (2.43)

where E is defined in (2.38).

In both node-based and edge-based representations, spanning trees and cycles play
a crucial role in the network. They determine whether the graph is connected, and
the null space of the edge Laplacian characterizes the graph’s cycles [107|. Then, to
simplify the representation of the network, by following the labeling algorithm proposed
in [56], we may partition the incidence matrix as

E=[E E.|,

where E, € RV*N=1 corresponds to the incidence matrix of a spanning tree contained
in the graph and E. € RYV*M=N+1 corresponds to the rest of the edges (cycles). Then,
we have the following.

Theorem 1 (|54]) Consider an undirected graph G with cycles, and a tree subgraph
G, with corresponding edge Laplacians L.(G) = [E; E.]"|E; E.] and L.(G;) = E; TE},
respectively. Then, there exists a matriv R = [In, T|, where T = (E] E,)'E]E,
such that

Le(g) = RTLe(gt>R'

The reduced-order edge-based formulation is useful because it allows us to express the
system in terms of the spanning tree and analyze only a part of the graph. This will
be used later in Chapter 4.

2.4.2 The edge-based formulation for signed networks

We recall the edge-based formulation for signed networks. Using the edge-based for-
mulation, we analyze directly the edge states, corresponding to the relative states of
agents. This representation can be very useful and more direct than the node-based
formulation in tackling some linear interconnections between agents and taking into
account some inter-agent constraints. Moreover, using the reduced-order edge-based
formulation has the advantage that it is only needed to analyze the behavior of the
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agents corresponding to the spanning tree graph. This is because all the agents’ be-
havior can be expressed in terms of those corresponding to the spanning tree agents.
This will be used later in Chapters 4 and 5.

In the following definitions [23|, we introduce the elements of the incidence matrices
of a structurally balanced signed graph.

Definition 2 Consider a structurally balanced undirected signed network G, organized
into two disjoint sets of vertices Vi and Vs, that contains M signed edges and N nodes.
Letl, p, ¢ € {1,2}. Then, the incidence matriz E, € RN*M of G is defined as

(+1 if v; is the initial node of the edge ey;
—1 if v, vj are cooperative such that v;,v; € V),
and v; is the terminal node of the edge ey;
+1 if v, v; are competitive such that v; € Vp,v; € Vg,
and v; is the terminal node of the edge e;
(0 otherwise,

where g, = {v;,v;}, k< M, i,7 <N are arbitrarily oriented edges.

To see that the signed incidence matrix is equivalent to the incidence matrix of an
unsigned graph, we use the gauge transformation described in Section 2.3.1. For the
incidence matrix of a structurally balanced signed graph, we may apply the edge gauge
transformation on E, performed by the matrix D = diag(c) and D, = diag(o.), where
Oc = [0eyy -+ Oc,|, © € Iy with o, = 1if v; € V; and 0., = —1 if v; € V, with v;
being the initial node of the edge, to obtain the incidence matrix £ = DE D, of the
unsigned graph [23, Lemma 4].

Then, the Laplacian matrix L, and the edge Laplacian matrix L., € RM*M of a
structurally-balanced undirected graph G satisfy
L,=E,E], L., =E]E,. (2.44)

The following defines the in-incidence and out-incidence matrices of a signed net-
work.

Definition 3 Consider a structurally balanced directed signed network G, organized
into two disjoint sets of vertices Vi and Vs, that contains M signed edges and N nodes.
Letl, p, q € {1,2}. Then, the in-incidence matriz E, € RN*M of G is defined as

—1 ifv;,v; € V) and v; is the terminal node of the edge ey;
[Esoli .= +1 if v; € V,,v; €V, and v; is the terminal node of the edge ¢y;
0 otherwise.
(2.45)

Definition 4 The out-incidence matriz Eyg € RYN*M of a structurally balanced di-
rected signed graph is given as

+1 if v; 1s the initial node of the edge ey;

[Esalin = {O otherwise. (2.46)
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Then, for directed networks, the incidence matrix may be expressed as the sum of two
incidence matrices: Fy = Eo + Fyg.

The Laplacian matrix of the unsigned directed network was defined as L = EgET
in (2.43). Using the edge gauge transformation, we obtain the following.

L=DE.D.(DE,D,)" = DE,,D.D!E!D" = DE,oE] D (2.47)

as DeDeT = Iyw«y- The edge Laplacian matrix of the unsigned directed network was
defined as L. = ETE in (2.43). Applying edge gauge transformation, we obtain

L.=FE"E,=(DE,D,)' DE,,D.= D.E!D"DE,,D, = D.E! E,.D,  (2.48)

as DD = Inyy.
The Laplacian matrix L, and the edge Laplacian matrix L., of a signed digraph
are defined as

L, = EE] (2.49)
L., = E] Ey. (2.50)

With these definitions, for a directed signed graph containing a spanning tree, we have
the following linear algebraic properties:

(i) the non-zero eigenvalues of Ly and L., coincide.

(ii) rank(Ls) = rank(Le,) = N — 1.

2.4.3 Edge convergence problems

Let us now address the bipartite consensus problem for a signed network in edge co-
ordinates. Consider N scalar dynamical systems modeled by (2.11) and (2.33) and
interconnected over a directed spanning tree. The states of the edges are given by

er = Bz (2.51)
Then, by differentiating the edge states, we obtain
¢y = B (— L), (2.52)
and from the definition of the Laplacian matrices in (2.50), we obtain
€y = —Lc €. (2.53)

Since the considered graph is a spanning tree, it consists of N — 1 edges, so L., €
RON=Dx(N=1) and the rank of the edge-Laplacian matrix L., is N — 1. Moreover, it
only has eigenvalues with positive real parts, so —L,, is Hurwitz. Then, given any
symmetric positive definite matrix @Q € RV ~1*N=1 there exists a symmetric positive
definite matrix P € RY=2¥=1 guch that

PL.,+ L P=Q. (2.54)
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Consider the following Lyapunov function candidate.

where P = PT > 0. Its derivative along the trajectories yields
V(ey) = —el Qe, <0,

which is strictly negative. Thus, since V' (e,) is a strict Lyapunov function for (2.53),
the origin {e, = 0} is exponentially stable.

Remark 8 In the case of structurally balanced signed graphs containing more than
N — 1 edges, the edge-Laplacian matriz contains M — N + 1 zero eigenvalues. —L.,
is not Hurwitz, and the Lyapunov equation (2.54) cannot be used to show the stability
of the origin. The same technical problem appears when a network contains multiple
leaders; the Laplacian matrix Ly associated with the graph also has more than one zero
etgenvalue, so Proposition 1 cannot be used to construct a strict Lyapunov function.
The stability analysis for Laplacian matrices containing more than one zero eigenvalue
will be addressed in Chapter 3. °

2.5 CONCLUSIONS

In this chapter, we presented elements of graph theory and an introduction to the
fundamental coordination algorithms for networks with both cooperative and compet-
itive interactions. The agreement and disagreement of agents depend on the network
topology and on the signs of the interactions between them. In addition, for a class of
signed networks that are structurally balanced, the graph can be transformed into an
unsigned graph, enabling the tools adopted for traditional cooperative networks to be
used. In particular, we saw that as signed networks represent a larger class of networks,
the obtained results remain valid for networks with only cooperative interactions.

In the next chapters, we present our main contributions, which build upon these
previous results.In particular, we present stronger stability results using strict Lya-
punov functions and establishing robustness in terms of input-to-state stability for sets
pertinent in the context of signed networked multi-agent systems. Furthermore, we
also work on more general signed networks containing multiple roots or interconnected
over a graph with nonlinear interconnections.
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CHAPTER 3

BIPARTITE CONTAINMENT TRACKING OVER
MULTI-LEADER SIGNED NETWORKS

In this chapter, we address the bipartite containment tracking-control problem over
structurally balanced and unbalanced signed networks. We consider cooperative or
competitive leaders for first-order and second-order systems. A leader is defined either
as a single root agent or a strongly connected subgraph containing multiple nodes but
without any incoming edges, as in [49]. In this setting, competitive leaders model
enemy agents or obstacles to avoid, whereas cooperative leaders define the safe final
destination. In contrast to [49], however, our results apply both to first- and second-
order systems. Second-order systems better describe mechanical systems and a variety
of feedback linearizable autonomous vehicles [94|. In contrast to [110, 53, 98|, our
main statements hold for the general case of signed networks that are either structurally
balanced or unbalanced, and beyond bipartite containment tracking, we provide explicit
estimates of the limit points of the followers.

Furthermore, we provide sufficient conditions for exponential stability of the con-
tainment set. In contrast to all references mentioned previously, our proofs are con-
structive; we provide strict Lyapunov functions regardless of whether the network is
structurally balanced or unbalanced. Exponential stability is important because it is
a stronger result than convergence to the limit points (or to the interior of a convex
hull). In particular, it is equivalent to the existence of strict Lyapunov functions which
in turn are significant because they are a basis for establishing input-to-state stability.
Thus, our main results additionally guarantee the robustness of the containment set
with respect to additive perturbations.

From a technical viewpoint, the contributions of this chapter are based on the
framework introduced in [67]. But, we extend the method of the latter to general
signed graphs containing multiple leaders and consider the multi-leader signed network
in terms of two interconnected dynamical systems evolving in orthogonal spaces: dy-
namics of the leaders and synchronization errors relative to the leader groups. Thus,
the bipartite containment problem is recast into one of stability of a set of appropriately
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defined errors. Then, we generalize a statement in [68] on the Lyapunov characteriza-
tion of exponential stability of sets to linear systems with one pole at zero and others
having negative real parts. The technical results we provide here apply to systems with
several poles at the origin. Then, in addition to exponential stability of the contain-
ment set, we provide the explicit limit values of the followers by a matrix determined
by all eigenvectors associated with the zero eigenvalues in a similar way as explained
in Sections 2.2 and 2.3. We demonstrate a possible form of these eigenvectors both
for structurally balanced and unbalanced networks, and the elements of the eigenvec-
tors are defined in more detail in Lemmata 7 and 8. In particular, as we consider
signed networks, which are a more general representation than the traditional cooper-
ative networks, our bipartite containment tracking results are valid in the context of
containment tracking.

3.1 MOTIVATION AND PROBLEM FORMULATION

As we mentioned earlier, the bipartite containment tracking problem may appear in
the context of herding control [80, 15, 26|, in social network theory when deceiving
influencers inject disinformation [2] or in aerospace applications involving the attitude
control of multiple rigid bodies [48], to mention a few.

Marketer 1 Marketer 2 Leader 1 Leader 2

S
Consumers , “Consumers \ Followers ;" Followers \
y ceen B o oo
IIIII l ‘I — ENNHNNWI&T ot - -l{ ——— Em“mmm“;& g ‘l
SINJ etio b iR
* ~ = - 7 v h N ’ - 7
Marketer 3 Leader 3

Figure 3.1: Presence of multiple cooperative and competitive leaders in two different scenarios:
social networks and robotic applications.

To provide more concrete application scenarios, consider the following examples.
In herding control, the objective is to herd a flock of birds (followers) away from
the air space around an airport, where the air space can be seen as an obstacle to
avoid and can be represented by a competitive agent, and toward a safe zone using
unmanned aerial vehicles acting as cooperative leaders. In aerospace applications, the
objective is to control multiple satellites, represented as cooperative agents, following
one or more leaders. These leaders must navigate while avoiding debris or groups of
enemy agents, which are modeled as non-cooperative agents. In the context of opinion
dynamics within social networks, the behavior of consumers (followers) is influenced by
both their neighbors and external influential entities, e.g., marketers (represented by
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the leaders). These marketers, often in competition, may be modeled as cooperative or
competitive leaders belonging to two distinct disjoint subsets. The consumers’ behavior
is shaped by their level of trust, preference, and susceptibility to the influence of these
marketers. If a consumer distrusts or dislikes one marketer, they may act oppositely,
moving closer to the opposing marketer’s position. Conversely, if a consumer trusts and
favors both marketers, they are likely to position themselves between the two, leaning
closer to the one who exerts a stronger influence.

For the sake of clarity and simplicity, let us first consider a group of N dynamical
systems, containing the leaders and the followers, modeled by simple integrators, i.e.,

where z; € R is the state’ and u; € R is the input, and Zy := {1,2,..., N}. Agents
interconnected over a directed signed graph containing a leader or a directed spanning
tree achieve bipartite consensus, under the distributed control law

N

ui = — Y _lay|(: — sgn(ai;)zy), (3.2)

J=1

if and only if the underlying graph is structurally balanced [2]. As we also explained
in Chapter 2, the Laplacian matrix of a structurally balanced graph has a single zero
eigenvalue [2], and the right eigenvector associated with the unique zero eigenvalue has
all entries equal to either +1 or —1. Thereby, agents converge to the same state in
modulus but with different signs.

In some cases, moreover, there may be several competitive agents, described as com-
petitive leaders, that inject disinformation into the network. In this case, the agents
can no longer achieve bipartite consensus, but instead they can achieve bipartite con-
tainment [49], where followers converge to the bipartite containment set defined by
all cooperative leaders’ trajectories and competitive leaders’ symmetric trajectories.
More precisely, for a multi-leader directed signed network, the achievable objective is
bipartite containment tracking, that is,

Jim [l (8)] — max|z;(t)[] < 0, VjeF, (3.3)
where £ and F are sets containing leader and follower nodes, respectively—see As-
sumption 2 below. For a more restrictive case of structurally balanced multi-leader
signed networks, the bipartite containment set in (3.3) is refined to

i [2(t) — maxioi;(t)}]; (¢) — min{oyzi(t)} < 0, (3.4)

where j € F, o, = 1if (i,5) € V,,pe{1,2} or o, =—-11if i € V,, j € V, with
p,q € {1,2},p # q. In contrast to the convex hull resulting from (3.3), that is

z;(t) € —rlrlezaucx|mi(t)|, rflez%x|xl(t)| , VjeF, ast— oo

!The following exposition applies to systems such that x; € R™ with appropriate modifications in
the notation.
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from (3.4), follower nodes in a structurally balanced signed network converge to a
disconnected set composed of two disjoint convex subsets, that is

z(t) € riréiﬁn{aimi(t)}, r?eazx{ai:vi(t)} ,VjeF, ast— o0
—see Section 3.5

In what follows, we analyze the behavior of the networked systems modeled by
simple integrators as in (3.1) in closed-loop with the distributed control law (3.2), and
double integrators interconnected with the control law that will be presented later in
Subsection 3.4. Moreover, we also assume that multiple cooperative and competitive
leaders interfere in the network. Beyond the inequality in (3.3), commonly found in the
literature—cf. [49], we give the explicit limit values of the followers’ states depending
only on the initial conditions of the leaders. To that end, we pose the following.

Assumption 2 [Networks with multiple leaders|

1. The network contains Ny, leaders, which can be organized into K groups of p;
leader(s), with i € {1,2,..., K}, interconnected over a strongly connected sub-
graph, where 1 < K < N;, < N, and Zfil pi = N —cf. |49, Definition 1].

2. Given each follower v;, i.e., with j € F with F :={Np,+1,N,+2,....,N},
there exists at least one leader v; i.e., with i € L = {1,2,..., N}, such that
there exists at least one path from v; to v; —cf. [49, Condition 1.

In the case of a network containing only one leader, Assumption 2 boils down to the
necessary condition for consensus that requires the existence of a directed spanning tree.
As the networks considered here contain, a prior:, more than one leader, the resulting
Laplacian matrix has as many zero eigenvalues as the number of groups of leaders [11],
and right and left eigenvectors associated with each zero eigenvalues. This results in
multiple convergence points for the agents’ trajectories.

In Chapter 2, we showed that under the distributed control law (2.12), the con-
sensus problem (2.13) is solved if and only if the underlying graph contains a directed
spanning tree. Moreover, we defined the consensus equilibrium with the left eigenvector
associated with the zero eigenvalue as z,,, = v, £(0). We showed that since the network
contains a directed spanning tree, the Laplacian matrix has a unique zero eigenvalue,
and an associated right eigenvector of all ones, and all agents converge to the same
equilibrium point. Furthermore, as we saw in Chapter 2, a strict Lyapunov function
can be constructed to establish exponential stability of the origin in the space of the
synchronization errors

=X — Upp,

where v, is the right eigenvector associated with the zero eigenvalue [68]. Here, because
of the presence of multiple leaders, the asymptotic values of the states of the agents
are determined by all eigenvectors associated with the zero eigenvalues. One of this
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chapter’s contributions is to show that under the control law (3.2) and the Assumption
2, the limit values of the agents are given by

Ty = Vi, (3.5)
where V is a matrix determined by all the eigenvectors associated with the N zero
eigenvalues of the Laplacian matrix and o = [z 2o ... zy]". More precisely,

Ur, 1
K Ur;
V= Z . [Uli,l Uli,g c. vlz‘,N] s (36)
i=1 | -
vTi,N

where v,, and v;, denote respectively the right and left eigenvectors of the Laplacian
matrix L, corresponding to the ith 0 eigenvalue and, for each j < N, v, . and v, ;
denote the jth element of the ¢th right and left eigenvectors, respectively. In particular,
as we demonstrate further below, a possible form of the right and left eigenvectors
associated with the zero eigenvalues is

Ly, Op, Op,
P2 1172 OP2
Ury = s Upy = 5 y o Urg = ) (3 7a)
Opx Opx Lpk
L 51 i L 52 i _gK i
[ Op | [ 0p, ] [ 0p, ]
Op, Prps Op,
v, = y Uy = y eeey U = s (37b>
Op ke Op Prk
_ON—NL_ _ON—NL_ _ON—NL_

where & € RV "N 1, € RP is a vector of ones, 0, € RP and Oy_y, € RV are
vectors of zeros, and p,, € RP.

The structure of the right eigenvectors in (3.7a) provides information on the number
of leaders in each leader group as well as the interactions between leaders and followers.
For instance, if p; =1, then 1, =1, and all other elements of v,, up to & are equal
to zero. This indicates that the first leader group contains only one leader. Similarly,
if pp =3, then 1,, = [1 1 1], and all other elements of v,, up to & are equal to 0. In
this case, the second leader group consists of three leaders, and so on. The elements
of &, where i < K, can be positive, negative, or equal to zero depending on the
follower’s interactions with the leader groups. This will be defined more in detail
in Lemmata 7 and 8 further below. The structure of the left eigenvectors in (3.7b)
provides information about the interactions between the leaders, while the elements
corresponding to the followers are zero. If p; = 1, where ¢ < K, then p,, = 1, meaning
the corresponding left eigenvector v;, has a single non-zero element equal to 1. For
pi > 1, vy, has p; elements within (—1, 1), satisfying > 7" |p| = 1 [83]. The definition of
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the eigenvectors given in (3.7) covers that of [11, Corollary 4.2] and [55, Proposition 3|,
which are restricted to unsigned networks. With this under consideration, we establish
bipartite containment of the system (3.1) and, more significantly, that ©+ — x,,—as
defined in (3.5)—exponentially.

3.2 ANALYSIS APPROACH

The main results presented in this Chapter are based on original statements for signed
networks with an associated Laplacian having multiple zero eigenvalues. First, follow-
ing the framework laid in [67] and extending it to multi-leader signed networks, we show
how to construct the matrix V in (3.5)-(3.6), to define the average states of the agents
and the synchronization errors. Then, we extend the method of [68] to construct strict
Lyapunov functions for linear systems with one zero eigenvalue to the case of multiple
null eigenvalues. To that end, we first recall certain notations and definitions.

Definition 5 ([83]). For any vertezx i, we define the reachable set R; as the set con-
taining vertex © and all vertices j such that there exists a directed path from vertex i
to vertex j. A reachable set is a mazximal reachable set if R = R; for some i and there
is no j such that R; C R;. The reachable set of vertices R is called a reach if it is a
maximal reachable set, that consists of a leader group and its followers. For each reach
R of a graph, we define the exclusive part of R; as the set H; = R;\ U#i R;, i.e., the
set of followers influenced only by the leader group i, and the common part of R; as
the set C; = R;\H;, i.e., the set of followers influenced by leaders other than the ith
leader group.

The following statements, which lead to the construction of the matrix V in (3.6),
are original contributions of this chapter, and they were presented in [83]. They extend
Corollary 4.2 of [11] and Proposition 3 of [55] to the case of general signed networks.

Lemma 6 ([83|). Let G denote a directed signed graph and let Ly denote the associated
Laplacian matriz. Suppose G has N vertices and K reaches. Then, the algebraic and
geometric multiplicity of the eigenvalue 0 is equal to K.

Proof: Let L := D — |A| denote the Laplacian matrix of the unsigned graph G, ,
where G, is obtained from G by applying a gauge transformation, D is the in-degree
matrix and A is the adjacency matrix of G. G, and G have identical reaches. Then,
the fact that the algebraic and geometric multiplicity of 0 equals K follows from [11,
Theorem 3.2|. [ |

Lemma 7 ([83]). Let G denote a structurally unbalanced directed signed graph. Then,
the eigenspace generated by the eigenvectors associated with the null eigenvalues has a
basis defined by the vectors v; € RN, with i < K, whose elements satisfy the following:

(i) 7, =0 for j ¢ Ry,
(ii) vyl =1 for j € H;,
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(ili) [yiyl <1 forj €Ci,

where j € Iyr, and v;; denotes the jth element of ;.

Proof: For structurally unbalanced graphs satisfying Assumption 2, Items (i) and
(ii), follow from Definition 5. Item (iii) follows from [51], while Item (iv) results from
computing the null space of L, which is generated by 7; € RY such that L,y; = 0 for
each ¢+ < K. This gives L Zfil v; = 0. Then, under Assumption 2, the Laplacian
matrix satisfies

L 0

Ls = )
—Alf Lf —+ A|Al,f\

where L; € RM*Nt represents the interactions between the leaders, i.e., the leader-
leader part of the Laplacian matrix, A;; € RW=N*NL represents the part of the
adjacency matrix corresponding to the interactions between the leaders and the follow-
ers, while Ly + A4, € RW=N)X(N=NL) denotes the sum of two matrices: L, which
corresponds to the interactions between the followers, i.e., the follower-follower part of
the Laplacian matrix, and A4, which is the in-degree matrix corresponding to the
interactions between the leaders and the followers. Then, we have

K K
— A Z,yiNL + (Lf + A|Azf|> Z,yiN—NL =0,
=1

=1

where v; = [; Ny Yine NL]T, Yin, € RN is the vector containing the first N, elements of
vi and vy, € RN=NL is the vector containing the last N — Ny, elements of ;. This
yields

K K
i=1 i=1

where Zfil Yix, = 1n, from (3.7). Therefore, the sum of the remaining rows of ;s
gives the following,

K
Z/yiNfNL - (Lf + A|Alf|)_1AlleL
=1

and it follows that 325 |7, x| < 1y-n, from Lemma 6 of [49]. Thus, we conclude
that v;; =0 for j & Ry, [yi;| =1 for j € H;, |yl <lforj€C;and 3 |y <1y. ®
In the more restrictive case that G is structurally balanced, we have the following.

Lemma 8 ([83]). Let G denote a structurally balanced directed signed graph. Then,
the eigenspace generated by the eigenvectors associated with the null eigenvalues has a
basis defined by the vectors v; € RN, with i < K, whose elements satisfy the following:

() iy =0 forj ¢ R

1 ) LV )
(i) oy = 40 Tl eV e,
-1, if Vv € Vp, v; € Vq,
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(0,1), Zf (Vj,VZ‘) - Vl

e,
(=1,0), ifv; €V, v €V, forJ

(i) 7y € {

(iv) Dl =1, Vj € Iy,

where | € {1,2}, p,q € {1,2}, p # q, V1 and Vy are the two disjoint sets of vertices,
i € Ik, j € Ly, and v, ; denotes the jth element of ;.

Proof: Since the graph is structurally balanced, we apply the gauge transformation,
which consists in a change of coordinates performed by the matrix D = diag(o),
where 0 = [01,...,0n],0; € {1,—1},j € Iy [2]—see Chapter 2. Let L = DL,D
denote the unsigned Laplacian matrix of the transformed network. Then, we may
express the Laplacian L in Jordan canonical form, as Ly = DLD = DPDAPBID,
where Pp = [vp,,...,Vp,, Pp,] € CV*N pPol = [wgl, L wh PIT)I]T € CN*N  and
A € CV*N | with vp, and wp,,i < Np are the right and left eigenvectors associated
to K zero eigenvalues of L. From the Jordan decomposition, we can see that the
basis of the null space of Ly is given by L;Dvyp, = L;Dvp, = 0,7 < K and has
a basis defined by the columns of v = D~yp, where vp = [yp, -+ 7p,) and the
columns {vp,} constitute the basis of the associated eigenspace of L. Then, using
[11, Corollary 4.2|, we obtain the following for a structurally balanced signed network:
Yij = 0jVp,, = 0 for j & R, vi; = 0j9p,, = 0; for i € H;, vij = 0;7p,, € 0;(0,1) for
j €Ciand 3 ;i =>_; Dyp, = D1y, which gives  ;|vi| = 1n. Items (i) to (iv) follow.
|

In general, for signed networks, after Lemma 7 and setting v,, ; = ~; j, we obtain the
form given in (3.7a) for the K right eigenvectors associated to the K zero eigenvalues,
such that for each j < Np, v,, ; is either equal to 1 or to 0, because the jth leader can
only be in the exclusive part of its corresponding reach. The remaining rows §; ; of vy,
belong, either to {—1,1} or to (—1,1), depending on the network’s topology and signs
of the interconnections. Moreover, under Assumption 2 and the given form in (3.7a)
for right eigenvectors, as the Laplacian matrix has all entries equal to 0 for its first N
rows, we obtain (3.7b) for K left eigenvectors associated to zero eigenvalues. Notice
that, because of the form of the left eigenvectors, each column of the matrix V has the
same properties as the basis defined in Lemma 7. Therefore, we may split V in four
blocks, as follows:

Vi ‘ Ony x(N=N7)

K

— T _

V= E U Uy, =
i=1

Vi | Ov—Np)x(N=Ny)

where V; € RVeXNe s a matrix that represents the interactions among the leaders and
Vi € RWV=NL)XNL represents those between leaders and followers.

If the leaders in the considered directed network are only single nodes, we have that
N = K, and we have the following form for the N left eigenvectors associated with
the zero eigenvalues:

C{1i=j |
Ulm'_{o it Vi < Np, Vj<N. (3.9)
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More precisely,

[ Ury 1 U1y 4

VE: :]NLXNL’ (310&)
L Urn, .np Ving Ny
-UT1,NL+1 oo Ury, Ny

V= : ; ; , (3.10Db)
| Unin e Ury

so V has the following particular form

Ing vy | Onpx(v—nNy)

V= (3.11)

Vi ] Ov=nNp)x(N=Np)

It is also important to remark that the elements of V; have the properties stated
in Lemma 7. This is significant because, owing to the fact that x — x,, where z,, is
defined by (3.27), it is clear that V} is the matrix that defines the limit point for the
followers. Such limit points are determined purely by the leaders’ initial conditions, as
reflected by the columns of zeros in V—see (3.8).

Now, similarly to the case of networks with one leader, where the error is defined
as € 1= T — VT, With z,,, := v, x, for multi-leader coopetition networks, we define the
CONsensus errors as

e:=[I —V]z. (3.12)

Then, to establish that x; — x,, for all i < N and, consequently, that the bipartite
containment objective defined by (3.3) is achieved, we prove the stronger property of
global exponential stability of the set {e = 0}. For that, we show how to construct
strict—in the space of e— Lyapunov functions, based on the following proposition.
Proposition 2 is another original contribution of this chapter and was originally pre-
sented in [83] and [18]. It extends Proposition 1 of [68] to the case of signed networks
with multiple leaders.

Proposition 2 ([83]). Let G be a directed signed network with multiple leaders. Then
the following are equivalent:

(i) The graph has Ny, leaders organized in K groups and, given each follower v;, with
] € F, there exists at least one leader v;, with i € L, such that there exists at
least one path from v; to v;.

(i) For any Q € RN Q = QT > 0 and for any {a1, an, ..., ax} with a; > 0, there
exists a matriz P(o;) € RN P = P > 0 such that

K
PL,+L{P=Q > ai(Pvvy + v, P), (3.13)

i=1

where v, v; € R are the right and left eigenvectors of Ly associated with the ith
eigenvalue equal to 0.
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Proof of Proposition 2: (i) = (ii): By assumption, the graph G has K leader groups
and is connected. Then, from Lemma 6, it follows that L, has K zero eigenvalues, and
the rest of its eigenvalues have positive real parts:

0:)\1:"':)\K<Re(>\K+1)S"'SRG()\N).

Following the lines of proof as for Lemma 2 in [68], we can write the Jordan decompo-
sition of L as

L,=UAU? Z X (L) vnvy + U AU

.
with Ay € CN"EXN=K 7 = [v,,, ..., v, U] € CV*N and U™t = [’UZ,...,’U;{,UH €

CN*N_ For any {1, s, ..., ax} with a; > 0 define R = L, + Zfil a;vyvy) . From this
decomposition and the properties of Ay, Re{\;(R)} > 0 for all j < N. —R is Hurwitz,
therefore for any Q = Q" > 0 and a; > 0,7 < Ny, there exists P = P' > 0 such that

—PR—-R'P=-Q,
K K
—P(L, + Z aivpivy ) — (Ls + Z aivyivg) P =—Q,

—PL, — PZ o Um% LTP Za ) Z-P = —Q
=1
K

PL,+L{P=Q—> ai(Pv.vj + v, P).
i=1
(ii) = (i): Let statement (ii) hold and assume that the Laplacian matrix has K +1 zero
eigenvalues and the rest of its eigenvalues have positive real parts. In view of Lemma
6, the assumption that the system has K groups of leaders does not hold. Now, the
Jordan decomposition of L, has the form

K+1

L,=UAU"" Z)\ vyt + Ui AU

with U = [vn, . ,UTKH,Ul] and U™! = [vlTl, . UT} . Next let us consider

le+1’
R(o;) = Ls + Zfil a;vyvy, which admits the Jordan decomposition R := UARU™1,
where
a

AR = . 197 ¢
0
Ay
Clearly, R is not positive definite because one of its eigenvalues is equal to zero. Then,

there exists a matrix Q = Q" for which there does not exist a matrix P = P' such
that —PR — R" P = —(, which contradicts statement (ii). |

Remark 9 Proposition 2 provides a Lyapunov characterization of the second part of
the Assumption 2. °
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3.3 FIRST-ORDER SYSTEMS

Exploiting the tools of the previous section, we now study exponential bipartite containment-
tracking for first-order systems. In particular, we establish robustness in the sense of
input-to-state stability with respect to external bounded perturbations.

3.3.1 Exponential stability

Consider the system (3.1), interconnected with the bipartite containment control law
(3.2). Then, consider the errors defined in (3.12). Differentiating those, we get

¢=1[I-V]i (3.14)
and using (3.1), (3.2) and the fact that L,V = 0, we obtain

¢=—[I —V|Lax
= —[I = V]L,[I - V]z

and since VL, = 0, the closed-loop error dynamics read
e =—Lse. (3.15)

This is a familiar equation, but in the present context, stability of the origin for (3.15)
implies bipartite containment and not consensus. Accordingly, the bipartite contain-
ment problem is now recast as a problem of stability analysis of the dynamical system
(3.15). Thus, relying on Proposition 2, the next statement provides sufficient condi-
tions to achieve global exponential stability of the set {e = 0}, which is equivalent to
the bipartite containment tracking objective (3.3).

Proposition 3 ([18]). Consider the system (3.1) with the bipartite containment con-
trol law (5.2). Under the Assumption 2, for any Q = QT > 0 there exists P = PT > 0
such that '

V(e)=e'Pe, V(e)=—e Qe. (3.16)
Hence, the containment set {e = 0} is exponentially stable for all initial states x(0) €
R™.

Proof: Let Q@ = Q7 > 0, let o > 0 be arbitrarily fixed, and let Proposition 2
generate P = P > 0, such that (3.13) holds. Then, consider the Lyapunov function
candidate V (e) := e Pe. The total time derivative of V along the trajectories yields

K
V(e) =—e'Qe+e’ Z Oé,'(PUM'"U;-— + vliv:iP)e.

=1

On the other hand, replacing (3.12) we obtain

K
g ozZPUmvhe—g azPU”vh I — g vmvh
=1

K

-
g o (Poyvy — Puv,v; )x =0,
=1
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for which we used the identity v} v,; = 1,4 < K. Similarly, we obtain

K
el g aivliv,TiP = 0.
i=1

It follows that,

Vie) = —e' Qe < —gmle|?, (3.17)
where ¢,, > 0 is the smallest eigenvalue of @), so the statement of the proposition
follows. u

The following statement provides explicit expressions for the limit values of the
followers’ states.

Proposition 4 ([18]). Consider system (3.1) with the bipartite containment control
law (3.2). Under Assumption 2, the bipartite containment objective is achieved; that
is, inequality (3.3) holds. Furthermore, if the leaders are static (i.e., x; = 0) , the final
states of the followers satisfy

lim Jif(t) = fol, (318)

t—00
where x; and x¢ are the leaders’ and the followers’ states respectively and Vy is given
in (5.100).
Proof: Differentiating the weighted average of the system (3.5), we obtain the
dynamical equation below
T = Vi =—-VLx =0, (3.19)
with v Ly = 0 for each i < K. Its solution gives @,(t) = 2,(0). From Proposition
3, we have lim;_, e(t) = 0, which gives lim;,o, z(t) = 2 (t) = 2,,(0). Then, using
(3.11), we obtain the relation in (3.18). Under the Assumption 2 and from Item 4 of
Lemmata 7 and 8, we have

Ny Ny
i [z, (¢)] = z;vNﬁj,z‘Ili < Z;WNLHJ  max |z,
1= 1=
< max |z,
1<i<Np,
where v; ; are the elements of the matrix V in (3.8) and 1 < j < N — Nj. Then, the
bipartite containment objective in (3.3) is achieved. [

It is worth noting that for unsigned networks, the achievable objective is contain-
ment [7], that is,

lim [z;(t) — max x;(t)][z;(t) — minz,;(¢)] < 0. (3.20)

t—o0 ieL €L
Then, for such networks, we recover the following statement from Proposition 4.
Corollary 2 . Consider the system (3.1) with the bipartite containment control law

(3.2) and let the associated digraph be unsigned. Under the Assumption 2, the contain-
ment objective is achieved; that is, the inequality (3.20) holds.

The advantage of disposing of a strict Lyapunov function is that the robustness of
the bipartite containment set with respect to matching perturbations is also guaranteed.
We discuss this in the following subsection.
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3.3.2 Robustness analysis

Consider the perturbed first-order systems

where the disturbances d; : Ry — R" are assumed to be locally integrable functions.
Under the control law (3.2), the system (3.21) becomes

&= —Lgx +d(t). (3.22)
Differentiating the errors in (3.14) on both sides, and using (3.22) we obtain
é = —Lge+ [I —V]d(t). (3.23)
Then, we have the following.
Proposition 5 ([18]). Under Assumption 2, the closed-loop system (3.23) is ISS.

Proof: Consider the Lyapunov function candidate in (3.16). Its derivative gives

oV oV

V(e) %[—Lse] + %U — Vl]d.
From (3.17), we have
Vie) < —e'Qe+ %—Z[I —V]d

< —Gmlel” + 2Xple||[I — V]||d].

We know that 0 < |[I — V]| < |I| + |V| < 2, because all eigenvalues of I are equal to 1
2)\p

and all eigenvalues of |V| are either 1 or 0. Let § > 0 be such that ¢ := g, — =3 > 0.
Then,

V(e) < —cle|* 4 26|d|*.
So V' is an ISS Lyapunov function [88]. The statement follows. ]

3.4 SECOND-ORDER SYSTEMS

We now proceed with the extension of our analysis to more realistic agent dynamics.
In particular, we consider a group of N second-order dynamical systems modeled by

jfli =Ty, X1,, T9; € R (324&)

l"g, = Uy, U; € R, 1 E I_/\/ (324b)

k3

The system (3.24) is a simple representation of an autonomous vehicle, in which z;,
represents position and z,, denotes velocity—cf. [71]. More generally, such a model
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may represent feedback-linearizable nonlinear systems that include a large class of
systems.

To put our contributions in perspective, let us first recall that the consensus problem
for (3.24), that is, to ensure that (2.13) holds, where z; = [1, LUQJT, via distributed
control, is completely solved under various conditions on the interconnections and the
resulting network’s topology. For instance, for static directed networks, it is well-known
that under the consensus-control law—cf. |7, Section §],

N N
u; = —ky Z aij(r1, — xlj) — ks Zaij(@i - xQ].) — ks, (3:25)
j=1 j=1
with kq, k3 > 0 and k3 > 0, the expressions in (2.13) hold if and only if the underlying
graph contains a directed spanning tree [75]. The first two terms in (3.25) ensure
position and velocity consensus respectively, i.e., that (2.13) holds, but the latter does
not necessarily imply that the systems stabilize at a common set-point, for which it is
required, in addition, that xo; — 0. Indeed, we show in Section 3.4.1 that z9; — 0 is
possible only if k3 > 0. If k3 = 0 the closed-loop solutions may grow unboundedly, but
this is not necessarily nocuous; e.g., the goal may be for a group of vehicles to continue
advancing in formation at equal velocity without ever stopping, i.e., achieve flocking
[89, 24]. Thus, the gain k3 may be freely chosen to be positive or null, depending on
whether it is required that xo; — 0 or not, respectively—see Proposition 7 on p. 75.
For networks in which some of the nodes are competitive, the distributed consensus
control law (3.25) may be replaced with

N N
U; = —k’l Z\aij](mli — Sgn(aij)xlj) — kg Z’QMK:UQ«L — sgn(aij):vgj) — kgﬂ?gi, (326)
j=1 j=1

where ki, ko > 0, and k3 > 0. The first two terms result from a natural modification
of (3.25), to take into account the signs of the interconnections—cf. [104]. Under the
distributed control law (3.26), agents on a directed connected signed network containing
a directed spanning tree achieve bipartite consensus if and only if the underlying graph
is structurally balanced [2].

In this memoir, we consider bipartite containment protocols for second-order sys-
tems, with and without absolute velocity damping, ¢.e., k3 > 0 and k3 = 0. We show
that under the control law (3.26) and the Assumption 2, the agents’ states converge to

T = (V® L)z, (3.27)

where V is defined in (3.6) and the synchronization errors are given as
e:= (I -V]® L)z, (3.28)
where e = [61 ez]T. Then, to establish beyond the convergence statements that

xr1 — x1,, and x9 — w9 and, consequently, the bipartite containment objectives
defined by (3.3), we prove the stronger property of global exponential stability of the
set {z € R*" : (e1,e3) = (0,0)}. For that, we construct strict—in the space of (ey, €3)—
Lyapunov functions, based on Proposition 2. Furthermore, we establish robustness of
the bipartite containment tracking in the sense of input-to-state stability with respect
to external bounded perturbations.
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3.4.1 Exponential stability

Consider the system (3.24), interconnected with the bipartite containment control law
(3.26) and the errors defined in (3.28). Differentiating the errors along closed-loop
trajectories, we obtain

¢= (I -V]® L&
and using (3.24) and (3.26), we obtain the closed-loop dynamical equations

él = €2 (329&)
ég = —leSel — k‘gLsez — k’3€2. (329b)

Guaranteeing the bipartite containment problem is now recast as a problem of stabil-
ity analysis of the dynamical system (3.29). Thus, relying on Proposition 2, our next
statement provides sufficient conditions on the controller gains to achieve global expo-
nential stability of the set {(e1,e2) = (0,0)}, which covers the bipartite containment
tracking objective (3.3).

Proposition 6 ([83]). Consider the system (3.29) and let P be generated by (3.13)
with Q@ = Iy. Then, under the Assumption 2, the set {(e1,e2) = (0,0)} is exponentially
stable if

ky >0, (3.30a)
ko > 21/ k1 )\p, (3.30b)

k _

=2 Xp ks >0, (3.30c)
3

where A\p > |P| is the largest eigenvalue of P.

Proof of Proposition 6: Let Q = Q" > 0 and o > 0 be arbitrarily fixed. Since
by the Assumption 2 and Proposition 2, 3P = P > 0 such that (3.13) holds. Then,
consider the following Lyapunov function candidate

1
Vie) = §|€1|2 + e Pey + piey Pey, (3.31)

which is positive definite (for all e as in (3.28)), under the condition € < ,/ %, > 0.
This can be shown by rewriting the Lyapunov function in vector form

vo=gla) [ sl 2] o2

For the matrix in (3.32) to be positive definite, the Schur complement condition requires
2uP — €2P? > 0, which simplifies to 2 — €2|P| > 0. This is satisfied when € < ,/‘2?"“‘
and p > 0.
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The total time derivative of V' along the trajectories yields

V(e) = — kiee] PLyey — e) [kop(PLy 4+ L] P) + 2kspuP — €Ple,
+e] (I — kyePLy — 2kipuL" P — kseP)es.

Let > 0 be such that 2k p = koe = 1. Using (3.13) with Q = Iy and the identity

K K
T, _ T, _
P E v e =P E v, vy 2 =0
i=1 i=1

we obtain the following:

—kiee] PLye; = — kyee] (PLg+ L] P)e,
1
- _51{:16‘61'27
—eq puky(PLg + LSTP)eg = — pkoeg eq,
ey [I — (L] P+ PLy)]es = —e] [I — Ie,
= 0.

Hence, in compact form, we have

Vi) = L MT [ kyel ke P } M
€= 2 ley kseP  2ukol + 4ksuP — 2eP | |eg
(3.33)

or, equivalently,

Vie)=- 56 kseP  AksuP

1
] e— Zk1€|61|2 — ey [koptl — €Ples. (3.34)
That is, V is negative definite if the matrix in (3.34) is positive semi-definite and
[koul —eP] is positive definite. The latter holds, in view of the fact that 2k, = koe = 1,
if and only if

ky—
kol — 22051 > 0.
ko

In turn, the previous inequality holds if ky > \/2k;Ap, that is, under condition (3.30b).
Then, computing the Schur complement [28], the condition for the matrix in (3.34) to
be positive semi-definite, is 4ksuP — (kgeP)Tk%ek:geP > 0. If k3 = 0 the latter holds

trivially. Otherwise, considering k3 > 0, and using QZ—; = ﬁ, we see that the latter

inequality is equivalent to

2
ohty _Rsep oty Ks2hg
2 ki K ki k2
ks~
=1—=Xp>0

kg P Y
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which is satisfied under (3.30c). We conclude that

1 _
V() < —; [ elrler]? + oapt — Xplle? |, (3.35)
so the statement of the proposition follows. [ |

Remark 10 For conciseness, we consider in one statement the two interesting and
distinct cases evoked previously, that ks = 0 or ks > 0. Note that if k3 is chosen to be
null (3.30c) trivially holds, but if it is positive (3.30c) defines a condition on ky and
ks, relative to \p, which depends on the Laplacian L,—see (3.13). )

From the proof of Proposition 6 it is clear that the value of k3 > 0 is inconsequential
to the exponential stability of the containment set. Nevertheless, as mentioned above,
it plays a role in the solutions’ behavior. This is stated next.

Proposition 7 ([83]). Consider the system (3.24) and the bipartite containment con-
trol law (3.26). Under the Assumption 2, the bipartite containment objective is achieved,
that is, the inequalities (3.3) hold. Furthermore, if ks > 0, the final states of the fol-
lowers satisfy

1

tliglo L1y (t) = Vf‘rlz (0> + ks vfle (0)7 (336&)
lim wy,(t) = 0. (3.36b)
t—o0
On the other hand, if ks = 0,
1tlirn v1,(t) = Vi, (0) + tVixy,, (3.37a)
—00
tlggo T, (t) = Vixy,, (3.37b)

where x; and xy are leaders’ and followers’ states respectively and Vy € RW=NL)XNL

given in (3.8).

Proof: Differentiating the weighted average of the system (3.27), we obtain the
dynamical equations below

i‘lm = VIEl = VIQ = T2, (338&)
To,, = Vo
= V(—leS.Tl — k‘gLS.’EQ — k'g,l’g)
= —kyzs, (3.38b)
with v} Ly = 0 for ¢ < K. Their solutions yield
3, (t) = @3,,(0)e ", (3.39a)
t
xy, (t) = 21,,(0) + Jrgm(O)/ e M35 s (3.39b)
0
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Now, from Proposition 6, we have lim;_,, e(t) = 0, which results in
lim z(t) = x,,(1).
t—o00

On the other hand, from (3.39), we obtain

lim z5(t) =0
t—o00
and )
lim zq(t) = x1,,(0) + —xa,,(0).
t—o0 ]{:3

Then, using (3.8), we obtain the relations in (3.36). Under the Assumption 2 and from
Item (iv) of Lemmata 7 and 8,

. 1
Jim [z (8)] = Z\UNLH,#LE”(O) + k—BUNﬁj,z‘fﬂzli(Oﬂ

< Z|UNL+az||$1h( )+ —1‘211(0)!
< Z|UNL+J‘,M1M( )| +| Nt i2,,(0)]

< lomgallan, (O] < max o, (1)

where 1 < j < N — N and v; ; are the elements of the matrix V in (3.8). In the case
when k3 = 0, (3.38) becomes

11.32: ; O, -
Ty, (t) = x9,,(0), (3.40a)
1, (1) = 21,,(0) + L, (0). (3.40b)

From (3.40), we obtain lim;_, z2(t) = {E2m< ) and limy,o0 21 (t) = 21,,(0) + 29, (0)t.
Then using (3.8), we obtain the relations in (3.37). Under the Assumption 2 and from
Items (iv) of Lemmata 7 and 8, we have

L
tligleij (t>| = Z|UNL+J'J‘7;2M < ZI|UNL+J}1' 122]}\(]L|‘T2u

< max |z,
1<i<Np,

lim |$1f (t) = Z‘UNL+jyix1li<0) + tUNL+j,ix2u
t—00 -

< max |‘T11( )’+t max |I’2“’
1<i<Np, 1<i<Np,

<
< mmax |z, ()],

76



so (3.3) follows. [
On the other hand, we recover the following statement from Proposition 7.

Corollary 3 ([83]). Consider the system (3.24) with the containment control law
(3.26) and let the associated digraph be unsigned. Under the Assumption 2, the con-
tainment objective is achieved, that is the inequality (3.20) holds.

Next, we use the strict Lyapunov functions constructed above to conduct a robust-
ness analysis of the control law (3.26), in the sense of input-to-state stability of the
bipartite containment tracking.

3.4.2 Robustness analysis

Consider the perturbed second-order systems

jjli = Ty, (341&)
where the disturbances d; : R>¢y — RY are assumed to be essentially bounded locally

integrable functions, d;(t) < d := ess sup,>o|d(t)|. Under the action of the control law
(3.26), the system (3.41) becomes

iy = —k1Lsxy — koLszo — k3wy + d(t), (3.42b)

where d := [d;] € RY. Differentiating the errors in (3.28) on both sides and using (3.42)
we obtain

ég = —k:lLsel - kJQLSeQ - kg@g + [I - V]d(t) (343b)

Then, we have the following.

Proposition 8 (|83]). The closed-loop system (3.43), under the Assumption 2, is
iput-to-state stable with respect to essentially bounded, locally integrable external dis-
turbances if the conditions in (3.30) hold.

Proof: Consider the Lyapunov function (3.31) which is positive definite, under the
condition € < ,/%_%, > 0. The total time derivative of V' along the trajectories of
(3.43) yields

V(e) :g—zeg + S—Z [—k1Lyey — koLges — kses] + g—;;[] — V]d. (3.44)
Then, from (3.35), we obtain
V) < —Jlekales? + (e = Apleal’] + 51T~V
< ekl — (ko — Ap)lesf
+edpe) [ — V]|d + 2urpey |[I — V]||d|. (3.45)
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Now, we know that 0 < |[I — V]| < |I| + |V| < 2, because all eigenvalues of I are equal
to 1 and all eigenvalues of |V| are either 1 or 0. Let 6 > 0 be such that

1 4 _
cl = Z(ekl — gﬁ)\p) >0
and
= 1(k: - Sn ) >0
Cy ‘= 1 o EAP 5,LL P .
Then, since | — V| < 2, it follows from (3.45) that
Vie) < —aler]” — cales]* + esld)?,

with c3 = Apd(e+2u) > 0. Thus, V is an ISS Lyapunov function for the system (3.43),
and the latter is input-to-state stable with respect to matched disturbances. [ |

In the case of cooperative systems, Proposition 8 boils down to the following corol-
lary.

Corollary 4 ([83]). The system (3.43), under the Assumption 2 and over an unsigned
network, is input-to-state stable with respect to an essentially bounded, locally integrable
external disturbance if the conditions in (3.30) hold.

3.5 NUMERICAL EXAMPLES

To illustrate our theoretical findings, we present a numerical example of a system of
multi-wheeled mobile robots modeled as unicycles over both structurally balanced and
unbalanced networks. As mentioned in Remark 1, we apply our results presented for
one-dimension systems to systems of higher dimensions.

3.5.1 First-order systems

<

Yt —-—=----

I

Figure 3.2: Schematic representation of a unicycle
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Consider a unicycle vehicle as the one illustrated in Figure 3.2. Let
ri = [Txi Tyi]—r € R’

be the inertial position, 8; the orientation, s; the linear speed, and w; the angular speed
of the ith robot. The objective of the team of unicycles is to make the follower unicycles
converge to a safe zone defined by the cooperative leader unicycles and away from the
competitive leader unicycles—see the bipartite containment set defined in (3.3). Then,
the dynamics of such a wheeled mobile robot can be modeled as [94]

T, s; cos b;
Ty, | = | sisinb; | . (3.46)
Qi Wi

To apply the consensus control law (3.2)—designed for (3.1)—to this system we
apply a preliminary feedback linearizing control. To that end, we rewrite the sys-
tem’s dynamics in terms of the position of a point located at a distance ¢§; from the
axis connecting the wheels. This allows us to control the system’s position using the
coordinates of this reference point. We choose the reference point p;

i =1+ 0, (00892-)

sin Qz

located at a distance ¢; = 0.1m ffrom the axis connecting the wheels, along a direction
perpendicular to the wheels” axis. Now, to achieve bipartite containment on the ref-
erence points p;, we look at its dynamics. Differentiating p; with respect to time, we
obtain

pafi |8 COs 0; — 5Zwi sin QZ]
{pyj B Lz’ sin 0; + d;w; cos6;] (3-47>
Since we can control the velocity, let
s;| [ cos(6;) sin(6;) } ux}
L}j n [—ésin(@) écos(ei) uy | (3.48)

so (3.47) becomes

-

Pyl Ly’

which is a simplified kinematic equation in the form of first-order dynamics. For the
simulations examples, we implemented (3.46) with v; as in (3.2), where z; = [p., py,] "

3.5.1.1 Structurally balanced networks

We consider a coopetition network containing N = 7 agents with three leaders v;,7 < 3
and four followers v;,4 < j < 7, communicating over a structurally balanced directed
graph as the one depicted in Figure 3.3. The competitive leader 3 represents an
obstacle in the system. For clarity, we stress that, in this example, we consider a
leader node to be one that has no incoming edges, and we assume them to be static.
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Figure 3.3: A network of seven mobile robots with 2 cooperative and 1 competitive leaders.

According to (2.25), the Laplacian matrix corresponding to the graph is

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
Ly=|-3 0 0 5 -1 —1
0 0 0 -1 2 0
0 -50 -1 0 7
0 0 3 0 -1 -1

0
0
0
0

—1

—1
D

and its eigenvalues are A\, = 0, 0, 0, 1.38, 4.80, 7.81, and 5. The network may be

bipartitioned into two subgroups as

VIZ{V17V27V47V57V67V7}7 V2:{U3}

so it is structurally balanced. Then, the right and left eigenvectors associated with

each zero eigenvalue are given by

vn:[l 0 0 0.7038 0.4038 0.1154 0.1038]T,
vrzz[O 1 0 0.1923 0.1923 0.7692 0.1923}T,

vy =1[0 0 1 —0.1038 —0.4038 —0.1154 —0.7038] , v, =[0 0 1 0 0 0 0] .

The matrices V; and V; in (3.8) are then calculated to be

0.7038 0.1923
0.4038 0.1923
0.1154 0.7692

1
Vi=10
0 0.1038 0.1923

0 0
10,V =
0 1

w,=[1 00000 0]
vw,=[0 1000 0 0]

—0.1038
—0.4038
—0.1154
—0.7038

Notice that since in the graph considered above, the leaders have no neighbors, V;
has the form as in (3.11). We also remark that V; has the properties stated in Items
(i)—(iv) of Lemma 8. Since each follower is influenced by the three leaders, 0 is not an
element of V; (Item (i)). Moreover, none of the followers corresponds to the exclusive
part of a reach, so V; does not have an element equal to £1 (Item (ii)). From the
structural-balance property, all elements corresponding to leaders 14 and vy (the first
two columns) are positive and less than one, whereas the elements corresponding to
leader v (on the last column) are negative and greater than —1 (Item (iii)). We also
remark that the sum of the absolute values of the terms on each row is equal to 1 (Item

(iv)).
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Figure 3.4: Bipartite containment tracking of system (3.50) with control input (3.48),
[z, uy,] =: u; and u; as in (3.2). The filled dots are the final states of the mobile robots, and

the dotted lines represent the trajectory of the four followers. The yellow diamond represents
the symmetric state of the antagonistic leader x3.
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Figure 3.5: Bipartite containment tracking of system (3.50) under the same conditions as in
Figure 3.4 and under the effect of the perturbation in (3.49).

Let P be generated by (3.13) with Q = Iy and & = 20, then we obtain Ap = 0.6247.
Consider the system (3.50) and the bipartite containment law (3.2). The respective
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initial states of the robots are

r(0)=[35 4 —2 —65 55 —3.5 6],

r,(0)=1[2 35 -3 —1 -3 -3 —25],

and 6;(0) = § for all ¢ € Zy,. Figure 3.4 depicts the simulation results. The followers
converge to the convex hull spanned by cooperative leaders’ states and competitive
leader’s v3 symmetric state. Using (3.18) and the coordinate transformation, we obtain

the following limit values for the followers’ states:

lim 7, (t) = [3.44 2.99 3.69 2.54], limr,(t) = [237 2.61 325 2.85] .

t—o00 t—o00

We now perform simulations for the system (3.50) with the bipartite containment
law (3.2), with d;(t) = o;(t) [1 I}T where o;(t) is given as below

tanh(t — 10) — 1 + 5 i€ {56}
oi(t) = { —tanh(t — 10) + 1 - 7' i=4 (3.49)
0 i€ {1,2,3,7}.

Figure 3.5 depicts the simulation results. During the first 10s, the perturbation d(t)
prevents the achievement of bipartite containment tracking, and the followers reach
a stable state with a steady-state error. However, as the perturbation vanishes, after
10s, the trajectories of the followers move towards the convex hull, spanned by the
cooperative leaders’ states and the antagonistic leader’s symmetric state. We obtain
the same limit values for the followers as before.

3.5.1.2 Structurally unbalanced networks

We consider now a coopetition network containing three leaders v;,¢ < 3 and four
followers v;,4 < j < 7, communicating over a structurally unbalanced directed graph
as the one depicted in Figure 3.6. The competitive leader 3 represents a static obstacle
in the system. For clarity, we stress that, in this example, we consider a leader node
to be one that has no incoming edges, and we assume them to be static.

Figure 3.6: A network of seven mobile robots with 3 leaders over a structurally unbalanced
signed graph.
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According to (2.25), the Laplacian matrix corresponding to the graph is

0 00 0 0 0 0
0O 00 0 0 0 0
0O 00 0 0 0 0
Ly=|-3 0 0 5 -1 1 0
0 0 0 -1 2 0 -1
0 50 1 0 7 -1
0 0 3 0 -1 -1 5|

and its eigenvalues are \;, = 0, 0, 0, 1.44, 4.27, 5.56, and 7.73. The network may not
be bipartitioned into two subgroups so is structurally unbalanced. Then, the right and
left eigenvectors associated with each zero eigenvalue are given by

vy =[1 0 0 06932 0.3750 —0.0909 0.0568] vw=[100000 0]
v, =[0 1 0 —0.1515 0 0.7576 0.1515] ", w=[0 10000 0]
vy =1[0 0 1 —0.0568 —0.3750 —0.0909 —0.6932]" , v, =1[0 0 1 0 0 0 0] .

The matrices V; and V7 in (3.8) are calculated as below.

0.6932 —0.1515 —0.0568
0.3750 0 —0.3750
—0.0909 0.7576  —0.0909
0.0568  0.1515 —0.6932

1
Vi=10 , V=
0

o = O
— O O

Notice that, as in the considered graph, leaders have no neighbors, V; has the form
asin (3.11). We also notice that V; has the properties stated in Items (i)-(iv) of Lemma
7, since the network under consideration is structurally unbalanced. Since each follower
is influenced by the three leaders, there are no agents corresponding to the exclusive
part of a reach, and as a result, Vy does not have an element equal to £1. Moreover,
the sum of the absolute values of the terms on each row is less than 1.

Let P be generated by (3.13) with @ = Iy and @ = 20, then we obtain Ap = 0.5161.
Consider the system (3.50) and the bipartite containment law (3.2). The respective
initial states of the robots are

r,(0) = [15 —0.5 —05 —65 55 —3.5 6],

r(0)=[1 15 -1 -1 -3 -3 -2.3]",

and 6;(0) = § for all i € Zy,. Figure 3.7 depicts the simulation results. The followers
converge to the convex hull spanned by the leaders’ states and their symmetric states.
Using (3.18) and the coordinate transformation, we obtain the following limit values

for the followers’ states:

lim 7, () = [1.20 0.81 —0.39 0.42]", limr, (t) = [0.49 0.67 1.14 0.85] .

t—o00 t—o00

We now perform simulations for the system (3.50) with the bipartite containment
law (3.2), with d;(t) = o;(t) [1 1]T, where o;(t) is in (3.49). Figure 3.8 depicts the
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Figure 3.7: Bipartite containment tracking of system (3.50) with control input (3.48),
[Uz; Uy,] =: u; and u; as in (3.2). The filled dots are the final states of the mobile robots, and
the dotted lines represent the trajectory of the four followers. The diamonds represent the
symmetric states of the leaders.
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Figure 3.8: Bipartite containment tracking of system (3.50) under the same conditions as in
Figure 3.7 and under the effect of the perturbation in (3.49).

simulation results. The trajectories of the followers move towards the convex hull,
spanned by leaders’ states and their symmetric states. We obtain the same limit
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values as before for the followers.

3.5.2 Second-order systems

Let us consider next a group of force-controlled unicycles, hence modeled by the second-
order equations

T s; cos b; g 19
7'“yz. = |S; sin 02 s |: .l:| - [m1 1 ] U (350)
01' Wi Ji

where m; the mass, J; the moment of inertia, F; the applied force and 7; the applied
torque, and 7; := [FZ TJT. To apply the consensus control law (3.26)—designed for
(3.24)—to the system (3.50), we apply a preliminary feedback linearizing control. To
that end, we rewrite the system’s dynamics in terms of the position of a reference point
located at a distance §; from the axis connecting the wheels, as before. We define

Tz, + 0; cosb;
Ty, + 0;sin6;
(:= |s;cosb; — d;w;sinb; | . (3.51)
s; sin @; + d;w; cos b;
0;

In transformed coordinates, with p; = [ClT CQTZ_ |7, we have

él- {53}
Ak 3.52a
[sz- Ca; ( )
G| {—siwi sin 0; — ;w? cos 9,} mi cos §; —% sinf; |
[641- [ swicos6; — d;w? sin b + L sin 6, L‘S,— cos(6;)| " (3.52b)
¢ L sinGs, + 4, €08 G (3.520)
= T 55 638 .+ —=C4, COS(5,. 59
T T, I T g B
The feedback linearizing control 7; is given by
LCOSG' —QSIHQ ! _S'w.sin64 _6'w2COSH'
= ! i ! R (el i Wi i
;i [mL sin 91 f;—l COS(HZ-) X | U; |: S4W; COS Qz . 51(*}7? sin 02 :| :| y (353)

which gives [(;, G,]T = [, ¢,]T and [Gs, &i,]T = u;. Thus, we implemented (3.53) with
u; as in (3.26), zy, = [, Co,] " @2, =[G, Cu] T, mi = 8kg and J; = 0.12kg/m? for each
1€ Ly

Remark 11 Nonholonomic systems, such as unicycles, are constrained in their move-
ment, typically unable to move in certain directions, like sideways. Feedback lineariza-
tion is used above to transform the nonlinear dynamics of the unicycles into linear ones,
simplifying control design by placing the control point at an offset from the robot’s cen-
ter, allowing it to control the system while 1gnoring its exact orientation. This can make

85



the robots behave like a holonomic system, simplifying trajectory tracking but introduc-
ing errors due to the robot’s nonholonomic nature, such as tracking errors, especially
during sharp turns. Moreover, in feedback linearization, the parameters of the robot
are assumed to be perfectly known, so modeling errors or uncertainties in parameters
and unmodeled dynamics, such as friction, may lead to control errors. On the other
hand, the choice of considering nonholonomic systems in the first place is because they
are more practical for many real-world applications. °

We provide some numerical examples of a system of nonholonomic unicycle mobile
robots over both structurally balanced and unbalanced networks.
3.5.2.1 Structurally balanced networks

Consider a network of N = 9 agents with five leaders v;,7 < 5, organized in three leader
groups {v1, s, 3}, {ma}, {vs}, and four followers v;,6 < j <9, communicating over a
directed graph as the one depicted in Figure 3.9, below.

Figure 3.9: Network 1: A network of nine mobile robots

The Laplacian matrix corresponding to the graph is

1 0 -1 0 0 0 0 0 0]

-1 1 0 0 0 0 0 00

o -1.1 0 0 0 0 00

o 0 o0 o0 0 0 0 00
L=10 0 0 0 0 0 0 00
-3 0 0 0 0 4 0 10

o 0 0 0 0 -1 2 01

o 0 0 -50 1 0 60

Lo 0 0 0 3 0 -1 0 4]

and its eigenvalues are A\, = 0, 0, 0, 1.5 £ 0.86¢, 2, 3.59, 4, and 6.41. The network may
be bipartitioned into two subgroups,

Vi = {v1,v0,v3,05, 06,7, Vo = {va, 18,10},

so is structurally balanced, and

0.33 0.33 033 0 0 026 026 026 —022 0
0.33 0.33 0.33 0 0
v— loas 058 09 0 o v |04 014 014 —022 037
= PRSI 7= 1-0.04 —0.04 —0.04 087 0
RO —0.01 —0.01 —001 022 —0.75

(3.54)
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Figure 3.10: Bipartite containment tracking of (3.50) with the control (3.26) on the plane.
The filled dots are the final states of the agents. The diamonds represent the mirrored final
states of the leaders. The rectangles represent the containment set.
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Figure 3.11: Bipartite containment tracking of (3.50) with (3.26) on velocity.

We notice that V; and V; have the properties stated in Items (i)-(iv) of Lemma
8, as the network is structurally balanced. For V;, we have two elements equal to
one, corresponding to isolated leaders vy and v5, as they are in the exclusive part
of the reaches. Leaders 1,14, and v3 are in the exclusive part of a reach, so the
corresponding elements of the right eigenvector are equal to one. Thus, as they are
interconnected within a strongly connected graph, the absolute value of the elements
of the left eigenvector is less than one. V; does not have an element equal to 1 since
all the followers are influenced by more than one leader. Followers v and vy are not
influenced by the leader v5, so the corresponding elements on the fifth column are equal
to zero. We also remark that the sum of the absolute values of the terms on each row
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is equal to 1.

Now, to compute P in (3.13) we proceed as follows. We set Q = Iy and «; = 20.
Then, in Matlab, we use 1lyap(-R,Q) with () = I to obtain the solution of —PR —
RTP = —Q with R := L—l-zifil a;vy,v) . We obtain Ap = 0.5193. Consider the system
(3.50) and the bipartite containment law (3.53) with k1 = 0.8, k2 = 1.5, and k3 = 1.2,
which satisfy the conditions in (3.30). The respective agents’ initial states are

r(0)=[351 —05 —1.6 1 —6.5 55 —3.5 6],
r,(0)=[325 —1.513 -3 -1 -3 -3 —2.5]",
0(0) = [0.25 0.61 —1.27 0.32 1.42 0.46 0.98 1.19 1.03]",
s(0)=[1.2 1.2 =14 —1.6 1.3 2.2 0.4 —1.11.2]".

The simulation results are shown in Figures 3.10 and 3.11. The followers converge to the
bipartite containment set spanned by cooperative leaders’ final states and competitive
leaders” mirrored final states and all agents’ velocities converge to zero. Using the
relations in (3.36) and the coordinate transformation, we obtain the following limit
values for followers’ states,

lim 7,(t) = [1.99 1.89 —2.68 —1.46]", lim r,(t) = [1.31 —0.15 0.44 1.44]",

t—o00 t—o00
and
lim s(t) =10 0 0 0]".
t—o00
3 T T T T T Q T
%1
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Figure 3.12: Bipartite containment tracking of (3.41) on the plane.

In a second run of simulations, we tested the bipartite-containment control law
(3.53) on the system (3.50), using the same initial conditions and controller gains
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Figure 3.13: Bipartite containment tracking of (3.41) on velocity.

as above. Therefore, in the simulations we consider that the system is subject to a

disturbance d; = o;(t) [1 1]T , where o;(t) is given by
tanh(t — 10) — 1 + 5755 i€ {7,9}
oi(t) = { —tanh(t — 10) + 1 — 7' i=6
0 i€{1,2,3,4,5,8).

The simulation results can be appreciated in Figures 3.12 and 3.13. During the first
10s, the perturbation d(t) prevents the achievement of bipartite containment tracking,
the trajectories of the followers 6, 7, and 9 shift because of the presence of the per-
turbation, but, after the perturbation vanishes, the trajectories of the followers stop
shifting and converge towards the bipartite containment set spanned by cooperative
leaders’ final states and competitive leaders’ mirrored final states and all agents’ ve-
locities converge to zero. We obtain the same limit values as before for the followers.

In a third run of simulations, we tested the bipartite-containment control law (3.53)
on the system (3.50), using the same initial conditions and controller gains as above.
Therefore, in the simulations we consider that the system is subject to a disturbance

d; =oi(t) [1 1]T , where o;(t) is given by
—tanh(t—5)—1+(tl+5) | i=5
0 i€ {l1,2,3,8}.

The simulation results can be appreciated in Figures 3.14 and 3.15. During the
first 5s and 10s, leaders 5 and 4 are influenced by the perturbation, respectively, which
prevents the velocity from converging to zero. However, after the perturbation van-
ishes, the velocities of the leaders stop increasing and converge to zero. On the other
hand, during the 10 seconds, the perturbation d(t) prevents followers 6, 7, and 9 from
achieving bipartite containment tracking and their trajectories shift but after the per-
turbation vanishes, the trajectories of the followers stop shifting and converge towards
the bipartite containment set spanned by cooperative leaders’ final states and compet-
itive leaders” mirrored final states and all agents’ velocities converge to zero.
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Figure 3.14: Bipartite containment tracking of (3.41) on the plane.
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Figure 3.15: Bipartite containment tracking of (3.41) on velocity.

3.5.2.2 Structurally unbalanced networks

Now, consider a network of N = 9 agents containing five leaders v;,1 < 5, three leader
groups {11, v, 3}, {va}, {v5}, and four followers v;,6 < j <9, provided in Figure 3.16.
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Figure 3.16: Network 2: A network of nine mobile robots

The Laplacian matrix corresponding to the graph is

1 0 -1 0 0 0 0 0 O]

-1 1 0 0 0 0 0 0 0

o -1..1 0 0 0 O 0 0

o o0 o0 o0 o0 0 0 0 0
Lyi={0 0 O 0 0 0 0 0 O
-3 0 0 0 0 4 0 =10

o o o0 0 0 -1 2 0 1

o 0 0 -50 -1 0 6 0

o 0 0 0 3 0 -1 0 4]

and its eigenvalues are A\;, = 0, 0, 0, 1.5 + 0.861, 2, 3.59, 4, and 6.41. The network may
not be bipartitioned into two subgroups, so is structurally unbalanced. The matrix V;
is calculated as in (3.54) and V} is calculated as

0.26 026 0.26 0.22 0
0.125 0.125 0.125 0  0.375
0.04 0.04 0.04 0.87 0
0.01 0.01 0.01 0.22 -0.75

Vi =

We notice that V; has the properties stated in Items (i)-(iv) of Lemma 7 since the
network is structurally unbalanced. Since all followers are influenced by more than
one leader, there are no agents corresponding to the exclusive part of a reach, and as
a result, V; does not have an element equal to £1, but the absolute values of each
element is less than one. We also remark that the sum of the absolute value of the
terms on each row is less than 1.

Now, let P be generated by (3.13) with @ = Iy and a =20, then we obtain
Ap = 0.4839. Consider the system (3.50) and the bipartite containment law (3.53)
with the same controller gains as before. The respective agents’ inertial positions and
linear speeds are the same as before, while the orientations are

6(0) =[0.25 0.61 —1.27 0.32 1.42 0.46 0.98 1.19 1.03]".

The simulation results are depicted in Figures 3.17 and 3.18.

Note that all followers converge to the convex hull spanned by leaders’ final states
and mirrored final states and all agents’ velocities converge to zero. Using relations
in (3.36) and the coordinate transformation, we obtain the following limit values for
followers’ states,

lim 7 () = [L5 1.1 0.01 —0.94]",  lim r,(t) = [1.79 —0.01 0.89 1.54]",

t—o00
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Figure 3.17: Bipartite containment tracking of (3.24) on position. The filled dots are the final
states of the agents. The diamonds represent the mirrored final states of the leaders.
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Figure 3.18: Bipartite containment tracking of (3.24) on velocity.

lim s(t) =[0 0 0 0]".

t—o0

We remark that for structurally balanced signed networks, the followers’ final states
converge to the bipartite containment set spanned by cooperative leaders’ final states
and antagonistic leaders’ mirrored states. However, in the case of a structurally unbal-
anced network, this cannot be observed because the agents cannot be partitioned into
two disjoint subsets.

In a second run of simulations, we tested the bipartite-containment control law
(3.53) on the system (3.50), using the same initial conditions and controller gains
as above. Therefore, in the simulations we consider that the system is subject to a
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disturbance d; = o;(t) [1 1]T , where o;(t) is given by

—tanh(t—5)—1—|-(tf+5) | i=5
0 i€{1,2,3,8).
8 I T T T T T T
QA
_8 1 1 1 1 1 1 1
-8 6 4 2 0 2 4 6 8

Figure 3.19: Bipartite containment tracking of (3.41) on the plane.

The simulation results can be appreciated in Figures 3.19 and 3.20. During the
first bs and 10s, leaders 5 and 4 are influenced by the perturbation, respectively, which
prevents the velocity from converging to zero. However, after the perturbation vanishes,
the velocities of the leaders stop increasing and converge to zero. All followers converge
towards the bipartite containment set spanned by cooperative and competitive leaders’
final states and symmetric final states. Moreover, all agents’ velocities converge to zero.

3.6 CONCLUSIONS

In this chapter, we presented a Lyapunov approach to analyze the exponential stability
of the bipartite containment tracking problem of simple and double integrators over
structurally balanced and unbalanced multi-leader signed networks. Via a change of
coordinates, we have shown a bound for the convergence set of the followers, as well as
the limiting set points for all the agents. This is significant because the construction
of a Lyapunov function may serve to extend our study to cover bipartite containment
for complex non-linear systems, such as Lagrangian systems. Moreover, we have gen-
eralized the Lyapunov equation characterization of the Hurwitz property of a matrix
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Figure 3.20: Bipartite containment tracking of (3.41) on velocity.

to matrices having more than one zero eigenvalue, which allowed us to construct strict
Lyapunov functions. Disposing of strict Lyapunov functions allowed us to establish the
robustness of the system with respect to a bounded disturbance.
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CHAPTER 4

BIPARTITE FORMATION-CONSENSUS WITH COLLISION
AVOIDANCE AND CONNECTIVITY MAINTENANCE

In this chapter, we address the bipartite formation-consensus problem for a group of
vehicles over structurally balanced signed networks described by first- and second-order
systems under inter-agent distance constraints. Bipartite formation in multi-agent
systems is relevant, for example, when a group of autonomous vehicles operates amidst
hostile conditions alongside enemy vehicles and gathers around a desired point or a
safety zone. Distance constraints concern restrictions on the distance between two
agents to avoid collision and, at the same time, to avoid losing communication if it
does occur.

To address this problem, we propose a distributed barrier-Lyapunov-function-gradient-
based bipartite formation control law that prevents inter-vehicle collisions and keeps
vehicles in their sensors’ range. First, we present our control laws and analysis in node
coordinates expressed for each agent. Then, we use the edge-based representation for
signed networks [23], where the control law is expressed for each edge interconnecting a
pair of agents. The edge-based formulation corresponds well to the study of our prob-
lem as a stability problem and allows us to recast the bipartite formation-consensus
problem into the space of the error coordinates.

The bipartite consensus problem has already been studied in the literature, e.g., in
[2, 30, 104, 95]. However, in contrast to the latter references, we address the bipartite
consensus problem under collision avoidance and connectivity maintenance. The con-
strained non-cooperative herding problem has been studied in [15] and [26] but with
optimization-based approaches, and the constrained bipartite-flocking problem is stud-
ied in [24], using artificial potential functions. In our work, compared to [15], [26], and
[24], we encode the inter-agent constraints using barrier-Lyapunov functions, and our
controller is based on the gradient of a barrier-Lyapunov function. Moreover, contrary
to [24], a minimal safety distance is guaranteed between any two agents.
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Thus, compared to the literature, we contribute with a distributed control law
that solves the bipartite formation-consensus-control problem for structurally balanced
signed networks. We consider, in particular, undirected signed networks and strongly
connected directed signed networks described by first and second-order systems. Fur-
thermore, we establish asymptotic stability of the bipartite formation-consensus man-
ifold by applying Lyapunov’s direct method and, in some cases, employing edge-based
formulation for signed networks.

4.1 PROBLEM FORMULATION

Consider N physical systems with non-negligible dimensions, and let z; € R™ be a
state of interest, typically, a position of a point in the physical space of the agent 7.
Let them be modeled by

Ty = Uy,

where u; € R” is the control input. Consider the problem of ensuring all systems
achieve formation consensus, meaning they converge to configurations around a non-
predefined rendezvous point. Then, for each agent let b, € R™ denote the relative
displacement of agent ¢ with respect to the rendezvous point and define

Then, the agent dynamics take the form

Now, consider the group of agents (4.1) interconnected through inputs w;, forming
a communication network with a signed, undirected, connected, and structurally bal-
anced graph. Here, we address two kinds of problems: leaderless bipartite consensus
and leader-follower bipartite consensus. In the first case, the final states of the agents
are defined by their initial conditions, and they converge to two opposite equilibria. In
the second case, all the agents still converge to two symmetric equilibria, but the final
states are defined by the leaders. The study of these problems is important because
their solutions form a basis for addressing more realistic and complex problems. First,
we are interested in the conditions under which the following is achieved.

Definition 6 (Leaderless bipartite consensus) The systems (4.1)-(2.33) are said
to achieve bipartite position consensus if

tll)I(I)lO €z, =0, (4.2)
where
éxk =X; — SQH(CLij)fj, (43)

are the synchronization errors in position for each pair of communicating agents with
k < M, the index of the interconnection between the ith and jth agents, and M, the
total number of edges interconnecting agents in the network.
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That is, for agents ¢ and j cooperative with each other, bipartite consensus implies
that z; — Z; while for agents competitive with each other we have z; — —Z;.

Thus, bipartite consensus is achieved for cooperative agents if z; — z; = 0, or equiv-
alently if

T; — x5 = by,

where Bl-j = b; — sgn(a;j)b;. For competitive agents, bipartite consensus is attained if
éxk =I;+ i‘j = O, that iS, if

ZT; —+ .I'j = bl]

In the case of leader-follower bipartite consensus, as mentioned before, the final
states of the agents depend on the leader’s states. Then, to address the leader-follower
bipartite consensus problem, a natural and widely used approach in the literature is to
add a virtual leader in a group of agents that communicate over an undirected graph—
cf. |60, 89, 6] and [7, Chapter 4|. Assume that the dynamics of the virtual leader are
described by

T9=0, z9€R" (4.4)

Next, to account for the nature of the interaction between the virtual leader and
the followers, let ¢; describe the interaction between the virtual leader and the agents
v, 1 < N, such that ¢; = 1 if the leader is cooperative with the agent 7 and ¢; = —1
otherwise. Then, we define

é; :=T; — ¢;xg, 1< N. (4.5)
So, in compact form, we have
¢ =1 — by, (4.6)
where
= (g1, ¢, -+, 0n]", & € {1, —1}. (4.7)

That is, the leader-follower bipartite consensus is achieved when both synchronization
errors in (4.2) and the errors with respect to the leader defined in (4.5) converge to
zero. Then, we can formally define the leader-follower bipartite consensus problem as
follows.

Definition 7 (Leader-follower bipartite consensus) Let xy € R"™ be the position
of the virtual leader vy, whose dynamics is given in (4.4). The leader has a direct
interconnection with at least one follower. Then, the systems (4.1)-(2.33) are said to
achieve leader-follower bipartite position and velocity consensus if (4.2) and

lim &(t) =0, <N (4.8)

t—o00

hold.
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That is, for agents labeled i that are cooperative with the virtual leader, bipartite
consensus implies that z; — x¢ while for agents competitive with the virtual leader we
have z; — —xq.

Remark 12 In this chapter, we are interested in the problem of stabilization at a point,
whence the assumption on the dynamics of the leader. This can be seen, e.q., as part of
a more complex maneuver requiring the robots to gather statically around a rendezvous
point before starting a scouting mission—cf. |21, 43]. °

In the context of the problem studied in this chapter, the agents are asked to
achieve (leader-follower) bipartite consensus while satisfying inter-agent constraints
to ensure collision avoidance and connectivity maintenance. Then, for each pair of
communicating nodes v; and v; € V, labeled k < M, let 6y := x; — x; be the physical
distance. The distance between positions remains in certain constraint sets, which are
defined as follows. Let &, denote the set of indices k corresponding to edges containing
pairs of cooperative agents, i.e., i,7 € V, with [ € {1,2}. In addition, for each k < M,
let R, > 0 and Ay > 0. Then, we define the set of proximity constraints Z, and the
set of collision-avoidance constraints Z. as

(Prozimity constraints) L. :={0x € R" : |Ok| < Ry, k€ &} (4.9a)
(Collision-avoidance constraints) Z.:={0r € R" : |0y| > Ap k< M}. (4.9b)

Under these conditions, it is required to design a distributed bipartite consensus control
law u; such that the synchronization errors é,, in (4.3) satisfy (4.2) and the agents’
trajectories satisfy the proximity and collision-avoidance constraints. That is, it must
hold that 6(¢) € Z for all t > 0, with § := [0 0y -+ dur]", Z := L, NZ, for cooperative
agents and Z := Z. for competitive agents.

Remark 13 Proximity constraints are only imposed on agents interconnected by a
cooperative edge. They are not imposed on competitive interactions since it is assumed
that the competitive agents have different objectives, so they do not stay close to each
other. °

In the next section, we explain how we design the control law using the gradient of
a nonlinear function to solve the constrained bipartite formation-consensus problem.

4.2 ANALYSIS AND CONTROL APPROACH

In the control approach, we are inspired by the classical bipartite consensus problem
without constraints to design the control law that achieves the bipartite consensus
of agents while guaranteeing the inter-agent constraints encoded in (4.9). The control
design and stability analysis both rely on the ability to construct appropriate Lyapunov
functions. For the purpose of guaranteeing the satisfaction of the constraints, we use so-
called barrier Lyapunov functions (BLFs). We study four cases depending on whether
the topology is directed or undirected and whether the individual dynamics are of first
or second order. For technical reasons, for second-order systems interconnected over
undirected networks, we use edge coordinates, and for the other cases, we use node
coordinates. Hence, we start by showing how we construct BLFs with domain in either
coordinate space.
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4.2.1 Barrier-Lyapunov functions in node coordinates

To put our contributions in perspective, let us consider first the systems modeled by
(4.1) without constraints in the multivariable form

T =u,

i.e., with 7 = [Z; Zo ...Zn]" and u = [u; up ...uy]", and interconnected via the
control law

u= —Lz, (4.10)

where L is the resulting signed Laplacian matrix associated with the considered undi-
rected signed network—see Section 2.3. Then, the closed-loop system is

z=—-L,%,

which has been abundantly studied in the literature—see also Chapter 2. For the
purposes of this chapter, we remark the other evident fact that we can express the
control law (4.10) in the form of the gradient of a function, i.e.,

—sz = _V;EV,
where
V(z) == L%
SO oy
ViV i=— =L,
ox

The latter follows from the fact that

V(E) =3 D lagl(r — senlay)r,),

3,j=1

which is the commonly used Lyapunov function candidate (LFC) in the literature, e.g.,
[2, 109].

Similarly, to address the problem of bipartite consensus under inter-agent con-
straints, for the first-order systems (4.1), the control input takes the general form

u=—-VV, (4.11)

where V' is a nonlinear function encoding the control objective and the constraints,
whereas its gradient makes the synchronization errors in (4.3) converge to zero and
guarantees the collision-avoidance and connectivity maintenance constraints defined in
(4.9) between agents.

Following the works in |66, 77, 22, 91, 92|, we choose to encode the constraints using
a barrier-Lyapunov function, and define our control law as a set of its gradient. Thus,
we first define a barrier-Lyapunov function (BLF)—cf. [54], [66], [76].
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Definition 8 Consider the system @ = f(x) and let Z be an open set containing the
origin. A BLF is a positive definite function W : T — Rso, © — W(x), that is
C', satisfies VW (z)f(z) < 0, where VW (x) := W /0x, and has the property that
W(z) — oo, and VW (z) — oo as x — 0L, where O denotes the border of .

Now, for each agent 7; = v;, we consider the BLF Vii 1 R = Ry,
1
Vij(s) = 3 [IsI” + Bij(s)] . (4.12)

where the first term is used to encode the control objective defined in (4.2) so that its
gradient achieves the bipartite formation objective, and B;;(s) encodes the constraints
n (4.9). More precisely, B;;(s) consists of two functions B, (s) and B, (s) satisfying
Definition 8, and is defined as

Biy(s) = Bey () + (1 +0) B (5), (4.13)

where B, (s) encodes the inter-agent collision avoidance constraints of agents inter-
connected over each edge. B, (s) encodes the connectivity maintenance constraints
of agents interconnected over each cooperative edge, such that o;; = 1 if the agents i
and j are cooperative and o;; = —1 otherwise. Furthermore, let B, (s) and B, (s) be
such that B, (s) — oo as |s| = Ry and B, (s) — oo as |s| = Aj. Thus, By(s) is
non-negative and satisfies B;;(0) = 0 and B;;(s) — 0o as |s| — Ay, for all edges and as
|s| = Ry for cooperative edges. A particular choice for these functions is given by

B”AS):ID(ZP}#bP> 'B“AS):IH(LﬂJﬂ2A2> (4.14)

Remark 14 The barrier-Lyapunov functions in (4.14) are tailored to deal with sym-
metric constraints, but our results also apply to asymmetric constraints. For this, B,
and B.,; may be redefined as

147 R? 1—7 R,%
B, (s) = 1 5 1 :
= “(R? -67) 2 R -EE )

1479 Kl -9 |sI*
B...(s) = 1 1 :
i (8) 5 M (|$|2 — A2 + 5 M |s]2 — Azb

where v = —1 when s > 0 and v =1 when s <0, as in [86, 91, 92]. °

Now, after (4.12), we see that if we define B;; in function of the errors €,,, B;;(€,)
has a minimum at {Z; — sgn(a;;)z; = 0} as desired, but B;;(é,,) — oo as |z; —
sgn(a;;)z;| — Ay or |z; — sgn(a;j)T;| — Ry, which is not the objective. Indeed, the
constraints are defined with respect to the relative quantities d; = z; —x; and not with
respect to the synchronization errors €,, = Z; — sgn(a;;)%; defined in (4.3). Therefore,
the barrier function must be defined to satisfy the control objective in (4.3) expressed
in terms of €,, while guaranteeing the constraints in (4.9) imposed on d;. To this end,
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for agents that are interconnected with cooperative edges, we define a weight-recentered
barrier function [25]. We define, for a pair of cooperative agents,

) 1 )
Vij(i, z5) = 5|2 — 7° + By (w; — a5) (4.15)
2

with
BU(‘%Z - zj) = K1, [Bm‘j (xl - xj) - Bri]‘ (Blj)} + K2y [BCij (xl - xj) - Bcij (Blj)} ) (4'16>
where B, (-) and B, (-) are defined in (4.14) and

1 A2 11
Ri; = 3573 7 ) R2i; = 552 17 12
T 2by 2[[by 2 — A7 TO2RE — byl?

(4.17)

The weight-recentered BLF in (4.15) combines a quadratic term and barrier functions to
enforce constraints on the relative positions and penalizes deviations within constrained
regions defined by Ay and Ri. The recentering and weighting adapt the barrier’s
influence dynamically based on Z_Jij and constraint parameters. Moreover, the weight-
recentered BF in (4.16) satisfies Byj(b;) = 0 and V,, By;(b;) = 0, and we also have
Ezj(xl —x;) — 00 as either |z; — x| = Ay or |z; — z;| — Ry, as desired.

On the other hand, for agents that are interconnected with competitive edges, we
use gradient recentered barrier functions [101], and we define

—~ _ Vi o
Vig (i, 25) o= Viglas — ) = Vig(=2; + by) = 5 5(=225 + byy) (75 +75),  (4.18)

where V;(-) is defined in (4.12). In this case, By;(s) only contains the function B,
since connectivity constraints are not imposed on competitive edges (0;; = —1). The
gradient recentered BF in (4.18) modifies the original barrier function defined in (4.12)
by subtracting a reference term V;;(—2z;+b;;) and a linear correction term based on the
gradient of Vj; at the recentering point —2x; + l_nj. Moreover, it satisfies /‘Zj (i, 2;) =0
and Vmi/V\;j(xi,xj) =0ase, =z;+2; =0, and /‘Z-j(xi,xj) — 00 as 0| = Ay for all
k<M.

We define different BLFs to address cooperative and competitive edges because
there are two inter-agent constraints for cooperative edges: connectivity and collision
avoidance, whereas there are only collision avoidance constraints for competitive ones.
The weight-recentered BLF allows us not to impose conservative conditions on the ini-
tial conditions of the agents while dealing with two constraints. On the other hand, in
the case of agents interconnected with competitive interactions, we use gradient recen-
tered barrier functions to shift the minimum of the function at the desired equilibrium
while dealing with the competitive edges. Thus, for the system in (4.1), we define the
BLF for each edge as the sum of BLFs in (4.15) and (4.18), i.e.,

_ 1+ 05~ =1~
Vz-j(xz-,xj) = +U]Vij(xi,xj) — O-j V;j(xi,xj), (419)
where 0;; = 1 if the agents ¢ and j are cooperative and o;; = —1 otherwise.

101



Notice that V; in (4.19) has the desired properties by the definition of V;; in
(4.15) and /V\}j in (4.18), since when #; — sgn(a;;)z; = 0 it satisfies Vi;(w;,2;) =0,
Vi, Vij(zi,2;) =0, and Vij(z, 1) — oo as 0| — Ay for k < M, and as 6| — Ry, for
all k € £,,. Also, we note that {Z; —sgn(a;;)Z; = 0} is a minimum of V(z;, z;) and, as a
matter of fact, it is also a unique minimum even though V' (x;, z;) has a second critical
point, which we denote sj;—see Appendix A.3.1. Then, we define W = U j<nWij,
where

Wi = A{ai;, si;},
a;; = by; if agents i and j are cooperative and &;; = —2x; + b;;, otherwise, for any
k < M. Then, we define

V(x):= Z Z Vi, 5), (4.20)
i=1 jeN;

where V;;(z;, z;) is defined in (4.19) and N corresponds to the set of the neighbors of
agent 7. We remark for further development that

K _
5 10 < V(). (4.21)
where |§])y := min{|6 — al, |6 — s*|}, o :=[a1 ay -+ ap]" and s* = [sT 55 ... s,

In addition, we assume the following:

Assumption 3 The gradient of the barrier-Lyapunov function V in (4.20) satisfies
the bound

1 _
5’(5‘12/? < Hl‘vaP’
where k1 1S a positive constant.

The domain of V(z) in (4.20) is the nodes’ state space, which is appropriate for con-
trol design. In particular, the BLF in (4.20) encodes collision-avoidance constraints for
each edge and connectivity constraints for cooperative edges and is used to design the
gradient-based control law, which is used for first-order systems and directed networks.
For the other case studies, we use edge coordinates. Therefore, we recall below some
facts and notations related to consensus analysis in edge coordinates, and we show how
to redefine the BLF given in (4.20), in edge coordinates in graph theory [54, 23].

4.2.2 Barrier-Lyapunov functions in edge coordinates

Using the incidence matrix defined in Definition 2, we may express the synchronization
errors in (4.44) in the form

& =[E @)z, e =[E ®I]v. (4.22)

Then, for the purpose of analysis, we proceed to redefine the BLF in (4.20) in these
new coordinates. To that end, we note that the constraints, which are imposed on
the relative distances between the nodes, may be expressed in function of the edge-
coordinates e, as

Op = €, + b, 4,5 €V, 1€{1,2}, (4.23)
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while for a pair of agents competitive with each other, the synchronization errors are
Ok = o, +dp— 215, i€V, jEV, p,qe{l,2} p#q, (4.24)

with by = b; — sgn(a;)b;. Then, from (4.23) and (4.24), the constraints sets in (4.9)
may be rewritten as

={e,, e R":|é,, +ax| <Ry, k €&y}, (4.25a)
={e,, e R": Ay < |€,, + x|, k < M}, (4.25b)

and «y, is defined as

ap = 5k — é:z:k- (426)

Then, for each cooperative edge, we define the weight recentered barrier function |25]
in edge coordinates as

I~ 1 R2 R2
Wk(ak,ék) - §|ék|2—|— R1, [hl (R2 7k ) —In (R?—k>}
k

R e+ axl? — |ag[?
i) ()
+ K {111( —In| ———— )|, 4.27
Ny an — A2 (4.27)
where

1 A2 11
K1, = — , Ky — ——————— 4.28
Y P P I s Ml - W (4.28)

and a, = by. The weight recentered BLF in (4.27) satisfies Wj(ax,0) = 0 and
VéIWk(ak, 0) = 0, where Ve., W, = aW’“ . Moreover, we also have that Wk(ozk, ) — 00
Tk

as either |0 — Ag or |0x| — Ry. On the other hand, for agents that are interconnected
with competitive edges, we define the gradient recentered barrier function [101] as

Wk(ak, éxk) = Wk(émk + Oék) — Wk(ak) —

5, (), (4.29)

The gradient recentered barrier function in (4.29) satisfies /Wk(ozk, 0) =0, Ve, /Wk(ak,

0) =0 and /Wk(ak,éxk) — 00 as |0g] = Ay for k < M, and as || — Ry, for all of, = 1.
Now, for the system in (4.1), we define the BLF for each edge as the sum of the
BLFs in (4.27) and (4.29), i.e

- 1+o
Wkl 9 k

1

Wk(aka 6xk> -

with o, = 1 if agents ¢ and j are cooperative and o, = —1 otherwise. Notice that W)
in (4.30) has the desired properties by the definition of W} in (4. 27) and Wy in (4.29),
since it satisfies Wy, (ay,0) =0, Ve., Wi(a,0) = 0, where Ve., Wy = OW,,/0e,,, and
Wi(an, €z, ) — o0 as |0x] — Ay for k < M, and as || — Ry for all k € &,,. Also, we
note that {&,, = 0} is a minimum of W (ay, ). As a matter of fact, it is also a unique
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minimum even though W (ay, -) has a second critical point, which we denote by e} —see
Appendix A.3.2—and we define W := U<y W, where

Wk = {0, 62}

for any k < M. Then, let

M
(a, &) : Z (O, €4 ), (4.31)

k=1

where Wy, (ag, €,,) is defined in (4.30). Thus, to solve the constrained bipartite for-
mation problem, we provide below control laws of the generic form (4.11) in edge
coordinates, that is,

u:_kl[Es®]n]VézW+7

where W is the nonlinear function defined in (4.31), in edge coordinates and encoding
the inter-agent distance constraints and the bipartite consensus objective in position.
The dots represent additional terms depending on the control objective and due to the
presence of competitive interactions and collision avoidance constraints.

For the purpose of analysis, we use another artifice, which consists in splitting the
state variables and which applies to structurally balanced signed graphs containing a
spanning tree (sufficient and necessary condition for bipartite consensus), is to distin-
guish the state-variables related to an underlying-tree graph G;, from the rest of states,
corresponding to the graph G, := G\G;. Then, the consensus problem may be addressed
as that of the stabilization of the origin for a reduced-order system—see Appendix A.1
for an example. To better see this, let the incidence matrix Fy be partitioned as [23, 54]

ES = [Ets ECS]7 (432)

where F;, € RV*N~1 s the incidence matrix representing the edges of the spanning tree
of and E,, € RV*M=(N=1) i5 the incidence matrix representing the remaining edges. In
the Proposition 9 below we define Ej in terms of E; . Then, after (4.22) and (4.32) we
have

e = [(BL2)" (B.2)']",
so we may define e, =: [e;, €, ]'. The indices ; and . refer to states of the graphs G,
and G, respectively. Proposmon 9 establishes a relation between the consensus errors

é; and the spanning-tree errors é,,, from which it follows that the objective (4.2) is
attained if e,, — 0.

Proposition 9 ([84]). For a structurally balanced signed graph, there exists a matric
R, such that
E, = E, R, (4.33)

where
Ry:=[Iy. T, T.:=(E E,)'EE.,. (4.34)
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Proof: Applying the edge-gauge transformation and using the partition of F, as in
(4.32) we express the incidence matrix of an unsigned graph E as

E=D|E, E.|D.=|DE,D., DE.D.,,], (4.35)

where D, = diag([o.,, o.]) with o, = {£1} and o, = {£1} for j <N -1 and I <
M —N+1, D, = diag(o,,) and D,, = diag(o,,) are the parts of the edge-gauge trans-
formation matrix corresponding to the spanning tree and the remaining edges, respec-
tively. For an unsigned network, the columns of the incidence matrix representing the
remaining edges, E., are linearly dependent on the columns of the incidence matrix
representing the spanning tree, E;, and this can be expressed using a matrix 7" by
E. = E,T |54, Theorem 4.3]. So, replacing E. and E; by the expressions in (4.35) and
left multiplying it by (DFE; D.,)", we obtain

(DE, . D.,)' DE,.D,, = (DE,.D.,) DE, D,,T
T = D.,(EE,) 'EE,. D.,.

Then, we define Ty := D, TD,, and Ry := [Iy_1 T,], and the statement in (4.33)
follows. [ ]
The utility of Proposition 9 resides in the fact that

e, = [(B.R,)" ® I,]t = [R] ® I,]e,,. (4.36)

Therefore, the bipartite consensus problem may be addressed as that of stabilizing the
origin of a reduced-order system in terms of the spanning-tree errors. In particular, the
objective (4.2) is attained if €,, — 0. We use this fact in what follows.

4.3 CONTROL OVER UNDIRECTED SIGNED NETWORKS

Now that we have modeled the dynamics and imposed constraints accordingly, we
address the constrained bipartite consensus problem for first- and second-order systems
interconnected over undirected signed networks.

Assumption 4 The signed undirected graph is connected and structurally balanced.

We consider agents under inter-agent constraints and interconnected over undirected
signed networks that are connected and structurally balanced, as stated in Assumption
4.

We know from Chapter 2 that in the case of an undirected and structurally unbal-
anced graph, all of the agents’ states converge to zero. Thus, if we relax the structural
balance property assumption on the undirected signed graph, the resulting Laplacian
matrix would not have a zero eigenvalue but only positive eigenvalues, making all
agents converge to zero. In the considered problem, as it is required to design a con-
trol law that guarantees inter-agent collision avoidance, making them converge to the
same state does not respect the imposed constraint. Thus, we only consider undi-
rected signed networks that are structurally balanced, both for first- and second-order
systems.
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4.3.1 First-order systems

Consider a group of N dynamical systems modeled by (4.1) over an undirected and
structurally balanced signed graph and subject to inter-agent distance constraints en-
coded by (4.9). Then, for the purpose of making them achieve bipartite consensus,
consider the BLF-gradient-based bipartite consensus control law,

JEN;

where Vj; is defined in (4.19) and encodes the inter-agents constraints defined in (4.9).
Thus, the control can be written in vector form as

u=—kV,V. (4.38)
Replacing (4.38) in (4.1), the closed-loop system reads

r=—kV,V. (4.39)
For this system, we have the following.

Proposition 10 (Leaderless bipartite formation-consensus). Consider the system (4.1)
in closed loop with the control law (4.38), where V() is defined in (4.20), and un-
der Assumptions 3 and J. Then, the closed-loop system achieves bipartite formation-
consensus, that is (4.2) holds, while the collision-avoidance and connectivity-maintenance
constraints are maintained for almost all initial conditions such that §(0) € Z, |a;;(0)| >
Ay, for any i,j < N. Moreover, the set L defined in (4.9) is rendered forward invariant.

Proof: Consider the function V(z) defined in (4.20). V() is such that V(x) = 0 for
Vz € {e, = 0} and its total derivate yields

V=v,V"d
= V.V (- V, V) =~k |V.V|%. (4.40)

Then, under the Assumption 3, we also have
7 <- M5 <o (4.41)
- 251 W=

where we recall that W = {@, s*} and s* are the saddle points of V.

Now, for any € > 0, let us define Z,, where Z. := Z.. N Z._ for cooperative agents
and Z, := Z,, for competitive agents, while Z,_ := {0, € R" : |0x| < Rr — €, k € Eu}
and Z, = {0y € R" : Ay + ¢ < |0, k € E,}. Then, from the second inequality in
(4.41) and (4.21), 6(0) € Z. = 0(t) € Z', where

T = {(5 €Z:V(x) <sup 2@}

SeT, K2
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Moreover, from the latter and the first inequality in (4.41), |0y — 0 as t — oo.
Furthermore, this holds for € > 0 arbitrarily small, which implies asymptotic stability
of W for all initial conditions, such that §(0) € Z. However, since s* is a saddle
point of V, the set of initial conditions generating solutions that converge to s* has
zero Lebesgue measure. Thus, almost all initial conditions generate trajectories that
converge to {§ = a}, which corresponds to {e, = 0}, or equivalently, {z; — z; = b;;}
if the agents ¢ and j are cooperative and to {z; + z; = Bij} if the agents ¢ and j are
competitive. Thus, the statement follows. [ |

Remark 15 ([84]). The condition in Proposition 10 on c;;(0) is not restrictive. For
cooperative agents, a;; = b, so |a;(0)| > Ay; means that the formation must respect
the collision-avoidance constraints (the formation must be “safe”). For competitive
agents, |a;;(0)] > A;; means that | — 2x;(0) + b;| > Ay, which restricts the initial
conditions in absolute coordinates, i.e., with respect to a fixed frame. However, in the
scenario considered in this section, the measurements are relative (edge coordinates).
That is, absolute positions are irrelevant, so x;(0) may be conveniently redefined by

replacing the origin of the fized frame, if needed. °

In the next subsection, we extend the results from first-order systems to second-
order systems.

4.3.2 Second-order systems

Consider now a network of N dynamical systems having the following dynamics.

Q;Ii = vy, (442&)

where ; = x; — b;, x; is the agent’s position, and b; is a relative displacement defining
the desired geometric shape of the formation. In the absence of constraints, bipar-
tite consensus within a network of second-order systems over a signed graph may be
achieved via the control law—cf. [104],

N
U = — Z‘(Ziﬂ |:I€1 [.f'l — sgn(aij):i'j] + k2 [Ui — sgn(aij)vj] s kl, kQ > 0. (443)
j=1

In (4.43), the first term of the control law guarantees the bipartite consensus on po-
sition, and the second term guarantees the bipartite consensus on velocity. Moreover,
as for first-order systems, we may define the synchronization errors

€u, 1= T; —sgn(a;)T;, €y, = v; —sgn(a;)v;, k<M, (4.44)
where k£ denotes the index of the interconnection between the ¢th and jth agents. Then,

we formulate the following problem of interest.

Definition 9 (Leaderless bipartite consensus for 2nd-order systems)
The systems (4.42)-(4.43) are said to achieve bipartite position and velocity consensus

if
lim e,, (t) =0, tlim €y, (t) =0, k<M. (4.45)
—00

t—o00
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That is, for agents ¢ and j cooperative with each other, bipartite consensus implies
that (z;,v;) = (Z;,v;) while for agents competitive with each other we have (z;,v;) —

(=25, —vy).

Definition 10 (Leader-follower bipartite consensus for 2nd-order systems) Let
xo € R™ be the position of the virtual leader vy, whose dynamics is given in (4.4) and is
accessible to at least one follower. Then, the systems (4.42)-(4.43) are said to achieve
leader-follower bipartite position and velocity consensus if (4.45) and

lim é;(t) =0, i<N. (4.46)

t—00

That is, for agents ¢ cooperative with the static virtual leader, bipartite consensus
implies that (z;,v;) — (20, 0) while for agents competitive with the static virtual leader
we have (z;,v;) — (—x0,0).

Under these conditions, it is required to design a distributed bipartite consensus
control law u; such that the synchronization errors in position and velocity, as defined in
(4.44), satisfy (4.45) and the agents’ trajectories satisfy the connectivity maintenance
and collision-avoidance constraints, that is, 6(t) € Z—see (4.9).

As we explained before, for second-order systems interconnected over undirected
networks, for technical reasons, we choose to work in edge coordinates. Let ki, ko > 0
and k3 > 0. Then, we introduce the BLF-gradient-based bipartite formation-consensus
control law,

M M M
wp ==k Y [EaVe, We — k1 > _[ElixVa, Wi — ko Y [Eiu, — ksvi,  (4.47)

k=1 k=1 k=1

where W is defined in (4.31) and E := E — E,, where E corresponds to the incidence
matrix of the unsigned version of the signed network —See Definition 2.38.! From its
definition, [E is a matrix containing only the information of competitive interactions in
the network. Thus, the control law in (4.47) is given in the vector form as

w=—k [E;@ L) Ve, W — k1 [E® L]V W — ky [E, @ 1] &, — ks, (4.48)

where the first two terms in (4.48) ensure bipartite position consensus while the third
guarantees velocity bipartite consensus, i.e., that (4.45) holds. The second term
is needed specifically to cope with competitive agents; technically, it stems from a
Lyapunov-control redesign—elucidated in the proof of Proposition 11. In the last
term, if k3 > 0, the velocities v — 0. Therefore, this gain may be set to a positive
value or zero, depending on the control goal, be that the vehicles continue to advance
(v 4 0) or that they converge to two rendezvous points in formation (v — 0), one for
cooperative and one for competitive agents—see Section 4.3.3 for an example.

LA structurally balanced signed network can be transformed into an unsigned one using the gauge
transformation —see Subsection 2.3 and [2, 23].
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Remark 16 In [19], the authors propose a bipartite formation control law for multi-
agent systems over undirected signed networks and under inter-agent distance con-
straints. This control law is given by

M M M
wi=— k1 Y [EaVe, We — k1 > [BliuVa, Wi — ko Y [Eiu, — ksvi,  (4.49)
k=1 k=1 k=1

where B = (1+ B)(BI + E, L' E] )" (E — E;), 8 > 0. Note that to compute B, global
knowledge of the network is needed. This renders the control law (4.49) centralized. In
contrast to this, the control law proposed in (4.47) is distributed and solves leaderless
and leader-follower bipartite formation control problems. °

We perform the stability analysis of the system (4.42) in closed loop with the
bipartite formation control law (4.48), in terms of spanning-tree coordinates. To that
end, using the definitions of the edge-based formulation, we express the control law
(4.48) in terms of the spanning tree errors é,,—see equations (4.36)—by introducing
a function W), defined as W (a, &,,) = W(a, [R! @ I,] &,), with W defined in (4.31).

Then, after (4.36), the gradient of W with respect to e, yields,

OW (v, &,,) " D2, _ N

Ve = o Gew

(4.50)

After (4.33) and (4.50), the control law in (4.48) may be wirtten in spanning-tree
coordinates as

u=—k [Ey, ® L) Ve, W — ky [Er,RsR] @ I,] €, — ksv — ki [E® L,] VoW,  (4.51)

Then, differentiating (4.22) on both sides and using v = u, with u defined in (4.51),
we obtain the following in terms of the errors corresponding to the spanning-tree:

Eay = €y, (4.52a)
€o, = — ki [Le,, ® L) Ve, W — iy [E]E® I,| VoW
— kg [Le,, RaR] @ 1] €, — ksé,, (4.52b)

where EtT E,, = L.,, corresponds to the edge Laplacian associated with a spanning tree
and has N—1 edges. This can be easily seen by using the edge-gauge transformation and
obtaining the edge Laplacian matrix corresponding to a spanning tree of an unsigned
network, i.e., Lo, = DL, D.. Also, we have D, = DZ = De_1 so D.Lg, D, is a
similarity transformation, which implies that the spectra of L., and L., coincide.
Consequently, as L., has the same N — 1 non-zero eigenvalues of the Laplacian matrix
L, and so does L.,,—see [19, Remark 3].

In what follows, we present two statements on leaderless and leader-follower bipar-
tite consensus, using control laws of the form (4.48).

€ts

109



4.3.2.1 Leaderless bipartite formation-consensus-control problem
For the closed-loop system (4.52), in spanning-tree coordinates, we have the following,.

Proposition 11 (Leaderless bipartite formation-consensus [84]). Consider the system
(4.42) in closed loop with the distributed control law (4.48), with W (a, &,) as defined
in (4.31). Assume that the resulting network is structurally balanced and contains a
directed spanning tree. Then, the set {(e,,v) = (0,0)} is asymptotically stable for
almost all initial conditions such that (€,(0),v(0)) € ZxR™ and |ay,(0)| > Ay for any
k<M.

Proof: First, employing (4.36), we express the inter-agent distance constraints in
(4.25) in terms of the errors corresponding to the spanning tree. Let Z; := Z,, N Z,, for
cooperative agents and Z; := Z., for competitive agents, where

L, o= {ex, € R"V ™V o |[r,, @ L] &, + | < R, k € En,}, (4.53)

L., =1y, e R"V D Ay < |[ry, ® L] &, +ul, k<N -1}, (4.54)
rs, is the kth column of R, and &,,, denotes the set of indices k corresponding to the
N — 1 edges of the spanning-tree graph interconnecting pairs of cooperative agents.

Next, we proceed to analyze the system (4.52). To that end, consider the Lyapunov
function candidate

1
V(a,éy,,v) = kWi, é,,) + §|v|2, (4.55)

where W (a, &,,) is defined in (4.31), and k; > 0. Therefore, V in (4.55) is positive
definite with respect to the state variables e,, and €,,. In addition, by its construction,
V(a,é,,,v) — oo as &, approaches the boundary 0Z; of the set Z; in (4.53), for a
given e,, and v. We also remark that the positivity of V' holds uniformly in o. More
precisely, there exists > 0 such that u[le,, |*+|v]?] < V(a, é,,,v) and V(a, é,,,v) — 0
as |é,| — 0 and |v| — 0.

Next, we compute the total derivative of V. For (4.42b) and (4.51), we have

b= —ki [By, ® L]Ve,W — ko [Er, RR] ® I,] &, — ksv — k1 [E® I,] VJW.  (4.56)
Then,
V(a,&s,,0) = Ve, W &y, + - VaW T [E® L] v+ 0" [k [, © L]Ve, ]V
—ky [E,R.R] ® L] &, — ksv — k1 [E® L] ValV | |
so using (4.33) and (4.36), we obtain
V(, €4y, 0) = — ka|&y|? — ks|v]?, (4.57)

which is negative semidefinite for all (&,,,v) € Z; x R™V. _
Next, we use LaSalle’s invariance theorem. On the set {(e, v) : V = 0} we have
é, = 0 and v = 0. We also remark that from the definition of « in (4.26), we have
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a=[ExL] s—[E,®1I)] & soa=[E—E,)®IL] v=[E®I]" v. Consequently,
& = 0 meaning that « is constant. Furthermore, after (4.56), we have

— ki [By, ® L)V, W =k [E® L,] VW, (4.58)

and after (4.29), we also have

N {8W }
VaW = vgth 8_a a—a(Oé) €ry- (459)

Since o remains constant on {V = 0}, the last term on the right-hand-side of (4.59)
equals to zero. Thus, (4.58) holds if and only if —k; [(E:, + E; — Ep,) ® I,) Ve, W = 0.
Now, since E; is full rank (because it corresponds to the incidence matrix of a spanning

tree) it follows that Vg, W = 0, which holds if and only if &, € W*, where W' = {0, ¢} }
and e is the saddle point of W. Therefore, the solutions converge to the set W x {0}.
However, since e} is a saddle point of W, the set of initial conditions generating solutions
that converge to (e}, 0) has zero Lebesgue measure. Thus, almost all initial conditions
generate trajectories that converge to the origin. Asymptotic stability follows.

Next, we show that asymptotic stability holds for almost all initial conditions in
T, x R, Referring to (4.53), €; € Z; implies € € Z, so we must show that Z; x R™ is
forward invariant. To that end, for any r» and € > 0, let us define

D,.:={veB,, e¢cl},
where Z,. := 7. NZ,_for cooperative agents and Z. := Z._ for competitive agents, while
T, = {éxtk €R": ey, +ax| <Rp—e€, k€&t (4.60a)
IEC = {éiﬂtk ER": AL +e< |éxtk + Oék|, k<N — 1} (460b)

From the definition of W(oz, ), V(a,é,,,v) is positive definite on Z, for all e,, € Z,
v € R™ and for all e. From (4.57), we have

en (O + [o(t) < %v<a<o>,émt<o>,v<o>>.

Then,
(€4,(0),v(0)) € D= (€4, (1),v(t)) € D', (4.61)
where
D = { (Ex,,v) €Ly X R™ . V(a, éy,,v) < %76},
and
V(Oé7 éwt? U)
VYre = sup E—
(ézt,U)EDr,e M
OCERnN
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Note that v, . is well defined because V' is uniformly bounded in o and D, is bounded.
After LaSalle’s invariance principle, we conclude that all the trajectories contained in
D' converge to the set W' x {0}. After (4.61), that is all the trajectories starting in
D, .. This holds for any r > 0 arbitrarily large and € > 0 arbitrarily small. Thus,
again because W' = {0,¢e;}, and e is a saddle point, we conclude that the origin is
asymptotically stable for almost all trajectories &,,(t),v(t) starting in Z; x R™™_ or
equivalently for almost all trajectories é,(t), v(t) starting in Z x R™V. [
We now address the problem of leader-follower bipartite formation.

4.3.2.2 Leader-follower bipartite formation-consensus-control problem

Proposition 11 addresses the leaderless bipartite consensus problem. As in previous
sections, it takes simple modifications to our control law to address the leader-follower
bipartite problem. To that end, we introduce now a virtual leader to the system, and
we modify the BLF-gradient-based bipartite formation-consensus control input as

M M M

wi ==k Y _[EaVe, Wi — k1 Y _[ElicVa, Wi — k2 Y _[Ed]uey,
k=1 k=1 k=1
— k‘gvi — klaliéi, (462)

where @;, = 1 if there is an information exchange between the virtual leader and the
agent ¢ and a;, = 0 otherwise, E := E — E, and the BLF is redefined as

M N
. 1404~ ~ op — 1= _ 1 .
W(a, é,,é) = E ( 5 E Wil &) — k2 Wk(ak,ex)) +3 E a,|é;>.  (4.63)

k=1 =1

Thus, the control law in (4.62) can be written in the vector form as
u = —kl [ES & ]n] VéxW — l{?l [E & ]n] VaW - k‘g [Es X ]n] év — I{J3U — leéW. (464)

We analyze the stability of (4.42) and (4.4) in closed loop with the bipartite formation
control law (4.64). Now, after (4.36), (4.33) and (4.50), the control law in (4.64)
becomes

u=—ki[E, ® 1) Ve, W —ky [E, R;R] ®I,,) &, — kv
— k1 [E® L] VoW — ki VW, (4.65)
where the last term ensures that all agents cooperative with the virtual leader converge
to the virtual leader’s position and to its symmetric states if they are competitive,

and ks should be greater than zero. The new closed-loop system, in spanning-tree
coordinates, is

by, = Gy, (4.66a)
by, = — ki [Ley, ® 1) Ve, W — ky [Le, R R] ® I,,) &, — k3éy,
— ki [BJE® L) VoW — ki [Ey, ® L] VeW (4.66b)

For the latter, we have the following.
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Proposition 12 (Leader-follower bipartite formation-consensus [84]). Consider the
system (4.42) and (4.4) in closed loop with the distributed control law (4.65), with
W(a,e,) as defined in (4.63), and assume that the resulting network is structurally
balanced and contains an underlying spanning tree. Then, the set {(€,,v,é) = (0,0,0)}
is asymptotically stable for almost all initial conditions such that (€,(0),v(0), é(0)) €
T x R x R™Y and |y (0)] > Ay, for any k < M.

Proof: We consider the Lyapunov function candidate in (4.55). In this context, a
virtual leader is considered in the network, so the Lyapunov function also depends on
é, defined in (4.6), that is

1
V(a, €y,,v,6) = kiW(a, é,,€) + §|v|2, (4.67)

where W (v, &,, €) is defined in (4.63). Therefore, V' is positive definite with respect to
the state variables é,,, €,, and é. In addition, by its construction, V(«, é,,,v,¢é) — oo
as €, approaches the boundary 0Z, of the set Z; in (4.53) and |é| — oo, for a given é,,
and v. We also remark that the positivity of V' holds uniformly in «. More precisely,
there exists g > 0 such that u[|é,, [*+|v[*+é]*] < V(a, éy,,v,€) and V(«, é,,,v,€) = 0
as |éz,| = 0, |[v| = 0 and |é] — 0.

Next, we compute its total derivative along the trajectories of

é=uv (4.684a)
b = —ki [Ey, ® I,)Ve, W — ks [Ey R,R] ® I,] &, — ksv
— ki [E® L]V W — k1 VW, (4.68D)

We obtain

V(a, ey, v,6) = ki Ve, W e, + ky VW T E'®L,]v+ VW e+ v [—ksv

Exy

—ki[E,, ® LNe,W — ko[Ey RoR] @ L]ey, — ki[E ® L)ValV — ky VW]
so using (4.68a), (4.33) and (4.36), we obtain
V(a, e, v) = — ka|ey|> — ks|v|?, (4.69)

which is negative semidefinite for all (¢,(0),v(0),é(0)) € Z x R™™ x R™ so the origin
is stable.

Next, we use LaSalle’s invariance theorem. On the set {(¢, v, é) : V = 0}, we have
€, = 0 and v = 0, which means that « is constant. In turn, after (4.68), we have

— k1 [By, ® L)Ve, W — VW =k [E® 1] Vo V. (4.70)

On the other hand, since a = const on {V = 0}, and with (4.59), it follows that

- - V. W
— B, ® 1] Ve, W — VW = —[Be In] || =0.
[E:® L) Ve, W -V W =0 & -—[E N][véW] 0
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E; corresponds to the incidence matrix of a spanning tree, so it is full rank, and [ is
also full rank. The matrix [E; Iy] has linearly independent columns, so is also full
rank. It follows that VéxtW =0 and V,W = 0, which holds if and only if &, € W' and
¢ = 0. Therefore, the solutions converge to the set W* x {0} x {0}. However, since e}
is a saddle point of W, the set of initial conditions generating solutions that converge
to (ef,0,0) has zero Lebesgue measure. Thus, almost all initial conditions generate
trajectories that converge to the origin. Asymptotic stability follows.

The rest of the proof follows similar lines as in the proof of Proposition 11. We
show that asymptotic stability holds for almost all initial conditions in Z; x R™ x
R™N. Referring to (4.53), & € Z; implies € € Z, so we must show that Z, x R™ is
forward invariant. To that end, for any 71, 72 and € > 0, let us define D, ,,  := {v €
B,,, ¢ € B,,, & € I.}, where Z, is defined in (4.60). From the definition of W («, &,,, &),
V(a,e,,,v,€) is positive definite on Z, for all €,, € Z,, v € R™ ¢ € R™ and for all e.
From (4.69), we have

[Ea, (B + [0 + [e)]* < %V(a(o% €2,(0),v(0), €(0)).

Then,
(€2,(0),v(0),6(0)) € Dy e = (80, (1), 0(t), €(2)) € T, (4.71)
where
D = { (Eay,v,8) €T, x R™ x R™Y . V(a, &,,,v,¢) < %,e},
and
V(a7 éIt? /U7 é)
Vre = sup —_—
(fayv.2) €Dy iy e K
acR™N

Note that v, . is well defined because V' is uniformly bounded in o and D, is bounded.
After LaSalle’s invariance principle, we conclude that all the trajectories contained in
D' converge to the set W' x {0} x {0}. After (4.71), that is all the trajectories starting
in D,, ,, . This holds for any r» > 0 arbitrarily large and € > 0 arbitrarily small. Thus,
again because W' = {0,¢e}}, and e is a saddle point, we conclude that the origin is
asymptotically stable for almost all trajectories starting in Z, x R™ x R™V, [ |

4.3.3 Numerical examples

We present some numerical examples to show the performance of our control laws (4.48)
and (4.64). We consider a structurally balanced signed network of nonholonomic mobile
robots. Let r; = [r, ryi]T be the inertial position, ; the orientation, v; the linear speed,
w; the angular speed, m; the mass, J; the moment of inertia, F; be the applied force
and torque, and 7; := [F; 7;]". Then, the robot’s model is given by the equations
in (3.50). Then, defining sy, := sinf; and ¢y, := cosf; and choose the reference point

pi =1 +0; [Cei 591] i located at a distance §; = 0.1m along the line that is perpendicular
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to the wheels” axis and we express the system in terms of new coordinates defined in
(3.51). Then, differentiating on both sides of the latter and using (3.50), we obtain
(3.52). The feedback-linearizing control 7; is given by (3.53), which yields

s 4T T

G, G) =[G G s (4.72a)
. . T

(G C] = (4.72b)

4.3.3.1 Leaderless bipartite formation-consensus

We first provide a numerical example to show the performance of our control law (4.48)
with k; = 1, ko = 1.2, k3 = 1 and the barrier-Lyapunov function in (4.31). To that
end, we implement (3.53) with u; as in (4.48), x; = [¢1, (], vi =[G, Cu]", m; = 8kg
and J; = 0.12kg/m? Vi < N.

Figure 4.1: Network 1: A structurally balanced, leaderless, and undirected signed network of
10 mobile robots. The black lines represent cooperative edges, and the red lines represent the
competitive ones.

We consider an undirected signed network of 10 agents and 10 edges as the one de-
picted in Figure 4.1, subject to inter-agent collision avoidance and connectivity main-
tenance restrictions. We define the orientation of the edges as follows:

€1 =1V1+ 1y, €=V — V3, €3 =V — V4, €4 = Vg — Us, €5 = Vp — Vg,

€g = Vo — U7, €7 = V3 — g, €g = Us — Uy, €9 = Vg + V19, €10 = V3 + Us.

The incidence matrix corresponding to the graph is

1T 1 1 0 0 0 0 0 0 0]

1P 0o o 1 1 1 0 0 0O

O-1r 0 0 O O 1 0 01

o 0 -1.0 0 O 0 0 0020

o o o0 o0 -1 0 0 0 1 01
B o o o0 o0 -1 0 0 0 120
o 0o o0 o0 o0 -1 0 0 0020

o 0o o0 o0 o o0 -1 0 020

o 0o o0 o0 o o0 0 =100

o o0 o o o 0 0 0 1 0l
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Figure 4.2: Bipartite formation of system (4.42) with control input (4.48). The asterisks
are the inertial positions of the robots. The reference points p; of the mobile robots, on the
black circles around the asterisks, of the two disjoint subgroups form a formation around two
symmetric consensus points.

The set of nodes may be split into two disjoint subsets, such as
Vl = {Vl, Vs, V4, Uy, Vlo}, VQ = {1/2, Vs, Vg, U7, Vg}

so the network is structurally balanced.

From the decomposition in (4.32), edges ¢;, i < 9 correspond to G; and the remain-
ing edge ejg corresponds to G.. Since the considered network has the same number of
edges as the number of nodes, the eigenvalues of L and L., are

AL, = Ar., =0, 033, 0.58, 0.67, 0.79, 2, 2.5, 3.41, 4, 5.7.
The respective agents’ initial states are

ro(0)=[35 37 —25 35 -2 5 5 8 6 —4] ,

r(0)=[2 1.7 =6 25 1 23 1.8 -3 55 —4]',

v(0)=1[0.2 045 032 0.32 112 0.3 04 022 042 —0.14]",
0(0) = [0 —0.46 —1.25 032 —0.46 0 0 —1.11 —0.79 —0.79] ",

and the relative displacements are

d,=[-08 —0.8 —04 04 —04 04 —04 04 04 —04]",
d,=[0 0 04 04 04 04 —04 —04 —04 —0.4]".
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Figure 4.3: Bipartite formation of system (4.42) with control input (4.48) on position.
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Figure 4.4: Bipartite formation of system (4.42) with control input (4.48) on velocity, where
ks > 0. The velocities of all agents converge to zero.

The constraint sets are A, = 0.2 for all K < M and R, = 11 for all £ € &,,. The
paths of each agent up to bipartite formation are depicted in Figure 4.2. The reference
points of the mobile robots reach the desired formation around two symmetric consen-
sus points. The velocities of mobile robots are depicted in Figure 4.4, and velocities
converge to zero. Moreover, it is clear from Figures 4.3, and 4.5 that the inter-agent col-
lision avoidance and connectivity maintenance constraints in (4.9a)—(4.9b) are always
respected.
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Figure 4.5: Trajectories of the norm of the inter-agent distances with control input (4.48).
The dashed lines are the minimum, and the dotted lines are the maximum distance constraints
for agents. All inter-agent safety proximity constraints are respected.

4.3.3.2 Leader-follower bipartite formation-consensus

Figure 4.6: Network 2: A structurally balanced undirected signed network of 10 mobile robots
with a virtual leader vy.

We then provide a numerical example to show the performance of our control law
(4.64), in the presence of a virtual leader vy, with k; = 1, ks = 1.2, k3 = 1 and the
barrier-Lyapunov function in (4.63). We consider the same undirected signed network
in Figure 4.1 with a virtual leader vy giving information to agent vy, depicted in Figure
4.6. The virtual leader’s position is

zo=[-2 —3]",
and
A = diag(1,0,...,0), ®=[1 -1 1 1 -1 -1 -1 1 -1 1] .

The respective agents’ inertial positions, velocities, and orientations are the same as
before, while the relative displacements are

d,=[-08 0.8 —0.4 04 —0.4 04 04 04 —0.4 —04],
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Figure 4.7: Bipartite formation of system (4.42) with control input (4.64). The asterisks
are the inertial positions of the robots. The reference points p; of the mobile robots, on the
black circles around the asterisks, of the two disjoint subgroups form a formation around two

symmetric consensus points.
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Figure 4.8: Bipartite formation of system (4.42) with control input (4.64) on position.

dy=1[0 0 04 04 04 04 —04 —04 —04 —04] .

The constraints are also set as before. The paths of each agent up to leader-follower
bipartite formation are depicted in Figure 4.7. Agents in V; converge around the
virtual leader’s position, while agents in V, reach formation around the virtual leader’s
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Figure 4.9: Bipartite formation of system (4.42) with control input (4.64) on velocity, where
ks > 0. The velocities of all agents converge to zero.
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Figure 4.10: Trajectories of the norm of the inter-agent distances with control input (4.64).
The dashed lines are the minimum, and the dotted lines are the maximum distance constraints
for agents. All inter-agent safety proximity constraints are respected.

symmetric position. The velocities of mobile robots are depicted in Figure 4.9, and
velocities converge to zero. Moreover, it is clear from Figures 4.8 and 4.10 that the inter-
agent collision avoidance and connectivity maintenance constraints in (4.9a)—(4.9b) are
always respected.

4.4 CONTROL OVER DIRECTED SIGNED NETWORKS

In this section, we extend our previous results to the case of directed topology networks.
The results of this section on a class of directed signed graphs are new to the literature.
In particular, we address the constrained bipartite consensus problem for first- and
second-order systems interconnected over directed signed networks and we do so in
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node coordinates.

As we explained in Chapter 2, in the case of a directed and structurally unbalanced
graph, there are many possibilities for the behavior of the agents, depending on the
presence of a root node. For instance, if the structurally unbalanced digraph is strongly
connected, which rules out the presence of a root node, then all the agents’ states
converge to zero. Technically, this can be inferred from the fact that, in this case, the
resulting Laplacian matrix does not have a zero eigenvalue but only positive ones. Note
that having all the agents converging to the origin (or any other common equilibrium)
is an undesirable behavior because that implies that they collide. In contrast, if the
digraph contains a root node and is structurally unbalanced, multiple equilibria may
appear. This, in turn, prevents achieving bipartite consensus, which necessarily implies
the existence of only two equilibria. Thus, we only consider directed signed networks
satisfying the following.

Assumption 5 The signed directed graph is structurally balanced and contains a di-
rected spanning tree.

4.4.1 First-order systems

Consider a group of N dynamical systems modeled by (4.1) over an undirected and
structurally balanced signed graph and subject to inter-agent distance constraints en-
coded by (4.9). Then, for the purpose of making them achieve bipartite consensus,
consider the BLF-gradient-based bipartite consensus control law (4.38), where Vij is
defined in (4.19) and encodes the inter-agents constraints defined in (4.9). Thus, the
closed-loop system reads

r=—-kV,V. (4.73)

For this system, we have the following.

Proposition 13 Consider the system (4.1) in closed loop with the control law (4.38),
with V(z) as defined in (4.20), under Assumptions 3 and 5. Then, the closed-loop
system achieves bipartite formation-consensus, that is (4.2) holds, while the collision-
avoidance and connectivity-maintenance constraints are satisfied, for almost all initial
conditions such that 6(0) € Z and |ax(0)] > Ay for any k < M.

Proof: Consider the Lyapunov function candidate V(z) defined in (4.20). Its total
derivate reads

- . k
V =~k V.V < = ol (4.74)

As in the proof of Proposition 10, from (4.74) we conclude that W is asymptotically
stable so this statement of Proposition 13 follows using similar arguments as for Propo-
sition 10. |

We wrap up the technical contents of this chapter by addressing the bipartite con-
sensus problem with collision avoidance and connectivity maintenance for networks of
second-order systems.
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4.4.2 Second-order systems

We consider a group of N dynamical systems modeled by (4.42) over a structurally
balanced digraph, as in the previous section, but for technical reasons, we strengthen
Assumption 5 to the following.

Assumption 6 The signed directed graph is strongly connected, weight-balanced, and
structurally balanced.

Then, for the purpose of making the agents achieve bipartite consensus, as we did in
Section 4.3.2, we consider a BLF-gradient-based bipartite consensus control law defined
as

u=—kV,V —ko[Ls ® L] v — k3v, (4.75)

where, in this case, Vj; is defined in node coordinates in (4.19). This function encodes
the inter-agents constraints defined in (4.9), and L, is the resulting Laplacian matrix
associated with the directed graph under Assumption 6. Thus, the closed-loop system
reads

T=—kV,V —ky[Ls® I,]v— ksv, (4.76)

For this system, we have the following.

Proposition 14 Consider the system (4.42). Under Assumption 06, the controller
(4.75), with V(x) as defined in (4.20), guarantees bipartite formation-consensus, that is
(4.45) holds, and the inter-agent collision avoidance and connectivity maintenance con-
straints are respected for almost all initial conditions such that (5(0),v(0)) € T x R™Y,
where I is defined in (4.9), and oy (0)] > Ay for any k < M.

Proof: Consider the following Lyapunov function.
_ 1 9

V(z,v) =kV(x)+ §|v\ ,
where V(z) is defined in (4.20). More precisely, there exists i > 0 such that ji[|0 —
al? + [v|*] £ V(z,v) and V(z,v) — 0 as |§] — « and |v| — 0. Its derivative gives

V=kV.VTiituvo
_ 1 _
=k V.VTv+ §UT(—k’1va — ko [Ly ® L) v — ksv)
1 _
+ 5(—1@1%\/ — ko [Ly® L] v — ksv) v

1
= — §k;gvT [(Ls+ L)) @ I] v — kv v.
In view of Assumption 6, L, + L/ is a symmetric positive semidefinite matrix with a
single zero eigenvalue so L, + L] > 0—see [54, 2|. Then V < 0, which is negative
semi-definite for all (§,v) € Z x RV,

Next, we use LaSalle’s invariance theorem. On the set {V = 0} we have v=0
and Lsv = 0, which gives v; — sgn(a;j)v; = 0. Then from (4.75), we have V,V = 0,
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which holds if and only if § € W, where W = {@,s*} and s* are the saddle points
of V. Therefore, the solutions converge to the set YW. However, since s* is a saddle
point of V, the set of initial conditions generating solutions that converge to (s*,0)
has zero Lebesgue measure. Thus, almost all initial conditions generate trajectories
that converge to (@,0), (i.e., z; — x; = by; if the agents i and j are cooperative and
x; + x; = by; if the agents i and j are competitive and v = 0). Asymptotic stability
follows. The rest of the proof follows similar arguments as in the proof of Proposition
11. [ |

4.4.3 Numerical examples

We present some numerical examples to show the performance of our control laws (4.73)
and (4.75). We consider a structurally balanced signed network of mobile robots. We
first consider the constrained bipartite consensus problem of first-order systems, then
that of second-order systems.

4.4.3.1 First-order systems

We present a numerical example to show the performance of our control law (4.73),
where k; = 1, and the barrier-Lyapunov function V (z) as defined in (4.20). We consider
a structurally-balanced directed signed network of 6 nonholonomic mobile robots, with
a competitive leader, as the one illustrated in Figure 4.11. The competitive leader
represents a static obstacle that other mobile robots should avoid. The robot’s model
is given by the equations in (3.50).

()
€9

()%
€4

Figure 4.11: A structurally-balanced and directed signed network of 6 mobile robots. The
black lines represent cooperative edges, and the red line represents the competitive one. The
competitive leader represents a static obstacle.

The incidence and the in-incidence matrices corresponding to the graph are

11 0 0 0 00 0 0 0
10 1 0 0 10 0 0 0
01 0 1 1 01 0 0 0

ES_00—1 0 0}’ E8®_00—1 0 0
00 0 —-1 0 00 0 —-1 0
00 0 0 —1] 00 0 0 —1]
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Figure 4.12: Bipartite formation of system (4.73). The asterisks are the inertial positions of
the robots. The mobile robots avoid the obstacle, represented by agent 1 in red, and form a
formation around the obstacle’s symmetric state.
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Figure 4.13: Trajectories of the norm of the inter-agent distances of system (4.73). The dashed
lines are the minimum, and the dotted lines are the maximum distance constraints for agents.
All inter-agent safety proximity constraints are respected.

The set of nodes may be split into two disjoint subsets, such as
Vlz{yl}a VQZ{V27 V3, V4, Us, VG}
so the network is structurally balanced. The respective agents’ initial states are
T T
r2(0)=[-2 -3 —4 1 35 -13] , r,(0)=[-2 -4 =3 21 2 1] ,
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and the relative displacements are
d,=[0 00 —04 —04 —08], d,=[0 —04 04 —04 04 0] .

The constraint sets are A;; = 0.8 and Azys = 0.2 and R, = 10 for all k£ € &,,.
The paths of each agent up to bipartite formation are depicted in Figure 4.12. The
mobile robots avoid the obstacle and reach the desired formation around the obstacle’s
symmetric position. It is clear from Figure 4.13 that the inter-agent collision avoidance
and connectivity maintenance constraints in (4.9a)—(4.9b) are always respected.

4.4.3.2 Second-order systems

We present a numerical example to show the performance of our control law (4.75),
where k; = 1, ks = 1.2, k3 = 1 and the barrier-Lyapunov function in (4.20). We con-
sider a strongly connected, weight-balanced, and structurally-balanced directed signed
network of 6 nonholonomic mobile robots, as the one illustrated in Figure 4.14. The
robot’s model is given by the equations in (3.50).

Figure 4.14: A strongly connected, weight-balanced, and structurally-balanced directed signed
network of 6 mobile robots. The black lines represent cooperative edges, and the red lines
represent the competitive ones.

The incidence and the in-incidence matrices corresponding to the graph are

1 0 0 0 01 0 0 0 0 01
0 1 0 0 10 0O 0 0 0 10
-1 0 1 0 00 -1 0 0 0 00
Bs = 0 -1 0 1 0 o] Bso = 0 -1 0 0 00
0 0 —-1 0 10 0 0 —-1 0 00
0 0 0 -1 0 1] 0 0 0 -1 0 0

The set of nodes may be split into two disjoint subsets, such as
Vi = {Vh Vs, V5}, Vo = {V27 Vy, 7/6}
so the network is structurally balanced. The respective agents’ initial states are
ro(0) = [35 —36 —25 —53 -2 05], n(0)=[-2 1.7 06 2 1 2],
v@©)=[0 000 0 0],
and the relative displacements are

d,=[-06 —0.6 06 0 0 06] , d,=[06 —06 0.6 06 —0.6 —0.6] .
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Figure 4.15: Bipartite formation of system (4.42) with control input (4.75). The asterisks
are the inertial positions of the robots. The mobile robots form a formation around two

symmetric consensus points.
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vy [my/s]
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0 2 4 6 8 10 12 14 16 18 20
t[s]
Figure 4.16: Bipartite formation of system (4.42) with control input (4.75) on velocity, where
ks > 0. The velocities of all agents converge to zero.

The constraint sets are A, = 0.1 for all £ < M and R, = 8 for all k € &,,. The paths
of each agent up to bipartite formation are depicted in Figure 4.15. The mobile robots
reach the desired formation around two symmetric consensus points. The velocities of
mobile robots are depicted in Figure 4.16, and velocities converge to zero. Moreover,
it is clear from Figure 4.17 that the inter-agent collision avoidance and connectivity
maintenance constraints in (4.9a)—(4.9b) are always respected.

4.5 CONCLUSIONS

We presented a BLF-based distributed control law to solve the constrained bipartite
formation-consensus control problem for first- and second-order systems over struc-
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Figure 4.17: Trajectories of the norm of the inter-agent distances with control input (4.75).
The dashed lines are the minimum, and the dotted lines are the maximum distance constraints
for agents. All inter-agent safety proximity constraints are respected.

turally balanced signed networks that are undirected and directed. Compared to the
literature, the proposed control laws are based on the gradient of a BLF and guar-
antee inter-agent collision avoidance for every agent in the networks and connectivity
maintenance for two cooperative agents. We performed the stability analysis of the sys-
tems, first in terms of the node coordinates and then in terms of the synchronization
errors, using Lyapunov’s direct method. We also illustrated the practical application
of our results through numerical simulations involving the formation-consensus control
of nonholonomic vehicles. In the next Chapter, we will use the results presented here
to address nonlinear systems, i.e., robot manipulators, satellites, etc.
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CHAPTER 5

FORMATION CONTROL OF EULER-LAGRANGE SYSTEMS
WITH INTER-AGENT CONSTRAINTS

In this chapter, we first address the bipartite formation-control problem of robot ma-
nipulators’ end-effectors under relative-distance constraints and in the presence of dis-
turbances. Next, we tackle the bipartite formation problem of a flying spacecraft con-
taining competitive satellites under collision avoidance and connectivity maintenance
constraints. In both cases, we model the networked system of cooperative-competitive
agents, interconnected over a structurally balanced undirected signed graph, using the
Euler-Lagrange equations.

We consider first a networked system of cooperative-competitive robot manipula-
tors. The formation goal is imposed on the manipulators’ end-effectors. Such scenarios
are motivated, for example, by applications in industrial robotics in which the robots
share the same workspace but are assigned symmetric tasks by the team. Ideally, the
robot manipulators should occupy the minimum space while evolving with guaranteed
safety and increased reactivity.

The study of this problem has a solid precedent. Compared to the related literature—
see e.g., |79, 103, 102|, our results apply to networks of robot manipulators having
both cooperative and competitive interactions. Then, in contrast to the literature on
the bipartite consensus problem of robot manipulators over signed networks—see e.g.,
[45, 29, 111, 20, 115, 31, 46, 42, 40, 65|, we address the problem under inter-agent con-
straints. We consider inter-agent constraints on the end-effectors to keep a minimum
safety distance between any pair of interconnected end-effectors to avoid collisions and a
maximum distance maintenance to make certain the task requirements for cooperative
end-effectors are guaranteed. Compared to |15, 26|, in which the control strategies rely
on optimization techniques, and to [24], in which artificial potential functions are used,
we base our controller on the gradient of a barrier-Lyapunov function. In contrast to
[15, 26], our controller applies to signed networks, and contrary to [24], a minimal safety
distance between agents is ensured. Our results follow up on our findings described
in Chapter 4, but here we consider robot manipulators modeled by Euler-Lagrange
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equations, not simple integrators, and we establish robustness with respect to external
perturbations. To that end, we follow the frameworks of [99, 61, 102], to use an internal
model to reject the disturbances, but contrary to these references, our work considers
signed networks. Compared to [20, 115, 31| and [65], in which the presence of distur-
bances is considered, we also address minimum and maximum distance constraints on
the end-effectors.

Then, we consider the bipartite formation-control problem of a network of flying
spacecraft under collision avoidance and connectivity maintenance constraints. Such
a scenario is motivated by aerospace applications, in which the spacecraft has the ob-
jective to recognize objects in space while avoiding enemy satellites or other obstacles
during the mission. We address the problem by using the relative translational dynam-
ics developed in [1]. Compared to the related literature—see e.g., |64, 16, 70, 1, 47|, our
results apply to networks of satellites having both cooperative and competitive inter-
actions. Moreover, in contrast to [64, 16, 70, 1, 47| and the literature on the bipartite
consensus problem of flying spacecraft over signed networks—see e.g., [114, 113], we
address the problem under inter-agent constraints.

Our control design and analysis, to address both problems described above, rely on
the edge-based formulation for signed networks [23] described in Section 2.4.2, which
allows to recast the problem into one of stabilization of the origin in error coordinates.
We establish asymptotic stability of the bipartite formation manifold using Lyapunov’s
direct method. To the best of our knowledge, similar results are not available in the
literature for robot manipulators or satellites interconnected over networks containing
competitive interactions.

5.1 LAGRANGIAN FORMULATION

We consider a network of NV systems with n-degrees-of-freedom, modeled by the Euler-
Lagrange equations

. oy 0 .
M;(q:)d + Ci(qi, Gi)Gi + %Uz(%) =7, <N, (5.1)

where ¢;, ¢;, G; € R™ are the generalized joint position, velocity, and acceleration re-
spectively, M;(q;) € R™™ is the inertia matrix, U : R® — R is the potential energy
function and 7 € R? is the control input. As it is customary, we assume the following.

Assumption 7 The following properties hold.
1. There exist ¢; and ¢; > 0 such that, ¢,] < M;(¢q;) < &I for all ¢; € R™.
2. The matrix Mz(qz) —2C(q;, ;) is skew-symmetric.
3. The Coriolis matriz Ci(q;, ;) is uniformly bounded in q;. Moreover

|Ci(Qi>Cji)Qi‘ < kci |2

i

for k., > 0.
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We first address the bipartite formation of cooperative-competitive robot manipu-
lators with inter-agent end-effector constraints. This work was carried out during my
research stay at the University of Groningen. Then, we study the constrained bipartite
formation of a network of cooperative and competitive satellites. For both of the ad-
dressed problems, we consider a structurally balanced and undirected signed network,
and the agents are modeled by the Euler-Lagrange equations in (5.1).

5.2 ROBUST FORMATION OF ROBOT MANIPULATORS WITH
INTER-AGENT END-EFFECTOR CONSTRAINTS

The study of the bipartite formation-control problem of robot manipulators’ end-
effector under constraints is motivated, as mentioned before, by applications in in-
dustrial robotics for robots working on opposite surfaces or on opposite corners of a
product without collisions. It can also be used for robot manipulators that are placed
at opposite sides of a conveyor with the mission of placing the products on the conveyor
with antisymmetric movements. By placing signs on certain edges, we force one group
of manipulators to perform the task on one side and the other group to perform its task
on the other (symmetric) side. In such applications, the realistic objective is for coop-
erative manipulators either to follow a leader who may be interacting with a human
operator, or to execute a predefined task and follow a trajectory. One way to tackle
this type of problem is to solve the basic problem of signed networks, i.e., the bipartite
consensus or bipartite formation problem, as are the consensus and leader-tracking
control problems for traditional cooperative agents.

5.2.1 Problem statement

Let

denote the position of the end-effector of the ith manipulator, where z;, is the position
of the manipulator’s base and h; : R® — RP is the mapping from joint-space to the task
space [57|. Differentiating (5.2) with respect to time, we obtain the relation between
the task-space velocity and joint velocity [57]

ahi(%‘) .

t; = Ji(qi)di,  Ji(q) = B4, i

(5.3)

where J;(¢;) € R™*? is the Jacobian matrix of the forward kinematics.

The bipartite-formation-control problem consists in the end-effectors’ positions of
the cooperative agents reaching a desired geometric shape around a consensus value,
while the end-effectors’ positions of non-cooperative agents converge to another spatial
configuration. The characteristics of the formation shape are defined through the
relative biases b; and b; with respect to the consensus points. Formally, we can thus
define the bipartite formation control objective as

lim .f’z(t) — sgn(aij)ij(t) — 0, 1,] < N, (54)

t—00
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where

and a;; € R is the adjacency weight between the two agents.

In an all-cooperative-agents setting, consensus means that all z; converge to the
same value, but in this case, since some robot manipulators are cooperative and others
are competitive, all the end-effectors reach two symmetrical consensus values. For the
purpose of control design and analysis, this boils down to making certain synchroniza-
tion errors to converge to zero. Akin to Chapter 2 these errors correspond to the edges
on the graph and are defined as

élk =T; — sgn(aij):ij, k S M, (56)

where Z; is defined in (5.5) and &k denotes the index of the interconnection between the
ith and jth end-effectors. As described in Section 2.3, since a;; is either positive or
negative, the resulting network is modeled by a signed graph.

Now, as mentioned in Chapter 4, in view of the constraints imposed on the end-
effectors, considering the structurally unbalanced case for undirected signed networks
is not interesting since making all end-effectors converge to the origin does not respect
the collision-avoidance objective. Therefore, we impose the following.

Assumption 8 The systems described in (5.1), which are interconnected via inputs T;,
form a structurally balanced (see Definition 1), undirected, and connected signed graph.

In addition, it is imposed that the controller 7;* ensures that the end-effectors do not
collide and remain within their sensing ranges. Akin to the previous chapter, this comes
to ensuring that for any pair of communicating nodes v; and v; € V, the corresponding
positions remain in certain constraint sets, which are defined as follows. Let &,, denote
the set of indices k corresponding to edges containing pairs of cooperative agents, i.e.,
i,j € V, with [ € {1,2} and ), := z; — z;. In addition, for each k¥ < M, let Ry, > 0 and
Ay > 0. Then, we define

(Task requirement constraints) L ={0 € R" : |0k| < Ry, k€ &,}  (5.7a)
(Collision-avoidance constraints) Z.:={0 € R" : |6 > A k< M}, (5.7b)

where Z, is the set of task requirement constraints and Z. is the set of collision-avoidance
constraints. Under these conditions, it is required to design a distributed bipartite
formation dynamic controller of the form

Ti* = fl(éxka q;, Q’L)v
that ensures that,

lim e, (t) =0, limg(t)=0, k<Mi<N\, (5.8)

t—o00 t—o00

and the manipulators’ end-effector’s trajectories satisfy the proximity and collision-
avoidance constraints. That is, it must hold that §(¢) € Z for all ¢ > 0, with ¢ :=
(01 6 -+ 0 M]T, T :=1,.NZ. for cooperative manipulators and Z := Z. for competitive
manipulators.
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5.2.2 Control in the absence of disturbance

The control approach follows the developments in Chapter 4. That is, we address the
considered problem as one of stabilization of the origin in edge coordinates, which in
this case correspond exactly to the synchronization errors in (5.6). Then, in order to
respect the inter-agent constraints, the control input is designed as the gradient of a
so-called barrier-Lyapunov function. Next, we discuss in more detail each aspect of the
control design.

5.2.2.1 Control design

For the purpose of analysis, we define the BLF in edge coordinates corresponding to the
synchronization errors, defined in (5.6). On the other hand, as was the case in Chapter
4, the constraints are imposed on relative distances d, whereas the control objective for
the end-effectors is defined in terms of €,,. Then, we can express the relative distance
between two end-effectors in terms of €,, as in (4.23) if they are cooperative, and as in
(4.24) otherwise. Then, considering the constraints as defined in (4.25) in function of
the synchronization errors and the definition of «y in (4.26), we define

M
- _ 1+ 0y~ B o — 1= _
Wk(ak,ewk) = Z ( 5 ka(ak,exk) - k2 Wk<ak, emk)> y (59)
k=1
where o = 1 if end-effectors ¢ and j are cooperative and o, = —1 otherwise, Wk

is defined in (4.27) for cooperative edges and Wy is defined in (4.29) for competitive
edges. The BLF in (5.9) encodes collision-avoidance constraints for each edge between
end-effectors and connectivity constraints for cooperative edges and is used to design
the gradient-based control law. Moreover, it satisfies W}, (ag, 0) = 0, Ve., Wi(ag,0) =0
and Wy(ay, €, ) — o0 as |0k — Ay for all k& < M, and as |6 — Ry, for all o = 1.
Also, we note that {&,, = 0} is a minimum of W(ay,-) and, as a matter of fact, it
is also a unique minimum even though W (a4, -) has a second critical point, which we
denote e;. Then, as in Chapter 4, defining W := Ug<p/ W, where

Wk = {0, 62}

for any k < M, we have
K _
?l‘éxkﬁ/\/k < Wi(ag, ) (5.10)

for all ay € R™ and e, such that e € Z, where |ej|yy, := min{|ex|, |ex — ex|}.
Thus, using the BLF above, we define the BLF-gradient-based bipartite formation
control law as

M M
_ - 0
* T .
7 =— kv Ji(ai) ;[Es]ikve% Wi + ;[E]ikvakw — ki + G—%Uz(qi% (5.11)

where ki, > 0, ko, >0 forallt <N,

E=FE - E,, (5.12)



E is the incidence matrix of the cooperative version of the considered network, and F
is the incidence matrix of the considered signed network.

The control law in (5.11) is reminiscent of the one in (4.47), but includes extra
terms proper to the nonlinear model of robot manipulators. The first two terms in the
control law in (5.11) are needed to ensure the bipartite formation of end-effectors while
respecting the inter-agent constraints imposed on the task space. The second term is
needed specifically because of the use of the gradient recentered barrier function and the
presence of competitive interactions between agents. These two terms are multiplied
by the elements of the Jacobian matrix since the torque enters from the joint levels, but
the bipartite formation objective and the constraints are imposed on the end-effectors.
The rest of the control law is the usual passivity-based control. The third term is
needed to control the joint velocity. It corresponds to a damping injection to steer the
joint velocity at zero. The last term compensates for the gravitational force.

5.2.2.2 Stability analysis in the absence of disturbances

We analyze the stability of the bipartite formation manifold in (5.6) for the closed-loop
system (5.1) interconnected by the control law (5.11). To that end, using the definition
of the incidence matrix, we represent the synchronization errors in (5.6) and a4, defined
n (4.26), in vector form

&, =B ®1,]z, (5.13a)
a=[E'@L]z-[E ®I,z. (5.13b)
Let
M
W(a,é,) Z k(Qu, €4, ) (5.14)
k=1

where Wy, is defined in (5.9). Then, we write the closed-loop system (5.1)—(5.11) in the
compact form

Q== M(o)"![Cla.0)d + K1 T (0) [Es @ L] Ve, W ()

+ K J(Q)T[E® LIVaW (0, 8,) + [Ke @ In]q] , (5.15)

where ¢ = [q;], M(q) = blkdiag[M;(q:)], C(g,q) = blkdiag|Ci(g;, ¢;)], K1 = diag(ki,),
Ky = diag(ks,) and J(q)" = blkdiag[J;(¢;) "], Vi < N. For this system, we have the
following.

Proposition 15 ([81]) Consider N robot manipulators modeled by (5.1), with d; = 0
and satisfying the Assumptions 7 and 8, in closed loop with the distributed control
law (5.11), with ky;, ko > 0, for all i < N and Wy as defined in (5.9). Then, for
any given formation shape reachable by the end-effectors, the set {(é;,q) = (0,0)} is
asymptotically stable for almost all initial conditions such that (e,(0),¢(0)) € Z x R™Y
and | (0)] > Ay for any k < M.
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Proof: After Assumption 8, the considered graph is undirected and connected, so
it contains a spanning tree. Then, as for the more ordinary scenario of consensus,
the result may be assessed by analyzing the dynamics of the agents that belong to the
spanning-tree—see 23|, [54], [76]. To obtain the closed-loop equations in spanning-tree
coordinates, following the latter, we first recall that

E,=[F, E.], (5.16)

where E;, € RV*N=1is the incidence matrix representing the edges of the spanning tree,
corresponding to the spanning-tree graph G, and E,, € RV*M~(N=1) ig the incidence
matrix representing the remaining edges, corresponding to G. := G\G,;. Consequently,
after (5.13a) and (5.16), the errors can be expressed as €, = [(E, z)" (E/z)"]|", which
gives €, = [e,, €, |'. Furthermore, for a structurally balanced signed graph, there
exists a matrix R, such that

Es = Ei R;, (5.17)

where R := [Ixy_1 Ts] and Ty := (EtTSEtS)_IEtTSECS—see Proposition 1 in [19]. No-
tably, the following relationship between the synchronization errors € and the spanning-
tree errors ée,, holds:

&z = [(E.,R,)" ® L)z = [R] ® L)]e,,, (5.18)

so the bipartite formation objective (5.8) is achieved if €,, — 0 and ¢ — 0. On the
other hand, a similar relation holds for « defined in (5.13b):

a=[E"® L)z +[E] ® )b, (5.19)

where E is defined in (5.12), b:= [by by -+ by]" with by, := b; —sgn(a;;)b; and k < M.
The matrix E corresponds only to competitive edges. Thus, akin to (5.16), we can

write E = [E; E.] and o = [o] «]]". Thus,

E =E;R; (5.20)
and
a=R][[E ®L)z+[E ®L)b] =R ®I,)o. (5.21)
Next, to express the control law in spanning-tree coordinates, we introduce

W(ay, ey,) == W(R] oy, Rl &,,). (5.22)

That is, in view of (5.18) and (5.21), W (ay, €;,) denotes the same quantity as the right-
hand-side of (5.14), but in spanning-tree coordinates, so W maps Z; x R™ — RZY,
where 7, :=Z,, N Z,, for cooperative agents and Z; := Z,, for competitive agents, and

I, :={e, e€R":|[r, @ L]le, + ]l <Ry ke&n}, (5.23)
L, = A{e,, €R": Ay <|[r) @ L]le,, +ay]l, k<N -1}, (5.24)

Em, denotes the set of indices k corresponding to the N — 1 edges of the spanning-tree
graph containing pairs of cooperative agents, and r,, is the kth column of R,. The
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set Z; defines the constraints in spanning-tree coordinates. Using W, we define the
gradient-based control terms

oW (a,é,) " Oe,

T — 7T IpT
_ = =V. I
VGItW aéx 8ém VGIW [RS ® TL])
W = = V. WTR! @ I,). 5.25
v oot S8 WA 91, (5.25)

Thus, in spanning-tree edge coordinates, Eq. (5.15) becomes

i=—M(q)" [Cq,d)q+ K J(q)" [Er, @ L]Ve, W, &,)
+ K1J(q) " [E @ L]Va, W (04, &) + [Ka @ L4 . (5.26)

The rest of the proof consists in establishing asymptotic stability of the origin
{(e4,,G) = (0,0)} and forward invariance of the set Z; x R"™™, for the trajectories of
(5.26). First, consider the Lyapunov function candidate

. - _ 1, :
V(Oft, é$t7 Q) - W(Oft, 61),5) + §qTM(Q)Q7 (527)

where M(q) = M(q)". Also, we remark that V is positive definite in é,, and ¢, and
bounded from above uniformly in «;. More precisely, there exist p; > 0 such that
pi [|€x, [? +141°] < V(au, €q,,4), and V(au, €q,,q) — 0 as |ez,| — 0 and |g[ — 0.

Now, its derivative satisfies

V=V, WE, ® 1] J+ Vo, W B @ L] T

+=¢"'M¢—q"C(q,4)¢ — ¢"[K @ I]g

2
—q'J(q) [E, ® ]n]Véth —q"J(q) [E ® 1]V, W
Iy N .
=~ 5d" [M —20(¢,0)] ¢ — 4" [K ® L)g.

But since M — 2C(q, §) is skew-symmetric, we obtain
V(s d) = = 4" [K @ L]§ <0, (5.28)

for all (é,,,q) € Z; xR™ so the origin is stable and the solutions are uniformly bounded.
Next, we use LaSalle’s invariance theorem. To that end, we first note that on the set
{G € R™ : V =0}, we have ¢ = 0, and consequently, § = 0. In view of (5.3), it follows
that © = 0 because & = J(¢)¢. In turn, since all the functions on the right-hand-side
of (5.26) are continuous, we have

J(q)T[E;, ® In]véth + J(q)"[E, ® [n]vatW = 0. (5.29)
On the one hand, we have
- ~ 0 {8W } _
VatW == véth 8at aat (O{t) €rys (530)
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and, because a = [ET ® I,|r — [E] ® I,,]Z, then & = [E® [,,]"% and ¢&; = [E; ® I,,] T .
Thus, &; = 0, which is equivalent to a; = const on {V = 0}. In turn, the last term
of the right-hand-side of (5.30) equals to zero. Then, from (5.29) and using (5.12),
J(@) (B, + B, — Ey,) ® I)Ve, W = J(q)T[E; ® I,]Ve, W = 0. Now, since E is full
rank (because it corresponds to the incidence matrix of a spanning tree) it follows that
Ve, W = 0, which holds if and only if &,, € W', where W' = {0,¢}} and €] is the
saddle point of W. Therefore, the solutions converge to the set W' x {0}. However,
since e; is a saddle point of W, the set of initial conditions generating solutions that
converge to (ef,0) has zero Lebesgue measure. Thus, almost all initial conditions
generate trajectories that converge to the origin. Asymptotic stability follows. The
rest of the proof follows similar arguments as in the proof of Proposition 11. [ |

Remark 17 The workspace of a manipulator is the total volume or area within which
the end-effector can move, determined by joint configurations and link lengths. The
reachable set is a subset of this workspace, representing the specific points the end-
effector can access while satisfying certain constraints. The reachable set is always
smaller than or equal to the workspace, as it includes only those points achievable
under specific conditions. )

Remark 18 The statement of Proposition 15 goes beyond the control of manipulators’
end-effectors. This analysis may also serve as a basis for solutions to other problems,
such as the control formation of cooperative-competitive satellites under inter-agent
constraints. The latter is addressed at the end of the chapter. °

5.2.3 Control in the presence of disturbances

Consider now a network of N robot manipulators with n-degrees-of-freedom, in the
presence of disturbances, i.e., modeled by

0
M;(q:)d; + Ci(qi, Gi)Gi + %Uz(%) =7+d;, <N, (5.31)

where d; € R" represents an external disturbance generated by an exosystem. As in
[61] and [102], we consider that the external disturbances are modeled by

d; = d; + Ji(CJz')TdE,z’, (5.32)

where dy; € R" |, dp; € RP and J;(¢;) € R"*? is the Jacobian matrix. The disturbance
d; is generated by an exosystem of the form
Wi = SM,iWar, dui = Cuiwa s, (5.33a)
Wg; = SEiWE,, dg; = Cpiwg,, <N (5.33b)

where Wi, WE; € Rli, SMJ', SE,i € R%*% and CMﬂ', CEJ' € R, Asin [99], we assume
the following.

Assumption 9 The exosystems Syr; and Sg,; are assumed to be neutrally stable, that
is, all the eigenvalues of Syr; and Sg,; are different and lie on the imaginary axis, and
they are nonsingular. Moreover, they are assumed to be known.
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Such an assumption is satisfied in various scenarios involving human-robot-environment
interactions because the disturbance is expressed as a sum of sinusoidals—cf. [99],
which is a truncated finite Fourier approximation of general external bounded distur-
bances.

The control design for perturbed systems as in (5.31) builds on the control law
7% in (5.11), which is effective to achieve bipartite formation among the end-effectors
while respecting the imposed constraints. To cope with the disturbances, however, the
controller is endowed with its own dynamics. That is, let

Xi = flz(éxkaqHQsz)
T = f2l(6$k7q”q“XZ)

The dynamical system Y; is designed to estimate the disturbances, and the control law
7; is defined by redesigning 7;* to contain a disturbance-rejection term that depends on

Xi-

5.2.3.1 Robust control redesign

The disturbance estimator is designed based on an internal model-based approach
61, 102, 99]. Let
X1 = Amixy; — B, (5.34a)
X2 = Ag,iX2, — BeiJi(qi)ui, (5.34D)
where X1; € Rli, X2; € Rli, AM,i € Rlixzi, AE,i S Rlixzi, BM,i € Rlixn, BEﬂ' S Rlixn, u; €
R™ is the input to the internal model dynamics, which is defined later, Ay, +AATM =0,
Api+ Ap; = 0 and the pairs (Bj;;, Ay,;) and (Bj,, Ap;) are observable. We also
assume, as in [61] and [102], that the eigenvalues of the matrix Sy;; in (5.33) and Ay,
and the eigenvalues of Sg; in (5.33) and Ag; are identical. Under these conditions,
there exist transformation matrices Ths; € RU*Pi and Tk, € R%*Pi such that—cf. [33,
Section 4.2]
TM,z’SM,i = AM,iTM,i7 B]—\;JTMJ‘ -+ CM,z’ =0 (535&)
T5:Sp: = ApiTE,, By Tgi+ Cpi = 0. (5.35b)

Then, we can rewrite (5.34) in the compact form as
Xi = Aixi — Bi(qi)us, (5.36)

where

Api O
Xi == |:X1~L X?i]—r7 AZ - |: 847 AEZ

. Bia) = [Bus 4i(a) Bry].

Next, the control law is redesigned using x;, and the input u; will be defined later,
using the internal model. Then, we define the following estimation error coordinates:
Xi, for the estimate of the disturbance, and d;, for the disturbance, that is

Xi = Xi — Tiw; (5.37a)
d; = B (¢:)xi + di, (5.37Db)
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where T; = [TMJ- TE,Z‘] and w; = [wM,i wE,i]T. Next, taking the derivative of (5.37a)
and using (5.33) for (5.37b), we obtain
Xi = Xi — Tii;
Now, replacing (5.36) and (5.33) then using (5.37a) in the first equation and using
(5.35) and (5.37a) in the second equation, we obtain the estimation-error dynamics.
Xi = AiXi — Bi(qi)u; — T;Sw;
= AiXi — Bi(qi)ui (5.38a)
d; = Bi(q:) " xi — Bi(g:) Tyw;
= Bi(q:) " (xi — Tiw;) = Biq:) "X (5.38D)

The equations in (5.38) are important because they define a passive map from wu;

to d;. To see that, consider the storage function H;(Y;) = 5|x:|?. Its derivative gives

2
Hi(X:) = X X
1_ -
= §XZ(A1' + ANXi — Xi Bilgi)ui
= X, (AiXs — Biwy)
= —)ZiTBi(Qz‘)Ui = UIJz
In the previous computations, we used A; + A] = 0. Thus, the system in (5.38) is

lossless from the input u; to the output d; = B, X;. This observation guides our choice
to redesign the control law in (5.11) as

7 =17+ B (¢:)x- (5.39)

5.2.3.2 Stability analysis in the presence of disturbance

We analyze the system (5.31) in the presence of disturbances and driven by the control
law (5.39), where x; is defined by (5.36), with u; = ¢;. We have the following.

Proposition 16 ([82|) Consider N robot manipulators modeled by (5.31) and satis-
fying the Assumptions 7 and 8 in closed-loop with the distributed controller defined by
(5.39), (5.11), and (5.36), with u; = ¢; and ky;, ke; > 0, for all i < N. Then, for
any given formation shape reachable by the end-effectors, the set {(é;,q) = (0,0)} is
asymptotically stable for almost all initial conditions such that (€,(0),(0)) € T x R™Y
and | (0)] > Ay for any k < M.

Proof: As for Proposition 15 the statement follows if we establish asymptotic stability
of the origin in spanning-tree coordinates and forward invariance of Z, x R™V.

First, proceeding as in Section 5.2.2.2, we obtain that the closed-loop equations
now read

G=—M(q)™" [C(q, D) + KT (q) [Br, ® L] Ve, W(au, &)
+E1 () [Ee @ 1L)Va, W(on, 0,) + [K2 @ L)g — [B(g) ® L] 'x —d],  (5.40)
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where d := col|d,], i < N.
Next, we consider the Lyapunov function candidate

.. ~ _ 1., . .
Vi, e, 4, X) = Wla, €x,) + 5 [¢" M(q9)q+ [XI*] (5.41)

whose derivative yields
V =V, WTE, @ L]"J(q)q + Vo, W [Er @ 1] J (q)g
b3V~ 4T Clad)i — 0T IK @ 1)
— " J(Q)" [[E, ® LIV, W + [E, @ L]V, W]
—x"[B(¢) @ LJu+¢"[B(q) ® I,] " x + ¢"d. (5.42)

Then, we use (5.37), the skew symmetry of M — 2C(q, ¢) and u = ¢ to obtain

V= X"[B@) @ LJu+ 50" [ ~20(0.)] d
+q" B ®L]"'x —q"[K @ Llg+q" [d—[Blg)® L] "x]
=—X"[Blq)®@ LJu+q'[B(q) ® L] 'x — ¢ [K ® L]
+4"[B) ® L]TX — " [Blg) ® L] x
=— ¢ [K®1,)§<0.

Note that on the set {¢ € R™ : V' = 0}, we have ¢ = 0 and § = 0. In turn, after
(5.40), we have

K1J(q)T[E, ® L)Ve, W + K1J(q) " [E, ® I)Va, W — [B(q) ® I,] 'x —d = 0. (5.43)

As in the Proof of Proposition 15, on {V = 0}, we have # = 0 and ¢, = 0. Consequently,
a is constant. Then, from (5.43) and using (5.12), we obtain

K1 J(q)"[E, ® L,]Ve, W = [B(g) @ I,]'x —d =0,

€y

after (5.37b), we get

K1J(q) [Ey ® 1,)Ve,, W = [B(q) ® L) 'x — |d = [B(q) ® L) x| =0,

that is, K1J(¢)T[E; ® I,]Vs, W —d = 0. Then, replacing (5.38b) in the previous

equation, we obtain

€y

K1 J(q)"[E, @ I,]Ve, W = [B(q) @ L] ' X. (5.44)

Next, we differentiate on both sides of the latter to obtain
T W . i NT F T : T
KiJ(q) [Ex ® [n]ﬁem + K1J(q) (B ® 1,]Ve, W = [B(q) ® I,] X+ [B(q) ® I.] X,
t
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but since é,, = B, J¢ =0, J(q) = 82—;‘1%} =0, and B(q) = 8?—(3’@' = 0, it follows that
[B(g) ® I,]"x = 0.
Then, we replace (5.36) in the latter to obtain

[B(q) ® 1] [[A® Lx — [B(g) ® IJu] = [[B(a) " A] ® L] X = 0.

The last identity comes from using u = ¢ = 0. Differentiating on both sides of this
identity, we have

( (B Al @ L] x = [[B(9)"A*) @ L,] x = 0
[Ba) A% @ 1] x = [[B(a)" A*) @ L] x = 0
(5.45)
| [B@"Ae L] x = [[Blg) A" @ L] x = 0.
On the other hand, consider the characteristic polynomial of A:
pA) = A o AT e\ F e (5.46)
After Cayley-Hamilton’s Theorem, p(A) = 0. Therefore,
1 ~
Bl pA) @ Ly =0,
that is,
1 1
— [B@T (A" + A+t ad) © L] X+ —B(g) e ® LY =0,
0 0
or, equivalently,
1
- [B(q)" [A" 4+ c,o1 A+ + Al © 1) ¥ = [B(g) ® L] "X (5.47)
0

The last identity is useful in view of the fact that the equations in (5.45) continue to
hold if the left-hand sides are multiplied by the coefficients ¢, of p(\) in (5.46) with
k <l;. Therefore, since ¢;, =1,

[B<Q)T [All + Cli_lAli_l 4+ 4 02A2 + ClA] ® ]n} v=o0.
From the latter and (5.47), we conclude that [B(q) ® I,] "X = 0. In turn, from (5.44)

we have J(q)"[E; ® I,|Ve, W = 0, which holds if and only if Ve, W = 0. The rest of
the proof follows as for Proposition 11. [ |
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5.2.4 Numerical example

We provide a numerical example to show the performance of our control laws, first the
one in (5.11) in the absence of disturbance and then the one in (5.39) in the presence
of disturbance. For that, we consider a system of N = 6 two-link robot manipulators
interconnected over a structurally balanced undirected signed network, modeled by a
graph as the one depicted in Figure 5.1. For the corresponding graph, we define the
orientation of the seven edges as

€1 =V1 + o, €0 =V — U3, €3 =V + Vg, €4 = Uy + Vs,

€5 = V9 — g, 66:V3+V4, 67:V5+V6.

Figure 5.1: An undirected signed network of 6 robot manipulators. The black lines (es and
e5) represent cooperative edges, and the red lines the competitive edges.

The set of nodes may be split into two disjoint subgroups as

VIZ{V17V37V5}7 VQZ{V27V47V6}7

so the network is structurally balanced. From (4.32), the edges e;,7 < 5 correspond to
the edges of the spanning tree, and the remaining edges, eg and e7, correspond to the
cycles. The corresponding incidence matrix is given by

1 1 10 0 00
1 0 01 1 00
s _ |0 -1 00 0 10
*=lo 0o 10 0 10
00 01 0 01
0 0 00 —1 0 1]

Each manipulator is modeled by the Euler-Lagrange equations in (5.1), with inertia
and Coriolis matrices given by

i) = [ ) 6 )]

(51' + Bz COS(QQZ.) 52
Ao ) =48 | Sin<q2¢)q% - Sin(Q%‘)(dh + q2,):|
Ciawd) =4Sl 0 ’

where a; = 13 mg, + I3 (my, + my,), B; = ly,lo,ms, and 6; = I3 my, with [y, 15, and
mq,, My, are the length and the mass of links 1 and 2. The physical parameters are
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my = 1.2kg, mo = 1kg, and [; = [, = 1m for all # < N. The kinematic model for each
manipulator is given by

B [ll cos(qi,) + la cos(qr, + %)}
P = . . + Tigs
l1sin(g;,) + lasin(qy, + go,)

and the Jacobian matrix

Ti(q:) = {_ll sin(g;, ) — lasin(qi, + g2,) —lasin(qr, + qzi)}
i licos(qi,) +lacos(qi, + q2,)  lacos(qr, +qo;) |-

5 (’,‘
Lo
T
&= 0 f’v b
S
a1, q,, q,,
q,, q1,, q,,
-5 A | | | 1 1 |
0 5 10 15 20 25 30
3 T T T T
a2, q2,, Q,,
4., 4q2., 92,
= 2 |
S|
&
] ﬂ(\ |
ot 1 1 1 1 1
0 5 10 15 20 25 30

t[s]
Figure 5.2: Bipartite formation of system (5.1) with control input (5.11) on joint trajectories.

First, consider the system (5.1) interconnected with the bipartite formation control
law (5.11), where k1, = 20, ko, = 15 for all i < N. The bases of six robot manipulators
are located at

T T
Ty = [O 05] , Loy = [25 O] , L3p = [—

ray=[0 =2]", @5y =[-3 0.5]", @, =[2 —2]".

—_
=)
—

The initial conditions for each agent are
q(0)=[r 7/3]", @:(0)=[27/3 w/3]", ¢s(0) = [-7 /3
q1(0) = [—7/2 O}T, gs(0) = [m 7'('/3}—'—, 2(0) = [0 71'/3}T,

61(0) = 42(0) = d3(0) = a(0) = ¢5(0) = ¢5(0) = [0 0] ",

=)

with ¢ = [ql qg}T and ¢ = [ql 42] . The relative displacements of the end-effectors

are
bi=1[0 04]", by=[-04 0", by=1[04 0],
by=[0 —04]", b5 =[-04 0]', b=[04 0],
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G, q., q.,
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£ 0 Vo ————
&
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Ga,, ., @,
10r G, @, Q.. | |
=
= 5r 7
S
&,
& 0N ==
MY
5+ J
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0 1 2 3 4 5 6 7 8 9 10
t [s]
Figure 5.3: Bipartite formation of system (5.1) with control input (5.11) on joint velocities.

2r I *
T2
X3
3F Ty 4
T5
Zg
-4 1 1 1 1 O~ 1
-4 -3 -2 -1 0 1 2 3

a [m]
Figure 5.4: Evolution of the manipulators’ end-effector from the initial positions (o) to the final
positions (*). Each group of end-effectors forms a triangle around the symmetric equilibrium
points.

with b = [bm by}T. The constraint sets are set to A, = 0.2m for all edges, and the
connectivity constraints for the two cooperative edges e; and e5 are given as Ry = 2.5m
and R5; = 3.5m.

The joint positions and velocities are depicted in Figures 5.2 and 5.3, respectively,
and all velocities converge to zero. The paths of each end-effector up to bipartite
formation are depicted in Figure 5.4, and their final configuration is depicted in Figure
5.6'. Moreover, it is clear from Figure 5.5 that the minimum safety distance between

LA video of the simulation is available at: http://tinyurl.com/simulationRM.
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Figure 5.5: Trajectories of the norm of inter-agent distances with control input (5.11). The
black dashed line is the minimum distance constraint for a pair of end-effectors corresponding
to each edge, and the red and green dashed lines are the maximum distance constraints for
the edges e and es, respectively.

15 T T T T T

= -=2

2 I I 1 p
-3 -2 -1 0 1 2 3
z [m]
Figure 5.6: Final positions of the manipulators and their end-effector.

each pair of end-effectors is respected. In addition, for the two cooperative edges, e; and
e5, the maximum distance between the end-effectors is also respected. Thus, collision
avoidance and connectivity maintenance among the manipulators’ end-effectors are
both guaranteed.

In a second run of simulations, we consider the system (5.1), where d; # 0 and
with the robust bipartite formation control law in (5.39). We take the same initial
conditions as before. Let ki, = 200 and ko, = 300 for all ¢ < N. The matrices in (5.33)
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t [s]
Figure 5.7: Bipartite formation of system (5.1) with control input (5.39) on joint trajectories.

10 T T T T T T T T T
a., ., e
5 q1,, q1,, Qg | |
0
-5 i
1 1 1 1 1 1 1 1 1
T T T T T T T T T
4 B, o, —— ]|
a,, a,, a2,
2 -
0
2 E
1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
t[s]
Figure 5.8: Bipartite formation of system (5.1) with control input (5.39) on joint velocities.

¢ [rad/s]

Go [rad/s]

of the exosystem generating the disturbance are given as
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X
T2
z3

Z5
Z6

_4 1 1 1 1 O 1 1 1
-4 -3 -2 -1 0 1 2 3
 [m]
Figure 5.9: Evolution of the manipulators’ end-effector from the initial positions (o) to the final
positions (*). Each group of end-effectors forms a triangle around the symmetric consensus
points.

Oy m o Ay = 0.2
6y = = =Ry =25
55 = = =Rs=35

Figure 5.10: Trajectories of the norm of inter-agent distances with control input (5.39). The
black dashed line is the minimum distance constraint, and the red dashed line is the maximum
distance constraint for end-effectors.

The matrices of the internal model in (5.36) are given as

J0 1 [0 w2
An; = L-1 0}"AEi"{—w/2 0 }’

10 10
BM:&J’%Fb1]

The joint positions and velocities are depicted in Figures 5.7 and 5.8, respectively,
and all velocities converge to zero. The paths of each end-effector up to bipartite
formation are depicted in Figure 5.9. Their final configuration is the same as in Figure
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5.6. Moreover, it is clear from Figure 5.10 that collision avoidance and connectivity
maintenance are guaranteed among the manipulators’ end-effectors.

5.3 FLYING SPACECRAFT FORMATION WITH INTER-AGENT
CONSTRAINTS

We wrap up this chapter with a brief presentation of the constrained bipartite formation-
control problem of a network of flying spacecraft, using our previous results. Loosely
speaking, the problem that we address consists in having all the satellites achieve for-
mation under the assumption that some of them may be competitive. This study is
motivated, as mentioned before, by aerospace applications. A network of spacecraft
works in cooperation with the objective of providing unprecedented image resolution
for astronomy purposes or to recognize planets or objects in space [16]. On the other
hand, during their mission, they should avoid collisions with other satellites, or debris
in space. Moreover, the network of spacecraft must also avoid collisions with each other
and stay within a certain distance to stay within their sensors’ range and be able to
communicate.

5.3.1 Problem statement and translational equations of motion

We model a network of satellites by the relative translational dynamics developed in
[1]. To that end, we first consider N satellites with n-degrees-of-freedom in low earth
orbit in the Earth-Centered Inertial (ECI) frame F'. We assume that the attitude
dynamics of the satellites have a weak influence on the translational dynamics, so it
is ignored. First, following [1], we write the dynamics of the translational motion in
the (ECI) frame to address a satellite formation orbiting the Earth. The ECI frame
is defined to have its origin at the center of the Earth, its x-axis pointing towards the
vernal equinox, z-axis pointing towards the celestial north pole [1]—see Figure 5.11.
This frame does not rotate with the Earth but moves as the Earth orbits around the
Sun.

Satellite j , . ‘%v’ Satellite i

Reference Orbit

Figure 5.11: Geometry of different reference frames [1].

For each satellite, let ¢; € R? be the position of the ith satellite in the ECI frame,
where ¢; = [qz; Gy, ¢.,]" and b; € R? denote the relative displacement with respect to
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the rendezvous point and define

Then, the kinetic energy of the satellite T;(¢;), and the sum of the potential energy of
the satellite V;(g;) are calculated as

1 +. m
5ﬂ%qi%, Vi(q:) = V(@) + V™ (), (5.49)

where ¢; is the velocity of satellite i. V7 is the potential energy of the satellite 4 in

Earth’s gravitational field and is given by

1-— g Ji <%>2 Pkcos(gzﬁ)] :

where ¢ is the angle between Earth’s North Pole direction and the direction of ¢;, Jj
is the kth zonal harmonic of Earth (Js, J3, J3), and Py Legendre polynomials. Note
that the J, term is dominant with respect to other J; terms, so

V() :_Mg% [1_J2 (%)2 (3(%)2—1)1, (5.50)

where we used cos(¢) = q;j in the ECI reference frame. V™ is the total magnetic

potential energy of satellite 7+ due to the magnetic field of other satellites and Earth’s
magnetic field and is given by

Ti(¢:) =

HeTll;

‘/ig(qiv QS) - -

N

V" (@i, q5) = —pi [ > Bij(ai— )+ Belai) | ,

=1 j#i

(5.51)

where p; is the dipole strength of the ith satellite, B;; is the magnetic field strength at
the position of the ith satellite due to satellite 7, and B, is the Earth’s magnetic field
vector at the position of the 7th satellite.

Then, using the Lagrangian equations [63]

d 0L; , oL;
dt 8 (qfu QZ) an (QM q’L) - Ti; (552)

where

i(ai, @) ZT% = (V@) + V" (@),

=1
the dynamics of the satellite ¢ in the ECI reference frame is given by

oV
MGz, — 94 = Ta; (5.53a)
oVi
Yi
oV;



where m; is the mass of the satellite 7 and is constant, and 7, = [7,, 7, 7,  is the
vector containing the sum of the external disturbance forces acting on satellite . Using
(5.50), the gradient of the gravitational potential energy gives

2 _ p2
a‘/ig Helll; G 3M6R3 JZmi dz; (5qu RZQ)
iyl 7 eyl KGR N (5.54)
qi ) in () qu(E)qgi . SRZQ)

where R, is the equatorial radius of Earth, R; is the distance between the Earth’s
center and the ith satellite, defined as

Rz’Z\/xzz‘i‘(?/H‘Ro)Z—FZiza

and Ry is the radius of the formation’s center of mass orbit. Using (5.51), the gradient

of the magnetic potential energy gives
ovm
9q;

= Ti( @i, ). (5.55)

Then, replacing (5.54) and (5.55) in (5.53) and ignoring the external disturbances
7;, we obtain

e e 3MeRg<] m; ~
A I S
.. ,uemi 3/1/6R2J m; ~
i+ T~ gy O~ R =T (5.56b)
e 3pte B2 Jym; .
mlqzz + f - M(5Qi - 3Rz2)q/:'l = Tz (5560)

R = o2RT

where 7; = |7, T, 7] are the control forces.

Now, using (5.53), we develop the relative translational dynamics in the orbital
frame FFO. FFRO is defined with its origin attached to the center of mass of the
formation, where its y-axis is defined by the vector ﬁRo, which represents the position
of the formation center of mass in the ECI frame [1]—see Figure 5.11. Then, the
translational dynamics of the ith satellite in the ECI frame is given by

. HeTiq; BMERﬁszi 2 2 ~

where ¢; = (g, 4y, ¢-;]" is the position of the satellite i, 7, = [, 7, 7] is the control
force and p = [1 1 3]". Similar to (5.57), the translational dynamics of the kth satellite,

is given by

. HheMiq 3ueRZJ m .
k k

where g, = ¢z, Gy 2=,] is the position of the satellite k, Ry is the distance between
the Earth’s center and the kth satellite and 7, = [y, T, 7]  is the control force.
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Then, subtracting (5.57) from (5.58), we obtain

L e peGr . SpeR2Jom;
4 — Q. + —

(PR} — 5¢2)a;

R R 2R
BueR2 Jomy, ) T Th
_ OPette 2Tk p2 5 = _ 1k
2RT (). = 54z, ) m;  my

or equivalently, defining ¢;x = ¢; — qx as the position of satellite ¢ with respect to
satellite £ and r;;, is the distance of satellite ¢ with respect to satellite k, we have

pre(qr + qin)  peqr  3pcRE Jamy,

. ) ,
¥ (R +rix)? R} 2R] (ka - 5Q,zk) Qr
3:ueRg Jom; 9 ) o -
Ry + )7 (Rt 70)” =52, +:0)°) (a1 + a) = 7 =%

Following the works of [1, 16], we assume a circular reference orbit for the formation
center of mass, and its angular velocity with respect to the ECI frame is

fle
wo = ‘/R_g’ (5.59)

where p. is the gravitational constant of the Earth. Let the relative position g in
the ECI frame be expressed by ¢ix gor. Then, using the transport theorem [37], the
velocity and the acceleration in the orbital frame F7° can be expressed as

Jik,EC1 = ik, RO + Wo X Qi RO,
Gik,ECI = Gik, RO + 2Wo X (g pro + Wo X Wo X (i, pRO.

Then, defining
ik, pro = [T; Yi Zi]T

Y

the relative dynamics of the ith satellite with respect to kth satellite, attached to a
body frame with its origin at the center of mass of formation, in the orbital frame FF°,
is given as

. . 2 Hel; 3M6R3J2 2 2 T,
T — 2wl — Wi + Iz R (RZ- — 5,22-) T = - (5.60a)
. . 2 ,Ue(RO + yz) B,UeRgJZ 2 2 Ty
Ui + 2wox; — woyi + R R (Ri - 5zi) (Ro+ui) = mil (5.60D)
L MeZi | BpeR2Ty o0 L Tz,
Zi+ R R (3R? —527) 2 = e (5.60c)

Then, the relative translational dynamics of satellites in (5.60) can be written in a
Lagrangian form as

M;Gig. pro + CiGi pro + Ui(Qik,FRO) =7, +dyj,,, (5.61)

aQik,FRO
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m; 0 O 0 —2miwg 0 T; Ty
M’i = 0 my 0 ) C’L = Qmiwo 0 0 ) q = (Yil| Ti = Ty >
0 0 my 0 0 0 Zi Tz

3) T
—a Ui(qik,pRo) =1m (“e—RO - “—Z) —-m (wg - L‘%) Yil >

Oqik, pro RY Ry B
’ &Z
REZi
R? — 522)
3M6R3J ( i i)V
i = T 2 1(R? —522) (Ry + i) | - (5.62)

(3R? — 522) z

Here, as opposed to the case of robot manipulators, the matrices M; and C; are con-
stant, but M; — 2C; is still skew-symmetric for all ¢ < N. Moreover, if the difference

between R; and Ry is reasonably small, then replacing (5.59) in 3 9 — Ui(qix pro ), we
ik, PR ’
obtain
2 pte
5 —m (Wo - ﬁ) x; 0
_ ) — e Ro e 2 e ~ pelo _ pe
- Le » w2
R3™ 0

(5.63)

which is constant.

Now that the network of satellites is expressed in Lagrangian form, we can use our
result from Section 5.2 to address the bipartite formation-control problem of satellites.
For simplicity, we express the relative distance g, pro as ¢;. We consider the problem
of making NV satellites, modeled by (5.61) and interconnected over an undirected and
structurally balanced graph, achieve bipartite formation consensus, that is, converge
around two symmetric rendezvous points, i.e.,

lim e, (t) =0, lim¢(t) =0, VE<M, i<N (5.64)
t—o0 t—o0
where
eq. = Gi — sgn(ai)q;, (5.65)

and ¢; is defined in (5.48), under the connectivity-maintenance and collision-avoidance
constraints, as defined in (5.7).

Remark 19 At this point, we were unable to establish that the disturbance dj,,; due
to the Jy term could be generated by an internal model. However, since the effect of
this perturbation is crucial for applications, it was necessary to address its influence.
Instead of making some unjustified ad-hoc assumptions on this disturbance, we chose
to include it in our simulations and evaluate the robustness of our closed-loop system
mn its presence. °
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5.3.2 Formation control of flying spacecraft under constraints

The control design follows the lines of Section 5.2.2 as the network of satellites is also
modeled by the Euler-Lagrange equations. The only distinction for the case of satellites
is the absence of the Jacobian matrix, as we control the position ¢ of the satellites,
rather than with robot manipulators where a Jacobian matrix maps the joint-space
to the end-effector’s task space. Then, we introduce the BLF-gradient-based bipartite
formation-consensus control law, which is very similar to the control law in (5.11), as

M M

_ ~ _ 9
T; = — ky, Z[Es]ikvéqkwk — ky, Z[E]ikvaka — koG + a_qUi(Qi)a (5.66)
k=1 k=1 ¢

where W is defined in (5.9), E:= F — E, and

ap = 5k — éQk' (567)

Next, we analyze the stability of the bipartite formation manifold in (5.65) for the
closed-loop system (5.61) interconnected by the control law (5.66). To that end, using
the definition of the incidence matrix, we represent the synchronization errors in (5.65)
and oy, defined in (5.67), in vector form

eq = B ® L]q, (5.68a)
a=[E"® )¢ [E @I,q (5.68b)

Then, the closed-loop system (5.61)—(5.66) in the compact form

j=—M"|Cq+ Ki[E, ® L]Vo, W(a,&,) + K [E @ L|VaW (a,&,) + [Ka @ Jn]q] .
(5.69)

For this system, we have the following statement, whose proof is omitted because it
follows the proof of Proposition 15.

Proposition 17 Consider N satellites modeled by (5.61), where d; = 0 for alli < N,
and satisfying the Assumptions 7 and 8, in closed-loop with the distributed control law
(5.66), with ki, ko, > 0, for all i < N and W as defined in (5.9). Then, the set
{(e4,4) = (0,0)} is asymptotically stable for almost all initial conditions such that
(€4(0),4(0)) € T x R*N and |ax(0)] > Ay, for any k < M.

5.3.3 Numerical example

We consider an undirected signed network of 4 satellites interconnected by 4 edges
over a structurally balanced undirected signed network, modeled by a graph as the one
depicted in Figure 5.12. We define the orientation of the edges as follows:

€1 =V — Vo, € =1V]+V3, €3=Vy+UVy €4=V3—Vy
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Figure 5.12: A structurally balanced undirected signed network of 4 satellites. The black lines
represent cooperative edges, and the red lines represent the competitive ones.

The incidence matrix corresponding to the graph is

1 10 0
-1 01 O
Es = 0 10 1
0 01 -1
The set of nodes may be split into two disjoint subsets, such as V; = {v1, w},

Vo = {v3, v4} so the network is structurally balanced. From (4.32), edges ¢;, ¢ < 3
correspond to G; and the remaining edge e4 corresponds to G..

5.3.3.1 In the absence of .J; effects

Each satellite is modeled by the Euler-Lagrange equations in (5.61), where d, ; = 0 for
all « < N. The internia and Coriolis matrices are given in (5.62), where m; = 2000kg
for all i < N and p, = 398600 x 109m?3/s?. Moreover, the radius of the Earth is
R. = 6000 x 10°m, and the radius of the orbit is Ry = R, + 2000 x 10°m [1].
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1 1 1 1 1
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£ |
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‘ 21 29 23 24 ‘
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Figure 5.13: Bipartite formation of system (5.61), where dj, ; = 0, interconnected with the
control input (5.66) on position, in the orbital frame FfO,
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Figure 5.14: Bipartite formation of system(5.61), where dj,; = 0, interconnected with the
control input (5.66) on velocity, in the orbital frame FFC. The velocities of all satellites

converge to zero.
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Figure 5.15: Trajectories of the norm of the inter-agent distances with control input (5.66).
The dashed lines are the minimum, and the dotted line is the maximum distance constraints
for satellites. All inter-agent safety and connectivity constraints are respected.

The network of satellites is interconnected via the control law (5.66), where k; = 30
and ke = 25, and subject to inter-agent collision avoidance and connectivity mainte-
nance restrictions. The respective agents’ initial states are

z(0) = [100 30 180 —100}T, y(0) =[40 24 —120 160]T,
2(0) = [120 40 —120 100] ", v,(0) = v,(0) = v,(0)=1[0 0 0 0],
and the relative displacements are
d,=d,=[0 0 0 0] ,d.=[80 —80 40 —40] .

The constraint sets are defined as A, = 40m for all £ < M and R;, = 550m for k €
En. The paths of each agent up to bipartite formation are depicted in Figure 5.13. The
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center of satellites reach the desired formation around two symmetric consensus points.
The velocities of the satellites are depicted in Figure 5.14, and velocities converge to
zero. Moreover, it is clear from Figure 5.15 that the inter-agent collision avoidance and
connectivity maintenance constraints in (5.7) are always respected. The oscillations
in the Figures are due to significant distances between satellites, their considerable
masses, and the relatively weak values chosen for k; and k.
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1 vy ;:
Yy ‘—S B
0
600
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y [m] 200 _400-1 05 z [m] <10

Figure 5.16: Evolution of the satellites from the initial positions to the final positions, in
the ECI frame at ¢ = 50 minutes. Each group of satellites gathers around two symmetric
equilibrium points and advances with the orbit.

5.3.3.2 In the presence of J effects

In a second run of simulations, we consider the system (5.61), where d, ; # 0, intercon-
nected over the control law (5.66). We take the same initial conditions as before. The
constraint sets are defined as A, = 35m for all k£ < M and R;, = 550m for k € &,,. The
paths of each agent up to bipartite formation are depicted in Figure 5.17. The center
of satellites reach the desired formation around two symmetric consensus points. The
velocities of the satellites are depicted in Figure 5.18, and velocities converge to zero.
Moreover, it is clear from Figure 5.19 that even in the presence of J, perturbations,
the inter-agent collision avoidance and connectivity maintenance constraints in (5.7)
are always respected.

156



200 r T T T T
x1 T2 T3 Ty
£ .
8
| | | | |
0 100 200 300 400 500 600 700 800 900 1000
500 T T T T T T T T T
— 4 Y2 Y3 Ya
S0 J
=
-500 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
500 - T =T T T T 7
— Z1 Z2 z3 Z4
£ ]
N
-500 I i . L 1 I I
0 100 200 300 400 500 600 700 800 900 1000
t[s]

Figure 5.17: Bipartite formation of system (5.61), where dj, ; # 0, interconnected with the
control input (5.66) on position, in the orbital frame FZO.
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Figure 5.18: Bipartite formation of system (5.61), where dj,; # 0, interconnected with the
control input (5.66) on velocity, in the orbital frame FFY. The velocities of all satellites
converge to zero.

5.4 CONCLUSIONS

We addressed the problem of constrained bipartite formation of cooperative and com-
petitive robot manipulators modeled by Euler-Lagrange equations over structurally bal-
anced and undirected signed graphs under inter-agent end-effector constraints. First,
we presented a bipartite formation control law based on the gradient of a barrier-
Lyapunov function that guarantees that manipulators’ end-effectors do not collide and
stay within their maximum distance imposed by the task requirements. Then, in or-
der to deal with perturbed robot manipulators, we robustified our controller with an
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Figure 5.19: Trajectories of the norm of the inter-agent distances with control input (5.66).
The dashed lines are the minimum, and the dotted line is the maximum distance constraints
for satellites. All inter-agent safety and connectivity constraints are respected.
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Figure 5.20: Evolution of the satellites, under Jy effects, from the initial positions to the final
positions, in the ECI frame at ¢ = 50 minutes. Each group of satellites gathers around two
symmetric equilibrium points and advances with the orbit.

internal model-based approach to reject disturbances. Compared to the literature, we
contributed with a robust bipartite formation control law that ensures that the manipu-
lator’s end-effectors achieve the desired formation while avoiding inter-agent collisions.
We established asymptotic stability of the bipartite formation manifold and robustness
with respect to external perturbations.

We believe that the utility of our results goes beyond the case of collision avoidance
and maximum distance maintenance for cooperative-competitive robot manipulators’
end-effectors. It may also apply to other Lagrangian systems. In that regard, we con-
sidered a network of cooperative-competitive satellites. We presented BLF-gradient-
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based control laws that solve the constrained bipartite formation problem for satellites
subject to collision avoidance and connectivity maintenance constraints. Not only the
extension is direct, but it is another contribution since, to the best of our knowledge,
there are no results on the constrained bipartite formation of satellites interconnected
over a signed graph. This being said the significant problem of bipartite formation in
the presence of disturbance remains open.
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CONCLUSIONS AND FURTHER RESEARCH

SUMMARY

In this work, we addressed multiple control problems for multi-agent systems over
networks containing cooperative and competitive interactions, with the purpose of ad-
dressing relevant robotic application scenarios. We considered signed networks with
multiple leaders under inter-agent constraints and subject to disturbances. To this end,
we proposed multiple contributions in terms of stability analysis and control design for a
variety of linear and nonlinear systems. These contributions are summarized as follows.

Networks with cooperative and antagonistic interactions. In this work, we
considered the presence of both cooperative and antagonistic interactions among the
agents in each problem that we addressed. Thus, our results are more general than
those of the literature focusing only on all-cooperative networks. Moreover, competi-
tive interactions are representative of multi-objectives in the multi-agent system, where
agents converge to two symmetric equilibria or realize symmetric tasks. On the other
hand, competitive edges are used to represent the presence of groups of enemy agents
and static obstacle(s) to be avoided in the system or to define dangerous zones from
which agents should stay away.

Bipartite containment tracking control over signed networks containing
multiple leaders. We addressed the problem of bipartite containment tracking for
first- and second-order systems over structurally balanced and unbalanced signed net-
works containing multiple cooperative and/or competitive leaders. With respect to
the literature, we contributed with a novel stability analysis approach of the bipartite
containment set. First, we contributed by giving a possible form of the right and left
eigenvectors associated with the zero eigenvalues of the Laplacian matrix of a struc-
turally balanced or unbalanced signed network. Then, we calculated the explicit limit
values of the followers by extending the definition of the average system and synchro-
nization errors to the case of multileader signed networks. We also constructed strict
Lyapunov functions by extending the results on the Lyapunov characterization of the
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necessary and sufficient condition of having a directed spanning tree in the network
to the case of signed networks with multiple leaders. We also established exponential
stability and robustness of the systems in the sense of input-to-state stability via strict
Lyapunov functions. The latter cannot be ascertained if the Lyapunov functions are
not strict.

Bipartite consensus with collision avoidance and connectivity mainte-
nance. We addressed the problem of constrained bipartite formation-consensus for
first- and second-order systems. We first considered first- and second-order systems
over structurally balanced undirected signed graphs. Then, we studied first-order sys-
tems over directed signed networks containing a spanning tree and second-order systems
over strongly connected and weight-balanced directed signed graphs. For both cases,
we contributed by proposing a control law based on the gradient of a BLF, guarantee-
ing inter-agent collision avoidance and connectivity maintenance. We conducted the
stability analysis of the systems using Lyapunov’s direct method, both in terms of the
node coordinates and the synchronization errors.

Control of cooperative and competitive Euler-Lagrange systems. We
addressed the problem of constrained bipartite formation of cooperative-competitive
Euler-Lagrange systems. We first addressed the bipartite formation robot manipula-
tors’ end-effectors with inter-agent end-effector constraints and subject to external dis-
turbances. To deal with perturbed robot manipulators under constraints, we presented
a bipartite formation control law based on the gradient of a barrier-Lyapunov function
and then robustified the controller with an internal model-based approach to reject dis-
turbances. Then, we addressed the bipartite formation of a network of satellites with
inter-satellite collision avoidance and connectivity maintenance. For both problems, we
established the asymptotic stability of the bipartite formation manifold. Compared to
the literature, our contributions include, first, a BLF-based robust bipartite formation
control law that ensures the manipulator’s end-effectors achieve the desired formation
while avoiding inter-agent collisions and remaining close to each other as imposed by
the task requirements, and second, a BLF-based bipartite formation control law that
guarantees satellite formation with collision avoidance and connectivity maintenance
constraints.

FURTHER RESEARCH

The contributions of this thesis successfully addressed some of the important challenges
related to the aspects presented at the beginning of the memoir. These aspects included
the presence of both cooperative and antagonistic interactions, multiple leaders, control
under inter-agent constraints, and dealing with disturbances. Still, there are a number
of open problems to be addressed to be able to consider the general problem of guiding
a swarm of robots required to advance in formation or to be contained in a safe zone
in realistic and constrained environments. Some of these problems arise directly from
the contributions presented in this thesis and are as follows.
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General directed signed graphs. One of the original contributions of this mem-
oir is to address the bipartite containment problem for signed networks containing
multiple cooperative and/or competitive leaders, as shown in Chapter 2. On the other
hand, another contribution is to address the constrained bipartite consensus problem
for some classes of directed signed networks. However, we stress that the results ob-
tained for the latter problem apply only to two classes of directed topologies. For
first-order systems, we solve the problem over a structurally balanced directed graph
containing a spanning tree, and for second-order systems, we address the problem
over a strongly connected, weight-balanced, and structurally balanced directed graph.
Nonetheless, for the general problem that is addressed in this memoir, an interesting
direction of research is to study the constrained bipartite consensus problem for multi-
leader signed networks, as we do in Chapter 3. A possible starting point for considering
general directed signed graphs with inter-agent constraints may be to follow the ap-
proach introduced in [67] and used in Chapter 3 to express the system with constraints
in terms of two interconnected dynamical systems and then construct strict Lyapunov
functions to deal with general directed signed graphs.

Open multi-agent systems and collision-avoidance for all agents. In Chap-
ter 4, we address the bipartite formation with collision avoidance, but only agents that
are interconnected with each other avoid collisions. But in realistic scenarios, the col-
lision should be avoided by all agents. For instance, for the network represented in
Figure 4.11, only agents 2 and 3 are interconnected with the competitive leader, repre-
senting the obstacle. These two agents are also the only ones able to avoid the obstacle,
as shown in Figure 4.12. If the other agents were close to the obstacle, obstacle avoid-
ance would not be possible for those. A natural way to address this problem is for the
agents to take into account all other agents within their sensing ranges. If an agent
comes close to an obstacle, it will detect it and be able to avoid it. On the other hand,
when the agent moves away from the obstacle and is no longer in a dangerous zone
where a collision is likely, it will cease to detect the obstacle and will not be influenced
by its state. This means that interconnections will be added to and removed from
the network. Furthermore, this also implies that for the bipartite consensus problem,
groups of cooperative agents will stop being influenced by competitive agents, and their
final positions will not be affected.

Collision-avoidance of robot manipulators. In Chapter 5, we address the
bipartite formation of robot manipulators’ end-effecter under collision avoidance con-
straints. More precisely, in this memoir, collision avoidance is only guaranteed for
end-effectors and not for the links. To the best of our knowledge, guaranteeing inter-
link collision avoidance in multi-agent systems is an open problem. As a matter of fact,
so is the problem that we solved: the constrained bipartite formation for the manipu-
lators” end-effectors. Collision avoidance for the link has been addressed, e.g., in [96],
but not for cooperative and competitive agents. In future research, collision avoidance
between the links of the manipulators may be addressed, e.g., by considering each link
as an agent, so as a node of the graph, and the links can be modeled using the 2D
or 3D ellipsoidal agent approach. For instance, in [96], each agent is modeled by an
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ellipsoid approximation, and the inter-agent collisions are represented as two planar
ellipsoids that intersect with each other.

Control redesign via strict Lyapunov functions. In Chapters 4 and 5, we
address the bipartite formation-consensus problems for linear and non-linear systems.
In both of the chapters, we construct non-strict Lyapunov functions, and we design our
controllers based on the gradient of these non-strict Lyapunov functions. An interesting
direction of research may be to figure out how to render these BLFs strict and modify
the controller using the gradient-based term to take care of the disturbances. The
analysis given in Chapters 4 and 5 is promising because it may be a first step to
construct strict Lyapunov functions to deal with disturbances, especially to tackle the
formation-control problem of satellites under Jy effects.
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APPENDIX A

APPENDICES

A.1 GRAPH THEORY

Example Consider the undirected signed network depicted in Figure A.1.
@ €2 €4 @

o (= |
DR O

Figure A.1: An undirected signed network of 6 agents. The black lines represent cooperative
edges and the red line represents the competitive edge.

The graph has N = 6 nodes and M = 7 edges. We can split the nodes into two
disjoint subgroups, such as

Vi ={w, vs, i}, Vo= {1, vs, s},
so the graph is structurally balanced. We define the orientation of the edges as
€1 =V +Vy €=V —V3 €3=V—Uly €4 =V3— Vs
€5 = Uy — g, €g=1U3—1ly, €7=Us— g
We define the gauge transformation matrix D € RV*V as
D = diag([1, —1, 1, 1, —1, —1]).

For the edges e;, ey and es, the initial node is 14 € V; and for the edge eg, the initial
node is v3 € Vy so 0., = 1, i € {1, 2, 3, 6}. For the edges e4 and e; the initial node
is v, € V, and for the edge e7, the initial node is v5 € V5 so 0., = —1, j € {5, 6, 7}.
As a result, the matrix D, € RM*M for the edge-gauge transformation is defined as

D, = diag([1, 1, 1, =1, —1, 1, —1]).
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The incidence matrix £ € of the unsigned graph is given below.

11 1 0 0 0 O
-1 0 0 1 0
0 -1 0 0 1

_ o O O

1
0

0 0 -1 0 0 -1
0 0 0 -1 0 0
0 0 0 0 -1 0 -1

Applying the gauge transformations on the incidence matrix F, we obtain

11 1 0 0 0 0
10 0 1 1 0 0
0 -1 0 0 0 1 0

Es=DED.=\og o 1 o 0 -1 o]
00 0 -1 0 0 1
0o 0o 0 0 -1 0 -—1]

which corresponds to the incidence matrix of a signed graph, given in (2.38). Then, the
Laplacian matrix L, = E,E] € RN and the edge Laplacian matrix L., = E] E, €

RM*M associated to the undirected signed graph are calculated as
"3 1 -1 -1 0 0 21 1 1 1 0 0
1 2 1 0 0 -1 0
1 3 0 0 -1 -1
10 2 -1 0 o0 1 12 0 0 1 O
L, = , L,=11 0 0 2 1 0 -1
-1 0 -1 2 0 0 ¢
1 0 0 1 2 0 1
o -1 0 0 2 -1
0 -1 0 0 -1 2 0O -1 1 0 0 2 0
. o 0 0 -11 0 2]

The eigenvalues of the Laplacian matrix and the edge Laplacian matrix are
A, =10, 0.4384, 3, 3, 3, 4.5616}, A, = {0, 0, 0.4384, 3, 3, 3, 4.5616}.

The Laplacian matrix Ly has exactly one zero eigenvalue and is positive semi-definite.
As the graph has 7 edges, which is more than the number of nodes, the edge Laplacian
L., has exactly M — N + 1 = 2 zero eigenvalues.

On the other hand, since the undirected graph is structurally balanced and contains
a spanning tree, it can be decomposed into the union of two subgraphs: the first
subgraph consists of the edges corresponding to the spanning tree, while the second
subgraph contains the remaining edges, as depicted in Figure A.2.

Then, the incidence matrix E is partitioned into [E;, FE.,] as in (4.32), where
E;, € RVM*N=1 s the incidence matrix representing the spanning tree of the graph, and
E,, € RV*M=(N=1) i5 the incidence matrix representing the remaining edges

1 1 1 0 0 0 0
1 0 0 1 1 0 0
0 -1 0 0 0 1 0
Er, = 0o 0 -1 0 0] Ee, = -1 0
0 0 0 -1 0 0 1
o 0 0 0 -1 |0 —1]
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Figure A.2: Partition of the undirected structurally balanced signed graph on Figure A.1 into
a spanning tree and the remaining edges.

From (4.34), we obtain

0 0 10000 0 0
-1 0 01000 -1 0
T,=(EE,)'E/E.,=|1 0|, Ri=[Iy.y TJ=100100 1 0
0 -1 00010 0 -1
0 1 00001 0 1

which satisfy (4.33).

A.2 LYAPUNOV FUNCTIONS AND STABILITY THEOREMS

Theorem A.2.1 (Lyapunov’s stability theorem [38]) Let x = 0 be an equilibrium point
for

& = f(x), (A1)

where f: D — R", and D C R" is a domain containing v = 0. Let V : D — R5q be a
continuously differentiable function such that

V(0)=0 and V(z) >0 in D\{0} (A.2)

V(z) <0 in D (A.3)
Then, x = 0 s stable. Moreover, if
V <0 in D\{0} (A.4)
then x = 0 is asymptotically stable.
Consider the general nonlinear systems of the form
&= f(x,u) (A.5)

where x(t) € R" is the state, u € U™ denotes an external input, and f : R” x R™ is
continuously differentiable satisfying f(0,0) = 0.

Definition A.2.1 (K and K, functions [38]) A continuous function o : [0,a) — [0, 00)
is said to belong to class K if it is strictly increasing and a(0) = 0. It is said to belong
to class K if a = 00 and a(r) — oo as r — 0.
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Definition A.2.2 (KL function [38]) A continuous function 5 : [0,a) x [0,00) —
[0, 00) is said to belong to class KL if, for each fized s, the mapping B(r, s) belongs to
class IC with respect to r and, for each fized r, the mapping 5(r,s) is decreasing with
respect to s and 5(r,s) — 0 as s — 0o.

Definition A.2.3 (Input-to-state stability [88]) The system (A.5) is (globally) input-
to-state stable if there exist a KKL-function B : Rsog xR and a K-function v such that,
for each input u € Lo, and each & € R™, it holds that

(8, &, w)| < BELE) +~([ul]) (A.6)
for each t > 0.

Definition A.2.4 (ISS-Lyapunov function [88]) A smooth function V : R" — Rsq is
called an ISS-Lyapunov function for system (A.5) if there exist Kqo-functions oy, as,
and KC-functions as and x, such that

ar([€]) < V(§) < aa([€]) (A.7)
for any £ € R™ and

VV(E) - f(&u) < as([E]) (A-8)
for any & € R™ and any pp € R™ so that |£] > x(|u]).

A.3 CRITICAL POINTS OF THE BARRIER-LYAPUNOV FUNCTIONS

A.3.1 Barrier-Lyapunov functions in node coordinates

For cooperative agents, the BLF in node coordinates is defined as

~ 1

Wij(wi, ;) = 51T = ;[
1 A2 R? R?
+ o= k2 5 [ln( 5 k 2)—1n<2—k_2>}
2 [bi; [ ([bi> — AF) Ry — |2 — x4 R2 — |by;]
v () - (e s
b o ( CIR [ Py QL . (A9
2 R} — |by]? |7 — 2 — AF 103> — A

Its gradient may be written as

VWi = [v%VY”] 5

ijVVij
where
~ A2 1
VmZWz — 1—|— = = k .
’ b3 2(|bi; > — A7) Rj — |z — 22
A2 _

B = by |* |wi — 2P (|wi — 2] —Ai)} ( ) = by (A.10)
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and V,, Wij = —VriVVij. Then, the Hessian of the function reads

W, 9PWy;
T ox2 ox;x;
HWij) = | o2 o211

j
where
PWiy [1 N A? 1
0} 10ij[2(1bs 2 — A7) BE — |2 — a2
_ . Aj ] I
Ry — | |z — 2P (Jw — 25 — AF)
P N B UL
Ri — ’bijP |.Tz — ZEj|4(|.Ti — ZEj|2 — A%)Q
A? 1 ]
+ = : (z; — ;) (z; — ;) 7, (A.11)
|62 (1> — A%) (Ri — |z — :Ej|2)2 ! !
%W_U = %W_” and givzii = —8;?;”. The eigenvalues of the Hessian are
A? 1
)\l(sk) =1 + = = k .
|03 2(|ij]* — A7) RE — |zi — 2]
1 A2
- . ,ole{l,2,---,n—1} (A.12a)
R =Tl T~ oy~ &7
A? 1
A(sp) =2 |1+ = F :
(5%) 10ij2(|bij|* — A7) RE — |zi — ]
1 A?
k (A.12b)

R =0l o=, = &7

Now, we look at the critical points, where inVT/ij = 0 and ijVT/U = 0. Looking at
the form of the BLF, it has two critical points with opposite signs. The first one is

Ty — X5 = bz’j; that iS,
A2 bij 1 Afoy

— — . — — — - = — = 0.
03 2(10512 = A7) Ry — s> Ry — |bil* [bis|2(10ss]* — AF)

To prove that it is a minimum, we show that A;(0) > 0, that is,

A2 1 1 A2

- . _ B — 1.
b3 2(1b3 | — AF) R —|by* Ry — by [by]2 — AF

N(0) =1+
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The other critical point s; is aligned with Bl-j. Then, there exists a > 0 such that

*

s* = —ab;;. So
j ;

Fp A _ S S Y

L by P (102 = AF) Ry — |—abyl?  Rj — [by]? \—abz’j|2(|—abz’j\2_— Ai}-
X (—abij) = by
_1 L _A% ' 1 L 1_ . i Ai_ 1
U o102 = A7) RE — [—abyl*> R —|by[*  [—aby|?(|—aby|> — A})

1
=——<0.

a

Then, \/(—ab;;) < 0 and s* = —ab;; is a saddle point.
On the other hand, for competitive agents, the BLF in node coordinates is defined
as

. 1 lz; — 2]

1 _ —2x; + bi:|?
_ |:(_2$j+bij)2+ln( ‘ xj—i_b]‘ )}

2 | =21 + by [? — A?
T —2x; + by
— |(=2x; + by;) — A? _ J i T+ ).
{( i b | =25 + by [2(| =225 + by | — A?) @i+ )
Its gradient may be written as
N AV
Vi [Vﬂ?jﬁ/’ij] ,
where
A 1
xWi:[l A2 } —
Vet = A e P —w — Ay )
1 _
1—A? - - } —2x; + by]. A3
+{ |—2£L'j+bij|2(|—21‘j+bij|2—A2) [ .T]—{— ]] ( )
and
P 1
xWi:—{l A? } -
Vol = o I A R e A )
1 _
4 —4A? : - } —2x; + byj]. A4
+[ | —2x; + bi;|?(|—2z; + b;;|> — A?) [=22; i ( )

Then, its Hessian reads

W, 9*Wy;

T o Ox2 Ox;x;
HWij) = | o0, 02w, | -

Ozz;  0a?
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where

02W [
— = |1+ A?
or? +

K3

1 ]I
|2 — a2 (lz — a2 — AZ) 17"
|zi — 2|42 — x5]2 — A2)?

(2 — ) (x; — 2;5) T, (A.15)

1 N 2A? I
=P (o a2 - 222 )

N 2A? D ;
| =225+ by (| =205 + b2 — A2 ) "

+ <4A2 [ ! + 187 D I
| =225 + i (| = 225 + b2 = A2) (| =22, + b2 — A2)*] ) 7

and

O*Wij (i — ) (x; — x5)
1, — _2A2 |: ? J L J :| i — .
ouie, el = n 89 o~y — P~ A7) )
1 1
— |14+ AQ 2— 2A2 = = i| I,
{ i — 25 (lws — ;] — A?) | =225 + by (| -2 + bi[> — A?)
oms 4 Biy) (=22, + b)) )
+4A? [ (223t by) - - 1 —21;4b;;).
| =25 + by *(| =225 + bi|* — A?) | =25 + by [P (| =25 + byy[* — A?)? (=2e5b)

Let s = x; — ;. The eigenvalues of its Hessian are
1
|skl*(Iskl* — A%)”

9 1
Anlsi) =2 [1 (P _NJ . (A.16D)

)\l(Sk) =1+ A?

led{l, 2,--- ,n—1} (A.16a)

First, we look at the critical points, where VmiWij = 0 and ijVAVZ-j = 0. Looking at
the form of the BLF, we see that there are two critical points with opposite signs. The
first one is s = —2x; + b;;, that is,

1 _
1+A2 = = :| -2 _’_bz —
[ | =25 + b |2 (| —2x; + bi;|? — A?) (=22 i)

1 _
1+ A? — _ } 22+ by;] = 0.
[ i | =225 + b |2 (| =22, + bi;|? — A?) (=22 + by

To prove that it is a minimum, we show that A\;(—2z; + b;;) > 0, where

1
| =25 + by (| =225 + by|* — A?)

M(—2z; + b)) = 1+ A? >0/
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The other critical point s}, is aligned with s, = —2x; +b;;. Then, there exists a > 0
such that s* = —a(—2x; + b;;). So,

1

|Sk|2(|3k|2 — A?)

:| — CL(—Ql’j + l_)z])
1

— _ — 2. Bz“’
| =2z + bij|2(|—2x; + by |> — A?) (=2 + by

= {1+A2

and

() = —éA,(sk).

As Ai(s1) > 0, we have that \(s}) < 0, so s* = —a(—2z; + b;;) is a saddle point.

A.3.2 Barrier-Lyapunov functions in edge coordinates

For cooperative agents, the BLF in edge coordinates is defined as

- 3 1 B
Wk(exkﬂak) = 5’611@‘2
1 AQ 2 2
+ 5 2 kQ 2 {hl( 2 —Rk 2>—ln< sz 2)}
2 |o 2 (o ]? — AF) R} — |éx, + ayl R} — |ay]
1 1 [ ( |Es, + arl? ) ( || )}
+ = In | —1Co S (2 (AT
27 ol [ [ T a2 — A7 P -az)] A7)

where oy = bi. Its gradient may be written as

0% 1+ Aj 1
k= . —
o |2(Ja |2 — A2)  R? — |&,, + ax?
1 A%
R — |ag|? |es, + arl? (e, + ax|> — A2)

V-

ezk

(éxk + Ozk) — Q. (A18)

Then, the Hessian of the function reads

Wy _ {1+ A . 1
ez, | (Jo|? — A7) B — e, + |
I Aj }
R — |ogl?  |ew, + agl?([es, +ar? = AF)
1 AR (2les, + il — AF)
B — |ow]?  [ez, + agl*(|ez, + ax* — AF)?
A2 |

arP(lox? = A7) (R2 — |e,, + oul?)’

I

+2{

+

] (éxk + ak)(éxk + ak>T' (A19>
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The eigenvalues of the Hessian are

AN(sg) =1+ Af L
I\Sk) = : -
ar|?(lok]? — AF)  RE — |éx, + ax]?
1 A2
— . , ledl, 2,--- n—1 A.20a
B ff T ral oy S } —
2 2
An(sk) =1+ 2 AkQ 2\ D2 —1 2 P2 ! 215 AkQ 2
lag?(Jar? = AF) R —ew, +axl®  Rp —lag* |es, +arp* — A}
Lo L AR, el - A
R — o] e, + |t (l€s, + ar? — Af)?
A? 1
+ k 5 | |Ew, + anl®. (A.20D)

a2 (Jok? — A7) (R2 — |&,, + ai]?)

For all |e,, + x| > Ay, |ak| > Ay, |6z, + ax| < Ry and |ag| < Ry, we have that

295 2 A2
)\n(sk) — 14+ . 71 S Ak<3’62wk:’_ ak’ 2Ak) o~
Rk - ’exk + ak’ ‘6% + ak| (leu’vk + ak‘ - Ak)

VS S S

o (lowl> = A7) (R? — |eg, + axl?)?
Now, we look at the critical points, where Ve, W, = 0. Looking at the form of the

BLF, it has two critical points with opposite signs. The first one is €,, = 0, that is,

A% (6773 1 A%Ozk
aw*(Jol® = AF) Ri—lowl> R —lawl®  awl*(Jow]* — AF)

=0.

To prove that it is a minimum, we show that A;(0) > 0, that is,

A2 1 1 A2
law*(Jowl® = AF) Ri—Jow>  RE—lowl®  awl* — AF
For the other critical point ej, we have

A2 1
o[ (ol* = AF) - Rf — e + aul?

1 A2
T loal? Te & anlP(lef + ca? — A7)

N(0) =1+ =1

1+

(e + ag) = .

In original relative distance coordinates, we have e; + oy = s}, which is aligned with

the other critical point oy, = by, so there exists a > 0 such that s}, = —aqy.
PO S N S A
L P (o> = A7) R = [—aawl R —|awl* [—acw*(|—aom]? — A7)
—ad — O
m A2 R A2
L ool — A7) BE — |—acw® R —|axl*  |—aax*(|—ao|> — AR)
1
=——<0.
a
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Then, A\(s*) < 0 and s* = —aqy is a saddle point.
On the other hand, for competitive agents, the BLF in edge coordinates is defined
as

A

) 1], |Exy, + vi]? 1 o |?
W Tk =5 |: T 2 1 < k - = 2 l T 1o A9
k(e & Oék) 5 ’6 " + Oék’ + In ‘éxk n &k‘2 — AZ 5 ‘Oék;‘ + In ‘Osz — A%

A*(ay) }
— — Car s A21
o o] A2y
Its gradient with respect to the synchronization errors e,, , may be written as
. A2
Ve, Wi(ez,, ag) = {1 - } €x
Wl ) = [ e, + el = 2y e )
A2 }
— [1- Q. A.22
- T 422
Its Hessian, with respect to the synchronization errors, reads
W [1 A? ] /
oez, |, + anl?(|€n, + | — AF) )"
AZ (2]e,, + ax* — AZ)
2 kAT Bk k } Es Es T A.23
+ |:|€xk +ak|4(|éxk ‘|‘04k:|2 _A%)Q (6 K +ak)(e K +ak) ( )
Let s = €,, + a. The eigenvalues of the Hessian are
Aj
)\l<5k>:1_ , l e {1, 2, ,n—l} (A24a)
|skl?(Isk]> — AF)
A? A2 (2|sp]* — A2)
An(sp) =1 — k L k2| si|? (A.24b)
[skl?(lskl® = AZ) — lsel*(Ise]* — AF)?
For all |sx| > Ay, we have that
A2 2 A2 2A2 2
M) = 14 2l 2D 2Ry

[sk|*(sx]? — A2)?

Now, we look at the critical points, where Ve, Wy = 0. Looking at the form of the

BLF, it has two critical points with opposite signs. The first one is €,, = 0 and
ap = —2x; + by, since
A? }
1— —2x;+b
|: ’—QLCJ +bk’2(‘—2$]+bk‘2 —AQ) ( J k)

A2
— |1 =
|: ‘—233’]4—()]6‘2(‘—21']+bk‘2—A2)

} (—2x; +by) = 0.

Then, to prove that it is a minimum, we show that A\;(—2z; + b;) > 0, that is,

AQ
. k
|—2z; + b2 (|—2x; + bi|? — A2)

)\l(—QI’j + bk) =1 > 0,
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if
2 |—21‘j +bk|4
1 + |—21Ej + bk‘2

(A.25)

The condition (A.25), which restricts the initial conditions in absolute coordinates, i.e.,
with respect to a fixed frame. However, in the scenario considered in this paper, the
measurements are relative (edge coordinates). That is, absolute positions are irrelevant.
So, z;(0) may be conveniently defined by replacing the origin of the fixed frame if
needed. Then, we have that \(—2z; + b;) > 0 and s, = —2z; + by is a minimum.
There exists another critical point €,, = e}, so the gradient of the BLF gives

1
1—A?
{ ‘€Z+bk|2(|6z—2.Tj+bk|2—A2)
1
=|1-A7
{ | =22 + bi|*(| =225 + bi|* — A?)

] (ez — QZE]' + bk)

} (—2z; + by).

In original relative distance coordinates, we have e; —2x;+b;, = si, which is aligned with
the other critical point —2x; + by, so there exists a > 0 such that s* = —a(—2z; + by).
As the BLF has only two critical points with opposite signs

1
2
1o SR = A7y — a2 )
1
= |1 - A7 —22; 4 b
2 e ) W)

1
)\Z<SZ) = —a)\l(—z%’j + bk)

As A\(—2x;+b;) > 0, we have that \(s}) < 0, so s* = —a(—2x;+0by) is a saddle point.
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