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Abstract

Within the field of multi-agent systems theory, we study the problems of consensus
and pursuit-evasion. In our study of the consensus problem, we first provide some
theoretical results and then consider the problem of consensus on SO(3) or attitude
synchronization.

In Chapter 2, for agents with states in R™, we present two theorems along the
lines of Lyapunov’s second method that, under different conditions, guarantee asymp-
totic state consensus in multi-agent systems where the interconnection topologies are
switching. The first theorem is formulated by using the states of the agents in the multi-
agent system, whereas the second theorem is formulated by using the pairwise states
for pairs of agents in the multi-agent system.

In Chapter 3, the problem of consensus on SO(3) for a multi-agent system with
directed and switching interconnection topologies is addressed. We provide two differ-
ent types of kinematic control laws for a broad class of local representations of SO(3).
The first control law consists of a weighted sum of pairwise differences between po-
sitions of neighboring agents, expressed as coordinates in a local representation. The
structure of the control law is well known in the consensus community for being used
in systems of agents in the Euclidean space, and here we show that the same type of
control law can be used in the context of consensus on SO(3). In a later part of this
chapter, based on the kinematic control laws, we introduce torque control laws for a
system of rigid bodies in space and show that the system reaches consensus when these
control laws are used.

Chapter 4 addresses the problem of consensus on SO(3) for networks of uncali-
brated cameras. Under the assumption that each agent uses a camera in order to mea-
sure its rotation, we prove convergence to the consensus set for two types of kinematic
control laws, where only conjugate rotation matrices are available for the agents. In
these conjugate rotations, the rotation matrix can be seen as distorted by the (unknown)
intrinsic parameters of the camera. For the conjugate rotations we introduce distorted
versions of well known local parameterizations of SO(3) and show consensus by us-
ing control laws that are similar to the ones in Chapter 3, with the difference that the
distorted local representations are used instead.

In Chapter 5, we study the output consensus problem for homogeneous systems
of agents with linear continuous time-invariant dynamics. We derive control laws that
solve the problem, while minimizing a cost functional of the control signal. Instead
of considering a fixed communication topology for the system, we derive the opti-
mal control law without any restrictions on the topology. We show that for all linear
output controllable homogeneous systems, the optimal control law uses only relative
information but requires the connectivity graph to be complete and in general requires
measurements of the state errors. We identify cases where the optimal control law is
only based on output errors.

In Chapter 6, we address the multi-pursuer version of the visibility pursuit-evasion
problem in polygonal environments. By discretizing the problem and applying a Mixed
Integer Linear Programming (MILP) framework, we are able to address problems re-
quiring so-called recontamination and also impose additional constraints, such as con-
nectivity between the pursuers. The proposed MILP formulation is less conservative
than solutions based on graph discretizations of the environment, but still somewhat



more conservative than the original underlying problem. It is well known that MILPs,
as well as multi-pursuer pursuit-evasion problems, are NP-hard. Therefore we apply an
iterative Receding Horizon Control (RHC) scheme, where a number of smaller MILPs
are solved over shorter planning horizons. The proposed approach is illustrated by a
number of solved examples.

Keywords: Multi-agent systems, consensus, attitude synchronization, nonlinear con-
trol, optimization, pursuit-evasion.



Sammanfattning

I denna avhandling betraktar vi konsensusproblem och avsdkningsproblem i multi-
agent system. I var studie av konsensusproblemet sa presenterar vi forst nagra teo-
retiska resultat, varefter vi studerar konsensusproblemet pa SO(3) dir rotationsma-
triser ska synkroniseras.

For agenter med tillsand i R™ och dédr kommunikationen mellan agenterna dr tids-
beroende, presenterar vi i Kapitel 2, tva teorem i linje med Lyapunovs andra metod
som garanterar asymptotisk konsensus for tillstanden nir tiden gar mot odndligheten.
De tva teoremen kompletterar varandra satillvida att det forsta &r formulerat for de indi-
viduella tillstanden for agenterna, medan det andra dr formulerat for par av individuella
tillstand for agenterna.

I Kapitel 3 betraktar vi konsensusproblemet pa SO(3), ddr kommunikationstopolo-
gierna #r tidsberoende. For en stor klass av lokala representationer av SO(3), presen-
terar vi tva kinematiska styrlagar som ldser problemet under olika antaganden. Den
forsta styrlagen bestar av en viktad summa av parvisa differenser mellan positioner fér
agenter som &r grannar med varandra. Denna typ av styrlag dr vanligt forekommande
inom konsensusfiltet for system av agenter med tillstand i det Euklidiska rummet.
Hir visar vi att denna typ av styrlag kan anvéndas for att nistan globalt 16sa konsen-
susproblemet pa SO(3). I den senare delen av detta kapitel s introducerar vi andra
ordningens dynamik och loser konsensusproblemet for en viss typ av tidsbeorende
kommunikation.

1 Kapitel 4 betraktar vi konsensusproblemet pa SO(3) for niitverk av okalibrerade
kameror. Under antagandet att alla agenter méter sina rotationer genom att anvinda
kameror, bevisar vi att systemet nar konsensus for tva typer av kinematiska styrla-
gar dir endast de konjugerade rotationsmatriserna ar tillgdngliga for agenterna. Dessa
konjugerade rotationsmatriser kan ses som forvringda rotationsmatriser.

I Kapitel 5 studerar vi konsensusproblemet fér homogena system av agenter med
kontinuerlig tidsinvariant linjir dynamik. Vi formulerar en styrlag som 16ser problemet
och samtidigt minimerar en kostnadsfunktion formulerad for styrlagen. Istéllet for att
anta en viss kommunikationstopologi och sedan 16sa problemet f6r denna topologi, sa
hittar vi den optimala styrlagen utan nagra restriktioner pa topologin. Vi visar att om
agenternas dynamik &r sadan att utsignalen kan styras till godtyckligt virde sa anvinder
agenterna bara relativ information i styrlagen, dock maste kommunikationsgrafen vara
fullsténdig.

I Kapitel 6 betraktar vi fallet med flera jagare ("pursuers") i ett avsokningsproblem
i polygonmiljder. Malet ir att skapa en sokstrategi for ett minimalt antal robotar eller
jdgare som ska hitta en inkréiiktare pa omradet, dir inkréiktaren kénner till robotarnas
positioner och kan rora sig godtyckligt fort. Genom att diskretisera problemet och 15sa
ett linjért heltalsoptimeringsproblem, kan vi betrakta och 16sa problem dir sokstrategin
kriver att redan avsokta omraden maste sokas av igen. Vi kan ocksa formulera krav pa
kommunikationen mellan agenterna. Sokstrategin for det nya diskreta problemet ar en
konservativ 16sning till det ursprungliga problemet, men l6sningen é&r inte lika konser-
vativ som grafbaserade 16sningsmetoder. Det dr vilkint att heltalsoptimeringproblem
ar NP-svara, dirfor anvinder vi oss av en iterativ 16sningsmetod dér vi i varje iteration
16ser ett delproblem for ett par tidssteg framat i tiden.



Nyckelord: Multi-agent system, konsensus, konsensus for rotationsmatriser, ickelinjir
styrning, optimering, avsokningsproblem.
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Figure 1: Illustration of the dependence between the chapters.

Except for reading the chapters in consecutive order, there are some alternative paths.
In Figure 1, the dependence between the Chapters is illustrated. Chapter 6 is indepen-
dent from the other chapters, but the results in Chapter 3-5 are dependent on the results
in Chapter 2. The reader who chooses not to read the proofs in Chapter 3 can omit most
parts of Chapter 2 with the exception of the first part of Section 2.1 where some notation
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is introduced which is being used in Chapter 3. In order to read Chapter 4 it is advised that
Chapter 3 is read first. Chapter 5, even though being similar to Chapter 2-4 in terms on con-
tent, is almost independent of the other chapters. A suggestion is to read the introduction
of Chapter 2 before reading Chapter 5.
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Chapter 1

Introduction

The field of networked and multi-agent systems has received a growing interest from re-
searchers within robotics and control theory during the last decade [1]. This increased
attention to network science is partly due to the recent advancement of communication
technologies such as cellular phones, the Internet, GPS, wireless sensor networks etc. The
widespread use and ongoing development of such technologies is a testament to the great
potential applicability of the work carried out within this research field.

The theme of this thesis is the study of collective behavior in multi-agent systems. A
multi-agent system in this context is to be understood as a system or network of agents,
where each agent has an associated dynamical equation describing its behavior in relation
to itself, a subset of the other agents in the network and the environment. Within the field
of multi-agent systems, we address the following subjects which are listed in the order
appearance in the thesis.

1. Convergence tools for consensus,
which is the subject of Chapter 2.

2. Consensus on SO(3) or attitude synchronization,
which is the subject of Chapter 3 and Chapter 4.

3. Optimal output consensus control,
which is the subject of Chapter 5.

4. Multi-robot pursuit-evasion,
which is the subject of Chapter 6.

Now we continue with a short introduction and overview of these four subjects, includ-
ing summaries of the results that we provide.



INTRODUCTION

1.1 Convergence tools for consensus

Consensus is a key problem in multi-agent systems theory and it has also been one of
the main objects of attention [2—10]. Apparently, among all the collective behaviors in
multi-agent systems, consensus is one of the simplest, while still important, behavior. To
a large extent, the early works on consensus addressed only first or second order dynam-
ics. For example, a pioneer work is the famous Vicsek model [11], in which a consensus
scheme was proposed based on a simple discrete-time model for the headings of n au-
tonomous agents moving in a plane. Theoretical explanations for the consensus behavior
of the Vicsek model were given in [2,4, 12]. In [3] the average-consensus problem of a
first order multi-agent system with a strongly connected and balanced directed graph was
solved. In [5,6, 13, 14], to name a few, consensus for second order multi-agent systems is
discussed. Various connectivity conditions are assumed in order to assure the consensus.

Due to the vast amount of publications, it is a challenge to provide a complete overview
of the subject, and this introduction merely comprises a selection from the body of knowl-
edge. There are books [1, 15], and surveys [16—19] covering the subject from different
perspectives.

The problem of consensus or state agreement can roughly be explained as follows.
Given a multi-agent system where each agent has a state in a space which is common for
all the agents’ states and where the state is updated according to a dynamic equation, design
a distributed control law for the system such that the states of the agents converge to the
same value. The convergence is usually defined in the asymptotic sense (as the time goes
to infinity). The connectivity in a multi-agent system is represented by a graph. Each agent
has a corresponding node in the graph and edges in the graph represent communication
between agents.

In general, the dynamics for the agents can either be defined in discrete time [20,21] or
continuous time [22]. This work considers continuous time dynamics. Furthermore, if the
dynamics is linear, much of the work has centered around graph theoretic concepts such
as the graph Laplacian matrix and its importance for the convergence of the states to the
consensus set [1,9,23].

More general linear models have been used in for example [24-28]. In [28] the so
called consensusability of linear time-invariant multi-agent systems is studied, where the
admissible consensus protocol is based on static output feedback. In [29] a quite general
linear model is considered, where the dynamics of each agent can be of any order. Recently,
for homogeneous systems of agents with linear dynamics, the question of which properties
must hold in order to guarantee consensus has been answered [30].

The type of multi-agent systems we consider in this work has n agents, where each

agent i has a corresponding (unique) state x; € R™. Let z = [zT,... 2T]T € R™"
comprise the state of the entire system and let u = [uf,...,u”]” be a control signal or

control law, where u; € RP. Except for the state, there is also an ordinary differential
equation with corresponding initial conditions x( and t( that describes the system. This
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CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

dynamical equation has the following structure

il = fl(t,IE,U1)7

ltn = fn(tvx7un)7

or written in a compact form as

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

In Chapter 2, we consider systems on the form

&= f(t ), (1.2)

which can be seen as systems on the form (1.1) with the control signal chosen as a function
of = and the time ¢.

If the system is in consensus, this means that the state of the system is contained in the
following set

A={z =[],  2]T eR™ :2; = z; foralli,j}.

If the system (1.2) reaches consensus asymptotically, this means that x(¢) approaches the
set A as the time ¢ goes to infinity. More formally, for € > 0 there is 7" as a function of
¢, the initial state and the time such that for for all ¢ > ¢y + T it holds that the distance
between z(t) and A is less than e. The distance is defined as

dist — inf ||z — y].
ist(z,.A) ylgAHx yll

The convergence to the consensus set is illustrated in Figure 1.1, where a system of agents
with positions in the plane asymptotically reach consensus in their positions.

The contribution of Chapter 2 is in essence two theorems. Provided certain conditions
are fulfilled for the system, the theorems can be used to show consensus for the system. The
theorems can be combined in order to show consensus under the convexity assumptions
in [7,31,32]. However, as we show, there are examples when the convexity assumptions
do not hold but where the proposed theorems can be used. These theorems will later be
used in Chapter 3.

Among the examples that are treated in Chapter 2, two are based on the material in the
journal papers [33] and [34] that are written by the author of this thesis together with his
colleagues.

1.2 Consensus on SO(3) or attitude synchronization

The second subject of this thesis is consensus on SO(3) or attitude synchronization. Here
each agent in the multi-agent system has a corresponding rotation matrix, defined in a
common reference coordinate system (frame) and the objective is to synchronize or reach
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t — o0

Figure 1.1: A system of five agents with states or positions in the plane reach asymptotic
consensus in their states.

consensus in all these rotations. We are considering a system of n agents, each equipped
with a matrix in the group of rotation matrices SO(3). This matrix group is defined as
follows,

SO3) ={RcR*3: RTR =1I,det(R) = 1}.

In real world applications, these rotation matrices represent the rotations of rigid bodies,
e.g., the rotation of a camera, or the rotation of a satellite in space. The problem is illus-
trated in Figure 1.2.

We assume that the control action can either be performed on a kinematic level, which
results in a system of first order, or on a dynamic level, which results in a system of second
order. The kinematics of R;, the rotation matrix of agent ¢, is given by

R; = R;l;,

where w;, the control signal, is the angular velocity of agent ¢ in the body frame of agent
1. The matrix &; is the skew-symmetric matrix generated by the vector w;, i.e., for p =

4
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‘\‘
-~

Figure 1.2: A multi-agent system with six agents and corresponding rigid bodies with
unsynchronized rotations, left, shall synchronize (or reach consensus in) their
rotations, right. In this figure the communication is illustrated by arrows. The
direction of the arrows denote which agent receives information.

[p1,p2,p3]T € R? we have that

0 -—ps po
P=| p3 0 -m
—-p2 D1 0

When the control action is performed on a dynamic level, we design a control torque
T;. In this case, the angular velocity is a state variable. The dynamical equation has the
following structure.

R; = R;w;,

Jiwi = —WiJiw; + Ti,

where J; is the inertia matrix.

In general, the problem of designing a kinematic control law is a subproblem of the
problem of designing a torque control law. A reason for anyway studying the former
problem is that control laws in the robotics community often are specified on a kinematic
level. The second order dynamic equations are platform dependent and differ between
applications.
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In Chapter 3, for a broad class of local representations of SO(3) we first provide two
conceptually different kinematic control laws that solve the consensus on SO(3) problem
for switching interconnection topologies. The first control law consists of a weighted sum
of pairwise differences between positions of neighboring agents expressed as coordinates
in the local representation. The structure of this control law is well known in the consensus
community for agents in the Euclidean space with single integrator dynamics [1]. Here
we show that the system reaches asymptotic consensus for any of the local representations
of SO(3) if the initial rotations are contained within the region for injectivity for the lo-
cal representation and the interaction graph is uniformly strongly connected. The second
control law is based on the relative rotations between neighboring agents, expressed in lo-
cal coordinates. Under the stronger assumption that the initial rotations are contained in
a strongly convex ball with radius smaller than half of the injectivety radius of the local
representation, we show that the system reaches asymptotic consensus uniformly if and
only if the interaction graph is uniformly quasi-strongly connected [31,32].

In a later part of Chapter 3, based on the kinematic control laws, we introduce torque
control laws that solve the attitude synchronization problem. In this part we first impose
the stronger assumption of static graphs but the assumptions of strong and quasi-strong
connectivity for said graphs remain. Furthermore, the allowed initial regions for the rota-
tions when the torque control laws are used, are almost as large as when the corresponding
kinematic control laws are used. For one torque control law we then allow for a certain type
of switching behavior, where there is a continuous in time transition between functions that
are time-invariant and Lipschitz continuous in the state. The material in Chapter 3 expands
on the publications [33, 35, 36].

In Chapter 4, we solve the problem of consensus on SO(3), where the exact rotations
are not available for the agents. In this case we assume that each agent is equipped with
a camera. We show that if the agents, instead of using a control law that is based on the
rotation matrices, are using a control law that is based on the conjugate rotation matrices,
the system will reach consensus in the rotations under quite general assumptions. The
conjugate rotation matrices are certain distorted rotation matrices, where the distortion
comes from the unknown camera calibration matrices.

The work in Chapter 4 is inspired by [34], where instead of using the rotation matrices
in order to reach consensus in the rotations, the epipole vectors are used in the control
laws. These epipole vectors lie in the nullspace of the so called fundamental matrix [37]
that provides a geometric relationship between two images taken by a pinhole camera. In
order to calculate the rotation matrix using camera measurements, one can first calculate
the fundamental matrix and then from this matrix, provided the camera is calibrated, cal-
culate the rotation matrix. If the camera is not calibrated, an often nontrivial calibration
routine has to be used before the rotation matrix can be obtained. The idea in [34] was to
bypass the calibration step and the calculation of the rotation matrix and use the epipoles
obtained from the fundamental matrix directly in the control laws. The idea of bypassing
the calibration step and the calculation of the rotation matrix is also the main theme in
Chapter 4, however here we use the conjugate rotation matrix instead of the fundamental
matrix. If a camera is rotating relative to a static scene, two images are related by a ho-
mography [37] and the conjugate rotation matrix can be obtained by solving a set of linear

6
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equations.

1.3 Optimal output consensus control

In Chapter 5 we study both the asymptotic output consensus problem and the finite-time
output consensus problem for homogeneous systems of agents with linear continuous time-
invariant dynamics. In the finite-time problem considered, the outputs of the agents shall
be equal at some specified finite time, whereas in the asymptotic problem the difference
between the outputs of the agents shall asymptotically converge to zero as the time goes to
infinity. We derive control laws that solve the problems, while minimizing a cost function
of the control signal. Instead of considering a fixed communication topology for the sys-
tem, we derive the optimal control law without any restrictions on the topology. We show
that for all linear output controllable homogeneous systems, the optimal control law uses
only relative information but requires the connectivity graph to be complete and in general
requires measurements of the state errors. We identify cases where the optimal control
law is only based on output errors and in the asymptotic consensus problem we provide a
dynamic control law based on the output errors. The control laws are given in closed form.

Instead of using Pontryagin’s Minimum Principle (PMP) or dynamic programming in
order to solve our problems, we use the Projection Theorem in order to solve the finite time
problem. Using this result, we see that as the time goes to infinity, a matrix expression in
the control law tends to a matrix satisfying an Algebraic Riccati Equation. By using this
observation we can also provide a control law that optimally solves the asymptotic output
consensus problem.

1.4 Multi-robot pursuit-evasion

In the last chapter, Chapter 6, the visibility based pursuit-evasion problem is addressed.
This problem was first proposed by Suzuki and Yamashita [38] and later studied in e.g.,
[39—48]. The problem is to find a search strategy for a group of pursuers in a planar
environment with polygonal obstacles, such that an evader moving arbitrarily fast, and
starting in an unknown location, will be captured no matter what path it decides to take.
Captured in this context means that the evader is seen by a pursuer at some time. Here
we consider the version of the problem where there are multiple pursuers trying to catch
the evader. The group of pursuers comprises a multi-agent system and the problem is to
design an algorithm so that this group is guaranteed to catch the evader. An illustration
of the problem is provided in Figure 1.3. Note that the velocities of the pursuers are not
necessarily constant and only the paths of the pursuers are illustrated in Figure 1.3.

The obvious applications of the pursuit-evasion problem is where security guards or
robots are to clear an office, a warehouse, or a shop after closing time. However, search
strategies of this type can also be used in search and rescue missions, or when looking
for an item that might be moved by a non-adversarial agent in a larger area, such as a
warehouse.
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Captured

Figure 1.3: Three pursuers move from their initial positions, denoted by blue squares, in
such a way that the evader, the red disc, cannot escape no matter what move
strategy it decides to take. The evader is assumed to move along a continuous
path and has no upper bound on its velocity.

In order to solve the problem, we discretize it in time and space and apply a Mixed
Integer Linear Programming (MILP) framework, where we are able to address problems
requiring so-called recontamination and also impose additional constraints, such as con-
nectivity between the pursuers. The proposed MILP formulation is less conservative than
solutions based on graph discretizations of the environment, but still somewhat more con-
servative than the original underlying problem. It is well known that MILPs, as well as
multi-pursuer pursuit-evasion problems, are NP-hard. Therefore we apply an iterative Re-
ceding Horizon Control (RHC) scheme where a number of smaller MILPs are solved over
shorter planning horizons.

The content of Chapter 6 is, up to subtleties, consistent with the material in [49].



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

1.5
(1]

(2]

(3]

(4]

(5]

(7]

(8]

[9]

[10]

(11]

[12]

[13]

Bibliography

M. Mesbahi and M. Egerstedt. Graph theoretic methods in multiagent networks.
Princeton University Press, 2010.

J. Lin A. Jadbabaie and A. S. Morse. Coordination of groups of mobile autonomous
agents using nearest neighbor rules. [EEE Transactions on Automatic Control,
48(6):988-1001, 2003.

R. Olfati-Saber and R. Murray. Consensus problems in networks of agents with
switching topology and time-delays. [EEE Transactions on Automatic Control,
49(9):1520-1533, 2004.

W. Ren and R. W. Beard. Consensus seeking in multi-agent systems using dynam-
ically changing interaction topologies. IEEE Transactions on Automatic Control,
50(5):655-661, 2005.

R. Olfati-Saber. Flocking for multi-agent dynamic systems: algorithms and theory.
IEEE Transactions on Automatic Control, 51(3):401-420, 2005.

Y. Hong, L. Gao, D. Cheng and J. Hu. Lyapunov-based approach to multiagent
systems with switching jointly connected interconnection. [EEE Transactions on
Automatic Control, 52(5):943-948, 2007.

L. Moreau. Stability of multiagent systems with time-dependent communication
links. IEEE Transactions on Automatic Control, 50(2):169-182, 2005.

R. Olfati-Saber, J.A. Fax and R.M. Murray. Consensus and cooperation in networked
multi-agent systems. Proceedings of the IEEE, 95(1):215-233, 2007.

R. Olfati-Saber and R. M. Murray. Consensus problems in networks of agents
with switching topology and time-delays. IEEE Transactions on Automatic Control,
49(9):1520-1533, 2004.

W. Ren and R. W. Beard. Consensus seeking in multiagent systems under dynam-
ically changing interaction topologies. IEEE Transactions on Automatic Control,
50(5):655-661, 2005.

T. Vicsek, A. Czirdk, E. Ben-Jacob, I. Cohen and O. Shochet. Novel type of phase
transition in a system of self-driven particles. Phys. Rev. Letters., 75(6):1226—1229,
1995.

Z. Liu and L. Guo. Connectivity and synchronization of vicsek’s model. Science in
China, 37(8):979-988, 2007.

G. Xie and L. Wang. Consensus control for a class of networks of dynamic agents:
switching topology. pages 1382—-1387. 2006 American Control Conference, 2007.



INTRODUCTION

(14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

10

J. Wang, D. Cheng and X. Hu. An extension of LaSalle’s invariance principle and its
application to multi-agent consensus. 53(7):1765-1770, 2008.

W. Ren and R.W. Beard. Distributed consensus in multi-vehicle cooperative control:
theory and applications. Springer, 2008.

F. Garin and L. Schenato. A survey on distributed estimation and control applications
using linear consensus algorithms. In Networked Control Systems, pages 75-107.
Springer, 2010.

W. Ren, R. W. Beard and E.M. Atkins. A survey of consensus problems in multi-
agent coordination. In American Control Conference, 2005. Proceedings of the 2005,
pages 1859-1864. IEEE, 2005.

J. Fax, R. Olfati-Saber and R. Murray. Consensus and cooperation in networked
multi-agent systems. Proceeding of IEEE, 2007.

R. Beard, W. Ren and E. Atkins. Information consensus in multivehicle cooperative
control. pages 71-82, 2007.

E. Montijano, J. I. Montijano and C. Sagues. Fast distributed consensus with cheby-
shev polynomials. In American Control Conference (ACC), 2011, pages 5450-5455.
IEEE, 2011.

L. Xiao, S. Boyd and S-J. Kim. Distributed average consensus with least-mean-square
deviation. Journal of Parallel and Distributed Computing, 67(1):33-46, 2007.

L. Moreau. Stability of continuous-time distributed consensus algorithms. In /IEEE
Conference on Decision and Control, volume 4, pages 3998-4003. IEEE, 2004.

R. Olfati-Saber and R.M. Murray. Consensus protocols for networks of dynamic
agents. In Proceedings of the American Control Conference, 2003.

A. Fax and R. Murray. Information flow and cooperative control of vehicle forma-
tions. IEEE Transactions on Automatic Control, 49(9):1453-1464, 2005.

Y. Chen, W. Ren and K. Moore. High-Order and Model Reference Consensus Algo-
rithms in Cooperative Control of Multi-Vehicle Systems. Journal of Dynamic Sys-
tems, Measurement, and Control, 129(5):678—-688, 2007.

L. Wang and F. Xiao. Consensus problems for high-dimensional multi-agent systems.
Control Theory Applications, 10(3):830-837, 2007.

D. Cheng, J. Wang and X. Hu. Consensus of muti-agent linear dynamic systems.
Asian J. Contr., 10(2):144-155, 2008.

J. Zhang and C. Ma. Necessary and sufficient conditions for consensusability of
linear multi-agent systems. [EEE Transactions on Automatic Control, 55(5):1263—
1268, 2010.



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

[29] Z. Liu, J. Wang and X. Hu. Consensus of High Order Linear Multi-agent Systems
Using Output Error Feedback. IEEE Conference on Descision and Control, 2009.

[30] C-Q. Ma and J-F. Zhang. Necessary and sufficient conditions for consensusability of
linear multi-agent systems. IEEE Transactions on Automatic Control, 55(5):1263—
1268, 2010.

[31] B. Francis, Z. Lin and M. Maggiore. State agreement for continuous-time coupled
nonlinear systems. SIAM Journal on Control and Optimization, 46(1):288-307, 2007.

[32] G. Shi and Y. Hong. Global target aggregation and state agreement of nonlinear
multi-agent systems with switching topologies. Automatica, 45(5):1165-1175, 2009.

[33] J. Thunberg, W. Song, E. Montijano, Y. Hong and X. Hu. Distributed attitude syn-
chronization control of multi-agent systems with switching topologies. Automatica,
50(3):832-840, 2014.

[34] E. Montijano, J. Thunberg, X. Hu and C. Sagues. Epipolar visual servoing for multi-
robot distributed consensus. IEEE Transactions on Robotics, 29(5):1212-1225, 2013.

[35] J. Thunberg, W. Song, Y. Hong and X. Hu. Distributed attitude synchronization using
backstepping and sliding mode control. Control Theory and Technology, 12(1):48—
55,2014.

[36] W. Song, J. Thunberg, X. Hu and Y. Hong. Distributed high-gain attitude synchro-
nization using rotation vectors. Journal of Systems Science and Complexity. To
appear.

[37] Y. Ma, S. Soatto, J. Kosecka and S. Sastry. An invitation to 3-D vision. Springer,
2004.

[38] L. Suzuki and M. Yamashita. Searching for a mobile intruder in a polygonal region.
SIAM Journal on Computing, 21:863, 1992.

[39] L.J. Guibas, J.C. Latombe, S.M. LaValle, D. Lin and R. Motwani. A visibility-based
pursuit-evasion problem. International Journal of Computational Geometry and Ap-
plications, 1999.

[40] B.P. Gerkey, S. Thrun and G. Gordon. Visibility-based pursuit-evasion with limited
field of view. The International Journal of Robotics Research, 25(4):299, 2006.

[41] V.Isler, S. Kannan and S. Khanna. Randomized pursuit-evasion in a polygonal envi-
ronment. IEEE Transactions on Robotics, 21(5):875-884, 2005.

[42] G. Hollinger, S. Singh and A. Kehagias. Efficient, Guaranteed Search with Mult-
Agent Teams. 2009 Robotics: Science and Systems Conference, RSS, 2009.



INTRODUCTION

[43]

(44]

[45]

[40]

[47]

(48]

[49]

12

S.M. LaValle and J.E. Hinrichsen. Visibility-based pursuit-evasion: The case of
curved environments. IEEE Transactions on Robotics and Automation, 17(2):196—
202, 2002.

B. Tovar and S. LaValle. Visibility-based pursuit-evasion with bounded speed. Algo-
rithmic Foundation of Robotics VII, pages 475-489, 2008.

B.H. Simov, G. Slutzki and S.M. LaValle. Clearing a polygon with two 1-searchers.
International Journal of Computational Geometry and Applications, 19(1):59-92,
2009.

J. Yu and S.M. LaValle. Tracking hidden agents through shadow information spaces.
In Robotics and Automation, 2008. ICRA 2008. IEEE International Conference on,
pages 2331-2338. IEEE, 2008.

G. Hollinger, S. Singh and A. Kehagias. Improving the efficiency of clearing with
multi-agent teams. International Journal of Robotics Research, 29(8):1088—1105,
2010.

A. Kolling and S. Carpin. The GRAPH-CLEAR problem: definition, theoretical
properties and its connections to multirobot aided surveillance. In Proceedings of the
IEEE/RSJ International Conference on Intelligent Robots and Systems, pages 1003—
1008, 2007.

J. Thunberg and P. Ogren. A mixed integer linear programming approach to pur-
suit evasion problems with optional connectivity constraints. Aufonomous Robots,
31(4):333-343, 2011.



Chapter 2

Convergence tools for consensus

In this chapter we develop tools in order to show state-consensus in multi-agent systems
where the states in the system are updated by an ordinary differential equation.

Here, similar to [1-3], we consider a broad class of multi-agent systems and provide
some criteria in order to guarantee consensus. In those works, consensus is assured by
imposing a convexity assumption. Roughly, provided that the existence and uniqueness
of the solution is guaranteed, if the right-hand side of each agent’s dynamics, is inward-
pointing [4] relative to the convex hull of the position of the agent and those of its neighbors
(states), asymptotic consensus can be shown.

Instead of relying on a convexity assumption we use two types of functions. The func-
tions of the first type are functions of the states of the agents and the functions of the second
type are functions of pairs of states. If certain conditions are fulfilled for the system, two
theorems guarantee consensus or state agreement by using these functions. The two theo-
rems differ in the sense that the first theorem is formulated for functions of the first type and
the second theorem is formulated for functions of the second type. The theorems can be
combined in order to show consensus under the convexity assumptions in [1-3]. However,
as we show, there are examples when the convexity assumptions do not hold but where the
proposed theorems can be used.

The functions can be interpreted as Lyapunov functions in order to show consensus for
multi-agent systems. If a function of the first type is used, a strong form of attractiveness
of the consensus set is shown in the first theorem. If a function of the second type is used,
uniform asymptotic stability of the consensus set is shown in the second theorem. The
second theorem provides a stronger type of convergence under weaker conditions on the
topology, but the first theorem can in general be applied in a wider context.

We provide examples that show the usefulness of the theorems. One such example
regards nonlinear scaling in a well known consensus control law for agents with single in-
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tegrator dynamics. This control law consists of a weighted sum of the pairwise differences
between the states of neighboring agents. In the modified nonlinear scaled version, either
the states have been scaled or the differences between the states have been scaled. If the
differences have been scaled, the control law falls into the frameworks of [1-3]. However,
if the states are scaled, this situation is not captured by the convexity assumption, but the
first theorem we present is still applicable.

Connectivity is key to achieving collective behavior in a multi-agent system and the
topologies for practical multi-agent networks may change over time. In the study of vari-
able topologies, a well-known connectivity assumption, called (uniform) joint connection
without requiring connectedness of the graph at every moment, was employed to guarantee
multi-agent consensus for first-order or second-order linear or nonlinear systems [1,5-7].
Under these mild switching conditions we allow the right-hand side of the system dynam-
ics to switch between a finite set of functions that are piecewise continuous in the time and
Lipschitz continuous in the state, uniformly with respect to time, on some region contain-
ing the origin. Similar to earlier works we assume a positive lower bound on the dwell
time between two consecutive time instances where the right-hand side switches between
two functions in the set of functions. Also, we require in general an upper bound on the
dwell time (in the case of time-invariant right-hand sides we do not require such an upper
bound).

The time dependence in the right-hand side of the system dynamics is restricted in the
sense that it only depends on the time since the last switch between two functions. This
type of time dependence can be used in a wide range of applications, for example one
can show that for a system switching between a finite set of time-invariant functions, one
can define continuous in time transitions between the functions instead of discontinuous
switches, so that the right-hand side of the system dynamics is continuous and the same
type of convergence properties hold as for the switching system.

In this chapter, in order not to obfuscate the main results with the technical details in
the proofs, the proofs to the propositions are relegated to the last section.

2.1 Preliminaries

Hereinafter, throughout the thesis, the real numbers are denoted by R and the set of integers
are denoted by Z. By writing R* we exclude all the negative real numbers, and by writing
R* we exclude all the non positive real numbers, the analogous notation holds for Z. We
make no distinction between the symbols +o00 and co which symbolize the right extension
of the real numbers. The left extension of the real numbers is accordingly denoted by —oo.

An element or a vector x that belongs to R™ is by default a column vector. Though all
norms being equivalent in R™, if nothing else is mentioned, || - || is the Euclidean norm,
where the size of the dimension m should either be explained when the norm is used or
be apparent by the context. By B, ., (z¢) we denote the open ball in R centered around
zo € R™ with radius r > 0 and B,.,, () is the closure of said open ball. Sometimes we
write B, or B, which is short hand notation for B, ,,(0) and B,.,,,(0) respectively.
Given 21, ...,x, where z; € R™ we write the concatenated or stacked vector x in R™"
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eitheras v = [27,... 27T orz = (21,...,2,)T, where x1, ...z, should be treated as

row vectors in the latter notation. Throughout the thesis, the notation (-)” will never used
to denote the transpose, (-)T, of a vector, nor will it be used to denote the differentiation
operator. Sometimes however, it will be used as part of the name of a variable, a set or a
parameter.

2.1.1 Dynamics

Let us introduce the following finite set of functions

F={filt;2),.... fi7(t2)},

where -
fr i RXR™ — R™, forallk ={1,...,|Fl},

is continuous in ¢ and Lipschitz in z, uniformly with respect to ¢, on some open connected
set containing the compact region D € R™". We assume that D contains the origin as an
interior point. The symbol || is the number of functions in F. Each function fr € F can
be written as fr = (fx.1,-- -, fr.n), where

g :RxR™ —R™ forall [.

By following [5], we define switching signal functions which will be used in the defi-
nition of the system dynamics. We will assume that a switching signal function o satisfies
either Assumption 2.1 (1,2) or Assumption 2.1 (1,2,3) below (what we mean by e.g., (1,2)
is that the conditions 1 and 2 are satisfied).

Assumption 2.1.
1. The function o(t) : R — {1,...,|F|} is piecewise right-continuous.
2. There is a monotonically increasing sequence {1y}, such that 7, — o0 as k — oo

and 1, — —o0 as k — —oo, where each 1, € R is such that for any k € 7Z the
function o is constant on [Ty, Try1) for all k, and there is a Tp > 0 such that

i%f(TkH —Tk) > 7Tp and

3. there is an upper bound Ty > 0, such that for any
sup(Tg+1 — ) < U
2
We define the set of all functions o that fulfills Assumption 2.1 (1,2) as S| p and

fulfills Assumption 2.1 (1,2,3) as §|7|,p,u- The constants 7p and 7y might be different
for different o, so condition 2 and 3 in Assumption 2.1 can also be formulated as

ir]if(TkH —7,) >0 and sup(rp41 — Tk) < 00
k
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respectively. For each o, the sequence {7 } is referred to as the switching times of o, since

it is only at those times o (t) changes value. If we compare the upper and lower bounds for

two switching signal functions o1 and o5, we denote the upper and lower bound for o as

75" and 7' respectively and the upper and lower bound for o5 as 7, and 77)* respectively.
For a given 0 € S| 7| p with switching times {71} we define (for finite times)

Yo (t) = max{r, : 7px < t,k € Z},

where v, (t) is the largest switching time less than or equal to ¢.
Let us now consider a system of n agents. The state of agent 7 at time ¢ is defined as
x;(t) € R™. The dynamics for the system of agents that we consider is given by

T1 = fl(t>$) = fa(t),l(t - 70(t>7'7;)7

Tp = fn(t>x> = fa(t),n(t - Va(t)vx)7

where o € §7|,p and

(Fowyis- s Fottyn)T = fory € F.

Note that f;(t,z) € R™ fori € {1,...,n}, whereas f;(t,z) € R™ fori € {1,...,|F|}.
The main results in this work regard the restricted case when o € S| 7| p 7, however there
are cases when we assume the general case when o € S| 7| p. The system dynamics can
be written as

i=f(t,x) = fou)(t —V0(t), ), 2.1)

where, f(t,x) = (f1(t,2),..., fa(t,2))T. For a given o, the function f(t, x) is piecewise
continuous in ¢. It is Lipschitz in x on D, uniformly with respect to ¢. The initial state and
the initial time for (2.1) is ¢ € D and t respectively. Sometimes we write x(¢o) instead
of x 0-

The switching signal functions are used in order to indicate which system we are refer-
ring to. For a given F, the switching behavior of the system is captured by ¢. In order to
emphasize this, instead of writing x we can write

2% =(29,...,x

In general we omit the parametrization by ¢ and write x instead of z7, but the latter no-
tation is useful when we study solutions of (2.1) for different choices of o. The solution
for the system (2.1) is sometimes also written as (¢, to, zg) or (¢, tg, Zo), wWhere the
explicit dependence on the initial time ¢( and the initial state xo is emphasized.

Lemma 2.2. If all the functions in F are time-invariant, the dynamics (2.1) is given by
i = fo) (@),
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and if o € S|, p but 0 & S| 7| p,u, it holds that there is a corresponding o' € S|r| p,u
for which the dynamics is the same. i.e.,

T = fa’(t)(x) = fa(t)(x)
forallt > 0.

Lemma 2.3. For o € S 5| p,u with lower bound 77, and upper bound 7, on the dwell
time between two consecutive switches, there is a finite set of functions (continuous in t
and Lipschitz in x on D, uniformly with respect to t)

f/:{f{a'”vf‘(fﬂ}jf

and o' € 8|7/ p,u with a lower bound Tg/ = 75 and an upper bound T[‘}l = 277, on the
dwell time between two consecutive switches, such that

f~¢;/(t) (t — Yo' (t)a JJ) = fo—(t) (t - ’Yo(t)"r)'

The proofs of these lemmas as well as all other proofs that are not given directly are
contained in Section 2.4. Due to Lemma 2.3, we will often consider the case when 7y =
27p since we can replace F with 7’ and o with ¢’. Note that 77, and 7 do not need to be
the greatest lower bound and the least upper bound respectively for the dwell time between
two consecutive switches of o.

2.1.2 Connectivity

In a multi-agent system the dynamical behavior in general depends on the connectivity
between the agents. The connectivity is described by a graph.

Definition 2.4. A directed graph (or digraph) G = (V,&) consists of a set of nodes,
V={1,..,n}and asetof edges € C V x V.

In our setting, each node in the graph corresponds to a unique agent. Thus V is hence-
forth defined as V = {1,...,n}. We also define neighbor sets or neighborhoods. Let
N; € V comprise the neighbor set (sometimes referred to simply as neighbors) of agent 4,
where j € N if and only if (j,7) € £. We assume throughout the thesis that i € N i.e.,
we restrict the collection of graphs to those for which (i,4) € € forall i € V.

A directed path of G is an ordered sequence of distinct nodes in V such that any con-
secutive pair of nodes in the sequence corresponds to an edge in the graph. An agent ¢ is
connected to an agent j if there is a directed path starting in j and ending in 7.

Definition 2.5. A digraph is strongly connected if each node ¢ is connected to all other
nodes.

Definition 2.6. A digraph is quasi-strongly connected if there exists a rooted spanning tree
or a center, i.e., at least one node such that all the other nodes are connected to it.



CONVERGENCE TOOLS FOR CONSENSUS

We are now ready to address time-varying graphs. From Definition 2.4 we see that
there are 2" possible directed graphs with n nodes. For k € {1,...,|F|} we associate a
corresponding graph G, = (V, &x). Note that the graphs Gy, and G; might be the same for
k # 1 (i.e., the set of edges is equal for the two graphs G, and G;).

For 0 € §|7|,p we define the time-varying graph corresponding to o as G, ;) and the
time-varying neighborhoods as N; () for all ¢. If we want to emphasize explicitly which

switching signal function is used, we write N7 (¢) or /\/i”(t).

Definition 2.7. For 0 € S|r| p, the union graph of G, ;) during the time interval [t1, )
is defined as

g([tlv tQ)) = Ute[tth) go’(t) = (Vv Ute[tl,tz) 50’(t)))
where t; < ty < +00.
Definition 2.8. The graph G, is uniformly (quasi-) strongly connected if o € Sj7| p

and there exists a constant 7% > 0 such that the union graph G([t,t + T7)) is (quasi-)
strongly connected for all £.

2.1.3 Some special functions, sets and operators

Definition 2.9. For V' : R™ — R we define fy,,, : R™" — R as
fvm(z) = rjnea\ic V(z;).
Definition 2.10. For W : R" x R™ — R we define fy,m,m : R™" — R as

m,m = V 1yLg ).
fw,m,m () A (i, ;)

Definition 2.11. Suppose for o € S|z p that 27 is a solution to (2.1) and x7(t) is con-
tained in D on an interval [to,to + ) where £ > 0. Suppose also that V' : R™ — R and

W : R™ x R™ — R are continuously differentiable. On [to, to + t), let

Ty (ti,t2) = {i: V(zi(te)) = fvm(z(t1))},
Jw (t1,t2) = {(4,7) : W(z(t2), 2;(t2)) = fwmm(x(t1))}

To(t) = Ty (t,£) N {z : %V(axi(t)) <0ic v} :

o d .
T () = Tw(t,t)N {(z,]) : %W(xi(t),xj(t)) <0,(i,j) €V x V} )
These sets, except for being functions of the times ¢, 5 or ¢, also depend on the initial
conditions zg, typ and the switching signal function. In order to simplify the notation, we
do not parameterize these sets by o, g and z.
The upper Dini derivative of a function V (¢, z(¢)) with respect to ¢ is defined as

DYV (¢, (1)) = limsup LU 2EFE) ZVE2(t)
el0 €
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Given this definition we now proceed with a useful lemma, [1,2].

Lemma 2.12.

e IfV : R™ — R is continuously differentiable, then

Ly wit)).

D+fv’m($(t)) - iEIIri/a()t(t) dt

e I[fV : R™ x R™ — R is continuously differentiable, then

Dy witt), a;(1).

Dt fumm(z(t)) = max —
Fvmm(@(2)) (i,))€Tv (t,t) di

2.1.4 Stability

Let us introduce two equivalent definitions of uniform stability for the origin of (2.1).
The first one is similar to the classic version [8], whereas the second one is a multi-agent
systems version. In the definitions of stability here, we consider the stability for a set or
a family of systems, where the systems in the set differ in the choice of switching signal
function o. Thus, the stability holds for all choices of switching signal functions in S| 7| p,
where the right-hand side of (2.1) switches between functions in F.

We assume that all the balls in the following definition are contained in D. The exis-
tence of such regions is assured by the assumption that 0 is in the interior of D.

Definition 2.13.

1. The point 0 € R™" is uniformly stable for (2.1) if for £ > 0, there is d(¢) > 0 such
that

27 (to) € B57mn =27(t) € Be,mn7 forallt > tg,0 € S‘H’D.

2. The point 0 € R™ is uniformly stable for (2.1) if for € > 0, there is §(¢) > 0 such
that

x (to) € Bsm = a(t) € Beyn, foralli,t >tg,0 € Sz p.

In the multi-agent systems setting it feels often more intuitive to define the region of
stability in the space where the agents reside, using 2, since then each agent only needs to
check that its state is inside the region of stability.

For a set A C R™", let

dist — inf ||z — y].
ist(z, A) ylgAHx yl|

We say that x(t) approaches A or z(t) — A ast — oo, on a subset of D if for all
e > 0 and xq in the subset, there exists T'(e, zg, to) such that dist(x(¢),.A) < e for all
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t > T(e x9,t0) + to. Let us proceed with the definition of invariance of a set for the
system (2.1). We start with the standard definition of invariance, and proceed with the
multi-agent systems definition which is similar to the one in e.g., [2].

Definition 2.14.

1. Aset A € R™" is (positively) invariant for the system (2.1) if for all ¢, it holds that
xg € A= 2(t, tg,x0) € A

forallt > tgand o € S|.7-'\,D-

2. A set A € R™ is (positively) invariant for the system (2.1) if for all i, ¢g, it holds
that
zf (to) € A= a7 (t,to,0) € A

foralli,t > tgand o € Sm)D.

When we use either one of these definitions, the choice should be apparent by the
context. We define

D*(t) ={wg € R™ : 27 (L, to,x9) € D forallto,t € [to,to + 1) and o € S7,p}
and formulate the following lemma.

Lemma 2.15. For any t € [0, ], the set D*(t) is compact and the set D*(00) is also
invariant.

In the definitions of stability of the origin and the definitions of invariance, we assumed
that o € S| FI,D is arbitrary, i.e., the statements must hold for any o € S‘ 7|,p- However,
in the definitions of stability of a set which we now are to formulate, we only consider
the case when o is fixed. Thus, in the following definitions we write  instead of 7. We
restrict the state to be contained in the invariant compact set D*(c0). Hence, the stability
of the set is only defined in the relative sense, relative to D*(co). In these definitions we
assume that D*(c0) is nonempty, and we will later show how to assure this.

Definition 2.16. For (2.1) where o € S| 7| p, the set A is

1. stable relative to D*(o0) if for all ¢y and for all € > 0, there is §(to, €) > 0 such that
for xp € D*(oc0) it holds that

dist(zg, A) < § = dist(z(t), A) < e forallt > t,.

2. uniformly stable relative to D*(o0) if it fulfills 1 and § as a function of ¢ is constant.

3. attractive relative to D*(oc0) if there is c(to) such that z(t) — A as t — oo for all
xo € D*(00) such that dist(zg,.4) < c.
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4. uniformly attractive relative to D*(oo) if it fulfills 3 and ¢ as a function of ¢y is
constant. Furthermore, if dist(xo,.A4) < ¢, for n > 0 there is T'(n) such that

t>to+T(n) = dist(z(t), A) <n.
5. asymptotically stable relative to D*(00) if it fulfills 1 and 3.
6. uniformly asymptotically stable relative to D*(co) if it fulfills 2 and 4.
7. globally uniformly asymptotically stable relative to D*(co), if it fulfills 6 and

c= sup dist(y, A).
y€D* (o)

8. globally quasi-uniformly attractive relative to D*(o0) if 2:(t) — A as t — oo for all

2o € D*(00) and all ty. Furthermore, for all 1 > 0 there is T'(n) such that

min dist(z(t), A) <
e (z(t),4) <n

for all 2y € D*(0) and tg.
Let us in the following choose the set .4 as the consensus set, i.e.,
A={z=(21,...,2,)7 €R™ : 2, = z; foralli,j}.

We now formulate an assumption that creates a relationship between the functions in
F and the neighborhoods of the agents.

Assumption 2.17. For any givent and o € 87| p, it holds that fg(t),i(s, x) is, except for
being a function of s, only a function of {z; }jeN;,(t) foralls, i €V, and x € D.

Or equivalently. fkﬂ- (s, ) is, except for being a function of s, only a function of {x; } ;e nrx
foralls,i€eV,z€Dandk € {1,...,|F|}.

We continue with two central assumptions.

Assumption 2.18. Let V' : R™ — R be a continuously differentiable function on D. The
Sfunction V. fulfills the following.

1. Vis positive definite.

2. For any initial time to, initial state xo € D and o € S| 7| p, if there is € > 0 such
that the solution to (2.1) exists and is contained in D during [tg,to + €), then for
t € [to,to + €) it holds that

D+fV,m(xU(t)) <0 and

3. for each agent i € Ty (t,t) it holds that i € I3, (t) if there is j € NF(t) such
that x{(t) # x(t). Furthermore, if i € Ty(t,t) and i ¢ Iy (t) it holds that

fo(t),i(s, x) = 0 for all s.
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Assumption 2.19. Let V : R™ x R™ — R™T, be a continuously differentiable on D. The
function V' fulfills the following.

1. V(z,y) =0ifand only if x =y,
2. For any initial time t, initial point xg € D and o € S|F| p, if there is an e > 0
such that the solution to (2.1) exists and is contained in D during [to,to + €), then

fort € [to,to + €)
DT fymm(z°(t)) <0 and

3. for each pair of agents (i,j) € Jv(t,t) it holds that (i,j) € Jy(t) if there is
k € NY (t) such that 7 (t) # x7.(t), or there is | € N7 (t) such that x5 (t) # x7 (t).
Furthermore, if (i,j) € Jv(t,t) and (i,j) & Jy:(t) it holds that f, ) (s,x) = 0
and fg(t),j(s, x) = 0 for all s, and

4. for each pair of agents (i,j) € Jv(t,t) it holds that (i,j) € J5(t) only if there is
k € NY (t) such that 7 (t) # x7.(t), or there is | € N7 (t) such that x§ (t) # x7 (t).

The easiest way to verify that 2-3 are fulfilled in Assumption 2.18 and 2-4 are fulfilled
in Assumption 2.19, is to use Lemma 2.12. For example the condition 2 in Assump-

tion 2.18 can be verified as follows. If x € D and

i = argmax(V(aw)),

where © = (z1,...,2,)7, then if VV (z;)f;(t,2) < Oforall j € {1,...,|F]|}, 2 is
fulfilled. Condition 2 in Assumption 2.19 is verified in the analogous way.
2.2 Main results

Theorem 2.20. Suppose Assumption 2.18 (1,2) holds, then 0 is uniformly stable for (2.1).
Furthermore, suppose that 31 and B2 are class K functions such that

Bulllyl) < V(y) < Ba(llylD),
then for € such that (B ,,)"™ C D, it holds that
T € Bsm = 17 (t,t0,70) € Ben, foralli,t >tg,0 € S| 7,ps

where § = 52_1(31 (€)).

Theorem 2.21. Suppose assumptions 2.17 and 2.18 (2,3) hold and o € S\F| p v is such
that G,y is uniformly strongly connected, then the consensus set A is globally quasi-
uniformly attractive relative to D*(00).
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Theorem 2.22. Suppose assumptions 2.17 and 2.19 hold, and 0 € S 7| p,y. It follows
that the consensus set A is globally uniformly asymptotically stable relative to D* (o) if
and only if G, () is uniformly quasi-strongly connected.

Remark 2.1. What we mean when we say that Assumption 2.18 (2,3) hold, is that every-
thing in Assumption 2.18 holds except possibly (1). This notation will be used throughout
the chapter.

Remark 2.2. If Assumption 2.17 holds and Assumption 2.19 (1,2,3) holds, Theorem 2.22
holds provided that the phrase "if and only if G, ;) is uniformly quasi-strongly connected”
is replaced with "if G ;) is uniformly quasi-strongly connected".

Remark 2.3. Provided Assumption 2.18 (1,2) hold, we can show that D*(c0) is nonempty,
and an easy way of guaranteeing that xqg € D*(00) is to use Theorem 2.20 and let xg €
(Bs.m)™ C D*(00). When we know that D* (oo) is nonempty and z¢ € D* (o), we do not
require V' to be positive definite in Theorem 2.21, i.e., it is sufficient that only conditions
2 and 3 hold for V' in Assumption 2.18. This means that we can use one positive definite
function V; in Theorem 2.20 in order to construct a set that is contained in D*(o0), and
another not necessarily positive definite function V5, in order to show that A is attractive
in Theorem 2.21.

We proceed with two corollaries. These corollaries follow as a consequence of the fact
that if the functions in F are time-invariant and o € S| p, then there is o’ in S| 7| p,u
such that f,;)(x) = for(s)(x) forall t > 0, see Lemma 2.2.

Corollary 2.23. If the functions in F are time-invariant, Assumption 2.17 and 2.18 (2,3)
hold and o € S 7 p is such that G,y is uniformly strongly connected, then the consensus
set A is globally quasi-uniformly attractive relative to D*(00).

Corollary 2.24. [f the functions in F are time-invariant, Assumption 2.17 and 2.19 hold,
and o € S|F| p it follows that the consensus set A is globally uniformly asymptotically
stable relative to D*(00) if and only if Gy (1) is uniformly quasi-strongly connected

2.3 Examples and interpretations

In this section we provide some examples of systems on the form (2.1) for which the
theorems are applicable.

2.3.1 Non-convexity

Suppose Assumption 2.17 is fulfilled and there is a function V' such that Assumption 2.18
is fulfilled for this V. In general the set {y € R™ : V(y) < a} does not need to be convex,
it depends on the function V. This is illustrated in Figure 2.1, in which the two solid curves
comprise the boundary of the set {y € R™ : V(y) < a} for some a > 0. If all the agents
are contained in this set at some time ¢ and there is an agent ¢ on the boundary which has a
neighbor j such that x; # x;, then x; must move away from the boundary into the interior
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of the set {y € R™ : V(y) < a}. This is illustrated in Figure 2.1, where the arrows
indicate that the agent move into the interior of the set {y € R™ : V(y) < a}.

The dashed curve defines the boundary of the set D*(oco). Since the agents are con-
tained in D*(oc) and V' fulfills Assumption 2.18, provided G, ;) is uniformly strongly
connected, the system will reach consensus.

Figure 2.1: Here we consider the case when m = 2 and n = 7. The positions of the agents
at a time ¢ are denoted by stars. The solid curves is the set {y € R™ : V(y) =
a}. The dashed curve is the boundary of D*(00).

Another example where the theorems can be used is when the agents are contained in a
geodesic convex and closed subset of a sphere. In this case we can choose fyy,m,m (Z:, ;)
as the geodesic distance squared between x; and x;. If f;(t,2) corresponds to a tangent
vector that is inward-pointing [4] relative to the convex hull on the sphere (not to mix up
with a convex hull in a Euclidean space) of the positions of the neighbors of agent ¢ at time
t (provided it is nonempty otherwise f;(¢,2) = 0), then one can show that Assumption
2.19 is fulfilled. This is illustrated in Figure 2.2.

2.3.2 Convexity

We continue with a less general case where the decreasing functions are chosen as the
Euclidean norm squared of the states and the relative states respectively. Under certain
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Figure 2.2: Suppose the agents are located in a geodesic convex subset of the sphere S2.
The agents on the sphere are moving into the relative interior of the (geodesic)
convex hull of their neighbors. The four connected solid arcs are meant to
illustrate the boundary of convex hull of the agents.

conditions, these choices of functions can be used to show a well known convexity result
that, provided the right-hand side of each agent’s dynamics as an element of the tangent
space T,;,R™ is inward-pointing [4] relative to the convex hull of its neighbors, the system
reaches consensus asymptotically [1,2]. We define the tangent cone to a convex set .S €
R™ at the point y as

T(y,S) = {Z e R™: liminfM = 0},
A—0 A

This definition can be found in [2], and £ is inward-pointing relative to .S, where 0 # & €

T,R™ (T,R™ is the tangent space of R™ at the point y), if £ belongs to the relative interior

of T(y,S). We use the term relative interior, since the dimension of S might be smaller

than m. Let us denote the convex hull for {x;}}_; by conv({x;}} ;). Similarly, we can

denote the convex hull for the positions of the neighbors of agent i as conv({z;}jen;)-
Suppose Assumption 2.17 is fulfilled. We consider the case when

Viz;)=alz; and Wz, x;) = (x; — z;) " (x; — x;),
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where V' and W generate the functions fv ,,, and fy,, » respectively.

Suppose the functions in F are Lipschitz in x on R™”, uniformly with respect to ¢, and
continuous in ¢. Furthermore, suppose V fulfills Assumption 2.18, then in Theorem 2.20
we can choose 31 (||z]|) = B\g(szH) = ||&;]|?, and obtain the result that any closed ball
B, in R™ is invariant and can be chosen as D = D*(c0) = B,, and the point z = 0 is
uniformly stable. Thus, by Theorem 2.21 we obtain the result that if G ;) is uniformly
strongly connected, then A is globally quasi-uniformly attractive relative to D*(c0). Un-
less z; = x; forall j € N, for any agent i that is furthest away from the origin, f;(¢, z) as
an element of the tangent space 1, R™ is inward-pointing on the boundary of the closed
ball with radius equal to the norm of agent . This is illustrated in Figure 2.3. An example
of this situation is provided in Section 2.3.5 in the application of reaching consensus for a
system of rotation matrices.

— N

Figure 2.3: In this case m = 2. The positions of the agents at a time ¢ are denoted by
stars. When at least one of the neighbors of an agent ¢ on the boundary of the
ball Biyax ||z (+)],2 18 located in the interior of the ball, f;(t,x) € T,,R? is

kev

inward-pointing (relative to the ball).

Suppose not only that V' fulfills Assumption 2.18, but also that W fulfills Assump-
tion 2.19. In this case, any closed ball in R™ is invariant and can be chosen as D*(c0), but
also the largest Euclidean distance between any pair of agents is decreasing. This is illus-
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trated in Figure 2.4. Now Theorem 2.22 holds and A is globally uniformly asymptomati-
cally stable relative to D*(oo) if and only if G, ;) is uniformly quasi-strongly connected.
For agent i, if f;(t, z) is inward-pointing relative to the convex hull of its neighbors [1, 2],
then these conditions are fulfilled.

Figure 2.4: In this case m = 2. The positions of the agents at some time ¢ are de-
noted by stars. The solid circle denotes the boundary of the ball with radius
fv.m(z(t)) and the dashed circle denotes the boundary of the ball with ra-

dius \/ fw,m,m (z(t)). The dashed line denotes the distance between the two
agents that are furthest away from each other.

As a special case let
filtw) = > ay(t =0 () (2; — 22),
JEN()

where o (t) > 0 is continuous, positive and bounded for all ¢. Let us construct the set of

functions F in the following way. There are on” graphs. For each graph G, we define a
corresponding function

T

felx) = Y auO)(@;—21), s D as(t)(z; — )

JENT JEN,
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where A; in this case is the neighborhood of agent i in the graph Gy.. Now we let
= | gn?
F = {f k}k:1 )
and 0 € S 7,p,u- In the following examples and in Chapter 3, if F is not explicitly
defined, we assume that F is the set of functions that has been constructed in the way
analogous to this construction, i.e. all the possible right-hand sides.
Now, using the functions

V(z)) =afx; and W(xi,2;) = (v; —z)" (27 — 2;),

with the corresponding functions fy.,,, and fyy,, m respectively, one can show global uni-
form asymptotic consensus relative to D*(00).

max |z — x|
(k)EVXV

T\

Figure 2.5: Suppose V (z;) = zl'z; and W (z;, 2;) = (zj — 2;)T (z; — x;), then fi(t, x)
does not need to be inward-pointing relative to conv({x; } jc ;) whose bound-
ary comprises the dashed curve.

It is not necessary that f;(¢, ) as an element of the tangent space T,,,R™ is inward-
pointing relative to conv({z; }cns,). If ¢ € Zy (t,t) and there is no j such that (i, j) ¢
Jw (t, t), then there are no constraints on the direction of f; (¢, ). If i € Zy (¢, t) or (4, ) €
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Jw (t,t), we can relax the assumption that f;(¢,z) as an element of the tangent space
T,,,R™ is inward-pointing relative to conv({z; } je ;). This is illustrated in Figure 2.5.

2.3.3 Nonlinear scaling

Here we show how the theorems 2.21 and 2.22 can be used to assure consensus when the
states and the relative states for pairs of agents have been scaled with a nonlinear scale
function.

In this context, let us define a nonlinear scale function as follows. The function g is
strictly increasing on [0, ) where n > 0 and the map

[

(1)

9

restricted to B,, ,,, is a diffeomorphism between B,, ,,, and B, ,,,, where y’ > 0.
The interesting observation here regards the order of application of h. Suppose that

fltw) = Y ay(t =0 (0) (@5 — 22).

JEN(1)
Within this context, if we define the following map
(i, x5) = x5 — x5,

we can write the function f; as follows

ey = Y aylt - (0)dl, ),

JEN(t)

and we know that f;, as an element of the tangent space T, R™, is inward-pointing relative
to the convex hull of the neighbors of agent 7. Consequently, on B, ,,,, we can use Theo-
rem 2.21 together with Theorem 2.22 in order to show consensus when the graph G(¢) is
uniformly quasi-strongly connected. Now, for each pair of agents, if we modify f; into the
following form
fte) = aii(t =76 ()h(d(zi,a;)),
JEN;(¢)

this new function still fulfills the same convexity assumption.

However, if we reverse the order of application of the functions h and d we get the
following modified version of f;

flta) =Y ay(t =0 ()d(h(z:), h(z;)),
JEN(t)

and in this case it is not necessarily true that f/’(¢, ) as an element of 7,,R™ is inward-
pointing relative to the convex hull of the neighbors of agent i. However, consensus can be
guaranteed on B,, ,,, by Theorem 2.21 when the graph G(t) is uniformly strongly connected
by using the function V (z;) = z! z; in Theorem 2.21.
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2.3.4 Avoiding discontinuities

Suppose that F contains only time-invariant functions, o € S| 7|, p,y and Assumption 2.17
holds. We show how it is possible to modify the system defined by F and o into a system
where the right-hand side is no longer discontinuous in ¢. Close to each switching time
we can modify the system so that there is a continuous in time transition between the two
time-invariant functions that are being switched between. For the modified system where
there are no longer any discontinuities in ¢, Assumption 2.17 still holds and if thereisa V'
such that Assumption 2.18 holds for this V" for the discontinuous system (or a W such that
Assumption 2.19 holds for this W for the discontinuous system), then Assumption 2.18
holds for V' (or Assumption 2.19 holds for W) for the modified continuous system.

We start by extending F with time varying functions to a finite set of functions F’
(Lipschitz in « on D, uniformly with respect to ), where F’ contains functions that serve
as continuous in time transitions between functions in F. For o € S| p y we create a
o' € 87/,p,u in the following way. Let 7'5/ < 7%. At each switching time 7, of o, we
squeeze in an extra interval of length rg,/ during which the neighbor set ./\/Z-"/ of each agent
i is equal to N7 (75,—1) U NF (7). These added time intervals can be seen as transition
periods, during which there is a continuous in time transition between two functions in F.

We extend F to F in the following way. First we define a continuous function

Q: (—OO, OO) - [Oa 1]7

such that «(0) = 1 and (g ) = 0. Secondly, for each pair of functions (f;, f;) where f;
and f; belong to F, we define a function

Fap(t,z) = at) fiz) + (1 - a(t)) fi(2).

The set of functions F is the set of all functions fz and f (i,j)- At each switching time of
the original system, between the right-hand side fZ and f] , We now squeeze in the functlon
f(l ;) during a time period of length TD/ in the new system. Note that we can make TD
much smaller than 77,.

If all functions in F are time-invariant C' functions in z, and we want the new con-
tinuous right-hand side to be C! in ¢ when x is regarded as a function of , we impose
the additional requirement that &:(0) = 0 and (7% ) = 0. A function fulfilling these

requirements is
) = 1 n 1 tm
o —+-cos| —|.
2 2 75
We now proceed with some other application oriented examples.

2.3.5 Consensus on SO(3) using the Axis-Angle Representation

This is a brief introduction to the subject of Chapter 3 where a system of n rotation matrices
in SO(3) (controlled on a kinematic level) shall asymptotically reach consensus in the
rotation matrices. For a rotation matrix R; there is a corresponding vector x;, referred to
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as the Axis-Angle Representation of R;. Locally around the identity matrix, in terms of
kinematics we have that

Ri = R@Z or ii = Lwiwi,

where

T 1 sinc(||x;]]) ),\2
L%:I?,"‘*"' (1_ o z;,
’ 2 l? sincz(—”";”) ’

and @;, T; are the skew-symmetric matrices generated by w;, z; € R? respectively, see
Chapter 3, and we require that z;(to) € Br 3 for all i. Now we consider the case when

wi= Y it =0 (t)(z; — i),

JEN;(t)

where the continuous function «;(t) is positive and bounded, and o € Sj7| p,y. The
symmetric part of the matrix L, is positive definite on By 3, and the system is at an
equilibrium if and only if z = (1, ...,7,)T € A.

Let V(z;) = zl'z;. By observing that v L, = z7, itis easy to show that Assumption
2.18 holds for V. We can apply Theorem 2.20 with ’5\1(||:v1||) = 32(||xz\|) = ||a;]|?, and
show that any ball B, 3 is invariant for 7 < 7 and may serve as D = D*(00). Also,
by Theorem 2.21, if the graph G, ;) is uniformly strongly connected, then A is globally
quasi-uniformly attractive.

2.3.6 Consensus on SO(3) for networks of cameras using the epipoles

This example is based on the work in [9, 10], where a more detailed description can be
obtained. Undefined terminology that is used in this example can be found in any stan-
dard text book on computer vision such as [11]. This example also regards consensus
for rotation matrices, but the setting is a bit different and the rotations are restricted to be
only around one common axis. We consider a system of n robots positioned in the two-
dimensional plane. Each robot is equipped with a camera and is at each time observing a
subset of the other robots. Since the rotational axes are fixed and equal, we only need the
scalar 6; in order to represent the rotation of each agent ¢, where 6; is the angle of rotation.
In the context of this example, instead of letting §; € [0,7), we let 6; € (—m, 7). We
assume that all the cameras have the same intrinsic parameters.

The robots are not moving and are only rotating. The position of each robot ¢ in the
world coordinate frame is given by x; € R2. The position of agent j in the body frame of
agent ¢ is given by

2i5(0:) = R(6:) (x5 — ),
where
R(0;) = |:C98(9i) —sin(@i)} .
sin(0;)  cos(6;)
Let

1;;(0;) = arctan (l”m> ,

Lijy
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where z;;, and x;;, are the two components of x;;.

Now, instead of measuring the rotation directly, using stereo vision one retrieves the
epipoles as certain nullspace vectors of the so called fundamental matrix. The fundamental
matrix defines the (epipolar) geometric relationship between two images [11], and should
not be mixed up with the fundamental matrix in the solution of a linear time-invariant
dynamical system. We will only consider the z-component (the first component) of these
two-dimensional epipole vectors, which are defined as

eij = atan(vy;), ej; = atan(y; — 605),

where 0;; = §; — 0; and o = 1 if the cameras are calibrated, i.e., the focal length is known
(we assume that the position of the principal point is known in the image plane), otherwise

a > 0 is unknown.
€ii €
w;j = arctan (”) — arctan (“)
B B

Let us define
where 5 > 0 is a constant to choose.
We define 0(t) = (61(t),...,0,(t))" and the region

D:{G:—HM§9i§9Mfori:1,...,n},

where 0 < )y < 7/2. The set D could be seen as being a function of 6,,. Furthermore,
we assume ;55 (0)/x;,(0) = 1 for all 4, j, in which case the robots or the cameras are
standing on a line and are oriented in the same direction that forms an angle of /4 to the
direction of the line. This means that ¢);; € {—m/4,3m/4} forall ¢, j and this configuration
is illustrated in Figure 2.6.

Let us choose the dynamics for the system as

b= > it = (t)wy,

JEN1(L)

O = nj(t =6 (t))wn;.

JENR(t)

We assume that aij(t) is continuous, positive and bounded, and o € S‘ F|,D,U- Provided
0 is sufficiently small, on D it can be shown that w;; is Lipschitz for all (7, j) € V x V.
It is obvious that Assumption 2.17 holds. We choose 8, small enough so that |w;;| < 7/2
on D. According to [9], it is true that

Hij (t) #0= Gij (t)wij (t) > 0. (2.2)
Let us now consider the function V' (6;) = 62, where

d
%V(GZ) = 291‘ - Z aij(t)wij.
JEN(t)
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Figure 2.6: When 60; = 0 for all i we assume that ¢;; € {—n/4,3mr/4} for all ¢, j. The
epipole e;; is the point in the image plane of robot (camera) ¢ where the vector
between the position of robot ¢ and the position of robot j crosses the image
plane. This vector is expressed in the body coordinate frame of robot .

Suppose i € Zy (,t), and 0;(t) = 6;(t) for all j € N;(t), then it follows that V (8;(t)) =
0. Now, consider the situation where ¢ € Zy (¢,¢) and there is at least one j such that
0;(t) # 0;(t) when j € N;(t). Since i € Zy (t,t), if 6; # 60;, using (2.2) we get that

Giwij < 0.

Hence, Assumption 2.18 also holds.

In Theorem 2.20 we can now choose B\l(|91|) = Bg(|9i|) = 16;]? and reach the con-
clusion that D is positively invariant and D*(co) = D. The point 0 is uniformly stable.
Furthermore, according to Theorem 2.21, A is globally quasi-uniformly attractive rela-
tive to D*(00) if G, (¢) is uniformly strongly connected. But we can actually weaken the
assumptions on the graph G, ;).
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Let us consider the function W (6;,6;) = (6; — 6;)?, where

d
— 9“0

=20, —0:) | D ot —ve®)win— Y ault —7o(t)wi

keEN;(t) leN(t)

If (i,5) € Jv(t,t), we can without loss of generality assume that §; > 6, and that
0; < 0y for all k € V. This implies that sign(6;;) = sign(6x;) = sign(;) = 1 for all
k,l € V, so from (2.2) we get that sign(6;;)sign(w;x) = —1 and sign(6;;)sign(w;;) = 1.
Thus Assumption 2.19 holds for fyy,, » and Theorem 2.22 can be used. Thus, when
x(t) € D*(o0) it follows that A is globally uniformly asymptotically stable relative to
D*(00) if and only if G, ;) is uniformly quasi-strongly connected.

2.3.7 Stabilization

Let us now, as a special case of the consensus problem, consider the stabilization problem,
where we use our consensus results in order to provide known conditions for when {0} is
asymptotically stable for a system

v =g(ty), (2.3)

where y € R™.

We show that this problem is a special case of a consensus problem with two agents
in R™, so that we can use Theorem 2.22 in order to show that {0} is globally uniformly
asymptotically stable relative to some compact invariant set in R™.

Proposition 2.25. Suppose there is an invariant compact set D' C R™ containing the
point 0 and a finite set F' = {fi,. .., fllf’\} of functions that are piecewise continuous in

t and Lipschitz in y on D', uniformly with respect to t. For each function f,/g it holds that
fi(t,0) = 0 for all k and all t. Furthermore, o € S|7/,p,u and the right-hand side of
(2.3) is ~
9(t,y) = fouy(t = 70(t),).
If there is a positive definite function V (y), which is continuously differentiable on an
open set containing D' such that

VV(y)fi(t,y) <0

forallie {1,...,|F'|}, all t and nonzero y in D', then {0} is globally uniformly asymp-
totically stable relative to D’.

Proof: The set D’ is assumed to be invariant for any choices of switching signal
functions in S|/ p. Let us define a system of two agents, agent 1 and agent 2. Based on
the set 7’ we create a new set 7/ of functions with range R?™ in the following way

F'={(fitt;y2 = 1), 0", .o, (fl(ty2 — 11),0)" ).
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Now, for all ¢ > 0 and for all o € S| Fr|,p We define
NY(t)={1,2} and N (t)={2}.

The system dynamics for this extended system is given as

= f1(t = Yo (t),y2 — y1),
ia = 0.

This system fulfills Assumption 2.17 and we define a function W as

Wy, y2) = V(y2 — y1).

The function W fulfills Assumption 2.19. Now, if the initial positions of y; () and y2(t) are
y{ € D' and y§ = 0 € D’ respectively, we see that the dynamics for the extended system
is equivalent to the original system (2.1). For the extended system, the set D' x {0} C
((D")?)*(c0). Since Go(¢) is uniformly quasi-strongly connected, A is globally uniformly
asymptotically stable relative to ((D’)2)*(oc0). Since y2(t) = 0 for all ¢, we see that the
state will converge to the point (0,0)7 € R?™ in the extended system. |

2.4 Proofs

In this section we provide the proofs. Theorem 2.20 is proven directly, whereas for the two
other theorems, in order to make the proofs more comprehensible, we first introduce some
lemmas, used as building blocks for the final proof.

Proof of Lemma 2.2: We can construct the o’ as follows. Let us first choose Tg/ =73
and Tg/ > 27§, For any k such that 74,41 — 73, > Tg’, we split [7x, Tk+1) into a partition
of smaller half-open intervals each with equal length smaller than 7'5/ but larger than 7']‘:’,,.

On these half-open intervals o’ (t) = o(t). For all k such that 7, — 7, < 7 we let
o'(t) = o(t) fort € [T, Tht1)- |

Proof of Lemma 2.3: Let 7y = 7§ and 7p = 75,. The function ¢’ is constructed in a
way similar to the procedure in the proof of Lemma 2.2, but here the number of half-open
intervals that |7y, Tx41) is split into is bounded from above by |7y /7p |.

We define the partition of intervals as follows

[(Tht1—7k)/TD] -1
[’Tk,’rk+1)= U [Tk+(i—1)TD,Tk+iTD)
=1

Ulme + ([(Th+1 = ) /7] — D)7D)s Tht1).
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We define F as follows
F' ={fi = h(t,x),
fo=filt+7p,2),...,
f(Tu/TDJ = fitt+ (7o /70| — D7D, 2), .. )
Flrwjroin-1y41 = In(t+7D,2),. .,
flr jroin = In(t+ (l7v /0] = D7p, 2)},

where N = |F|. The set F’ is constructed by creating |7y /7p] — 1 number of new
time-shifted functions from each function ﬂ e F.

Now ¢’ is constructed by choosing a function in F’ on each half-open interval in each
partition so that

fo(t)(tvx) = f;’(t)(tvx)
forall t and x € D. |

Proof of Lemma 2.12: We only prove the first statement for fy ,,, the procedure in
order to prove the second statement for fy, ., is similar and hence omitted.
Since V' is Lipschitz in 2 on D it follows that fy,,, is Lipschitz in 2 on D. Since fv
is Lipschitz in z, it follows that

DY (fym(x(t)) = DF, (fvum(@")),

where

=1 ff (t €, Lo + EfV.m(t Z‘*))
D * V,m s g ,
fv,m(fvﬁm(gc )) lelfolsuP €

and x* = z(t). This result can be obtained from Chapter 1 in [12]. In [13] it is formulated
as a Theorem (Theorem 4.1 in Appendix I).
The next step is to prove that

Ly wit)).

-D+ m t? - = 1
oo it 7)) = manc 2

This result can for example be obtained from Theorem 2.1. in [14]. |

Proof of Lemma 2.15: Since D is compact, we only need to verify that D* () is
closed in order to show that D*(t) is compact. Suppose there is xy ¢ D*(t), such that
there is a sequence {z{,}72, that converges to x(, where each element in the sequence is in

D*(t). We would like to obtain a contradiction by showing that the solution z7 (¢, o, xo)

does exist in D on the interval [to, to + £) for any g, and o € S|7|,p-
By using the fact that D is compact and that the right-right side of (2.1) is uniformly
Lipschitz in « on D and piecewise continuous in ¢, we can use the Continuous Dependency

Theorem of initial conditions in order to guarantee that {z7(t,to, z})}32, is a Cauchy

sequence for arbitrary ¢ € [to,to + t). Now we know, since D is compact, that

z*(t) = lim 2°(t, to, z))
72— 00
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exists and z*(t) € D. We want to prove that 2* () is the solution for (2.1) on [to, to + )
for the given o, ty and xg.
x*(t) = lim x°(t, to, )
11— 00
¢

= lim [ f(s,2%(s,to,x}))ds
11— 00 tO

t
:/ lim f(s,27(s,to, 74))ds
t

i—00
0

_ /t:f(s,x*(s)).

Hence, z*(t) is contained D for all ¢, but since o and ¢, were arbitrary, it follows that
xo € D*(f) which is a contradiction.
Now we prove the statement that D* (co) is invariant. Suppose 2y € D*(00) is arbitrary
and let
y =z (t1,%0, 7o)
for oy € S| 7|,p and t; > to. Consider x72(t, 7}, y) for some arbitrary o5 € Sy 7| p and t}.
We need to show that z°2(¢, ¢}, y) is contained in D for all ¢ > ¢].
We define
U(t){m(t—(ta—tl)) if <1,
oa(t) ift > 1.

which is contained in 87| p. Thus
2% (t,t),y) = 2% (t, to + (t] — t1), o)

which is contained in D for all ¢ > tq since 2y € D*(00). Thus y € D*(c0).
|

Proof of Theorem 2.20: Since the origin is an interior point of D, there is a ball B ,,
such that (B, ,,,)" C D and € > 0. Suppose zg € (B )", then there is a closed ball

Be’,mn (xO) - (Bf,m)n

with € > 0. Now according to Theorem 3.1. in [8], there is a 6’ > 0 such that the system
has a unique solution x(t, to, zo) on [tg, o + ¢’]. We choose [to,to + T”) as the maximal
half-open interval of existence of the unique solution. We know there are class & functions
(1 and B2 such that

Ailllyl) < V(y) < Ba(llyll)
fory € R™.
Now, using property (2) of Assumption 2.18 we get from the Comparison Lemma
(Lemma 3.4 in [8]), that

Jvm(x(t)) < fvm(zo)
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fort € [to,to +T"). Now let § = 35 (31 (€)). We suppose that 2o was chosen such that
7;(to) € Bsm C Be .y foralli.
It follows that for t € [tg,to + T"),

. — Bt max X;
max | llz: () = By (Ba( }H (1))

ie{l,..., i€{l,....,n

=B (_max  Bi(zi(®)) < BT (fram((1)))

ie€{l,...,n}

< BT (frm(2(t0)) < B (_max  Ba([li(to)ll))

i€{1ymn}

< By (B>(,_max }(Ill‘i(to)ll))) < B (B2(6)) = e

i€{1,....,n
Now it follows by using Theorem 3.3 in [8], that the solution will stay in (Beym)" for
arbitrary times larger than tg, i.e., T’ = co. [ |

In the following lemma we use the positive limit set L™ (g, to) of the solution
x(t, 1o, x0) when z9 € D*(c0) (we assume that o € S| 5| p is fixed here). This limit set
exists and is compact, and x(¢) approaches it as the time goes to infinity, however it is not
guaranteed to be invariant which is the case for an autonomous system. Now, in the case
that o € D*(00), the set LT (z0, o) is contained in D*(00), so any alternative solution of
(2.1) that starts in L™ (g, to) will remain in D*(00).

Lemma 2.26. Suppose that xo € A° N D*(c0) and that Assumption 2.18 (2) holds. Sup-
pose that there is a non-negative function 3(y,t) that is increasing in t for y € A° N
D*(c0). Furthermore, suppose that for y € A° N D*(c0), there is t'(y) > 0 such that for
t > #'(y) it holds that 3(y,t) > 0.
If
Jvim (z(to + t,to, z9)) — fvm(zo) < —ﬁ($07£),

then z(t) — A as t — oo for all t.
Furthermore, if (3 is lower semi-continuous in vy, and t' is independent of y, then A is
globally quasi-uniformly attractive relative to D*(00).

Proof: Let us consider an arbitrary 2y € A° N D*(c0) and ¢ for which the solution
z(t, to, xo) generates the limit set L™ (z¢, o) C D*(00). From the fact that fy ,, (z(t)) is
continuous in ¢, the fact that fy,,(«(t)) is decreasing and the fact that x(¢) is contained
in the compact set D*(00), it follows that fy. ., (x (¢, to, zo)) converges to a lower bound
a(zg,tg) > 0 ast — oo. Suppose LT (zo,t9) ¢ A. We want to prove the lemma by
showing that this assumption leads to a contradiction. Let t; > t( be arbitrary and y; be
an arbitrary point in L™ (¢, t9) N.A°. Since y; € D*(c0), we know that z(t, 1, y1) exists
and is contained in D*(oc0) for any time ¢ > ¢;.
Since each function in F is uniformly Lipschitz continuous in = with respect to ¢ on the
compact set D*(o0) and the number of functions in F is finite, we can use the Continuous
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Dependency Theorem of initial conditions (e.g., Theorem 3.4 in [8]). For e > 0 and >0
there is d(e, ) > 0 such that

lyr — ¥ill <0 = || fvm(@(ta, t1,y1)) — fum(z(ta t1, )| <,

where ty = t; + t. Let us now choose ¢ > #(y;) and € = B(y1,t)/2, from which it
follows that € is guaranteed to be positive. Since y; € LT (g, ), there is ' > ¢y such
that ||y; — z(t', 10, z0)|| < 8. We choose t; = t’ and v} = =(t',to, zo). But then since

fvm(z(te, t1,y1)) < a— By, 1) it follows that fy ., (x(t2, to, o)) < o — B(y1,t)/2 =
o — e. Since € > 0, this contradicts the fact that « is a lower bound for fy,,.

Now we shall prove the second part of the statement. We prove this by a contradiction
argument. Suppose there is 77 > 0 such that there is no 7'() € R such that

min dist(z(t, tog, o), A) <
e (x(t, to, x0), A) <7

for all zy € D*(oc0) and all ¢y. Let

5min = 5(271?/) > 0.

min
z€D* (c0)N{y:dist(y,.4)>n}
Now, for each positive integer N there is ¢o(N) > 0 and z¢(N) € D*(c0) such that

min _dist(z(t, to(N), zo(N)), A) > n,
te(to(N),to(N)+Nt’]

otherwise we can choose 7'(7) = N, but we assumed that there is no such 7'(7). We have
that

fv’m(ai(t,to(N) + NtN/,SC()(N))) — fv’m(l‘(t,to(N),wo(N))) g _Nﬁmin-
Now,
fV,m(x(tvtO(N) + N{/va(N))) - fV,m(x(tatO(N)7xO(N))) ——oc0 asN — o0,

which is a contradiction since fy,,, is bounded on D*(00). |

Remark 2.4. Note that the special structure of A being the consensus set is not used in this
proof. Also the special structure of fy,, is not used in the proof.

Lemma 2.27. Suppose Assumption 2.17 and 2.18 (2,3) hold, ¢ € S| pu, x°(to) €
D*(00) N A° and Gy is uniformly strongly connected. If tg is a switching time of o, it
follows that fy ., (x°(t)) < fvm(x7(to)) for any any t > n(T° + 27p), where T is
given in Definition 2.8.

Proof: We assume without loss of generality, that the longest time between two
consecutive switches of o(t) is bounded from above by 27p. This assumption is justified
by Lemma 2.3. Let us consider the solution at an arbitrary switching time 73, and prove
that fy,,, (z(n(T7 + 27p) + %)) < fv.m(x(T)).
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Part 1: We show that if ¢ ¢ Zy (73, s), then ¢ ¢ Ty (7y,t) for t > s > 75,. Suppose
that ¢ € Zy (7, s) and that there is a ' > s such that ¢ € Zy (7, t'). Then since V (z;(t))
is continuous, there is a t; > s such that i € Zy (73, t1) and @ ¢ Ty (73, t) for ¢ € [s,t1).
Since o € S| |,p we know that there is € > 0 such that o(t) is constant and f;(t, z(t)) is
continuous during [t; — €,t1), where t1 — € > s.

We define the following constant

Vit =lm V(z;(t)).

¢ tt1

Now we claim that Vl* < 0, which we justify as follows. If ¢; is not equal to a switching
time, it is immediate that this claim is true since i € Zy (7x, 1), see Assumption 2.18 (2)
and Lemma 2.12. On the other hand, if ¢; is equal to a switching time, the claim is also
true and can be shown as follows. If ¢ is the switching signal function for our solution, we
can create another switching signal function 0’ € S|z p which satisfies

dt)y=0ct) 0<t<ty and o'(t1)=0c(t; —e).
So,

Vi = fim V(wi(t)) = V(27 (1)) <0,
where the last inequality follows from Assumption 2.18 (2) and Lemma 2.12.

‘We now know that VZ* < 0. Thus there are two options for V* either it is (1) strictly
negative or (2) zero. In case (1), since o (t) is piecewise right-continuous there is a positive
¢’ < esuch that V(z;(t)) is continuous and strictly negative on [t; — ¢, ;). We also know,
since V(z;(t1)) = fvm(x(m)), that V(z;(t)) < V(x;(t1)) for all t > 7. Using these
two facts, we get that

t1 .
tlfel
which is a contradiction.
Now we consider case (2). By using Assumption 2.18 (3) we can show that

x(t1) = grtrll x(t)

satisfies 2;(t1) = ;(t1) and limss, V (x;(t)) = 0 for all j € Ni(t, — €) (note that o (t)
is constant on [t; — €,11), so N;(t) = N;(t1 — €) on this half-open interval), otherwise
Vi(z;(t1)) = fvm(x(7x)) and '

lim V(x;(t)) <0,

tTt1

which we just showed is a contradiction. For any j such that j € N;(t1 — €) it holds

that x(t1) = x;(t1) and limypy, V(2 (t)) = 0, for all k& € N;(t1 — €). By using the
same argument for the neighbors of the neighbors of agents in NV;(¢; — €) and so on, we
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get that z;(t1) = x;(t1) for all j that belongs to the connected component of node ¢ in
Go(t,—¢)- Let us denote the state in this connected component by x, (t), where ¢; C V are
all neighbors in this connected component. It holds that

lim V(z;(t)) =0,

for all j € ¢;. During [t; — €, ;) the dynamics for z., is
jcc,; = fCi (tv xc7)

The function f¢ is the part of f corresponding to the connected component ¢;. By using
Assumption 2.18 (3) we get that

lim f (t, 2z, (t)) =0
lim (1,2, (1)) = 0,
which is a contradiction, since z., cannot reach such an equilibrium point in finite time
without violating the uniqueness of the solution property (the functions in F are continuous
in ¢ and Lipschitz in z).

Part 2:  Using part 1 we show that Zy (7, t) is empty for ¢ > n(T7 + 27p) +
T Suppose that Z (7, 7%) C Z(7x, Tk ), Where 7y is the first switching time after 75, +
T?. We know from part 1 that Z(7, 7%)¢ C Z(7%, Tk )¢ (Where complements are taken
with respect to the set V) which implies that Z(7y, 7%/) C Z(7g, Tk ), SO our assumption
has the consequence that Z(7y, 7x) = Z(7x, Tr). Now, since G, ;) is uniformly strongly
connected, there is a switching time 7y~ such that 7, < 75 < 7, + T'7 for which there
are i, j that satisfy 1 € Z(7g, %), j € Z(7k,7%)¢ and j € N;(7x~). But then j € N;(s)
for s € [mg, T + Tp). Thus, i € I3 (s) for s € [r, Ty + Tp), which means that
V(IZ(S)) < Oon [Tk//,Tk// + TD). But since ¢ € I\/(Tk, S) for s € [Tk-//,Tk// + TD), the
function V'(z;(s)) is constant on [, T + 7p ), which is a contradiction. Our hypothesis
that Z (7, 7) C Z(7%, Txr) leads to a contradiction. Thus, Z(7y, 7% ) is a strict subset of
I(T}c, T}C).

Now, there are two cases for Zy (7j, 7¢/). It is either (1) empty, or (2) nonempty. In
case (1) we are done. In case (2) we have that Zy (1, 7 ) = Zy (7, T ). We know
that 7y < 7 + 79 + 27p by the assumption that 7; = 27p. Now we can apply the
same procedure for the set Zy (7x/, 7x/ ). By repeating the procedure n times, we know that
Iv(Tk,t):@fortzn(TU—‘rQTD)-i-Tk. [ |

Proof of Theorem 2.21: We prove this theorem by showing that there is a function 3
with the properties given in Lemma 2.27. For each o € S| 7| p v, there is a corresponding
8.

Initially we assume that £ is a switching time. This assumption will be relaxed towards
the end of the proof, so that we consider arbitrary times. We assume once again without
loss of generality that 7y = 27p, and from Lemma 2.27 it follows that for a switching
time o, it holds that fy.,, (2(to + %)) < fv.m(z(to)) where t > n(T7 + 27p). In the fol-

lowing, let us choose £ > #' = n(277 + 27p). Obviously, since fy.,,((t)) is decreasing,
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fvm(z(to + 1)) < fym(x(to)) for £ > #, and this particular choice of ¢ will have its
explanation towards the end of the proof.

During the time interval [to, to + #] there is an upper bound M, and a lower bound M
on the number of switches of o(t). Now we create something which we call scenarios. A
scenario s is defined as follows,

s = (fo: 1, f1)-

The function f] € F fori € {1,...,k}, where k € {My, My +1,..., M,}. What this
illustrates is that during the time period between ¢y and the first switching time 7; after ¢,
the function f is the right-hand side of (2.1), during the second time period between 7y and
To, f1 is the right-hand side of (2.1) and so on. By a slight abuse of notation, 7y is the first
switching time after ¢( and 7; is the first switching time after 7, fori € {2,...,k}. The
number of possible scenarios is finite and do not dependent on where the actual switches
occur in time.

Now, for a specific scenario s with k switching times, and where the switching times
are the elements in the vector 7 = (71,. .., Tk)T, we write the solution to (2.1) as

T1
2 (tg 4+ 1) = 257 (o) +/ folt —to, 7 (t))dt + ...
to

to+t

Tk
*/ Fia(t — Ty, ) (8))dt + / F(t — 7 2T (1)),
Tk—1

Tk
Thus, instead of parameterizing x by the switching signals, we here on the interval [to, to+
t] parameterize x by the scenarios and the switching times vector 7.
The function z(57) (¢y + £) is continuous in 7 on the set
Co={r:to<mi<ty+tfori=1,...,k,
71 2t +7p,
71 <to+ 27p,
Tiv1 > Ti+7mpfori=1,....k—1,
Tiv1 ST+ 2rpfori=1,...,k—1
to+t <1 +2mp}.
This is a consequence of the Continuous Dependency Theorem of initial conditions and

is shown by the following argument. For a specific 7, suppose 7; is changed to 7/, where
|7/—7;| issmallandi € {1,...,k}. Then wedefine 7/ = (T1,...,Ti_1, T/, Tis1,---,Tk)"-

T1
2 (g + 1) = 27 (t) +/ Folt = to, a7 (8))dt+
to

Ti+1

o+ / ‘ fi/—l(t —Ti_1, x(sﬂ'l)(t))dt + / fl’(t — Ti/v .I‘(S,T/)(t))dt+
Ti-1 ™

’
i

to+t ,
..—I—/ f,;(t—Tk,x(s’T)(t)),

k
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so (5™ is an alternative solution where 7; is replaced by 7/. We know that all such
alternative solutions exist and z(*7") (t) € D*(c0) for t € [to, to + i)
Now,

B Ti41
2 (to +1) = 27 (7) + / Flt = 7,27 (1)) dt+

Ti

to+t
..+/ fh(t — 7, 257 (1)),

Tk

, , Ti+1 ,
25T (to + ) = 27)(7]) + / Fit =, a7 (t)dt+

’
i

to+t ,
o+ / fh(t — 7, 27 (1)).

Tk

As |1; — 7/| — 0 it holds that
1257 (i1, 70, 7 (7)) = 27 (g, 7, 2T ()| = 0,
which implies that

257 (b + £, 7oy, 27 (71, 70, 27 (7))

- m(S7T/)(t(] + {7 Ti+1; x(S7T/)(Ti+17 Tilv x(S)T/)(Ti/)))” — 0.

The function fv’m(x(sﬁ) (to +t,to, o)) is also continuous in 7 on C,.

Only a subset of all scenarios are feasible. We say that a scenario is feasible if there
is 7/ € C, and a switching signal function ¢’ such that 7°" = T and where z7 () =
2&7)(t) for t € [to,to + 1']. According to Lemma 2.27, this means that fy.,,, (z(t)) —
fvm (@7 (to + T, 9, 20)) > 0 for the 7/ € C,. Now, suppose the scenario s is feasible,
the question is if it is true that

Fvm(z(to)) = fum(@®7 (tg + T, to,20)) > 0

for all 7 € C;. By the subsequent argument we show that this is true.

Suppose s is feasible, then there is 7 € C, such that there is a switching signal function
o’ (not necessarily o) which has switching times equal to the elements in 7 during [to, o +
] and 27 (t) = (&7 (t) for t € [to,to + ']. The graph Go(¢) is uniformly strongly
connected and 7% = T . Now, if the elements in T are changed by means of a continuous
transformation to an arbitrary 7”7 € Cj, then there is a 0 € Sz p,u for which G, (4
is uniformly strongly connected. The switching times of ¢’/ are given by the elements in
7" during [to, to + '], and an upper bound on the length of an half-open interval in time
such that the union graph G, (4) is strongly connected during that interval is T°" = 271",
This is true since we know that the lower bound between two switching times is 7p and
the upper bound is 27p. Thus, by changing 7 to 7", the length of any interval between two
consecutive switching times can at most be changed to be twice as long. Now, according
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to Lemma 2.27, since G, (4 is uniformly strongly connected (with an upper bound of 27
on the length of the interval such that the union graph is strongly connected) we know that
since t' = n(2T7 + 27p) =n(T° + 27p),

fV,m(fL'(tO)) - fV,m(x(s’T”) (to + f/’ to, ZQ)) > 0.
Because 7" is arbitrary in Cy, if s is feasible it holds that

Fvm(z(to)) = frm (@7 (tg + T, to, 20)) > 0

for all T € Cs.
By choosing # > #/, we now know that for feasible s it holds that

fv,m(w(S’T)(to +t,t0,T0)) — fvm(zo) <0

for all 7 in Cs. By Weierstrass Extreme Value Theorem there exists 7* € C; such that

ds(xo,t) = Tnélcn Fvm(@0) = fram (@7 (to + 1, t0, 20))

= fV,m(x(to)) — fv7m($(s’ﬂr*)(t0 + t~, to,l‘o)) > 0.

Note that this J; is not a function of ¢y, since all possible switching signal functions are
accounted for during [to, to + t] for the specific scenario. Thus, o could be any switching
time of 0.

Now,

inf fV,m(-TO) - fV,m(-ra(tO + E, to, xO)) >
to€{7k}

min Tnélcn Fvam(@0) = frm (@57 (to + 1, t0, 20)) =

min ds(zg, t) >0,

where {73} is the set of all switching times of . The set of scenarios that we minimize
over are only feasible scenarios. Now we define

ﬂ(xo,f) = minés(:co,ff 27p),

where J; is defined as zero for negative second arguments. The subtraction by 27p is due
to the fact that ¢, was assumed to be a switching time, hence we subtract this term in order
to be sure that —3(z¢, ) does not overestimate the decrease of fy.,, (x(t)).

Now we need to prove that 3(x,t) is lower semi-continuous in zo. We show that

0s(xo, ) is continuous in x( for all s. From this fact it follows that 3(x, t) is continuous
in zg. The function

9s(7, 1, 20) = frm(x0) — fum (257 (to + 1, t0, 20))
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is continuous in 7 and z¢. It follows directly that §, is continuous in xg, since

0s(xo, t) = micn gs(T,t,x0) (2.4)
TECs

and C, is compact. |
Now we turn to the proof of Theorem 2.22, but first we formulate some lemmas neces-
sary in order to prove this theorem. Before we proceed, let us define

Brmn(A) = {z € R™ : dist(z, A) < r}.

Lemma 2.28. Suppose V fulfills Assumption 2.19 (1), then for © € By un(A) N D there
are class K functions 1 and Bz on [0, r| such that

Ba(dist(z, A)) < fvmm(z) < Ba(dist(z, A)).

Proof: We follow the procedure in the proof of Lemma 4.3 in [8] and define

¥(s)

= inf fvmm(z) for0<s<r
{s<dist(z,A)<r}ND

from which we have that ¢ (dist(z, A)) < fv.m.m(z) on By, (A) ND. We also define

o(s) = sup fvmm(z) for0<s<r
{dist(z, A)<s}ND )

from which we have that fy ,,, »(z) < ¢(dist(z, A)) on By (A) ND. The functions
1 and ¢ are continuous, positive definite and increasing, however not necessarily strictly
increasing. The positive definiteness of 1 is guaranteed by the fact that inf is taken over
compact sets, and since fy,, m () is positive and continuous on the sets the result follows
by using Weierstrass Extreme Value Theorem.

Now there exist class K functions 5 and B2 such that 81 (s) < ki (s) for some k €
(0,1), and Ba(s) > k¢(s) for some k > 1 where s € [0, 7]. It follows that

Bi(dist(z, A) < fvmm(z) < Ba(dist(x, A))
on By mn(A) ND. [

Lemma 2.29. Suppose x(t) € D for all t > ty and Assumption 2.19 (1,2) holds, then the
set A is uniformly stable for (2.1).

Proof: Compared to the proof of Theorem 2.20 we do not have to address the issue
of existence of the solution, since by assumption it exists in D. Using Assumption 2.19 (2)
we get from the Comparison Lemma (e.g., Lemma 3.4 in [8]), that

fV,m,m(m(t» S fV,m,m(x0)~
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From Lemma 2.28 we know that there exist class K functions 3; and 35 defined on
[0, r] such that
B1(dist(z, A)) < fymm(z) < B2(dist(z, A)).

Now let € € (0,7) and 6 = S5 *(B1(¢)). Then if 2(tg) € Bsmn(A), it follows that

diSt(Z‘,A) < 51_1(f\/,m,m(x(t))) < Bl_l(fV,m,m(xo))
< By (Ba(dist(z(to), A)) < B (B2(0)) = e

If 29 € D*(00), the set A is uniformly stable for any o € S| 7| p.

Lemma 2.30. Suppose xg € A°ND*(00) and ty are arbitrary and Assumption 2.19 (1,2)
holds. Suppose there is a non-negative function

B(y,t) : RT x Rt — R

that is increasing in t and lower semi-continuous in y. Furthermore, suppose there is
t' > 0, such that for t > t', it holds that B(y,t) > 0 forally € RT .
If

fvm,m (@t to,20)) — fvm,m(xo) < —B(dist(zo, A),t — o),

A is globally uniformly asymptotically stable relative to D*(c0).

Proof: We already know from Lemma 3.3 that A is uniformly stable relative to
D*(00). What is left to prove is that A is globally uniformly attractive relative to D* (o).
In order to show this, the procedure is analogous to the procedure in Lemma 2.27, where
we use the positive limit set L™ (zo, to) for the solution z (¢, tg, o).

Let us consider arbitrary ¢¢ and xy € D*(c0)N.A°. By using the fact that fy,,, m (z(1))
is continuous and D* (c0) is compact and invariant, it follows that fy,, .., (x(t)) converges
to a lower bound a(xg,t9) > 0 as t — oo. Suppose that L™ (zg,ty) ¢ A. We want to
prove that A is attractive by showing that this assumption leads to a contradiction. Let
t; = to + ¢’ and let y; be an arbitrary point in L (z¢, ) N .A¢ C D*(00). By using the
Continuous Dependency Theorem of initial conditions (e.g. Theorem 3.4 in [8]), for any
€ > 0 there is §(¢,#') > 0 such that

||y1 - y/1|| S 5 - ||fV,m,m(x(t27t17y1)) - fV,m,m(l'(thtlvyll))H S €,

where to = t; + #'. Let us choose € = S(dist(y1,.4),%')/2. Since y; € L (o, to), there
is a t’ such that ||y; — z(¥',to, xo)| < 4, thus we choose t; = t' and ¢} = z(t', tg, zo).
But then

fv7m)m($(t2,t0,xo>) <a-— B(dist(yl,A),f')/2 < o,
which contradicts the fact that « is a lower bound for V. Hence, x(t,to,x9) — A as
t — oo for all tg and z¢ € D*(0).
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What is left to prove is that for all > 0 and 2y € D*(00), there is T'(n) such that
t > to+ T(n) = dist(z(¢, to, o), A) < 1.

We use a contradiction argument. Suppose there is an 17 > 0 such that there is no such
T(n). We know, since A is uniformly stable relative to D*(o0), that there is a 6'(n) > 0
such that for g € D*(c0) it holds that

dist(zg, A) < § = dist(z(¢),A) <n
forall t > tg. Let
Amax = dist(y, A
= max dist(y, A)
and
f = min d,t') > 0.
B d€[5/(7l)7dmax] B( )
For any (positive integer) N there are ¢to(N) and 2 (N) in D*(c0) such that
dist(x (¢, to(N), 2o(N)), A) > &

when ¢y < t < to + N, otherwise T'(r) would exist which we assume it does not. From
this it follows that

fV,m,m(m(tO(N) + N£/7 to(N), xO(N))) - fVJYL,TYl(xO(N)) < _Nﬂ/~

Since 3’ is a constant, it follows that

lim (fV,m,m(x(tO(N) + Nglv tO(N)’ ‘rO(N))) - fV,m,m('rO(N))) — O0.

N—oo
This is a contradiction since fy ., ., is bounded on D*(00). [ |

Lemma 2.31. Suppose Assumption 2.17 and 2.19 (1,2,3) hold, xy € D*(o0) N A€ and
o € S|F|,p,u. Furthermore, suppose G,y is uniformly quasi-strongly connected, then

fvmm (27 (8)) < fv.mm(zo)
if to is a switching time and t > n(T% + 271p) + to, where T is given in Definition 2.8.
Proof: The proof of this lemma is to a large extent similar to the proof of Lemma
2.27 and hence omitted. In part 1, instead of one connected component c;, there are two
connected components, where the states in the connected components reach an equilibrium

in finite time which cannot be reached since the right-hand side of the dynamics is Lipschitz
in x. Thus, one obtains the desired contradiction. In part 2, the main difference is that now

Tv (e, T + T7 + 27p)
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is a strict subset of Jy/ (7x, 7% ) and the graph is uniformly quasi-strongly connected instead
of uniformly strongly connected. The reason for not letting the graph be uniformly quasi-
strongly connected in Lemma 2.27, is that if it is uniformly quasi-strongly connected, we
might have the situation that the union graph during [7, 7 + T) is a rooted spanning
tree, with the root corresponding to an agent in Zy (7%, 7 ) and in that case Zy (7, 7%) =
Ty (i, T + T + 27p) might hold.

]

Proof of Theorem 2.22: Only if: Assume G, ;) is not uniformly quasi-strongly con-
nected. Then for any 77 > 0 there is to(7”) such that the union graph G([to,to + T")) is
not quasi strongly connected. During [tg, to + 7") the set of nodes V can be divided into
two disjoint sets of nodes V; and V; (see proof of Theorem 3.8 in [2]) where there are no
edges (¢,7) or (j,4) in G([to,to +T")) suchthati € Vy and j € Voorj € Vi andi € Vs
respectively.

We introduce y7,ys € D*(c0), where yi # y5 and let z;(t9) = yi and x;(to) = v3
foralli € Vi, j € Va. Letnp = dist(xo,.A)/2. Suppose now that 4 is globally uniformly
asymptotically stable relative to D*(00), then there is a T'(n)) such that

t>to+T(n) = dist(z(¢), A) <.

We choose 77 > T'(n). Due to Assumption 2.19 (3) we have that z;(t) = yi and
xj(t) =ys wheni € Vi and j € Vs fort € [to(T"),to(T") +1"). Thus, dist(z(t), A) > n
for some ¢ > to(T") + T'(n) which is a contradiction.

If: Once again we assume without loss of generality that 77 = 27p. We prove this part
of the proof by constructing a function 3 according to Lemma 2.30. The proof is to a
large extent similar to the proof of Theorem 2.21 and hence only the important part is
addressed. Along the lines of the proof of Theorem 2.21, we define d5(xo, t~), where we
use Lemma 2.31 which assures that if ¢, is a switching time of o and ¥ = n(27° + 27p),
it holds that
fV,m,m(x(tO + F)) < fV,m,m(x(tO))
for zy € A° N D*(0).
Now we define

B(v,t) =min

. min 8s(z0, T — 27p)),
s D*(Oo)ﬂ{mo:dist(zo,_A):U}( (2o D))

where the minimization is over feasible scenarios only. Feasible scenarios are defined in the
analogous way as in the proof of Theorem 2.21. Since D*(c0) N {xy : dist(zg,.A) = v}
is compact and (o, t) is positive and continuous on this set for ¢ > ¢, it holds that

B(v, 1) is positive for positive v. Also (v, t) is actually not only lower semi-continuous,
but continuous in v. n

Note, that in the only if part of the proof of Theorem 2.22 we have not shown that
z(t) # Awhent — oo if G, ) is not uniformly quasi-strongly connected. But we can
guarantee that if convergence would occur, it cannot be uniform if G, ;) is not uniformly
quasi-strongly connected.
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Chapter 3

Consensus on SO(3) or attitude
synchronization for switching topologies

In this chapter we address the problem of consensus on SO(3) or attitude synchronization.
In this problem each agent in the multi-agent system has a corresponding rotation matrix
and the objective is that all the agents shall reach consensus in their rotation matrices. The
problem is interesting since it has applications in the real world, e.g., systems of satel-
lites, UAVs or networks of cameras. It is challenging since the kinematics and dynamics
are nonlinear and the system evolves on the compact manifold SO(3), i.e., the group of
orthogonal matrices in R?*3 with determinant equal to 1.

For a broad class of local representations or parameterizations. including the Axis-
Angle Representation and the Rodrigues Parameters, we present two types of kinematic
control laws that each looks structurally the same for any choice of local representation.

The first control law consists of a weighted sum of pairwise differences between posi-
tions of neighboring agents, expressed as coordinates in a local representation. The struc-
ture of the control law is well known in the consensus community for consensus in systems
of agents with single integrator dynamics and states in R™. In the Euclidean space R™, this
type of control law is based on so called relative information, where the difference between
the positions of two agents is not dependent on the actual positions of the agents expressed
in a reference coordinate frame, i.e., the difference is translation invariant. However, in the
local representations of SO(3) that we consider, the Euclidean difference between the po-
sitions (expressed as vectors in R?) of two neighboring agents is not translation invariant.
For this type of control law, we show that the system reaches asymptotic consensus for any
of the local representations, if the initial rotations at time ¢, are contained within the region
of injectivity of the local representation and the interaction graph for the system of agents
is uniformly strongly connected.
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The second control law is based on relative information, where local representations
of the relative rotations between neighboring agents are used. Under stronger assumptions
on the regions for the initial rotations, namely that the initial rotations are contained in
a geodesic convex ball, smaller than the region of injectivety, we show that the system
reaches asymptotic consensus uniformly if and only if the interaction graph is uniformly
quasi-strongly connected.

Towards the end of this chapter we also consider the second order dynamics and torque
control laws. We use a backstepping and a high-gain approach in order to generalize the
kinematic control laws to the case of rigid bodies in space. This generalization is per-
formed first for the case of fixed connection topologies and then for switching topologies.
The word switching in this context is actually not switching in the same sense as for the
kinematic control laws. Here we assume a continuous in time transition between the func-
tions.

There is a vast literature on attitude synchronization for rigid bodies in space. The
following two works are examples of when the agents can measure their rotation to a
common reference object, which is the case for the first control law we present in this
chapter. In [1] a general framework is proposed for coordinating or synchronizing systems
of agents with lower triangular dynamics using backstepping. The attitude synchronization
problem is considered as an example, where the unit quaternions are used. In [2], a solution
to the synchronization problem is given by using the Modified Rodrigues Parameters. In
these works the connectivity graph between the agents is either required to be balanced
in [1] or undirected in [2]. Also, little is mentioned on how to guarantee injectivity of the
local representations.

In this chapter, we are considering the continuous time formulation of the consensus
problem. An interesting result is provided in [3] for the adjacent problem of discrete time
consensus in SO(3). Using a so called shape function, the authors provide a discrete time
protocol that only uses intrinsic information and works for initial rotations on almost all of
SO(3). The authors of that paper divide the existing algorithms on consensus on SO(3)
into two categories, where methods in the first category, extrinsic methods, embed SO(3)
into an ambient space in which classical consensus algorithms can be deployed. Then the
states are obtained by means of projection onto SO(3). In the second category the control
law is constructed in the tangent space of SO(3) and uses only intrinsic information.

Our second control law uses only intrinsic information. The first control law is not us-
ing intrinsic information, but it is not based on a projection from an ambient space. Instead
it is constructed by using a local representation of SO(3) around the identity matrix.

Almost-global attitude synchronization was achieved in [4] based on switching joint
connection, where auxiliary variables were introduced. This is to regard as an extrinsic
approach, using relative information. The question about which information is available to
the agents is something that is discussed in [5], using the Modified Rodrigues Parameters a
distributed control law is proposed for the agents, where no angular velocity measurements
are necessary. The control laws are defined in a common frame of reference, which makes
it a control law of the same type as our first control law. The injectivity preservation is not
guaranteed in that work, but the author argue that this problem can be mitigated by using
the so called shadow set of the Modified Rodrigues Parameters.
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3.1 Preliminaries

We consider a system of n agents, each residing in SO(3), the group of rotation matrices,
meaning that each agent 4 has a rotation matrix R;(¢) in this manifold at time ¢ > ¢o. The
matrix group SO(3) is defined as follows,

SO3) ={ReR>3: RTR =1I,det(R) = 1}.

Each agent has also a corresponding rigid body. We denote the world frame as Fy and
the instantaneous body frame of the rigid body of any agent ¢ as F;. We let R;(t) € SO(3)
be the rotation of F; in the world frame Fyy at time ¢ and let R;;(t) € SO(3) be the
rotation of F; in the frame F;, i.e., R;;(t) = RI(t)R;(t), where 4,5 € {1,2,...,n}.
Mind the notation here, when we write F (without a subscript) in this chapter, we are
referring to the set of functions defined in Section 2.1.1. We refer to the rotation R;(t) as
absolute rotation, whereas the rotation R;;(t) will be referred to as relative rotation. The
difference between the two kinds of rotations is illustrated in Figure 3.1 and Figure 3.2.

We denote the instantaneous angular velocity of F; relative to Fy expressed in the
frame F; as w;. From now on, until Section 3.5, we assume that w; is the control variable
for agent ¢. The kinematics for R; is given by

R; = R,

where R;; is an element of the tangent space T, SO(3) and p denotes the skew-symmetric
matrix generated by p = [p1, pa2, p3]T € R?, ie.,

0 —-p3 p2
p=| p3 0 —p1]. 3.1
—p2 M 0

—

We also define (-)V as the inverse of (+), i.e., p¥ = p.

We consider local representations or parameterizations of SO(3). Often we simply
refer to them as representations or parameterizations. In this context, what is meant by a
local representation is a diffeomorphism (smooth bijection) f : B,.(I) — B, 3(0) C R?,
where B,.(I) is an open geodesic ball around the identity matrix in SO(3) of radius r less
than or equal to m, and B, 3(0) is an open ball in R?® with radius r’. A set in SO(3)
is convex if any geodesic shortest path segment between any two elements in the set is
contained in the set, the set is strongly convex if there is a unique geodesic shortest path
segment contained in the set [6]. If » = 7, B,.(I) comprises almost all of SO(3) in terms
of measure, and B,.(I) is convex if and only if r < 7/2. The radius r is referred to as
the radius of injectivety. The parameterizations that we use have the following special
structure

f(R) = g(O)u, (3.2

where 6 is the geodesic distance between I and R on SO(3), also referred to as the Rie-
mannian distance which we write as d(I, R). The variable u € S? is the rotational axis of
R, and g : R — R is an odd continuously differentiable function that is strictly increasing
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Figure 3.1: A rigid body agent (agent ¢) here is illustrated as a half torus. The absolute
rotation of this rigid body agent is the rotation R; of its body frame F; to the
fixed world frame Fyy .

Figure 3.2: Two rigid body agents, agent ¢ and agent j here are illustrated as half tori. The
relative rotations R;; and R;; between them is the rotation of F; to F; and the
rotation from JF; to JF;, respectively.
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on (—r,r), where r < m. On B, (I) the vector u and the positive variable 6 are obtained
as functions of R as follows

p _, (trace(R) — 1 1 32 ™ 723
= cos —_— U= ———— |r3—r
2 ’ 2sin(9) | 2|
T21 — T12

where R = [r;;].

Let us denote

yi = f(Rs), vij = f(Rij).
It holds that
Yij = —Yji, but in general Yj — Yi 7§ Yij-

For each representation, i.e., choice of g, » <  is the largest radius such that f is a dif-
feomorphism. The radius r is the radius of injectivity and depends on the representation,
but we suppress this explicit dependence and throughout Chapter 3 and Chapter 4, r cor-

responds to the representation at hand, i.e., the one we have chosen. For the representation
at hand we also define

r’ = supg(s).
str

Some common representations are:

* The Axis-Angle Representation, in which case g() = 6, and r = v’ = 7. This
representation is almost global. The set SO(3)\ B, (I) has measure zero in SO(3)
and dimension 2 compared to SO(3) which has dimension 3. The Axis-Angle Rep-
resentation is obtained from the logarithmic map as

w; = (Log(R:))",
wij = (Log(R{ R;))".
In the other direction a rotation matrix R; is obtained via the exponential map as
R;(x;) = exp(z;).
The matrix R;; is obtained as
Rij(z;,2;) = exp(Z;) exp(Z;).

The function expp,. is the exponential map at the point R;. Using this notation, the
function exp is short hand notation for exp;.

* The Rodrigues Parameters, in which case g(#) = tan(6/2) and the corresponding
r = 7 in this case also but ’ = oco. For the Axis-Angle Representation the Jaco-
bian matrix (which we soon address), is also far from singular on B (). Thus there
are reasons for choosing the Axis-Angle Representation instead of the Rodrigues
Parameters. However, the Rodrigues Parameters have the useful property that the
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mapping f is a geodesic map, i.e., geodesic curve segments on SO(3) correspond to
straight lines in the Rodrigues Parameters space. This is a property that is exploited
later in this chapter.

» The Modified Rodrigues Parameters, in which case g(6) = tan(8/4), r = = and
r’ = 1. This representation is often preferred, since tan(6/4) 4 oo as § — 7 and
the Jacobian matrix has a simple structure. This representation is obtained from the
rotation matrices by a second order Cayley transform [7].

* The representation (R — RT)", in which case g(#) = sin(), and the correspond-
ing r and r’ are /2 and 1 respectively. This representation is popular because it is
easy to express in terms of the rotation matrices. Unfortunately, since » = 7 /2, only
By /(1) is covered.

* The Unit Quaternions, or rather parts of it. The unit quaternion g; expressed as a
function of the Axis-Angle Representation x; = 6;u; of R; € B () is given as

q(z;) = (cos(6;/2),sin(0;/2)u;)" € S3.

This means that we can choose the last three elements of the vector as our represen-
tation, i.e., sin(#;/2)u;, in which case » = 7. The unit quaternion representation
is popular since the mapping from SO(3) to the quaternion sphere is a Lie group
homomorphism, i.e.,

g— R q@— Ry = q q2— RiRy,

where the multiplication of g; and g2 should be interpreted in the sense of quaternion
multiplication.

The mapping
Ti v Yi

fulfills that [Z;, ¥;] = Z;4; —¥:Z; = 0. In fact, only a representation that is a scaled versions
of x; fulfills this criteria, which can be seen from the following lemma.

Lemma 3.1. For the two vectors py and py in R3 it holds that [p1, 2] = 0 if and only if
p1 = aps for some o € R.

Proof: If: [p1,P2] = ap3 — aps = 0. Only if: Suppose there is no « such that
p1 = ape and [p1,P2] = p1p2 — pep1 = 0. Since there is no « such that p; = aps
it holds that p1pap; # 0, whereas pap1p; = 0, which implies [p1,p2] # 0, which is a
contradiction. |

Let 2;(t) and x;;(t) denote the axis-angle representations of the rotations R;(t) and
R;;(t), respectively. In the following, since we are only addressing representations of
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(subsets of) B, (I), we choose x(t) = (z1(t), x2(t), ..., 2, ()T € (B (I))" as the state
of the system instead of (R (t), ..., R,(t)) € (Bx(I))™. Note that g(6;) = g(||=;||) since
0; = ||z;||. The variables y; and y;; are now functions of z; and z;, x; respectively, i.e.,

yi(zi) = (f o exp)(Ti),
Yij (i, x;) = (f o exp)(Log(R] (x:)R;(x;))).

Since x;, x; are components of the vector =, we can write y;(z) and y;;(z). When we
write y; () and y;;(t), this is short hand notation for y;(z)(¢) and y;; (z)(¢) respectively.
The kinematics is given by

j7i = Lwiwi, (33)

where the Jacobian (or transition) matrix L, is given by

Ly, = Loy, = Is + gm + (1 — SlIlC(Q;)))af (3.4)

The proof is found in [8]. The function sinc(f) is defined so that 8 sinc(8) = sin(5) and
sinc(0) = 1. It was shown in [9] that Ly, is invertible for § € (—2m, 27). Note however
that @ € [0, 7) here.

To represent the connectivity between the agents, we use a directed graph (or digraph)
Go(+) Which is defined in Chapter 2. The function o is a switching signal function, also
defined in Chapter 2.

Instead of using the term communication graph for G, ), we deliberately use the terms
neighborhood graph, connectivity graph or interaction graph. This is due to the reason
that direct communication does not necessarily take place between the agents. Instead they
can choose to just observe each other via cameras or other sensors, i.e., indirect communi-
cation.

We remind the reader that the neighbors of agent ¢ comprises the set N;(t). If j €
N (t), agent i obtains rotation information related to agent ;. This information is either the
absolute rotation R; or the relative rotation R2;;. In Section 3.2 we provide two simple lin-
ear control laws which are based on absolute rotations and relative rotations, respectively.
If agent 7 obtains the absolute rotation R;, this rotation can either be transmitted by means
of communication, i.e., agent j sends I?; to agent ¢, or measured by a camera attached to
agent i, i.e., agent 7 observes agent j together with an object of known rotation in the world
frame Fyy. In the latter case, agent ¢ can calculate [2; without the need of communication.
The relative rotation R;; can often be obtained without communication, if e.g., a camera is
used.

3.2 Formulation and control design

Let us now consider the attitude synchronization problem. We shall find a feedback con-
trol law w; for each agent 7 using the local representations of either absolute rotations or
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relative rotations so that the absolute rotations of all agents converge to the set where all
the rotations are equal as the time goes to infinity, i.e.,

R; — R; — 0, forall i, j, ast — oo, 3.5)

or equivalently,
R;; — I, foralli,j, ast — oo. (3.6)

This is illustrated in Figure 3.3. If y € (B, 3(0))™ it is true that
Ri:Rj@mi:xj(:>xij:0<:>yi:yj<:>yijzo foralle. (37)

As in Chapter 2 we define the set .4, as the consensus set for x, and then according to (3.7),
the condition (3.5) can equivalently be written as x(t) — A as t — oo. This means that
the solution approaches A. A stronger assumption on the convergence to A is stated in
Chapter 2, and is referred to as (global) uniform asymptotic stability of A relative to a set.
In this case the solution x(t) approaches A uniformly in terms of time and and distance
from A (defined using the euclidean metric).

W

<
Xr
~

‘\‘

~

Figure 3.3: The rotations of all the agents in the system shall converge to the set where all
the rotations are equal.

The distance (when the Riemannian metric is used) from (Ry1,..., R,) € (B,(I))"
to the set where all the rotation matrices are equal, is, provided ||z;;|| < = for all 4, j,
bounded from above by

n max xXq .
(, s sl
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By using this fact together with (3.7) and the continuity property of the exponential and

logarithmic map, one can show that if A is uniformly asymptotically stable in (B, 3)" for
z(t) where ¢ < , then the set {(R1, ..., R,) € (B,(I))" : R1 = ... = R,} is uniformly
asymptotically stable in (B, (I))".

Now we propose the following control laws based on absolute and relative rotations
respectively.

wi= Y ai(t =)y — v, (3.8)
JEN(L)

wi= Y ait =70y, 3.9)
JEN;(¢)

where a;;(t) > 0 is continuous and bounded, and o € S| p,y. For each of the two
control laws, the set of functions JF is constructed along the lines of the example on con-
vexity in Section 2.3.2, and for all the control laws we consider in this chapter, the set F is
constructed in the analogous way.

The following two sections are devoted to the study of these control laws. We refer to
control law (3.8) as the first control law, whereas (3.9) will be referred to as the second
control law.

3.3 Results for the first control law

The structure of (3.8) is well known from the consensus problem in a system of agents with
single integrator dynamics and states in R [10]. The question is if this simple control law
also works for rotations expressed in any of the local representations that we consider. The
answer is yes.

Theorem 3.2. If the rotations initially is contained in Bq(I ) where q < 1, and the graph
Go(t) is uniformly strongly connected, then if controller (3.8) is used, B, 3(0) is invariant,
0 € R™" is uniformly stable and x(t) — A as t — oc.

Proof of Theorem 3.2:  We divide the proof into two different parts, where the
invariance of the ball B, 3(0) is shown in the first part, and the convergence of z to A is
shown in the second part.

Part 1: The right-hand side of the dynamics for x is switching between a finite number
of functions that are continuous in ¢ and Lipschitz in x, uniformly with respect to ¢. This
set of functions is the set F, see Chapter 2. Let

V:R? = Rt

be defined as
V(z;) = ol 2.

The function V' is positive definite and fy,3(x) = max;cy V(z;).
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Suppose that i € Zy (t,t). We investigate how 67 (t) changes.

d(07/2) _ d((z]zi)/2)

dt dt
=2 La, Y aij(t—v(t)(y; — i) (3.10)
JEN(t)
< ) it —76(1)(0ig(05) — 0i9(6:)) < 0, (3.11)
JEN(t)

since 7 L,, = 2T and g is strictly increasing. This implies that D fy 3(x(t)) < 0. Now,
according to Theorem 2.20 in Chapter 2, B, 3(0) is invariant where 81 = B2 = || - ||
Since ¢ € [0, ) is arbitrary, this means that the point 0 € R™" is uniformly stable.

The key point of this proof of invariance is to use the special structure of the Jacobian
matrix L,,. The second and the third term in (3.4) are orthogonal to x;, see Figure 3.4.

Figure 3.4: The second and the third term of (3.4) are orthogonal to z; and lie in the
tangent plane of the sphere with radius ||«;||2 at the point z;.

Part 2: In this part we show that all properties are satisfied in order to apply Theo-
rem 2.21 in Chapter 2. We know from part 1, that fy 3(x(t)) is decreasing and V' is positive
definite. We will verify that Assumption 2.17 and Assumption 2.18 (3) are fulfilled, then
the desired result follows according to Theorem 2.21. Assumption 2.17 is fulfilled. We see
that as soon as there is j € N (t) such that z; # x;, the sum in (3.10) is strictly negative.

60



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

If x; = x; forall j € N;(t), it holds that L,,w; = 0 for all . Thus, Assumption 2.18 (3)
is fulfilled and x(t) — A as t — oo. [ |

Remark 3.1. Instead of using (3.8) one could use feedback linearization and construct the
following control law for agent ¢

wi=Ly," Y ai(t =0 (1) (Y5 — i),

JEN(t)

where L, is the Jacobian matrix for the representation y;. If this feedback linearization
control law is used and the graph G, ;) is quasi-strongly connected, the consensus set is
almost globally asymptotically stable relative to B, 3. However, for many representations
such as the Rodrigues Parameters, the Jacobian matrix L,, is close to singular as y; is
close to the boundary of B,J)g, which makes this type of control law less robust to mea-
surement errors than (3.8). In Chapter 4 we use distorted measurements of the rotations
and in this case it is not possible to construct the matrix L, L but for the type of distorted
measurements we consider there, a control law of the type (3.8) still works.

3.4 Results for the second control law

Now we continue with the study of (3.9) where only local representations of the relative
rotations are available. Under stronger assumptions on the initial rotations of the agents at
time Z¢ and weaker assumptions on the graph G, ;), the following theorem ensures uniform
asymptotic convergence to the consensus set.

Theorem 3.3. If the rotations initially are contained within a closed ball BfL (I) of radius
q < 1/2 and the controller (3.9) is used, then x(t) — A ast — oo and (By3)" N Ais
globally uniformly asymptotically stable relative to By 3 if and only if G,y is uniformly

quasi-strongly connected.

Remark 3.2. In Theorem 3.3, since only information that is independent of Fyy is used in
(3.9), the assumption that the rotations initially are contained in B, (I) can be relaxed. As
long as there is a € SO(3) such that all the rotations are contained in B, /5(Q) initially,
the rotations will reach consensus asymptotically and uniformly with respect to time.

In order to prove Theorem 3.3, we first formulate and prove another theorem, Theo-
rem 3.4, from which the desired result follows by application of Theorem 2.21 and Theo-
rem 2.22. In the proof of Theorem 3.4, 1i(7 (z;, conv({z;, z; })) is the relative interior of
the tangent cone at the point z; of conv({z;, z; }, see Section 2.3.2.
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Theorem 3.4. Suppose that the control law (3.9) is used and x € (B, 3(0))"™, where
q <1/2. Let z; = tan(0; /2)ui, z = (21, ..., 2n)T and %; = f;(t, ). The function f;(t, z)
is piecewise continuous in t (with times of discontinuity only at the switching times of o)
and Lipschitz in z on By 3(0), uniformly with respect to t. The structure of the dynamics is

a= ) aylt =y )hy(a,2)(z - 21),

JEN1(2)

Zn = Z anj(t = Yo () hnj(2n: 25) (25 — 2n),

JENR(t)
where h;j(z;, z;) > 0 and h;j(z;, z;) > 0 if and only if z; # z;.

Remark 3.3. The function h;; in Theorem 3.4 depends on the parameterization y.

Proof of Theorem 3.4
Part 1: Let us introduce the Cayley transform restricted to B, (I). This transform

Cay : Br(I) — so(3) is defined as
Cay(R) = (I — R){+R)™"

and it is its own inverse, i.e., Cay(Cay(R)) = R. We state following important known fact
about the Cayley transform [11]. The transform Cay, restricted to B, /5([), is a geodesic
map, ie., the geodesic curve segment between two rotations () and ()2, corresponds to a
line between (Cay(Q1))" and (Cay(Q2))" in R®. A convex hull in B, 5(I) corresponds
to a polytope in R? [11]. For the sake of completeness we show this fact, where we use the
unit quaternion representation for a rotation matrix and the gnomic projection. The unit
quaternion ¢ € R*, representing a rotation matrix @ is given by

g = [cos(0/2),sin(0/2)u]T,

where once again 6 is the rotational angle and w is the rotational axis. A unit quaternion is
an element of the sphere S? embedded in R*. We see that the identity matrix corresponds to
the quaternion [1,0,0,0]7, since & = 0. A geodesic line segment between two rotations Q1
and Q2 in By 5(I) corresponds to a great circle segment on the quaternion sphere between
the corresponding quaternions ¢; and g2 [11]. Now, if we we use the gnomic projection
in order to project the quaternions onto the three dimensional tangent plane touching the
point [—1,0, 0, 0]7 on the sphere, the point in the plane will be

. T
_ ,_(S:E;((%UT = [—1,—tan(9/2)uT]T.

The gnomic projection of a point on the sphere is the point in the plane where the
continuation of the straight line segment between the sphere point and the sphere center
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crosses the plane. It is known that the gnomic projection is a geodesic map, so great
circles on the sphere correspond to straight lines in the plane. Thus, if we can show that
(Cay(R))Y = —tan0/2u we are done. A simple calculation shows that this is true, and it
follows from Rodrigues formula. We can equivalently show that

tan(6/2)u(l + R) =R —1.
Using Rodrigues formula we get that

tan(f/2)u(I + R) =tan(f/2)(2 — (1 — cos(h)))d + tan(6/2) sin(h)u?
=sin()a + (1 — cos(6))u® = R — I.

So the Cayley transform, which up to sign is the map to the Rodrigues Parameter space, is
a geodesic map.

Part 2: We use part 1 and observe that since z; € B, 3(0) for all j, it holds that
the strongly geodesic convex hull in SO(3) of the rotations { R;}""_;, which we denote by
conv({R;}}_,), corresponds to the polytope conv({z; }/_; ) inR?. Also, conv({R;}jens),
corresponds to the polytope conv({z;}jen;) contained in R3.

Now suppose el
: ~ gUIZill)
Rz Rzyij Rz Hl’” Tij

K3

for some j € V. The corresponding dynamics for z; is
2 = L2, yij

which is not equal to zero if R; # R;. The matrix L, is the Jacobian matrix [12]. We
have that L,,y;; € ri(7T (z;,conv({z;, z;})) so

for a function h;; with the structure given in Theorem 3.4. Thus,

L | ) agt—v%@yy | = D ai(t—ve)hi;(zi,2) (25 — 20)-

JEN;(t) JEN1(t)
|

We are now ready to prove Theorem 3.3 and our main tool will be Theorem 2.22 in
Chapter 2.

Proof of Theorem 3.3: Let us define the functions
V(z) = 2]z and

W(x) =(z — z)" (2 — 2).
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The mapping from the Axis-Angle Representation on B, 3(0) to the corresponding region
in the Rodriugues parameters space is given by

—~

f" = —Cayoexpo ().

Using Theorem 2.20 in Chapter 2 for the function V, one can show that the closed ball
f"(B,,3(0)) is invariant for z(t), which implies that the ball B, 3(0) is also invariant for
x(t) and comprises the set D = D*(c0). Now, using Theorem 2.22 it is easy to show that
the set {z € R™" : 23 = ---z,} is globally uniformly asymptotically stable relative to
f"(B,.3(0)) for z(t), see the example on convexity in Chapter 2. It follows, by using (3.7)
and that f” is continuous, that A is globally uniformly asymptotically stable relative to
D*(0). |

We can actually generalize the results in Theorem 3.2 and Theorem 3.3. Up until now
we have assumed that we first fix a representation y;, y;; and then we use the control laws
(3.8) and (3.9) for this representation. Instead, at each switching time 75, we can allow
the representation to switch also, so for example during |7y, Tx+1) We use the Axis-Angle
Representation, whereas during [7gt1, 7k+2) we use the Modified Rodrigues Parameters.
The representations that are used among the agents do not have to be the same either. One
agent can for example use the Rodrigues Parameters to represent the rotations to a subset
of its neighbors and the Axis-Angle Representation in order to represent the rotations to an
other subset of its neighbors. For an agent ¢, the modified versions of (3.8) and (3.9) might
look like

0;
wi= Y it - %(t))(tan(;) —tan(Z ) + 37 aijt = (1) Oy — ),
jecy j€E€C2
w; = Z aij(t = 7o (t)) tan Lug; + Z ai;(t £))0ijuij,
jec JEC2

respectively, where {Cy, Co} is a partition of N;.

Essentially, a different representation can be used for each pair of agents in the sum.
We assume that the number of representations we use is finite, and redefine the radius r to
be the smallest radius of injectivety for all representations that are used and g is changed
accordingly in Theorem 3.2 and Theorem 3.3.

As a second remark we add that there is an alternative way of proving Theorem 3.3
instead of using Theorem 3.4, which shows the strength of Theorem 2.22. First we need
the following lemma.

Lemma 3.5 ( [13]). suppose x; € Brjp3 for all i. If 0; > 0; then x xu < 0 and
xTx,] < 0if x; ;é xj. Furthermore, if 0;; > 0y, and 0;; > 0, then z Tk < 0,
x iTik < 0and xu:rjk <0, x]zxzk <0ifz; # xj # xp.

If we choose
V(z;)=xlz; and W(z;,z;) = xizjij,
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we can use Lemma 3.5 in order to show that Assumption 2.18 and Assumption 2.19 hold
for the functions V and W respectively. Here we see an example where the function
W (z;, ;) is notequal to (z; —;)T (z; — ;). Even though Theorem 3.4 is not necessary in
order to prove Theorem 3.3 and Lemma 3.5 can be used instead, Theorem 3.4 is interesting
on its own and provides some geometric insight. Lemma 3.5 is proven in [13].

3.5 Torque control laws

In this section we construct control laws on a dynamic level for the special case of rigid
bodies in space. The dynamics for agent ¢ is given by

where J; is the inertia matrix and 7 is the control torque, which is given as a bold symbol
since we do not want to mix it up with a switching time 7; of the graph G, ;).

3.5.1 Static topologies

In this first subsection we strengthen the assumptions on G, ;) by assuming it is constant
in time. Thus we denote the time-invariant (also referred to as constant or fixed) graph
as G. The reason for choosing time-invariant graphs, is that we are now considering a
second order system, and the methods we use here are based on backstepping or high-gain
control. In order to show stability, we introduce auxiliary error variables, and in the case of
a switching graph, these variables suffer from discontinuities. In the next subsection we get
around this problem by replacing the discontinuities with continuous in time transitions.

Based on the two kinematic control laws (3.8) and (3.9), we now propose two torque
control laws for each agent ¢, where the first one is based on absolute rotations and the
second one is based on relative rotations. The control laws are

T; = J,L-(—xi + Z aij(iju.}j — Lwiwi - (;JL)) + c’JiJiwi, (313)
JEN;
T; = JZ(—liJ: + Z aijL,yijwij) + @lleZ (314)
JEN;

The parameter k; is a positive gain. The error variables &; and &} are defined as follows

(:Ji = W; — Z aij(xj — ZL'Z'),

JEN;

~/
W; = Wi — E @ijYij

JEN;

where a;; > 0 is constant for all 7 and j. The matrix L, is the Jacobian matrix in the
kinematics for y;;, i.e.,

Yij = Ly wij
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and

wij = Rijwj — wi
is the relative angular velocity between agent ¢ and agent j. We collect all the x; and @,
into (z,&) € (Bx)" x (R*)™ and all the z; and @] into (z,&’) € (B)" x (R*)". Now,
given i € V, the The closed loop system for (x;, (:)i)T when the torque control law (3.13)
is used is

JEN;
W = —x; — E QWi
JEN;

whereas the closed loop system for (x;,@!)T when the torque control law (3.14) is used, is

. ~ 1/
T; = Ly, E ai;Yi; + Lo, @;,
JEN;

o o~
w; = —k;w;.

We note that in (3.13), each agent ¢ needs to know, not only the absolute rotations of
its neighbors, but also the angular velocities of its neighbors. This requirement is fair, in
the sense that in order to obtain the absolute rotations of the neighbors, communication
is in general necessary, in which case the angular velocities also can be transmitted. In
(3.14), we see that each agent ¢ needs to know the relative rotations, relative velocities to
its neighbors and the angular velocity of itself. The assumption of knowing the angular
velocity of itself is strong, since it is not to regard as relative information. However, in
practice the angular velocity of itself is possible to measure without the knowledge of the
global frame Fyy, hence this velocity is to be regarded as local information.

Proposition 3.6. Suppose G is strongly connected. If

r?e%x xiT(tO)xi(to) + uDi(tO)TcDi(to) <g<r,

i.e., (zi(to),0i(to))T € By foralliand any q < r, then if controller (3.13) is used, B¢
is invariant for (z(t),o(t)) and x(t) — A and w;(t) — 0 for all i as t — oo.

The following part of this section, up until the proof of Proposition 3.6 is somewhat
of a detour from the main subject of the chapter. It essentially explains the difficulties in
constructing a quadratic Lyapunov function for the closed loop dynamics of (z, ) if the
graph is not strongly connected. The reason for bringing up this subject is that we are
using such a quadratic Lyapunov function in the proof of Proposition 3.6. In the following
let A € R™*™ be an adjacency matrix [10] for the graph G, meaning that A = [a;;] and
a;; > 0 where a;; > 0 if and only if (i, j) € £. The graph Laplacian matrix for the graph
G with the adjacency matrix A, we write as

L(G,A)=D — A,
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where
D = diag(ds, . ..,d,) = diag Zalj’ e ’Za"j
j=1 j=1

A graph with adjacency matrix A is balanced if

n n
E aij = E aji.
Jj=1 J=1

It is well known that the (symmetric part of the) graph Laplacian matrix is positive semidef-
inite if the graph is balanced [10]. The if part in the lemma is provided in [14].

Lemma 3.7. For a static quasi-strongly connected graph G, there is a positive vector
&= (&, .., &)Y such that I = diag(€)L(G, A) is the Graph Laplacian matrix of some
balanced graph G', if and only if the graph G is strongly connected. Furthermore, if G is

not strongly connected but quasi-strongly connected, there is no & = (&1,...,&,)T such
that
L/ + L/T
2

is positive semidefinite, where L' = diag(§)L(G, A).

Proof: If: We create a new matrix by L=D"'L =1— D 'A. Since the graph
G is strongly connected, the adjacency matrix A is irreducible and the same holds for
D~'A. The row sum of each row in D~!A is equal to 1. By Perron Frobenius Theo-
rem the largest eigenvalue of D~ ! A is equal to 1 and the corresponding left eigenvector

v = [v1,...,v,]T has positive elements. This implies that v is a left eigenvector for D~'L
corresponding to the eigenvalue 0. Let us choose & = (Z—i, cee Z—”)T, then it follows that
the vector [1, ..., 1]7 is a left eigenvector of the matrix L' = diag(¢)L(G, A) correspond-

ing to the eigenvalue 0. The matrix L’ is a graph Laplacian matrix of a balanced graph.

Only if: We show this by a contradiction argument. Suppose that the graph G is not
strongly connected but quasi-strongly connected. Consider a system of the following form

2=1L(G,A)z,

where z € R™. We know that for this linear system z(¢) will asymptotically reach con-
sensus since G is quasi-strongly connected. This is true for all initial conditions zg of the
system. Now consider the special case where all elements in 2, that correspond to the root
of the spanning tree in the condensed graph is equal to o > 0, whereas all other element are
equal to 0. The condensed graph is constructed by identifying all the strongly connected
components in the graph G and then replacing each such component with one node, where
all the incoming and outgoing edges from each component now are incoming respectively
outgoing from the node that replaces the component. Suppose there is a positive vector £
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such that the symmetric part of L' = diag(£)L(G, A) is positive semidefinite. In that case
Viz)=> &z
i=1

is a Lyapunov function for the system and the right-hand side of V' ((¢)) is non-positive for
all ¢ > t. But for our special choice of 2 it holds that the system must reach consensus in
the point z = (a, ..., a)T, which implies that V' must increase during some time period.
This is a contradiction. Now we have proven the only if statement as well as the last
statement in the lemma. |

Suppose that the system is controlled on a kinematic level and that

w; = Z aij(xj — CL’Z)

JEN;

We know from Theorem 3.2 that () — A as t — oo if G is strongly connected and [a;;]
is an adjacency matrix of G. If there were a positive vector £ such that diag(£) L(G, A) is
positive semidefinite when G is quasi-strongly connected but not strongly connected, then
we could use V(z) = Y1 | &alx; as a candidate Lyapunov for the system and show
that z(t) — A as t — oo. According to Lemma 3.7, there is unfortunately no such £&. A
Lyapunov function on this form is desirable, since then we can utilize the special structure
of the Jacobian matrix that x7 L,, = x!. In the proof of Proposition 3.6, we have the
expression Z;L:l &xTx; as a part of the Lyapunov function we use. For this part of the
Lyapunov function, we run into the same kind of troubles as for the example above with
the kinematic control law, if the graph is not strongly connected.

For the sake of completeness, we provide a proof of the fact that a balanced graph has
a positive semidefinite graph Laplacian matrix. We write the incidence matrix [10] of G as

B=DB_+By,,

where each element in B_ is —1 if and only if the corresponding element in B is —1
otherwise the element is 0. The matrix B is defined accordingly where the elements are 1
or 0. Using these matrices we can write the graph Laplacian matrix L for a weighted graph
as

L(G,A) = B_DB7T,

where D is a diagonal matrix containing the positive edge weights (positive elements in
A) on its diagonal. For a graph that is unweighted, the matrix D is the identity matrix.
This alternative way of writing the graph Laplacian matrix L, (compare with the proof of
Lemma 3.7), can be used to show that L is positive semidefinite if the graph is balanced.
The graph is balanced if

B_D1+ B;D1=0,

where 1 is a vector in which each element is equal to 1.
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Lemma 3.8. Suppose the graph G is quasi-strongly connected and balanced, then

L(G,A)+ L(G, A)T
2

z,:

is positive semidefinite. Furthermore, O is the smallest eigenvalue of L and all other eigen-
values are strictly larger than 0.

Proof: Let us write the graph Laplacian matrix as follows.
L=B_DY*DY*B_+B,)T =B_(B_+ B,)7,

where B_ = DY?B_, B, = D'/?B, and we define B = B_ + B,. The matrices
BT and BI are orthogonal (each column in B7 is orthogonal to the other columns in B7,
likewise for BI) and since the graph is balanced it holds that

B_BT — BB,

Now,

which means that L is positive semidefinite. It follows that
L1=BB"1=0.

We also known that rank(BB7T) = rank(B) = n — 1 (assuming n nodes in the graph G).
[ |

Remark 3.4. An other way to show that Lis positive semidefinite is as follows. There is
an orthonormal matrix () such that

QBT =BT,
This means that
i B ( Q+QT>
5 -

Since the absolute values of the eigenvalues of the matrix (Q + Q™) /2 are less or equal to
1, L is positive semidefinite. In the special case when the graph is unweighted, i.e., D = I,
the matrix () can be chosen as a permutation matrix.
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Proof of Proposition 3.6: In the multi-agent system at hand we have n agents, where
each agent i has the state (x;, C:Ji)T. We first show the invariance of the ball By ¢.

We see that
d - - -
%V((l’z’,wi)T) = Z aij (@i, @) (25 — @4, =) T
JEN;
= > g (i, @) (w5, 0)" = (@5, @5) (5, :)").
JEN;
Thus,

D* fr((2(),@(t)") < 0.

Now, using Theorem 2.20 in Chapter 2, we can show that Bq’g is invariant, where 31 =
B2 = || - ||, i.e., the Euclidean norm in RS.
In order to show the convergence, we define the following function

Y, @) =Y &Glal i + ] @),
i=1

where ¢ = (£1,...,&,)7 is the positive vector chosen as in the proof of Lemma 3.7. We
have that

n
y=—a"(U'® I3)x — Zﬁi Z ai; @ @i,
i=1  JEN,
where, according to Lemma 3.7, L’ is positive semidefinite. By LaSalle’s theorem,
(x(t),o(t))T will converge to the largest invariant set contained in

{(z.o)" :3((z,0)") =0}

as the time goes to infinity. This largest invariant set is contained in the set {(z,@)? : x €
A& =0} m

Remark 3.5. In the proof of Proposition 3.6, if we look at the dynamics of (z, ), we see
that the largest invariant set contained in {(z, &) : 5((z,&)T) = 0} is actually the point
0. Hence, the system will reach consensus in the point = 0.

Proposition 3.9. Suppose G is quasi-strongly connected. For any positive 1 and 1o such
thatry <1y <r/2andq > 0, thereis ak > 0 such that if k; > k and (z;(t), @ (t0))T €
By, 3 X By for all i, then if controller (3.14) is used it holds that (z;(t),&l(t))T €
Bm,g X qungr alli,t > ty and

(2(t), &' ()T = (Bry3)"NAx {0} as t— 0.

Furthermore, (B, 3)" N A x {0} is globally asymptotically stable relative to the largest

invariant set contained in (B,., 3)" x (B,.3)" for the dynamics of (z(t), &' (t))T.
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Before we proceed with the proof of Proposition 3.9, we pose a result that can be
obtained from [15].

Theorem 3.10 ( [15]). Let ) : £ = f(f) be a dynamical system defined on X C R™,
where f is locally Lipschitz on X. Let I'1,T's and X be compact and positively invariant
for>  and Ty CTo C X, then T is globally asymptotically stable relative to X if

1. T'y is globally asymptotically stable relative to I's,
2. T's is stable,
3. T’y is globally attractive relative to X,
Remark 3.6. In Proposition 3.9 and Theorem 3.10 we use the classical definition of invari-

ance of a set, see [16].

Proof of Proposition 3.9: By treating the closed loop dynamics as a switching system
on the form (2.1) (even though the right-hand side is time-invariant) we can borrow the
notation D*(c0), where

D*(c0) CD = (Brz,?))n X (Bq,3)n

is the largest set of initial points for the system for which the solution is contained in D for
all times ¢ > t;. We know from Lemma 2.15 that D*(oco) is compact and invariant, i.e.,
the set D*(o00) is the largest invariant set contained in D.

Now we show that for a proper choice of the constant k, it holds that

(Bri,3)" X (Bg3)" C D*(00).
We assume without loss of generality that ¢y = 0, and note that
@i (@) = 105 (0) || exp(—kit) < qexp(—kit).
We choose Ilréllgl k; > k and
V(@i(t)) = @i(t) T (8),

where £ is still left to be determined. By using Lemma 3.5, it is possible to show that there
exists an interval [0, ¢1) on which it holds that

D¥(fva(@(1)) < qraexp(—kt).
By using the Comparison Principle, it follows that

Fuala(®) < fus(2(0)) + gr, TP
on [0,t1). Now if we choose k > gra/(rs — r1) we see that fy3(z(t)) < ro fort > 0,
and we can choose t; = oo.

In order to show convergence we use Theorem 3.10, where X = D*(c0), I'ys =
D*(00) N ((By,/2,3)™ x {0}) and T'; = D*(00) N (A x {0}). Now 1 in Theorem 3.10 can
be shown by using Theorem 3.3 and 2 and 3 in Theorem 3.10 follow from the first part of

this proof. Note that (B, 3)" N.A x 0 C D*(c0). [ |
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3.5.2 Dynamic topologies with continuous system dynamics

If we allow the graph G to be time-varying and & be discontinuous in ¢ the main problem of
the previous section, as already mentioned in Section 3.5.1, is that the auxiliary error vari-
ables & and &' suffer from discontinuities. In order to avoid this problem we here propose
control laws where instead of switching discontinuously between different functions, there
are continuous in time transitions between the functions. For the switching signal function
o, with the sequence of switching times is {7} }, we define the function

Ao(t) =max{ry, : 1 — 6 < t,k € Z},

where 0 < 0 < 7p/4 is a positive constant.
Now we introduce a modified version of (3.13) given as

T; = Jl(—l'z + (IJZ - @;’) + QZ'J,L'OJZ'? (315)
where L, is the Jacobian matrix for the representation z;, &) = w; — &; and
> jen () ®ig (T — x5) — B if 49 (1) =t <0,
Ww; = S
o (33 (1) = 1) (s o) ais (2 — 22))
+(1-a(rd (@) —1) (ZjeM(vg(t)) a;j(zj — xl)> — Bx; otherwise,
and

D jeni (s i@y + By if S (t) —t <0,

“Ya (’)/g (t) — t) (ZjENi(t) aija)g/)
+(1—a(i @) —1) (ZjeM(vg(t)) aijd)g’) + B! otherwise.

The function « (t) should be a non-negative C!-function that is positive on (0, 6] such that

One can for example choose

1 1 tm
a(t):§+§cos 5 )

The constant 5 > 0 should be chosen positive.
Now we formulate a modified version of Proposition 3.6.

72



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

Proposition 3.11. Suppose G, is uniformly strongly connected. If

max 7 (to)x;(to) + @ (to) @] (to) < g <1,
J

ie., if (x;i(to), @] (to))" € Bq ¢ for all i and any q < r, then if controller (3.15) is used,
B¢ is invariant for (z(t),&" (t))T and x(t) — A and &} (t) — 0 for all i as t — oo.

Proof: The closed loop dynamics for (z;,@!) is

V= —m; —@”

{:r = Ly,@i + Ly,
which fulfills Assumption 2.17. We define

V((zs, 0T = 2l a; + 070!
and get that

d

dtv((x“ Ny = (x4, @) (@i, —@!)T. (3.16)
Now we look at the right-hand side of 3.16 for the following two cases.

Case 1: v (t) —t < 0.
The right-hand side of (3.16) is given by

d Ty _ oA o T
gV (@0 &)7) = =B (i, &) (@i, &7)

+ Z azg .’E“ (x]vO)T_(xi?a};/)(xi?d};/)’r)'
JEN(t)

Case 2: Y2 (t) —t > 0.
The right-hand side of (3.16) is given by

LV (@0 8)T) = ~Blas &) )T
ta(B®—t) > ai((zi, @) (w;,0)" = (ws, &) (2, 0))7)
JEN;(t)
+(1-(O-1) Y ayl(@n @) (@,0)7 — alw, @) (zi,@)7T).
JEN(7S)

It follows that Assumption 2.18 is fulfilled for the system and V. One can use Theo-
rem 2.20 and show that B, ¢ is invariant, where 31 = 2 = || -
in RY. The desired convergence result follows by using Theorem 2.21. |
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Remark 3.7. By including the terms Sz; and 8;&} in the control law, we avoid the problem
that Assumption 2.18 (3) fails. If we do not add these terms we cannot guarantee that if
i € Iy (t,t) and i ¢ T}, (t) it holds that the right-hand side of the dynamics for (x;, &!)T
is in an equilibrium that is independent of the time, see Assumption 2.18 (3). On the other
hand, by adding the terms, it is obvious that the system converges to the point 0. The
function fy¢(x,@!') is now strictly decreasing unless (z,@}")? = 0.

3.6 Formation control

The objective in the formation problem is the following one. Given some desired constant
rotation matrices Rj, ..., R, construct a control law for the system such that

Rl (t> — QTRTa

Rn (t) - QTR:N
as t — oo for some arbitrary matrix ), which implies
R (1) B; () = R R;

ast — oo.

Now we show that on a kinematic level this problem is equivalent to the consensus
problem. Let us define R; = R; R:” for all i. The kinematics for R; is given by

R; = Ri&;R:T = RiR;G; R = R&},
where w; = R;@; R;". It is easy to see that if the agents reach consensus in the rotations
Ri,..., R,, then the system reaches the desired formation. However in order to reach

consensus using a kinematic control law w;, we can use any of the proposed control laws
(3.8) and (3.9) where we replace x; and z;; by

& = Log (Ri) , & = Log (Rij) — Log (RI"R;R:T) .
Similarly we can replace y; by ; and y;; by ¥;;. The actual control law w; used by agent
iis simply w; = RiTw*.
On a dynamic level we have that
SR = — (RTW;RY) JiR T w) + 75 (3.17)
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Now we can introduce modified versions of the control laws (3.13) and (3.14)

T; = JlR;(T —Lii + Z aij (Li,jw;-‘ — lew;k — (:)1)
JEN;

+ (RT@Ry) J; (R;T) wi, (3.18)

T, = JZR:‘T _kz‘:); -+ Z aijL,gi].wij +
JEN;
(R0 5 (R @19

where in this context

~ * ~ ~
W; = W; — E Qi (Jﬁj —Jii),
JEN;
~ 1 * ~
W; = Ww; — E aijyij~
JEN;

Now the same convergence results hold as in Proposition 3.6 and Proposition 3.9 after
replacing y; (to) with § (t9), and where @; and &, are defined in this new sense.

3.7 Illustrative examples

We will now illustrate the convergence for the two different control laws when y; = x;
for all 7, i.e., we use the Axis-Angle Representation. We consider the case of 5 agents.
The simulations were conducted in MATLAB using an Euler method to solve the ordinary
differential equations.

In Figure 3.5 and Figure 3.6 the control law (3.8) for absolute rotations is used and
in Figure 3.7 and Figure 3.8 the control law (3.9) for relative rotations is used. One can
see how the rotations of the agents, expressed in the Axis-Angle Representation, converge
from their initial rotations (blue discs in the figure) to the final rotations where they reach
consensus.
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Figure 3.5: There are five agents. The agents use controller (3.8) and their rotations con-
verge to a synchronized rotation as the time goes to infinity. In this example
the initial rotations of the agents, marked by blue discs, are contained in the
region B, (I) with ¢ = 3. There are two graphs, & = {(1,2),(3,4),(5,1)}
with nonzero weights a;; = 4 if (j,7) € &1, & = {(2,3),(3,5),(4,1)} with
nonzero weights a;; = 6 if (j,i) € £. We use a periodic switching signal
function with period 7' = 0.2. The switching signal function o(t) = 1 if
te kT, kT +T/2),0(t)=2ift € kT +T/2,(k+1)T), k = Z. The time
horizon is 5 sec.

0.s B

components of the axis-angle

05 1 1.5 2 25 3 35 4 45 5
time{sec)

Figure 3.6: The same example as Figure 3.5. The three components of the Axis-Angle
Representation x; of the five agents converge to some common values as the
time goes to infinity.

76



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

Figure 3.7: The rotations of five agents converge to a synchronized rotation as the time
goes to infinity using controller (3.9). In this example the initial rotations of
the agents are contained in the region B,(I) with ¢ = 1.5. There are two
graphs, & = {(1,2),(3,4)}. & = {(2,3),(3,1),(4,5)}. The switching
signal function is periodic with o(t) = 1if ¢t € [kT, kT + T/2), o(t) = 2
ift € [kT +T/2,(k+ 1)T), k € Z, where the period T' = 0.2. The time
horizon was 5 sec. Blue discs indicate the initial rotations of the agents.

components of the axis-angle

1 L L L L L
1] 04 1 1.8 2 25 3 14 4 4.5 4

time(sec)

Figure 3.8: The same example as Figure 3.7. The three components of the Axis-Angle
Representation x; of the five agents are synchronized respectively as the time
goes to infinity.
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Chapter 4

Consensus on SO(3) for networks of
uncalibrated cameras using the
conjugate rotations

In this chapter, the problem of consensus on SO(3) is studied from a somewhat different
angle. In the problem at hand, a system of uncalibrated cameras shall reach consensus in
their rotations. To be more precise, we assume that each agent corresponds to an uncali-
brated camera, and the estimated rotation matrices are distorted by the intrinsic information
in the partially unknown camera calibration matrices.

In [1] the problem of distributed camera calibration is addressed. Given some initial
relative rotations between the cameras, the goal is to construct an iterative algorithm that
makes the rotation converge to an average rotation, i.e., the Riemannian centre of mass, or
the Karcher mean [2], which is a special case of LP-mean where p = 2. In [3], the rotation
averaging is addressed from the structure from motion perspective.

In [4, 5], the rotation matrices in a network of cameras are distorted by the unknown
focal length of the camera. In those works, the agents use the epipoles obtained from the
fundamental matrix, where the fundamental matrix determines the geometric relationship
between point features in two images [6-8]. For two agents, agent 1 and agent 2, the
epipole of agent 2 at agent 1 is the (possibly distorted) position of agent 2 in the image
plane of agent 1. In [4, 5], the agents are assumed to be a group of robots positioned in a
plane, equipped with equivalent cameras of unknown focal length. The rotational axis for
the rotation of each camera coincide with the normal vector to the plane. Thus, there is
only one degree of freedom for the epipolar vectors. Provided the agents are sufficiently
close to each other in terms of rotations, the control law guarantees consensus. The size of
the region for convergence is provided in terms of geodesic distance in SO(2). If any pair
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of rotations is closer than /4 from each other, convergence is guaranteed.

In order to calculate the rotation matrices by using epipolar geometry, one first calcu-
lates the fundamental matrix [9]. Given the fundamental matrix, one then calibrates the
camera and calculates the rotation matrix. Since the knowledge of the full calibration and
rotation is not necessary to have in order to construct a consensus control law, the main
idea in [4, 5] was to skip the calculation of the rotation matrix and the calibration matrix
of the camera and use the information from the fundamental matrix directly in the control
law.

The idea of bypassing the calculation of the calibration matrix and the rotation matrix
in the control design is adopted in this work. However, in this work, instead of using the
epipoles in order to construct consensus control laws, we use the so called conjugate ro-
tations. The epipole, in the planar case, as presented in [5], is a local representation of
SO(2). The local representations we are considering in this work are local representations
of SO(3), and the class of representations we consider is the same as in Chapter 3, which
include the Axis-Angle Representation representation, the Rodrigues Parameters and the
Modified Rodrigues Parameters. These representations all have a special structure that we
utilize. We show that for every local representation in the class, there is a corresponding
distorted local representation, given by an invertible linear transformation of the local rep-
resentation. The transformation is a function of the intrinsic parameters of the camera and
is independent of the local representation.

The distorted local representations are not calculated from the fundamental matrix, but
instead from the conjugate rotation matrix under the assumption of a zero skew factor. We
assume that the conjugate rotation matrices are obtained in either one of the following two
ways. (1) The camera is weakly calibrated, i.e. up to affine reconstruction [9] or (2) the
motion is purely rotational, in which case the conjugate rotation matrices can be calculated
from a homography using at least four point correspondences between two images [10].

We deliberately use the phrase distored local representations instead of e.g., local con-
jugate representations. The reason being that one needs in general 7 parameters to repre-
sent a conjugate rotation [11], but our representation does only have 3 parameters, so the
mapping is not injective. The usefulness lies in their simple structure, they can be calcu-
lated in a similar way as their undistorted counterparts, and they can be used in stabilization
and consensus control laws.

We provide, for the entire class of distorted local representations, three types of control
laws that guarantee local consensus under different circumstances.

By using the Rodrigues Parameters, we generalize the local convergence results to
almost global results for the three control laws. All the control laws we present are defined
on a kinematic level, but they are possible to extend to torque control laws by using a
suitable nonlinear control design technique such as backstepping.

In the single agent case, the problem of stabilization falls into the framework of vi-
sual servoing, [12, 13]. In this problem, the pose (rotation and position) shall converge to
a desired pose, and in the special case of a pure rotation, the rotation matrix shall with-
out loss of generality converge to the identity matrix. We show that the distorted local
representations can be used within this framework also.
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4.1 Preliminaries

Consider a system of n agents. Each agent ¢ has a camera, with a corresponding camera
coordinate frame ;. As in Chapter 3 we have a world coordinate frame Fy,. At time
t > 0, the rotation of the body frame F; in the frame Fyy is denoted as R;(t) € SO(3).
The relative rotation of F; in F; at time ¢ is denoted as R;;(t) € SO(3). Sometimes we
write (SO(3), d), where d is the Riemannian metric given as

d(Ri1, R2) = (RT Ry)ll2.

i”lo
NG g

Each agent also has a corresponding position or translation denoted by ¢;(¢) which is the
position of the origin of Fjy expressed in F;.

4.1.1 Camera model

The matrix

is an element of the matrix group SE(3) [9].
In this work we consider the pinhole camera model for each agent ¢, which is defined
by the transformation

h:R®x SE(3) = {z € R*: (0,0,1)x = 1}.

The transformation h maps the point p € R? to the point h(p,G;(t)) € {z € R? :
(0,0,1)xz = 1} as follows

h(p, Gi(t)) =

1 fisiz [sio 0ix| [1 O
X 0 fisi’y Oi,y 0 1
0 0 1 0 O

R;(t)T ti(t)] [p

_ o o
o O O

0 1 1

The point p is represented in the world frame Fyy, and the point A(p, G;(t)) is represented
in the camera frame F;. The constant matrix

fisiz [fisio Oia
Ki=1 0 [fisiy oiy
0 0 1

is the intrinsic parameter matrix or the camera calibration matrix, and it is upper triangular
with positive diagonal elements, A is the depth scale. The parameters in this matrix K;
are: f;, which is the focal length, s; ., s; , which determine the size of the pixels, s; 9,
which is the skew factor and is henceforth assumed to be zero, o; ; and o; ,,, which are the
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offsets. Now, since s; g is assumed to be zero, which is a reasonable assumption for most
applications, we redefine the matrix K; as

a; 0 bi
Ki = 0 C; d1 , (4 1 )
0 0 1

where a; and b; are positive. Thus, K is invertible. In some cases one might assume that
the principal point is known, in which case b; = d; = 0, but in general this is the structure
we assume.

4.1.2 Distorted rotations and conjugate rotations

Distorted rotations or distorted rotation matrices are matrices on the following form

Ci(t) = K;R] (1)K ", (4.2)

3

Cij(t) = K;RE (1)K (4.3)

Each agent can compute C; and transmit this matrix to its neighbors ;. The matrix C;; is
obtained by agent 7 if agent j is a neighbor of agent 7. The matrix C} is referred to as the
conjugate rotation and it is shown in [11] that it has seven degrees of freedom. However in
this work, by assuming that s; 9 = 0, we limit the degrees of freedom to six.

In order for the agents to be able to measure C; and C;; we assume the following set-
ting. The positions of the agents in R? are static, i.e., the movements are purely rotational.
At time O all the cameras are initially rotated in the same way. We can without loss of gen-
erality assume that this rotation coincides with the identity matrix in Fyy, i.e., R;(0) = I
for all 7. In this initial configuration, each camera takes an image of some common ref-
erence object that can be seen by all the cameras. The reference object contains a set of
local feature points on its surface which can be detected in the images by all the cameras.
We assume that there is a ball B,(I) in SO(3), such that a sufficiently large subset of the
feature points on the object are visible in the image plane by the camera of any agent 7 with
rotation R; contained in the ball B,([).

At the initial time ¢y > 0 (the time O is not regarded as the initial time but rather as
the time when the reference images are taken) we assume R;(to) € B,(I) for all i. Let
us denote the image of the camera 4 at time ¢ by Z;(¢), which is a rectangular subset of the
plane {x : 27(0,0,1)” = 1} in F;. Our approach is geometric, so we do not involve any
intensity function in the definition of an image. A point correspondence between Z; (1)
and Z;(t2) is a pair (p1,p1), where pi € Z;(t1) and pa € Z;(t2), for which there is a
feature point p € Fy such that p; = h(p, Gi(t1)) and p2 = h(p, G;(t2)).

At time ¢, given at least four different point correspondences between the images Z(0)
and Z(t), C;(t) can be calculated by means of a homography see [10] or Chapter 6.4.4.
in [9]. Regarding C;;(t), it is a bit more challenging since there is a nonzero translation
between any pair of cameras. If C;; is calculated we assume that all the camera calibra-
tion matrices for the agents are the same, we will come back to this subject. In order to
calculate Cj;, in general we have to use more than four point correspondences, calculate
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the fundamental matrix and perform an affine reconstruction, see Chapter 6 in [9] for an
introduction on this subject. However, there is a benefit of using C;;(t), since then we do
not have to have an initial image Z;(0), but instead it is enough to use the images Z;(¢) and
Z;(t) at each time ¢t. Furthermore, one could assume a nonzero translational velocity in
this case.

The main point here is that in order to calculate R; (or R;;), often we first calculate C;
(or Cj5), and here we provide a way of constructing control laws directly from C; and Cj;,
without calculating R; or R;;.

4.1.3 Local distorted representations

Given a rotation matrix R;, as described in Chapter 3, there are local representations or
parameterizations of this matrix. These are coordinates in a chart covering a portion of
SO(3). In this section we show that for some of the most commonly used representations,
namely the representations described in Chapter 3, there is a corresponding representation
for the conjugate matrix C;. If y; denotes a local representation for R; we denote the
distorted local representation for C; as ;. For all the local representations y; we consider,

= 0 0
i = Tyy;, where T, = | 0 0
0 =k o
The mapping
Yi = Ui

is a linear transformation which is a function of the intrinsic camera parameters, and this
mapping is the same for any of the local representations we consider.

The local representations are on the same form as in Chapter 3, i.e.,

g(ll)

[EA

Y = x;, where z; = (Log(R;))".

As described in Chapter 3, r is the radius of injectivety for the local representation at hand,
whereas 1’ = lim 4, g(p).

In order to understand the choice and structure of 73, let us first consider the distorted

representation of x;, i.e., T;. It is easy to verify that the principal logarithm of C; for
R; € B;(I) is given by

Log(Cy) = K,Log(RNK; ' = ~K;7, K;!
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and if we expand this expression we get that

C11 C12 (13
~ 7—1
KixiKi = [C21 C22 C23
1C31 €32 €33
r 1 bL
a; 0 b,‘ 0 —Is3 To a 0 @
=10 ¢« 4 T3 0 —zi| |0 X %
0 0 1 —x9 X1 0 0O 0 1
2
—I();,.Qfg bixlc—.aiacg 52?2 + (aiifs—cl.’iml)di + a;To
T £ T £ 2
— c;r3—d;To d;xq (diw2fciw3)bi dixl X
e e a T e T Gn
a; Cq a; C
—T3 1 bizy _ dizy
L a; Cq a; Cq

We define the distorted representation Z; as Z; = (cs2, —Ca1, 021)T, which also can be
written as

: 0 0
cq 1
xTr; = 0 @ 0 X
0 —a Ci
a; a;

Now we define the operator ()" as follows. For a matrix

q11 qi12 13
A= g g2 qo3| € R¥

g31 432 ¢33

A" = (g32, —q31,q21)T . Note that if A is skew-symmetric, (A)Y = (A)".
In the Rodrigues Parameter vector, g(||«;||) = tan(||z;||/2), and this representation is
obtained through the Cayley transform as y; = f(R;) = —((I — R;)({ + R;)')Y, and

gi = —f(Cy) = (Kz‘f(RqT)Ki_l)u = (KigiK; )Y = Tiys.

1\ V
Another choice is the map y; = f(R;) = (%) , where g(||z;]|) = sin(||x;||), and

R, — R;! .
g =—f(Ci) = (Ki <121> Ki_l) = (K K1) = Ty,

The relationship between distorted representations and undistorted representations are
illustrated in Figure 4.1. Given the conjugate rotation C;, without knowing the rotation
matrix I; and the calibration matrix K, it is possible to calculate distorted local represen-
tations of C; using the map 4. Another procedure is to calculate the calibration matrix in
order to obtain the rotation matrix (map 1), then calculate the local representation (map 2)
and finally the distorted local representation is calculated (map 3).

The matrix 7; has positive diagonal elements, since by assumption a; and ¢; are positive
for all ¢, but its symmetric part is not necessarily positive definite. However, due to the
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Figure 4.1: The relationship between the representations.

structure of it, there is 8, > 0 such that if P/ = diag(1, 8., 1), then the matrix P/T; is
positive definite. Any matrix P;T; is also positive definite if P; = diag(c, 5;,1) where
B; > B and o; > 0 is arbitrary.

Regarding the distorted representation g;; corresponding to the representation y;;, it is
defined in the analogous way, 3;; = T;y;; if T; = T} for all 4, j. In order for this definition
to make sense, all the agents must have the same camera matrices. Henceforth, whenever
we are using the distorted local representations for the relative rotations, we are always
assuming that all the camera calibration matrices in the system are the same, whereas if we
are only using the distorted local representations for the absolute rotations, we in general
assume that the camera matrices might differ between the agents. This means that all types
of distorted rotations we consider are conjugate rotations.

4.1.4 Kinematics

We recall from Chapter 3 that each agent has a constant position in F; for all £ > 0. The
kinematics for the rotations is given by

RZ‘ = Rl@ or i‘i = Lwiwi,

where R;0; is an element of the tangent space Tk, SO(3) and L, is the Jacobian matrix.
The vector w; € R? is the angular velocity of agent i defined in F; and comprises our
control signal. We are aware of the fact that in practice the actual control is performed on
a dynamic level, but the dynamical equations are platform dependent, and the framework
presented in this work can be extended to the case of second order systems by using a
suitable nonlinear control design technique such as backstepping.
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In this chapter we write 7 = 2 = (71,...,2,)T € (Br3(0))"and 2™ = (211,...,20,)7 €
(Bﬂ-yg(()))zj vy Nl We also use the analogous notation for 4** and 3. For the distorted
representations we write 7°°° and 7™ respectively.

Let us also introduce the consensus or agreement sets

A — {:cabS PXL=...=Tphy

and

A = L p = 0,5 € NG, i€ VY
Note that A™ is actually just the point zero. The purpose of any control strategy proposed
in this work is to guarantee that the solution 22 (¢) or 2™!(¢) of the closed loop dynamics
satisfies 2% (t) — A% or 2™ (¢) — A™ as t — co. We may also say that %% (¢) (2™ (t))
approaches A (A™).

4.2 Control design and results

We start with the topic of stability and then proceed to the main topic which is consensus.

4.2.1 Stability

Suppose each agent wants to rotate RR; to the identity matrix in the frame Fyy . In order to
fulfill this task we present the following control law.

w; = —Py;, 4.4)

where P; is a matrix such that (the symmetric part of) the matrix P;T; is positive definite.
We can for example choose P; = diag(1, 5;,1), and then P;T; is positive definite if j3; is
sufficiently large. If the principal point is known, i.e., if b; = d; = 0, then P; can be any
positive definite matrix.

Proposition 4.1. suppose y; € B, 3(0) and controller (4.4) is used, then B, 3(0) is
invariant and x;(t) — 0 as t — oo.

Proof: Let us define the following function
V= JUZTZ‘L
We have that
V ==zl (PT))y: -yl (BTi)
= —laallg(lail)ul (PT3) + (BT s
<0,

where u; = x;/||2;||. The last inequality is strict unless 2:; = 0. Thus, the invariance and
the convergence has been shown at once. |

For any representation where the radius of injectivety, r, is equal to 7, the identity
matrix [ is almost globally asymptotically stable relative to SO(3) if (4.4) is used.
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4.2.2 Local consensus

Here we present local consensus results that are independent of what distorted represen-
tation we choose. Compared to Chapter 3, where we could show invariance for all of our
control laws, we are in general not able to show the invariance using similar methods here
for the distorted local representations. Thus, we have to settle for smaller regions of con-
vergence. However, by choosing the Rodrigues Parameters as the representation, we show
in the next section, that we can achieve almost global consensus. Throughout this chapter
we assume that the interconnection graph G is time-invariant. We begin by presenting two
types of control laws.

wi= Y ai(§ — ), 4.5)
JEN;
wi=P Y i, (4.6)
JEN;

where P is a positive definite diagonal matrix. Note that the parameterization 7*° or 7!
is arbitrary within the class we consider, meaning that it could either be the Axis-Angle
Representation, the Rodrigues Parameters etc.

Now we present some results regarding the stability and convergence of the closed loop
dynamics when (4.5) and (4.6) are used respectively.

Proposition 4.2. Suppose K; = K; and K; is a diagonal matrix for all i, j. If the inter-
connection graph G is strongly connected and the control law (4.5) is used, the point 0 is
stable for the closed loop dynamics of x™. Furthermore, if 13 (ty) is sufficiently close to
0, 22%(t) approaches A.

Proposition 4.3. Suppose K; = K for all i, j and P is such that the symmetric part of
PT; is positive definite for all agents i. If the interconnection graph G is strongly connected
and undirected and the control law (4.6) is used, A™ is asymptotically stable for the closed
loop dynamics of x".

Now we proceed with the introduction of three additional control laws

Ww; = Z aijdiag(l, 0, 0)(:[7_7 — gl)’ (47)
JEN;

wi= Y a;diag(0, 1, 0)(f; — ), (4.8)
JEN;

wi =Y a;;diag(0, 0, 1)(g; — G)- 4.9)
JEN;

These control laws are equivalent, up to which of the three elements in the control vector
that is allowed to be nonzero.

Proposition 4.4. Suppose the interconnection graph G is strongly connected.
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(i) If either one of the control laws (4.7-4.8) is used, the point 0 is stable for the closed
loop dynamics of ¥*. Furthermore, if 2°%(t,) is sufficiently close to 0 and controller (4.7)
is used y; 1(t) — y;.1(t) — 0 as t — oo, where y; , denotes the k-th element of the vector
yi. The analogous result holds for controller (4.8).

(ii) Suppose yi i, (to) = Yi,ks (to) = 0 for all i and {ky, ko, ks} = {1,2,3}. If ki =1
and controller (4.7) is used, or if k1 = 2 and controller (4.8) is used, or if k1 = 3 and
controller (4.9) is used, it holds that the point O is stable for the closed loop dynamics of
2%, Furthermore, if x*%(to) is sufficiently close to 0, then x°*(t) — A ast — oo.

There are a couple of trade offs between the propositions. Compared to the other two
propositions, in Proposition 4.4, the system is allowed to be heterogeneous, i.e., the camera
matrices are allowed to be different for the agents. Unfortunately, consensus cannot be
reached in general by means of a continuous control input, and (i) does only guarantee
consensus for some element of .

The strength of Proposition 4.4 lies instead in the second part (ii). This result is useful
when the cameras are located in a plane, and are only rotating around the same axis in the
global frame Fy. Compared to the results in [4, 5], where the epipoles were used and all
the cameras were assumed to have the same camera calibration matrix, we consider a more
general scenario for the calibration matrix here.

In Proposition 4.2 we have the assumption that the principal point is known and all
the camera calibration matrices are the same. In Proposition 4.3 we assume that graph
is undirected and that all the camera calibration matrices are equal. The benefits of these
propositions is that they guarantee consensus in local regions of SO(3) of nonzero measure
compared to Proposition 4.4 which only guarantees consensus in a region equivalent to a
local region of SO(2). If the principal point is known, the common gain matrix P can be
set to the identity matrix in Proposition 4.3.

As already mentioned, the control laws differ in what information they use and now
we define two scenarios of how to use them. The control law (4.5) and the control laws
(4.7-4.8) would be suitable in the following scenario. Suppose that all the rotations at time
0 are the same which we assume without loss of generality is equal to the identity matrix.
At time 0 the reference images Z;(0) are taken for all agents 7. During the time period
[0, o) the agents get some other missions and each camera rotates in a small region close
to I. At time ¢( the cameras get the instruction to reach consensus, and the control law is
used.

The control law (4.6) would be suitable in the following scenario. Suppose the rotations
are sufficiently close to each other, at time £, at which time the system get the instruction
to reach consensus and (4.5) is used.

Let us now turn to the proofs of the propositions 4.2, 4.3 and 4.4.
Proof of Proposition 4.2: We use the following fact. There is a positive vector

€= (&,...,&)T € R™ such that L’ = diag(&)L(G, A) is the Graph Laplacian matrix of
a balanced graph G’, where L is the graph Laplacian matrix of the graph G with adjacency
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matrix A, see Lemma 3.7. Let us define the following function
n [l |
@™ =) ¢ / g(s)ds. (4.10)
i=1 0
We calculate the time derivate of v(z(t)).
F =Y Gg(llzi)llall = &l wi
i=1 i=1

= Zfzsz Z aij(J; — i)

=1 JEN;
n

=D &yl T aij(y; — i)
i=1 JEN;
n

=Y &ul Y ay(m; —v)
=1 je/\/’i

_ _gabsT(L/ ® I)gabs,

where T = T; for all 4, j; = T2y;, 3™ = (U1,...,5n)7, the symbol ® denotes the
Kronecker product and I is the identity matrix in R3. It is easy to see that ¥ < 0 and it is
equal to zero if and only if 7j; = ... = ¥, which implies that 22 € A%, |

Before we proceed with the proof of Proposition 4.3 we state the following lemma
which is being used in the proof.

Lemma 4.5. If G is quasi-strongly connected and ™ € (B, /2,3)" it holds that s €
A if and only if

> aiyi; =0 Vi, (4.11)
JEN;

where a;; > 0 for all pairs (i, 7).

Proof: If: This is a consequence of (3.7) and the fact that G is quasi-strongly
connected.

Only if: We note that since R; is invertible, it holds that

JEN; JEN;

According to Theorem 3.4 it holds that

R; Z aij@-j =0 Vi7 e Z aijhij(zl,zj)(zj — Zl) =0 Vi,
JEN; JEN;
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where h;;(z1,2;) > 0and hi;(21,2;) = 0if and only if z; = z;. The variable z; is the
Rodrigues Parameter vector of the rotation R;, see Theorem 3.4.
Now, suppose that z € {z : z; = ... = 2, }. We define the constants

b — aiihij(zi, z5)  if z; # 2,
1] aij lle:Z]7
Now we see that
aijhij(z1,25)(zj — zi) = bij(zj — z).

This means that

L(G, [bij])z = 0,
where L(G, [b;;]) is the graph Laplacian matrix for a quasi-strongly connected graph. But
this implies that z € {z : z; = ... = 2z, }, which is a contradiction. Hence z € {z : z; =
... = 2, }, which implies that %% € A%s. u

Remark 4.1. There is an other technique that can be used in order to prove Lemma 4.5,
which applies to a wider context than SO(3). One can utilize that

Z ai;yi; =0

JEN;

if and only if the rotation R; is positioned in certain L?-mean of the rotations {R;};c ;-
This means that the rotation is contained in the relative interior of the geodesic convex
hull of the neighboring rotations {R; } e/, see Theorem 3.11 in [14]. If all the rotations
are in the relative interior of the hull of the neighboring rotations, provided the graph is
quasi-strongly connected, all the rotations are the same.

Proof of Proposition 4.3: Let us define the following function

[l |l
W@ =% [ st

i€V jeN; 7

We calculate the time derivate of v(2™(t)).

¥ =323 gillles Dl

1€V JEN;

=2 2 vhwi—w)
i€V jEN;

ZZZZ/Z—T]- P Zyjk_PZyil
i€V JEN; kEN; leN;

= —y“"B"diag(P, ..., P)By"™,
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where B is the incidence matrix, see Section 3.5. Now by LaSalle’s invariance theorem,
2™ converges to the largest invariant set contained in ¥ = 0. This invariant set is a subset of
{xr : yrel(z™!) € ker(B)}. If we look at the structure of B, we see that y™ € ker(B(G))
implies

> yiy=0 foralli, (4.12)
JEN;
where we have used the fact that y;; = —y;;. According to Lemma 4.5 this implies that

2 €A™ if the rotations are sufficiently close the identity in Fy,. But, since only

information is being used in the control law that is independent of Fyy, if the rotations are
sufficiently close to each other we can choose Fy as a frame where all the rotations are
contained B,./o([). |

Proof of Proposition 4.4: (i) Let us consider controller (4.7), the proof when using
(4.8) is equivalent and hence omitted. Similar to the proof of Proposition 4.2 we use the
fact that there is a positive vector & = (£1,...,&,)T € R™ such that L' = diag(&)L is the
graph Laplacian matrix of a balanced graph G'.
We define the following function

ll2s I
(2 = C / (4.13)
i=1

where 1/¢; is the first element in the diagonal of 7;. We calculate the time derivate of

V(@ (2)).

"1
Z; ([l11) |x1|| —Z glyz wi
n 1 R
:Zg DY aidiag(1, 0, 0)(3; — §:)
i=1 JEN;
=~ (I ® diag(1, 0, 0)) 7™*. (4.14)

The expression (4.14) is zero if and only if ; 1 = y;1 for all ¢, j,

(ii) The same procedure holds as in (i), however the consequence of the procedure is
different. Now (4.14) is zero if and only if §; = ¥; for all 4, j, which is equivalent to the
statement that 72 € A. This is an implication of the fact that if all the agents have the
same rotational axis, this axis will remain as the rotational axis. To see this we simply note
that the axis lies in the nullspace of the nonlinear parts of the expression of the Jacobian
matrix L, . |
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Remark 4.2. In the proofs of propositions 4.2, 4.3 and 4.4

lim g(|l; ) [l:]| = 0 and

llill =0

g(llzi;|Dllziz]l = 0.

lzijl|—0

When ||z;|| = ||z;;|| = 0, the expressions shall be interpreted in the sense of their limits.

4.2.3 Almost global consensus

The Rodrigues Parameters play an important role as a parametrization. It has the property
that ' = oo, i.e.,

g(llzill) = tan(|[zi]l/2) — oo as [l —
and this property can be used to show almost global consensus when (4.5) is used and
consensus for convex balls in SO(3) when controller (4.6) is used. We recall that the
distorted Rodrigues Parameters are obtained from the Cayley transform as

gi=(I-C)I +C))™hH",
Gij = (I = Cij)(I + Cij) " H)".
Proposition 4.6. Suppose that the local representations are chosen as the Rodrigues Pa-
rameters.
(i) In Proposition 4.2 and Proposition 4.4 part (ii), if all the initial rotations at time tg

are contained in Br(I), then there is ¢ < m, where q is a function of 2™ (to), such that
R;(t) € By(I) foralli,t >ty and

2 — A a5t — oo,
(ii) If (4.6) is used, the graph G is undirected and a spanning tree and

det )Rt < ,
(iyjr)neali{xv( (to), Rj(to)) <m

then there is ¢ < T, where q is a function of ¥™\(to), such that

d(Ri(1), R (t)) <
e (Ri(t), R;(1) < g
forall (i,7),t > to and
= A ast — .

Proof of Proposition 4.6: Let us start with (i). It suffices to show invariance. We
consider only Proposition 4.2, the proof of Proposition 4.4 part (ii) is similar and omitted.
We note that

n

v (a) = Zﬂmil g(s)ds = Zn: (—210g <cos <”Z">)> .

i=1 i=1
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Thus,
v (2*) = oo as <max |1Z||> — .
i€V
But from the proof of Proposition 4.4 and 4.2 we know that ~ (a:abs) is decreasing, and

hence there is ¢ on the desired form.
In the case of (ii), in order to show invariance the procedure is similar. We note that

[l |l
vazzA o(s)ds

i€V jeEN;

-3 (e (57)))

Hence,

™) = oo as max ||z | — 7.
7 (@) ey
But from the proof of propositions 4.3 we know that v(2™') is decreasing, hence there is ¢
on the desired form.
Now, from the proof of Proposition 4.3 we get that ™! converges to the set

{xrel : Z QijYi; = 0,2 € V}
JEN;

Since the rotations are not guaranteed to be contained in a strictly convex set as in Proposi-
tion 4.3, we cannot use Lemma 4.5 in order to show that the system has reached consensus,
instead the consensus follows as a consequence of the fact that the graph G is a spanning
tree. |

Remark 4.3. We are aware of the fact that the physical constraints imposed by the actual
camera, such as field of view and resolution, makes it practically challenging to consider
rotations in large regions around the identity matrix in SO(3).
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Chapter 5

Optimal output consensus control for
systems of agents with continuous linear
dynamics

In this chapter we study the output consensus problem for a homogeneous system of agents
with linear dynamics, both in finite time and in the asymptotic case (as the time tends to
infinity). In the finite time case, the outputs for all the agents shall be the same at some
predefined time. It is easy to show that for homogeneous systems of agents with linear
dynamics, it is not possible to construct a linear, time-invariant feedback control law based
on relative information such that the agents reach consensus in their states in finite time.
With relative information in this context, we are referring to pairwise differences between
the states of the agents.

Regarding the output consensus problem, using a decomposition of the state space, we
show that if the dynamics for the agents is output controllable and the nullspace of the
matrix which maps the state to the output satisfies a certain invariance condition, there
cannot exist a linear Lipschitz continuous in state, time-invariant feedback control law that
solves the problem while using only relative output information in the form of pairwise
differences between the outputs of the agents. The output controllability is a standing as-
sumption in order to guarantee consensus from arbitrary initial conditions. If only relative
information is used, the control laws need to be either time-varying or non-Lipschitz in
order to solve the finite time consensus problem.

In [1], an optimal linear consensus problem is addressed for systems of mobile agents
with single-integrator dynamics. In this setting the authors constrain the agents to use
only relative information in their controllers, i.e., the controller of each agent consists of
a weighted sum of the differences between its state and the states of its neighbors. In this
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setting the authors show that the graph Laplacian matrix used in the optimal controller for
the system corresponds to a complete directed graph.

We formulate the consensus problem as an optimal control problem, where there are
no restrictions on the controllers except that the agents shall reach consensus at some pre-
defined time. By solving this problem, it turns out that the optimal controller is linear in
state, time-varying and uses only relative information. Moreover, the connectivity graph
needs to be completely connected. This implies that for any other topology between the
agents than the complete graph, any controller constructed will be suboptimal. The pro-
vided control laws are given in closed form and are bounded and continuous. The input
and output dimensions are arbitrary.

Not surprisingly, the optimal controller requires the measurement of state errors in gen-
eral. We identify cases where the optimal controller is only based on the output errors. We
also show that in the asymptotic case, there is a corresponding observer based controller,
that is only based on the output errors.

The objective function in the optimization problem is a weighted sum of the squared
Euclidean norms of the agents’ control signals. Formulated from a physical perspective,
we want to minimize the energy it takes for the agents to reach consensus in their outputs.
The motivation for this problem is the rendezvous problem for mobile robots where all
robots in a group shall meet at some position, while using only relative information. We
want to solve this problem when the agents have linear dynamics, while minimizing the
agents fuel consumption.

Regarding the theoretical contribution of this work, we use linear vector space opti-
mization methods in order to solve the consensus problems. We show that the problem can
be posed as a certain minimum norm problem in a Hilbert space [2]. In this framework the
finite time consensus problem can be viewed as a solution of an optimization problem. For
more references on finite time distributed consensus, see e.g., [3,4].

5.1 Preliminaries
We consider a system of [V agents, where each agent ¢ in the system has the dynamics

J'Zl' = AJZi (t) + Bu,- (t),

yi = Cu;.
The variable z;(ty) = o, 2;(t) : R = R™, w;(t) : R = R™ and y;(t) : R — RP,
A e R B € R*™™ and C € RP*™, Note that compared to chapters 2-4, n now
denotes the dimension of the state space and m the dimension of the control vector. It is

assumed that B and C are full rank matrices and that the system is output controllable. Let
us define

. ,xN(t))T e RV,
un(t))" € R™Y,
y(t) = (1), p2(1), ..., yn ()" € RPY,

98



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

and the the vector
T
a= (ala az, ..., CLN) .

The matrix

N -1 N
L(a) =— (Z ai> <1NaT - Zaidiag([l, ce 1]T> ) 5.1

plays an important role in this chapter as one of the building blocks of the proposed control
laws. The vector 1, is a vector of dimension N with all entries equal to one. The matrix
L(a) € RN*N has one eigenvalue 0 and has N — 1 eigenvalues equal, positive and real.
The matrix L(1) is the graph Laplacian matrix for the complete graph with edge weights
equal to 1.

We now define the matrices

T
1 1 1 1
‘/2(61’) = dlag <|:7 Ty :| ) + ailN—ll,Zl\-‘f—lv
1

and formulate the following lemma.

Lemma 5.1. L(a) = —Vi(a)TVa(a)~1Va.

Proof: The main difficulty is to calculate V5(a)~!, so we limit the proof to the

determination of this matrix. Let us define P € RN ~1*N=1 where the entries are

-1
Dii =  Git1 Z aj<zak> )
k

it

-1
Pij = —0it10541 <Z ak) i F ]
k
We prove that P = V(a)~!. Letv; € RN71i = 1,..., N — 1, be the transposed row
vectors of Vo (a). Let p; € RV=1 i =1,..., N — 1, be the column vectors of P. Now let
(,) denote the inner product in RN =1, We have that

o = () () S 5 o)

i=1
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Now suppose ¢ # j, then

1
N
a; a;
(vi,pj) = <Zai) gl Z ap — aj41 — i+l Z ar | =0.
i=1

ar | ar T
k#j+1 k#1,j+1

By using the structure V(a) ™1, it follows by calculation that — L(a) = Vi (a)T Va(a) =1 V3.
|

Lemma 5.2. Assume that C € RP*™ has full row rank, P € R™"*" is nonsingular and
ker(C') is P-invariant, then
PTcT(cpwPTcT)y~lcp =cTcwcT)~1c.
Proof: We start by noting that since C has full rank, P is invertible and ker(C) is
P-invariant, the matrix CPTCT is invertible. Now, if ker(C) is P-invariant there exists a

K such that
PTcT =CTK.

Since C is a full rank matrix, it follows that
K =(cch)teptcT,
from which it it follows that
PTcT =cT(cc™~'cpP’c” =
cpwprtct =cpct(ccty tewot(cotytepPt ot =
(cpwpfct)=t = (cPTch)y~L(cchycwety =t ccTy(cprcT)t.

If we show that
PTcT(crcty=Y(ccT) =T,

we are done. But this indeed true since

PTcT(cpPc™y Y (ccTy=CTKK ' =CT.

Let us define
T T
W(t,T) = / CeAT=5)pBTeA (T=9) 0T s, (5.2)
t

The matrix W (¢, T') is the output controllability Gramian, and since the system is assumed
to be output controllable, this matrix is nonsingular (for ¢ < T'). Let us also define the
related matrix

T—t
G(to,T) = / Ce A"BBTe A" rCTdr. (5.3)
0
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Beware of the difference between the transpose operator (-)7 and the time 7.

The approach we use in this work relies to a large extent on the projection theorem
in Hilbert spaces. We recall the following version of the projection theorem where inner
product constraints are present.

Theorem 5.3 ([2]). Let H be a Hilbert space and {z1, 22, . . ., zn } a set of linearly inde-
pendent vectors in H. Among all vectors w € H satisfying

<’w,21> = (1,

<'lU, 22> = C2,

(w, zm) = e,

let zg have minimum norm. Then

n
0= Biz,
i=1
where the coefficients [3; satisfy the equations

(21,21)P1 + (22, 21) B2 + - - + (2w, 21) BN = 1,
(21, 22) 1 + (22, 22) B2 + - - - + (2, 22) BN = C2,

(21, 2Mm) B1 + (22, 20m) B2 + -+ (2N, 2m) BN = et

In Theorem 5.3 (-, -) denotes the inner product.

5.2 Finite time consensus
In this section we consider the following problem.

Problem 5.1. For any finite T > tg, construct a control law u(t) for the system of agents
such that the agents reach consensus in their outputs at time T, i.e.,

yi(T) = y;(T) Vi # j,

while minimizing the following cost functional

T N
/ Z aiuiTuidL 54

to =1

where a; € RT,i=1,2,...,N.
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Note that the criterion in Problem 5.1 only regards the time 7" and does not impose any
constraints on y(t) when ¢t > T. When we say that a control law u for the system is based
on only relative information, we mean that

wi =g(y1 — Yis-- - YN —¥i), Vi, t >t

for some function g. An interesting question to answer, is under what circumstances it is
possible to construct a control law that solves Problem 5.1 using only relative information.
The following lemma provides a first step on the path to the answer of this question.

Lemma 5.4. Suppose ker(C) is A-invariant and w is based on only relative information,
then there is no locally Lipschitz continuous in state, time-invariant feedback control law
w that solves Problem 5.1 and for which ¢(0, . ..,0) = 0.

Proof of Lemma 5.4: Let us introduce the invertible matrix
p=[ct CL],

where Ci.; has full row rank and the columns of CiL_span ker(C). Let us now define

Z; = (wi1,2i2)7 through the following relation -
x; = Py,
for all ¢. The dynamics for Z is given by
i; = Ai; + Bu,;, Yi = C’ii,
where
A- [ﬁ; AOQJ B - [gj and €= [C, 0]

The structure of A is a consequence of the fact that ker(C) is A-invariant.
Suppose there is a linear time-invariant feedback control law w that solves the Prob-
lem 5.1. We note that
Yy =C CTtTi,l'

We define y1; = y1 — y; for all 7 > 1. The control law u has the following form
u= f(y12,---,y1n),
but y; = CCTxlj,l, where x1;,1 = 21,1 — 2,1, S0 u can be written as
u= f(z121,...,Z1N1)-

Since C'CT is invertible it follows that y1; = Oforall j > 1if and only if z1;; = 0
for all 7 > 1. But, by the structure of f and A it follows that (121, ., 21n1)T =0
is an equilibrium for the dynamics of (712,1,...,21x,1)7. Since the right-hand side of
this dynamics is locally Lipschitz continuous, (z1271, B 1 N71)T cannot have reached
the point 0 in finite time. This is a contradiction. |

102



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

We now provide the solution to Problem 5.1.
Theorem 5.5. For T' < oo the solution to Problem 5.1 is
u(t) = —L(a) ® (BTeAT(T_t)CTW(tO, T)_lCeA(T_t°)> xg, or (5.5)
u(z,t) = —L(a) ® (BTeAT(T’t)CTW(t,T)’ICeA(T’t)) @ (5.6)
Furthermore, if ker(C) is A-invariant, the solution to Problem 5.1 is
u(y,t) = —L(a) @ BTCTG(ty, T) ™ 'y. (5.7)

All the control laws (5.5-5.7) are equivalent but expressed in different ways. The con-
trol law (5.5) is the open loop controller and (5.6) is the closed loop version of (5.5). The
matrix W (¢, T) is invertible due to the assumption of output controllability. We take the
liberty of denoting all the controllers (5.5-5.7) by u. Provided w is used during [to,T"), at
the time 7" we have that

li t),t) =1 t),t) = u(T).

lim u(x(£), ¢) = limu(y(t), ) = u(T)
Even though the feedback controllers in (5.6) and (5.7) are bounded and continuous for
t € [to,T) (see the open loop version of u in (5.5)), computational difficulties arise as
t — T when (5.5) and (5.6) are used, since W (T) is not invertible.

Proof of Theorem 5.5: Problem 1 is formally stated as follows

T N
minimize / ZaiuiTuidt a; eRY i=1,2,....N,
to

i=1
when
t
yi(t) = C’eA(t_tO)a:i(to) —|—/ Ce (=) By,ds, for all i,
to
and
T
/ CeAT =) B (uy — u;) ds = —Ce M) (2 (tg) — x4(to)) (5.8)
to

fori € {2, ..., N}. Here we have without loss of generality assumed that the outputs of the
agents at time 7', y;(7T"), shall be equal to the output of agent 1 at time T, y1 (7).

We notice that this problem is a minimum norm problem in the Hilbert space of all
functions

f= (), fot)y ooy fn ()T i R = R™Y,

such that the Lebesgue integral

T N
/ S aif2(dt (5.9)

to ;=1
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converges. Here f; : R — R"™. We denote this space H, and the norm is given by the
square root of (5.9).

Now we continue along the lines of Theorem 5.3 and reformulate the constraints (5.8)
into inner product constraints in H.

T
CeAT=9) B(uy(s) — ui(s))ds =
to
< [CGA(TS)B CeAT-9)p T

,0,...,0, —— 0, ..., O] ,
ai a;

[ulT, 0,...,0,ul,0,..., O]T > =
—CBA(TitO) (m1(t0) - Jii(to)) .

Depending on context the symbol (-, -} shall be interpreted as follows. If f and g belongs
to H, (f,g) denotes the inner product between these two elements. If f(¢) and g(t) are
matrices of proper dimensions, then (f, g) is a matrix inner product where each element in
the matrix is an inner product between a column in f and a column in g.

To simplify the notation we define

A(Tfs)B A(Tfs)B
p=[CE g 0, -C B o
ay 4%

Since this is a minimum norm problem and all the columns of all the p; are independent,
by Theorem 5.3 we get that the optimal controller u(t) is given by

where (3 is the solution to
QB = V3 ® Cerltt0) g, (5.11)
where
(p2,p2)  (p3,p2) -+ (PN,D2)
(p2,p3)  (ps3,p3) -+ (pPN,D3)
Q= . . _ ) (5.12)
(p2,pN)  (P3;PN) - (PN,DPN)

From (5.10-5.12) we get that 8 = Q' V3@Ce At ~t)gqand u = [p1,pa, ..., pn]Q ' V3®
CeAlt=t0) 3,0 Now we have that [p1, ps, ..., py] = Vi(a)T @ (BTeA" (T=0CT),

Since
LW(to, T) i #J,
(pi,pj) = (L + L) W(to, T) ifi=j
ay Ait1 0 s
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where W(to, T) = f;f CeAT=9) BBT A" (T=9)CT (s, we have that

Q = VQ(CL) ® W(to,T).

u(t) = Vi(a)T ® (BTeAT(Tft)C'T)Vg(af1 @ W (to, T) V3 @ CeMT 1)y
= (Vi(a)TVa(a) " V3) ® (BTer TDCTW (to, T) 1 CeAT 1))z (5.13)
= —L(a) ® (BTeA" TDCTW (to, T) "L CeAT~10)) g, (5.14)

where (5.13) follows from the mixed-product property of the Kronecker product and (5.14)
follows from Lemma 5.1. By Bellman’s Principle we get that

w(a,t) = —L(a) ® (BTeAT(T’t)C’TW(t,T)’lCeA(T’t)> a(t). (5.15)
Now, suppose ker(C) is P-invariant. It holds that
eAT(T_t)CTW(t,T)_lCeA(T_t) =
GAT(T—0) T ( /T CeA(T—s)BBTeAT(T—s)CTdS> 7106A(T—t) _
t

T—t -1
AT (@ —1) T </ CeA(T—t)e—ArBBTe—ATreAT(T—t)CTdr> CeAT—1) _
0

T—t -1
AT (Tt T <06A(Tt)(/ eArBBTeATrdT)eAT(Tt)CT> CeAT—t) _
0

{by using Lemma 5.2 } =

T—t _1
“ (C/ 6A”BBTGAT’"drOT> C=
0

-1

T—t
CT</ CeATBBTeATTCTdr> C=
0
CTG(ty, T)C,
from which we get that
u(y,t) = —L(a) @ BTCTG(ty, T) ™ 1y.

Corollary 5.6. The controllers (5.6-5.7) use only relative information, i.e. differences of
the states (outputs) of the agents.
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Proof:

n -1 n
wi(t,y) = BTeAT(T_t)CTW(t,T)_lCeA(T_t) (Z ai> Zaj(yj —yi), (5.16)
j=1

i=1
n -1,
ui(t,y) = BTCTG(ty, )™ (Z az-) > ai(y; —vi)- (5.17)
i=1 j=1
[
Let us define y. = Z+ Z7N—1 ayiand Je = (Ye, .. ., ye)T € RPN,
i=1 i ’_

Lemma 5.7. Suppose that A has not full rank and x;(0) = xo € ker(A) for all i =
1,..., N, then the consensus point for the system of agents using the controller (5.6) or

(5.7) is y(0).

Proof: We use (5.14), from which we get that

T
y(T)=In ® C’eA(T’tO)xo + / (IN ® CeA(T’t)B> .

to

(—L(a) ® BTeAT(Tft)C’TW(tO, T)flC'eA(TftO)) xodt =

T
Yo + / (—L(a) ®CeA(T*t)BBTeAT(T*t)CTW(tO,T)*l) Yodt = Fe(to).

to

5.3 Extension to the asymptotic consensus problem

We now examine the asymptotic case, i.e., we want the system to asymptotically reach
consensus while minimizing the cost functional. The problem is formally stated as follows.

Problem 5.2. Construct a control law u(t) for the system of agents such that the agents
asymptotically reach consensus in the outputs, i.e.,

tlim (ys(t) —y;(t)) =0 foralli,jsuchthati # j,
—00

while minimizing the following cost functional

o N
/ > agu] (t)us (t)dt (5.18)
to =1
where a; € Rt fori=1,2,...,N.
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In order to solve Problem 5.2, we start by defining the matrix
P(t) = e T-OCTW(t, T) ' CeAT—D
which satisfies the following differential Riccati equation
P=-ATP—-PA+ PBB"P. (5.19)

The matrix P(t) is an essential part of the control laws that were presented in the last
section, and here we see that this matrix is provided as the solution to a differential matrix
Riccati equation. It is well known that (5.19) has a positive semidefinite limit Py as T'—¢ —
oo if (A, B) is stabilizable and A does not have any eigenvalue on the imaginary axis. In
order to see this we consider the following problem

min / ||u||?dt
0 (5.20)

s.t. & = Az + Bu.
If (A, B) is stabilizable and A does not have any eigenvalue on the imaginary axis,
uw=—BT Pyx

is the optimal control law that solves (5.20), where P, is the positive semi-definite solution
to
—ATPy— PJA+ P,BBTPRy = 0.

This Algebraic Riccati equation is obtained by letting the left-hand side of (5.19) be equal
to zero.

The problem (5.20) is not a consensus problem, and the question is, except for the fact
the same matrix Fy is used in the optimal control law, how it is related to our consensus
problem. It turns out that the control law, except for being the solution of the consensus
problem, is also the solution of N problems on the form (5.20). In order to show this we
introduce

N
1
=N E a;T;, and (52 =T; — T¢.
>im1 i iy

The dynamics of z. and §; are given by

Xe =

i?c = Al’c and (S,L = Aél + Bui.
Now each control law w;(t) contained in the vector
u(t) = —L(a) ® (BT Py)x,

can be written as
U; = BTP()(SZ'
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and u; solves the problem
min / )| 2dt
0 (5.21)

By using K in Lemma 5.2, provided ker(C) is A-invariant, it is possible to express the
control law u as follows

u=—L(a)® (BYCT(coT)ytop,cT(CTC)y. (5.22)
Thus, by introducing Gy = (CCT)"1CP,CT(CT ()1, (5.22) can be written as
u=—L(a) ® (BTCTGy)y.

Proposition 5.8. If A is stabilizable with no eigenvalues on the imaginary axis. Then P,
exists, is positive semidefinite and the optimal control law that solves Problem 5.2 is

u=—L(a) ® (BT Py)x.
Furthermore, if ker(C') is also A-invariant then
u=—L(a)® (BTCTGy)y.

When only the output y; = Ca; is available for control action, and ker(C') is not
necessarily P — ¢nvariant, an observer can be designed.

N

) ~ 1 ~

0; = (A=BB"P))di — Q | = >_a;(yi —y;) — Cb;
Din1 Qi j=1

Under the assumption that (A, C) is detectable and A does not have any eigenvalue on
the imaginary axis we have that

§ = A5 — BBTPyi — Q((yi — ye) — C9),

where
AQ + QAT = —QCTCqQ.

We summarize our results in this case in the following theorem.

Proposition 5.9. Suppose (A, B) is stabilizable and (A, C) is detectable, and A has no
eigenvalue on the imaginary axis. Then, if the following dynamic output control law is
used,

U; = —BTPQ&',

X ~ 1 ~
5i:(A_BBTPO)5i_Q Nizaj(yi—yj)—(]éi s
2im1 @i 5

the system reaches asymptotic consensus in the outputs.
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Chapter 6

A mixed integer linear programming
approach to pursuit-evasion problems
with optional connectivity constraints

In this chapter we solve the visibility pursuit-evasion problem by using the tools of Mixed
Integer Linear Programming (MILP) and Receding Horizon Control (RHC). These tools
were applied to UAV path planning in [1], where MILP was used to find detailed trajecto-
ries over a short planning horizon. The MILP computations were then iterated in a RHC
fashion where each trajectory ended closer to goal than the previous one. The polygo-
nal pursuit-evasion problem is quite different from the UAV problem studied in [1], but
share the properties of a complex short term planning step and a long term goal. In the
pursuit-evasion problem we let the size of the cleared area be a measure of how far we are
from completing the search, and encode the motion of the pursuers and the evolution of
the cleared area into a MILP problem that is iteratively solved. The proposed approach is
implemented in MATLAB/CPLEX and illustrated by a number of solved examples. To the
knowledge of the author, he and Petter Ogren where the first ones to solve the visibility
based pursuit-evasion problem, by formulating it as a MILP.

A complete solution to the one-pursuer case was proposed by Guibas et al. [2] where
it was also pointed out that the extension of that same approach presented considerable
challenges in the multi-pursuer case. The two pursuer case was addressed in [3], but since
Guibas et al. also showed that the general problem is indeed NP-hard, solving problems
with additional pursuers in reasonable time will be very hard. The concepts of [2] were
built upon in [4], where a field of view limitation was incorporated into the problem. The
one-pursuer case was successfully treated, but once again, the multi-pursuer case turned
out to be computationally intractable. Additional aspects of the problem have also been
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addressed, such as curved environments [5] and bounded speed evaders [6].

As optimal deterministic strategies with guaranteed capture are hard to find, the option
of using randomized strategies was explored in [7]. It was shown that a single pursuer can
locate an evader in any simply connected environment with high probability. Randomized
approaches such as these are clearly an option for the multi-pursuer problem, but will
not be investigated in this thesis. An interesting approach, focusing on the discrete time
evolution of the cleared and contaminated parts of the environment was presented in [8].

A problem that is closely related to the visibility based pursuit-evasion problem is the
one where the evader and pursuers are constrained to move in a graph. All instances of
the former can be more or less conservatively discretized into the latter, [9]. One version
of the graph search problem is called graph-clear, and was studied in [10]. In the graph-
clear problem, each vertex corresponds to a room, and each edge corresponds to a door.
Each vertex and edge furthermore has a number assigned to it, corresponding to how many
pursuers are needed to clear the vertex (room), or block the edge (door). The problem is
now to deploy pursuers to the edges and vertices in such a way that the whole graph is
cleared. It is easy to see that most polygonal environments can be divided into rooms and
doors in many different ways. The rooms could either be very small, and trivially clearable
by a single pursuer, or quite big, making the room clearing a non-trivial subproblem. The
potential drawback of making the rooms very small is that the quality of the solution might
be reduced since pursuers can not see from one room to another. Therefore, one could
imagine a hierarchical approach with a global graph-clear problem and a polygonal pursuit-
evasion problem for each room. The latter can be solved by e.g., the approach presented
here, to find how many pursuers are needed to clear each room.

The proposed approach in this chapter can be seen as a lying in between the exact
approaches and the graph based ones in the following sense. The visibility properties of
the different areas is captured by the MILP in a way that is more conservative than the
exact approaches [2, 3], but less conservative than the graph based ones [9].

6.1 Problem formulation

Following Guibas et al. [2], the pursuers and evader are modeled as points moving in the
polygonal free space, F. Let e(7) denote the position of the evader at time 7 > 0. It is
assumed that e : [0,00) — F is continuous, and the evader is able to move arbitrarily fast.
The initial position e(0) and path e is not known to the pursuers. At each time instant, F’
is partitioned into two subsets, the cleared and the contaminated, where the latter might
contain the evader and the former might not. Given N pursuers, let p;(7) : [0,00) — F
denote the position of the i:th pursuer, and P = {p1,...,pn} be the motion strategy of
the whole group of pursuers.

Let V' (¢) denote the set of all points that are visible from g C F, i.e., the line segment
joining ¢ and any point in V' (¢) is contained in F'.

Problem 6.1 (Pursuit Evasion). Given an evader; a set of N pursuers and a polygonal free
space F, find a solution strategy P such that for every continuos function e : [0,00) — F
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there exists a time T and an i such that e(7) € V(p;(7)), i.e., the pursuer will always be
seen by some evader; regardless of its path.

It was shown in [2] that computing the minimal number of pursuers needed to solve
Problem 6.1 is NP-hard. Hence it is also NP-hard to determine if a solution exists for a
given number of pursuers. To find efficient solutions in reasonable time one must thus
sacrifice optimality. This can be done by exploring randomized approaches [7], or by
relaxing the problem and applying other optimization schemes.

In the following section we will first relax Problem 6.1 by discretizing it, and then
apply a combination of Mixed Integer Linear Programming (MILP) and Receding Horizon
Control (RHC). These tools have proved to be very useful when addressing other hard path
planning problems [1] and we will argue that they are applicable to Problem 6.1 as well.

6.2 Proposed solution

In the proposed solution, we first discretize Problem 6.1 by partitioning the polygonal free
space F into a set of convex regions, F' = U,c s F;, J = {1,..., K}. The relations between
those regions are then described by M; C J and N; C J, where M; is the index set of
other regions that are neighbors to F;, and IV; is the index set of regions that are visible
from F};. Then, a MILP is formulated, capturing what regions are occupied by pursuers at
what times, and when the regions are cleared or contaminated over time. By maximizing
the cleared area at the end time of the MILP, the continuous pursuer trajectories p;(7) can
be constructed from the discrete MILP output.

6.2.1 Discretization of the free space environment

The first step of the discretization of Problem 6.1, i.e., the partitioning F' = U, Fj, is
illustrated in Figure 6.1. As can be seen, all straight obstacle boundaries are extended until
they reach another obstacle, or the perimeter of F'. From these extended boundaries the
partition F' = U, F; is formed.

Lemma 6.1. In the partition there are at most O(n?) regions, where n is the number of
straight boundaries of the obstacle polygons and the perimeter.

Proof:  In the partitioning, each extended straight obstacle boundary intersects a
number of other extended boundaries. There are less than n(n — 1)/2 such intersections
and there are less than n? line-segments that form the boundaries of the regions in F'. For
each such line-segment there are two regions that share the line-segment as part of their
boundaries. Thus the number of regions k, satisfy k < 2n?2. |

The second step of the discretization of Problem 6.1 deals with the motion, p;(7), of
the pursuers. These are now discretized into moving between the regions F;. A pursuer
standing in F; can in the next, discretized, time instant occupy any region with index in the
set M, i.e., any neighboring region. This is illustrated in Figure 6.2 (a).
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(a)

Figure 6.1: An example environment with one irregularly shaped obstacle (a), and the
corresponding partition of the free space F' into convex polygons F} ... Fo;

(b).

(@) (b)

Figure 6.2: The neighborhood that can be moved to, M; (a) and the neighborhood that
can be seen, V7 (b), from area F}, see Figure 6.1.

The third step in discretizing Problem 6.1 involves the visible set V' (-). Let AV; be the
index set of regions such that F; C V(z) forall j € A; and all z € F;. Note that visibility
is symmetric, i.e. j € N; implies i € N;.

Remark 6.1. Note that the discretization of V'(-) is conservative, since regions Fj that
are partially visible are considered not visible at all. In some approaches, such as [2,4],
this is not the case, but in others, such as the graph search approaches [9], an even more
conservative discretization is needed to address open areas.

The final step of discretizing Problem 6.1 is to capture the regions being clear, or con-
taminated during the search in terms of a MILP.
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6.2.2 MILP formulation

As described above, a pursuer located in region 7 sees the regions with index in the set NV;
and can move to regions with index in the set M.

During the search we keep track of where the pursuers are, and which regions are
cleared and which are contaminated. In order to do so, we introduce the following binary
variables \;z, 0¢, 0+ € {0,1}, where i € Jand t € {1,2,...,T}. Let \;; = 1 if and only
if a pursuer is located in region ¢ at time ¢. Let furthermore o;; = 1 if and only if region ¢
is seen at time ¢ and 6;; = 1 if and only if region i is cleared but unseen at time t.

Before formulating the MILP we define four different search-states that each region
F; can be in. Theoretically, there are eight combinations of the three binary variables
Ait, Oit, B3¢, but given the meanings we assign to them, only four of those eight combi-
nations are possible, and we denote them Sy, S5, S3,S4. These four states will help us
capture the time evolution of the search in the MILP formalism. We differentiate between
three different cleared states, S, .S, S3 and one contaminated state, Sy.

S1 The region is seen by a pursuer and contains a pursuer, i.e., \;; = 1, 0;; = 1 and
0;; = 0.

Ss The region is seen by a pursuer, but does not contain a pursuer, i.e., \;y =0, o4 = 1
and 6;; = 0.

S3 The region is not seen by a pursuer, but can not contain the evader, i.e., \;; =
0, o4 =0and 6;; = 1.

Sy The region might contain the evader, i.e., A;y = 0, 0;; = 0 and 6;; = 0.

We now state the MILP formulation and then show, in Lemma 6.2, that a feasible so-
lution does indeed correspond to traversable pursuer paths p;(7) and an expanding cleared
region {i : 6;; = 1}. Note that the proof of Lemma 6.2, as a side effect, gives motivations
for all the constraints (6.2)-(6.12).

Problem 6.2 (MILP). Given aT € Z™ solve the following integer linear program.

maximize 7 = aZHiT +(1—-a) Z oiT 6.1)

i€J icJ
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subject to

State S constraints :

D A= Aig-1) =0 (6.2)
JEM;
N—(N=DXt— > X =0 (6.3)
JEM;
2— ) N1 — A 20 (6.4)
JEM;
2- > X =0 (6.5)
JjEM;
Z Xit — N =0 (6.6)
i€J

State So constraints :

> At —ou >0, (6.7)
JEN;
ot = Xje 20 VjEN; (6.8)

State S5 constraints :

ot + gjt —0;; >0, Vi e M; — {l}, (6.9)
oit—1) T it—1) — it 20, (6.10)
1 -0 —0i >0, (6.11)

i1 =0, (6.12)

where a € [0,1), 4 € Jandt € {2,3,...,T} in (6.2), (6.4) and (6.10) and t € {1,2,...,T}
in the other constraints.

Note that & = 1 corresponds to maximizing the cleared but unseen region (S3), « = 0
corresponds to maximizing the visible region (S or S3), while & = 0.5 corresponds to
maximizing the cleared region (57, S5 or S3) at the final time 7. In Section 6.6 below we
will see that o = 1 is actually the best measure of progress for the clearing task. Note also
that constraint (6.6) imply that pursuers never occupy the same region. This restriction is
somewhat conservative, as it is not present in Problem 6.1.

Lemma 6.2. A feasible solution to Problem 6.2 can be used to generate pursuer paths
pi(T), T € [0,T'], i € {1,..., N}, guaranteeing the following. If e(1) & V (p;(7)) for all
iand T € [0,T"], then e(T") € F; such that F; is in state Sy at discrete time T, i.e., if the
evader has not been seen up till time T", then it must be in the contaminated area. Above,
T’ is the continuous final time corresponding to the discrete final time T.

116



CONSENSUS AND PURSUIT-EVASION IN NONLINEAR MULTI-AGENT SYSTEMS

Proof: We first prove that N valid pursuer paths can be generated from a feasible
solution. In (6.6) it is guaranteed that there are exactly N pursuers at each time ¢. In (6.2)
it is guaranteed that there must must be a pursuer in the move neighbourhood of region ¢
at time ¢ + 1 if there is a pursuer at the region ¢ at time ¢. Constraints (6.3), (6.4) and (6.5)
together guarantee that a pursuer move between adjacent regions in consecutive time steps.
Now, pursuer paths p;(7) can be created from )\;; where all pursuers cross borders between
the F; at the same time. Finally, a mapping between continuous time 7 and discrete time ¢
can be created to accommodate the pursuer velocity bounds.

To see that the right regions are denoted as seen, o;; = 1, we note that in (6.7) and
(6.8) the variable o is set to 1 if and only if there is a j € N; such that Aje = 1.

To see that the cleared area, 6;; = 1, evolves correctly note the following. In (6.9) it is
verified that the region 4 cannot be in state S5 at time ¢ if any of the M ;-neighbours are in
state .S4, and in (6.10) it is verified that the region ¢ cannot be in state S3 at time ¢ if it was
in state Sy at time ¢ — 1. In (6.11) it is verified that region ¢ cannot be in state Sj if it is in
state S or state Sy at time ¢ and (6.12) verifies that that no region is in state S5 when the
search starts.

To conclude we note that evader e(7) can not start in the cleared area S5 and that
the cleared area is always separated from the contaminated S4 by seen or occupied areas
S1,S5. Thus, if it is not seen, it must be in the contaminated area. |

Lemma 6.3. A feasible solution strategy P to Problem 6.2 with N pursuers ending with
an empty contaminated area, i.e.,

S (i + bir) = 1], (6.13)
icJ
is a solution to Problem 6.1.
Proof: A straightforward application of Lemma 6.2 above. |

Remark 6.2 (Backwards). Given a solution strategy P of Problem 6.1, a new solution can
be created by running the pursuer trajectories p;(7) backwards. To see this note that the
cleared unseen area (.S3) is always separated from the contaminated area (.54), and we start
with an empty cleared unseen area and finish with an empty contaminated area. Running
the trajectories backwards would thus result in exchanging the labels cleared unseen and
contaminated, i.e. switching states S3 and Sy.

Remark 6.3 (Number of pursuers). In the proposed MILP formulation, the number of
variables or the number of constraints will not increase with the number of pursuers, i.e.,
the size of the problem does not grow with the number of pursuers. However, the number
of constraints does grow linearly with the number of regions.

6.3 Reducing the computation times using RHC and relaxation

In this section we will describe how the computation times for solving Problem 6.1 can be
reduced using RHC and by relaxing some of the integer constraints in the MILP.
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6.3.1 An RHC solution to the pursuit-evasion problem

Depending on the problem size, large time horizons 7" might be needed to find a solution
to Problem 6.2 with empty contaminated area. Large time horizons 1" often result in long
computation times. A classical way to balance performance with computational resources
is RHC, where an optimization problem over a shorter time horizon is iteratively solved
instead of solving it once and for all over a longer time horizon. In our setting the RHC
concept might be implemented as follows.

Algorithm 6.1.

1. Solve the MILP with o = 1 or o = 0.5 and some given horizon length T.

2. If the final states o;7 and 0;T satisfies
> (oir + i) = |J], (6.14)
ieJ
the whole area is cleared, and the algorithm terminates.

3. Else, if there was no increase in ZieJ(U o + 0i7) increase either the horizon length
T or the number of pursuers N.

4. Prepare a new RHC iteration by removing constraint (6.12) and adding constraints
setting the initial states of the next iteration 6;1, \;1, 0;1 equal to the terminal states
0;1, \iT, oiT Of the current iteration.

5. Goto 1.

Remark 6.4. In step (3) of Algorithm 6.1, the choice depends on the situation at hand.
If pursuers are scarce, the horizon length is increased. If, on the other hand, computa-
tional time is critical, the number of pursuers is increased. If none of the above solves the
problem, decompositioning, as described in Algorithm 6.2, can be used.

Lemma 6.4. If Algorithm 6.1 terminates, a solution to Problem 6.1 is found.

Proof: A straightforward application of Lemma 6.3 above. |

6.3.2 Relaxation of the MILP problem

To increase the computational efficiency when solving Problem 6.2 we note that some of
the integer constraints can be relaxed.

Problem 6.3 (Relaxation). The variables o;; and 0;; in Problem 6.2 are relaxed such that
they are no longer binary variables but belong to [0,1], i.e

0<oi <1, (6.15)
0<6; <1. (6.16)
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Using CPLEX 10.2, Problem 6.3 is as much as 20 times faster than the original formu-
lation in some scenarios.

Lemma 6.5. The pursuer paths \;; in the solution to Problem 6.3 are also pursuer paths
in an optimal solution to Problem 6.2.

Proof: Note that if there is a j such that \;; = 1, 5 € N; then o;; = 1 by (6.8),

also if \;; = 0, Vj € N then o;; = 0 by (6.7), thus o;; is binary. Now let (), o, 0%) be a
solution to to Problem 6.2 in which only 6° differs from the solution of problem 6.3. Let Z
and Z3 be the cost of the solutions to Problem 6.2 and 6.3 respectively. From (6.9), (6.10)
and (6.11) we get that that for each 6;; € (0, 1], 8% = 1. This implies that Z3 < Z, but
since problem 6.3 is a relaxation of problem 6.2 this implies that Zo < Z3. Thus Zs = Zs.
|

6.4 Decomposition of large environments

One way of reducing the complexity of large problem instances is to use a hierarchical
decomposition with a graph-clear problem at the top and instances of Problem 6.1 at the
lower level. Another option is to decrease the problem size and complexity by placing
stationary pursuers at positions where they cover large areas, and then solve instances of
Problem 6.1 in the remaining unseen parts of I. This approach is described below.

Algorithm 6.2.

1. Solve the MILP with k pursuers and one time step with o = 0. This corresponds to
maximizing the number of seen regions by k pursuers, i.e., solving an Art Gallery
Problem [11].

2. Remove all regions that are in state S1 or So from F, leaving a possibly disconnected
F.

3. Apply Algorithm 6.1 to each connected component of F' and let q be the maximal
number of pursuers needed.

4. The number of pursuers needed to clear the original F is now k + q.

What we mean by connected component in Algorithm 6.2 is that it is possible to go be-
tween neighboring regions between two regions that are in state S3 or .S; without entering
aregion that is in state S or Ss.

6.5 Connectivity constrained search

An area receiving an increasing amount of interest is communication aware motion plan-
ning, [12, 13]. In this section we will show how the proposed MILP framework can be
extended to handle one such problem, namely the problem where the whole group of pur-
suers shall be connected in a line-of-sight graph at a given time instant ¢'. We will present
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two sets of constraints. The first set corresponds to a general line-of-sight graph, while the
second set corresponds to a special case, a star shaped line-of-sight graph, where one of
the pursuers sees all others.

For the general case we extend Problem 6.2 with a set of binary variables u;;, where
i€ Jandj €{1,2,..., N} = Jp, and the following constraints

Aigr — Ui j >0, Vield, j e Jp, (6.17)
> u; <1, Viel, (6.18)
GEIp
> wig=1, VjeJp, (6.19)
e
j—1
> ur—u; >0, Vield, jeJp—{1}. (6.20)
=1 kEN;

Equation (6.17) states that u;; can be equal to 1 only if A is equal to 1. Equations (6.18)
and (6.19) together guarantee that there is one and only one unique u;; = 1 for each
Aiv = 1. Equation (6.20) states that u;; where ¢ € J and j € {2,3,..., N} can only be
equal to 1 if there is at least one one pair (k,1), where k € N;and [ € {1,2,....5 — 1},
such that vy, ; = 1. Given equations (6.17)-(6.19), equation (6.20) guarantees the existence
of a line-of-sight graph.

Remark 6.5. If these constraints are used at all time steps, the entire search is performed
with the group of pursuers connected in a line-of-sight graph.

An alternative to the general case above, is the problem of creating a line-of-sight
graph where one single vertex is connected to all others. This results in a smaller set of
binary variables u;. The topology of the connected visibility graph is defined by the first
constraints below, whereas the last constraint, with the sum of all u;:s, implies that there
must exist such a graph.

A+ > N — (N4 Du; >0, i€ (6.21)
JEN;
> w1 (6.22)
jeJ

Both of these sets of constraints will result in a connected graph independently of the
number of pursuers.

6.6 Simulation examples

When running Algorithm 6.1, it turns out that the best results are found using « = 1. A
drawback of the more intuitive « = 1/2 is that the pursuers might get stuck at positions
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(2) (b)

Figure 6.3: The results of running Algorithm 6.1 with a six step planning horizon (b) in
the environment in (a). A green triangle denotes the start of a pursuer path, and
a red square denotes the end of a pursuer path, blue discs denote intermediate
steps.

where they see a large area, e.g., looking down a corridor, but any motion results in a reduc-
tion of this area. Thus we use a = 1 in all but one of the examples below. The simulations
were done on a Intel Xeon CPU X5450, 3.00GHz, running the MILP software CPLEX
10.2 [14]. Furthermore, all results were found using the relaxed version, Problem 6.3, as it
was found to be on average twice as fast as the non-relaxed formulation. Finally, we note
that the proposed approach is not directly suitable for very large problems. Such problems
can be decomposed into smaller ones, either by applying Algorithm 6.2 or using a graph-
clear formulation. The performance and limitations of the approach can be seen from the
examples below.

The first problem instance is depicted in Figure 6.3(a) with the corresponding solution
in Figure 6.3(b). With a time horizon of 7' = 6, and « = 1/2, a single RHC iteration was
needed, and found in four seconds.

The second problem instance is shown in Figure 6.4, with corresponding solution in
Figure 6.5 (a-c). The problem was first solved in 3 RHC iterations using a total number 10
time steps. The computational time was about 3 seconds for each iteration resulting in a
computational time of 9 seconds in total. Note that the first two RHC iterations achieved
progress with T' = 3, while the third iteration needed 7" = 4 to remove the last Sy region.
Figure 6.5 (d) shows the result of the alternative failed iteration with three time steps.
This problem was also solved in a single iteration using a time horizon of 7' = 6, with a
corresponding computation time of 110 seconds, see Figure 6.6(a).

The third problem instance is shown in Figure 6.6(b) with corresponding solution in
Figure 6.7. The solution involves three RHC iterations with 2 pursuers, followed by one
iteration with three pursuers. The computational time was about 5 seconds for the three first
iterations and 15 seconds for the last iteration. In order to find a two-pursuer solution we
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Figure 6.4: The partition (b) of a Manhattan grid with four obstacles (a).

run the algorithm with 2 pursuers and 10 time steps in the first iteration, after 45 minutes,
the algorithm had not finished.

The solution of the fourth problem is shown in Figure 6.8. The environment is the same
as the third problem, but the solution is found using decomposition, i.e., Algorithm 2, as
presented in Section 6.4. Step 1 of the algorithm was solved in two seconds with k = 1,
i.e. one stationary pursuer was used. The position of this pursuer is shown in Figure 6.8
(a). The search of the remaining unseen parts of F', in this case five disconnected regions,
took two seconds each and is shown in Figure 6.8 (b). Thus the problem was solved in a
total of twelve seconds, using 2 pursuers.

The fifth problem illustrates the connectivity constraints. The Manhattan grid in Fig-
ure 6.4 was solved with the algorithm in two iterations with 4 and 5 time steps respectively,
see Figure 6.9. The additional connectivity constraints (6.21) and (6.22) were active at the
final time of each iteration. In the figure one can see that the two pursuers are indeed
connected by a fee line of sight at the final time of each iteration.

The sixth problem is a single pursuer problem, where a problem is solved that requires
so-called recontamination, Figure 6.11. The problem is taken from [2], where it was shown
that some problems require a linear (in edges) number of recontaminations, i.e., some areas
need to change back and forth between being contaminated and cleared a number of times,
before finally being cleared. In this problem, the recontaminated area is at the very top,
and the recontamination is shown in Figure 6.11(b).

In the seventh problem, we want to illustrate how the computational time grows with
the problem size. In Figure 6.10 we have a subset of one of the scenarios in the classic
arcade game Pac-Man. We run Algorithm 1 with @ = 1 and time horizon 7' = 3 on four
different sub-regions of the Pac-Man scenario. In Figure 6.10 the four regions are defined
as follows. Region 1 is defined as A. Region 2 is defined as the union of A and B. Region
3 is defined as the union of A, B and C and region 4 is defined as the union of the regions
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Figure 6.5: The results of running Algorithm 6.1 on a Manhattan grid with four obstacles.
The search problem is solved with two pursuers in three iterations where the
results of iteration 1, 2 and 3 are shown in (a), (b) and (c) respectively. Note
that four time steps were necessary in iteration 3, the result of the third iteration
with three time steps is shown in (d). White regions are in states Sy, Sy or
Ss, whereas grey regions are in state Sy. A green triangle denotes the start
of a pursuer path, and a red square denotes the stop of a pursuer path, blue
discs denote intermediate steps. A number ¢ inside a triangle, disc or square
indicates that the pursuer waits an additional ¢ time steps in the region.

A, B,CandD.

The computational times for different amount of pursuers are shown for each scenario
in Table 6.1. In this table the computational time of running Algorithm 1 with « = 1 and
time horizon T = 3 is shown as a function of the number of pursuers and the Region. The
computational time is measured in seconds. Each element in the leftmost column constitute
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Figure 6.6: (a) The solution when running Algorithm 6.1 on the environment in Figure 6.4
with two pursuers for six time steps. The color coding of the regions are as in
Figure 6.5. (b) A complex environment with fewer loops.

Region1 | Region2 | Region3 | Region 4
2 0 7 timeout timeout
3 0 26 timeout timeout
4 0 0 timeout timeout
5 0 8 timeout timeout
6 0 0 timeout timeout
7 0 13 timeout timeout
8 0 timeout timeout
9 0 13 timeout timeout
10| O 1 21 timeout
11 | infeasible | O 2 timeout
12 | infeasible | O 39 timeout
13 | infeasible | 72 38 0
14 | infeasible | O 0 18
15 | infeasible | infeasible | O 10
Table 6.1

the number of pursuers, where this number goes between 2 and 15. The elements in the top
row denote the regions 1-4. If a cell contains the words infeasible or timeout, this indicates
that the it was not possible to find feasible initial positions and that the computational time
exceeded 1700s. If the computational time exceeded 1700s, the execution was aborted, and
this is denoted as “timeout”. If it was not possible to find initial positions for the pursuers,
this is denoted as “infeasible”. One can observe that the computational time in general
decreases with the number of pursuers.
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Figure 6.7: The results of running Algorithm 6.1 on the environment in Figure 6.6(b).
The search problem is solved with three pursuers in four iterations where the
results of iteration 1, 2, 3 and 4 are shown in (a), (b), (c) and (d) respectively.
After iteration 3, no improvement is achieved with 2 pursuers, thus one more
pursuer is added in iteration 4. The number of time steps was also increased.
The color coding of the regions are the same as in Figure 6.5.
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Figure 6.8: The results or running Algorithm 6.2 with two pursuers on the environment in

126

Figure 6.6(b). In step 1, we use k = 1, i.e., one pursuer is used to cover as
much of the area as possible, and the resulting position is shown in (a) denoted
by P. Then the remaining five connected components of F' are searched one
after the other with one pursuer, (b). The color coding of the regions are as in
Figure 6.5.
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Figure 6.9: The result of running Algorithm 6.1 on the Manhattan grid with the additional
connectivity constraints (6.21) and (6.22) active at the final time of each it-
eration. The problem was solved in two iterations using 4 and 5 time steps
respectively, and one can verify that the pursuers can see each other at the
final time of each iteration.
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Figure 6.10: In this figure four different regions are defined; A, B, C and D.
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Figure 6.11: The results of running Algorithm 6.1 on a problem requiring recontamina-
tion. Note that the upper part of the area is first cleared, then contaminated
and finally cleared once again, and that recontamination is necessary when
clearing the whole area with one pursuer.
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