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Abstract

Distributed Control and Synchronization of Diffusively Coupled Systems
by
Sayed Yusef Shafi
Doctor of Philosophy in Engineering — Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Murat Arcak, Chair

Diftusively coupled networks, in which different components of a network adjust their be-
havior according to the local sum of differences between their own and neighbors’ states,
are a ubiquitous class of spatially-distributed models appearing in engineered and biological
systems, and produce surprisingly rich dynamics. In this dissertation, we develop analy-
sis methods and distributed algorithms that exploit the local structure of the network as
well as individual component dynamics in order to guarantee the desirable operation of the
aggregate network system in the absence of centralized coordination.

We begin by formulating network design problems to guarantee coordination of multi-agent
systems by imposing constraints on the underlying structure of the diffusive coupling graph
linking agents. The resulting constraint-derived linear matrix inequalities may then be iter-
atively solved using convex semidefinite programming, resulting in significant performance
gains in several multi-agent systems problems. Our approach furthermore identifies critical
nodes and edges in a network, and aids in developing strategies to enhance connectivity and
robustness.

Next considering the case where desired steady-state trajectories may be time-varying, we
derive conditions to determine whether limit cycle oscillations synchronize in diffusively
coupled systems. Conversely, we highlight cases of diffusion-driven instability, a phenomenon
widely hypothesized as a mechanism behind pattern formation in biological systems, in which
sufficiently large diffusive coupling may destabilize a spatially homogeneous periodic orbit.
The analytical and numerical conditions we derive lend insight to designing distributed laws
where the local behavior about a specific attractor is of interest.

We then turn to the problem of developing distributed laws that guarantee spatially uniform
behavior globally in diffusively coupled systems. We first study systems with spatially-



dependent diffusive coupling, and subsequently examine the case where the network itself has
dynamics and adapts according to the agents’ states. We develop adaptive laws to guarantee
synchronization in systems with spatially-dependent coupling, and apply these results to a
number of problems of interest arising from multi-agent systems and cooperative control. We
finally address the case where the dynamics of the agents may be subject to spatially-varying
input disturbances, and derive distributed laws to guarantee synchronization in the presence
of such heterogeneities.
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Chapter 1

Introduction

Spatially distributed models with diffusive coupling constitute a fundamental class of systems
crucial to understanding the dynamical behavior of a range of engineered and biological
systems. Diffusive coupling encompasses, among others, feedback laws for coordination
of multi-agent systems [36, 59, 6, 2], electromechanical coupling of synchronous machines
in power systems [9, 17], local update laws in distributed agreement algorithms [106, 11,
93, 73], and the interaction of chemical concentrations in biological networks [71, 20, 75].
Synchronization in diffusively coupled models is itself an active and rich research area [50],
with applications spanning these areas and beyond. Conversely, developing conditions that
rule out synchrony is also important, as such conditions facilitate the study of spatial pattern
formation. One of the major ideas behind pattern formation in cells and organisms is based
on diffusion-driven instability [86, 96], which occurs when higher-order spatial modes in a
reaction-diffusion partial differential equation (PDE) are destabilized by diffusion [71, 20,
75, 61, 57]. Diffusion-driven instability with space-dependent coupling coefficients has also
been used in developing realistic textures and patterns for computer graphics [105].

In this dissertation, we develop distributed algorithms that guarantee spatially uniform be-
havior in diffusively coupled systems by exploiting local network structure as well as the
dynamics of the individual components of the subsystems. In doing so, we derive analysis
and design tools that lend insight to the structure and behavior of diffusively coupled sys-
tems. Our methods apply both to the study of local behavior near a specific attractor, as
well as that of global behavior of the full nonlinear dynamics.

We first consider the problem of designing distributed coordination laws for multi-agent sys-
tems. We propose a convex optimization framework making use of linear matrix inequalities
for determining the weights of the nodes and the edges representing the coupling graph link-
ing agents. We demonstrate the effectiveness of the strategy on several multi-agent systems
problems, including formation control algorithms to achieve desired equilibrium configura-
tions when agent dynamics can be destabilized by high gain feedback. We also study the



problem of guaranteeing synchronization of trajectories near a limit cycle. We develop numer-
ical and analytical conditions to determine whether oscillations synchronize, and highlight
cases of diffusion-driven instability.

In the remainder of the dissertation, we develop distributed laws that guarantee spatially
uniform behavior when global behavior is of interest. We first discuss the case of space-
dependent diffusive coupling, and then develop adaptive algorithms in which the weights
of the coupling graph are adapted according to local disagreement between agents with
the goal of reducing time to synchrony. We also consider the case where individual agents
may be subject to disturbances. Throughout the dissertation, we present results both for
compartmental systems of ODEs, in which each compartment represents a well-mixed spatial
domain wherein like components in adjacent compartments are coupled by diffusion, and
reaction-diffusion PDEs with Neumann boundary conditions, the spatial continuum analogue
of the former setting. In Section 1.1 of this chapter, we first outline the contributions of
the dissertation. We then introduce fundamental concepts that we employ throughout the
dissertation in Section 1.2.

1.1 Overview of the Dissertation

Local Coordination through Coupling Weight Optimization

In Chapter 2, we study distributed control of diffusively coupled agents through the use
of relative sensing information, and specifically consider the problem of guaranteeing fast
convergence to a desired equilibrium formation. A well-examined tool for characterizing the
interconnection topology of a network of diffusively coupled agents is the graph Laplacian
matrix [18]. In particular, the spectrum of the Laplacian contains useful information about
the dynamics of the network. For example, the smallest positive eigenvalue of a Laplacian,
known as the algebraic connectivity, or Fiedler eigenvalue [37], is a common measure of
how well connected a network is [36, 59, 73, 88]. On the other hand, the largest eigenvalue
must be sufficiently small for stability of discrete-time consensus algorithms [59, 2], and for
continuous-time formation control algorithms when agent dynamics can be destabilized by
high gain feedback [6].

We present a scheme to enforce constraints on the Laplacian spectrum (ordered from least
to greatest) by treating both node and edge weights as decision variables. Our goal is to
achieve individual upper and lower bounds for several Laplacian eigenvalues simultaneously.
We show how these bounds can be recast as linear matrix inequality constraints [12] that
can be applied using semidefinite programming. We then study the case of larger graphs
by deriving dual formulations of the optimization framework that we have developed. As
demonstrated in the chapter, joint tuning of node and edge weights is an especially powerful
tool that goes beyond the commonly-used edge weighting strategies for achieving spectral



constraints. Our framework furthermore addresses the problem of time-scale separation in
networks in which groups of densely-connected nodes are sparsely connected with each other.

Synchronization of Limit Cycle Oscillations

Synchronization in diffusively coupled systems is essential to understanding the dynamical
behavior of a range of engineered and biological systems. In Chapter 3, we study diffusively
coupled nonlinear systems that exhibit limit cycles in the absence of diffusion. We develop
analytical and numerical tools to determine whether diffusion stabilizes the spatially ho-
mogeneous limit cycle trajectories, thereby synchronizing the oscillations across the spatial
domain. Our methods apply to reaction-diffusion PDEs conditions as well as compartmental
ODEs.

In the case of sufficiently small or large diffusion, we use Floquet theory to decompose the
linearized system into fast and slow time scales, and present results using two-time scale
averaging theory [83, 94] that guarantee synchrony. In the case of diffusion coefficients of
intermediate strength, we turn to a numerical approach, in which we use harmonic balance
[101, 110] to represent the linearized system as an infinite-dimensional linear time invariant
system. We make use of the structured singular value (SSV) [76] to determine stability of
the linearized system in the presence of diffusion coefficients spanning a given finite interval.
We apply our tests to a relaxation oscillator system and find that large enough diffusion
indeed leads to loss of synchrony. Unlike standard examples of diffusion-driven instability
of a homogeneous steady-state [86, 96, 71], this example demonstrates destabilization of a
spatially homogeneous periodic orbit by diffusion.

Synchronization under Space-Dependent Diffusive Coupling

In Chapter 4, we present a condition that guarantees synchronization in diffusively coupled
compartmental ODEs. Each set of like components has its own weighted undirected graph
describing the topology of the interconnection between compartments. The condition makes
use of the Jacobian of the vector field of the uncoupled dynamics as well as the Laplacian
eigenvalues of each of the interconnection graphs. We present linear matrix inequalities
that can be used to numerically verify the condition guaranteeing spatial uniformity, and
apply the result to a coupled oscillator network. Next we turn to reaction-diffusion PDEs
with diffusion terms that vary by species and in space, and derive an analogous condition
guaranteeing spatial homogenization of solutions. The main contribution of the chapter is a
relaxed condition to check synchronization that allows individual components to have their
own specific diffusion terms and corresponding interconnection structures that may vary
spatially.



Adaptive Synchronization of Diffusively Coupled Systems

In Chapter 5, we consider the case where the coupling network in addition to the nodes
has dynamics. We present an adaptive algorithm that guarantees synchrony in diffusively
coupled nonlinear systems using an incremental output-feedback passivity property [104,
85, 87] of the agents. A similar property was employed in [84] for static networks without
adaptation. A related condition that restricts the Jacobian of the vector field describing the
uncoupled dynamics was used in [1] to guarantee spatial homogeneity in reaction-diffusion
PDEs, and generalized to heterogeneous diffusion in Chapter 4. Using these results as a
starting point, here we first consider compartmental models and derive adaptive laws that
update interconnection strengths locally to achieve sufficient connectivity for synchroniza-
tion. We next consider reaction-diffusion PDEs, and show that a similar control law that
adapts the strength of diffusion coefficients guarantees spatial homogeneity. We present nu-
merical examples that demonstrate the effectiveness of adaptation in enhancing synchrony
and that lend insight to understanding the structure and bottleneck edges of the network.

Synchronization under space and time-dependent heterogeneities

While the previous chapters have considered the case where each subsystem in the diffusively
coupled network is identical, in Chapter 6, we consider synchronization in the presence
of heterogeneities. We study diffusively coupled systems in which the nominal identical
subsystems satisfy an incremental passivity property and are subject to a class of disturbance
inputs including constants and sinusoids. Building on the robust DAC estimator in [7], we
propose a distributed control law that achieves output synchronization in the presence of
disturbances by defining an internal model subsystem at each node corresponding to the
disturbance inputs. We next consider reaction-diffusion PDEs and present a distributed
control law that achieves spatial homogenization in the presence of space and time-dependent
disturbances. Our controller applies to systems with multiple input and output channels and
allows non-identical disturbances to enter each channel.

1.2 Preliminaries

We introduce the following preliminaries of which we will make repeated use in the disser-
tation.



Spectral Graph Theory

We first review notions from spectral graph theory that are essential to this dissertation. A
graph G is a collection of nodes and a corresponding set of edges, each consisting of a pair of
nodes. In this dissertation, we consider undirected graphs, where two nodes are connected
when there exists an edge incident to both. A graph itself is connected if there exists a
sequence of edges connecting any pair of nodes in the graph.

Next, we assign an arbitrary orientation to the edges of the undirected graph G, label the
edges ¢ =1,..., M, and introduce the N x M incidence matrix:

1 if node 7 is the head of edge /¢
Ey =< —1 if node i is the tail of edge ¢ (1.1)
0  if node 7 is not connected to edge /.

We note that the incidence matrix is not unique for an undirected graph, and choice of
orientation does not change our results.

We define the N x N graph Laplacian matrix L by
L= FEE". (1.2)

We next recall key facts about Laplacian matrices [18]. Clearly, L is symmetric positive
semidefinite. Moreover, it has least one eigenvalue at zero corresponding to an eigenvector
1y = \/Lﬁ[l ... 1)T. If the graph represented by L is connected, then L has exactly one
eigenvalue at zero.

Self-Adjoint Elliptic Operators

We now turn to the spatial continuum analogue of the graph Laplacian matrix. Consider a
bounded, connected domain 2 C R" with smooth boundary 0f2, spatial variable y € €2, and
outward normal vector n(x) for x € 9. We consider self-adjoint elliptic operators £ given
by:

L() ==V -(d()V()), d():Q2—=R", (1.3)
where V- is the divergence operator and V represents the gradient with respect to the

spatial variable x, the matrix-valued function d(x) is symmetric with d(y) = d(x) for all
x and bounded and Ja > 0 such that for all x € Q and for all { = ({1, (s, -..,¢) € R",

>0 A (06 = ald)?.

We will make use of a Lemma following from the Poincaré principle [54, Equation (1.37)]:

Lemma 1 Let Ay denote the second smallest of the Neumann eigenvalues 0 = Ay < Ay < - --
of the operator L = =V - (d(x)V(+)) defined as in (1.3) on the connected, bounded domain €



with smooth boundary 02 and spatial variable x € Q. Let u(t, x) be a function not identically

zero in Lo(Q) with derivatives 8‘9—;:_ € Lo(R2) that satisfies the Neumann boundary condition
Vu(t,x) - n(x) = 0 where “” is the inner product in R" and [,u(t,x)dx = 0. Then the

following inequality holds:

/Q Vu(t, v) - () Vult, X)) dx > As / ult, v)? dy. (1.4)

O

Incremental Output-Feedback Passivity

We introduce a fundamental input-output property that characterizes several of the systems
we consider in this dissertation. Consider a dynamical system H defined by:

H: & = f(z)+g(x)u
y = h(z),

in which x € R", u € R?, y € R, and f(:) : R" — R", g(-) : R" — R"*? and h(-) : R — R?
are continuously differentiable maps. H; is said to satisfy an incremental output-feedback
passivity property [91, 84] if there exist a positive definite storage function S : R” — R
and a scalar # € R such that for any two solution trajectories z,(t) and x,(¢) of H with
input-output pairs uy(t), y.(t) and uy(t), ys(t):

d .
ES(&%’) =: S(6x) < 065y" 5y + du’ oy, (1.7)
with 0z = x,(t) — 2p(t), 0u = u(t) — up(t), and dy = ya(t) — ys(t). When 0 < 0, H is called
incrementally passive, and when 6 < 0, H is called output-strictly incrementally passive.



Chapter 2

Local Coordination through Coupling
Weight Optimization

A well-studied tool for characterizing the interconnection topology of a network of distributed
agents is the graph Laplacian matrix [18]. In particular, the spectrum of the Laplacian
contains useful information about the dynamics of the network. For example, the smallest
positive eigenvalue of a Laplacian, known as the algebraic connectivity, or Fiedler eigenvalue
[37], is a common measure of how well connected a network is [36, 59, 73, 88]. On the
other hand, the largest eigenvalue must be sufficiently small for stability of discrete-time
consensus algorithms [59, 2], and for continuous-time formation control algorithms when
agent dynamics can be destabilized by high gain feedback [6].

We present a scheme to enforce constraints on the Laplacian spectrum by treating both
node and edge weights as decision variables. Let A; be the ith-smallest eigenvalue of the
Laplacian, whose eigenvalues are ordered from least to greatest. Given m € {2,...,n} and
A, > 0, the lower eigenvalue bound assignment problem is to guarantee \,, > A,,. Likewise,
given p € {2,...,n} and Xp > 0, the upper eigenvalue bound assignment problem is to
guarantee \, < Xp. Our goal is to achieve individual upper and lower bounds for several
Laplacian eigenvalues simultaneously. We show how these bounds can be recast as linear
matrix inequality constraints [12] that can be applied using semidefinite programming.

Convex optimization solutions to several graph problems are well-documented in the lit-
erature, including fastest distributed linear averaging (FDLA) [106], minimization of total
effective resistance on a graph [46], fastest mixing Markov chains [11] and processes [93], and
Fiedler eigenvalue maximization through vertex positioning [68]. In FDLA [106], a particular
interconnection structure for a discrete system with symmetric interconnections is specified.
The number of iterations required for linear averaging is minimized by finding a particular
weight distribution that assigns iterative update laws for each node’s state. The goal in
many resistor network problems [46] is to minimize the total effective resistance on a graph



by assigning different weights representing resistances to the edges connecting the nodes of
an electrical network. The aim for fastest mixing Markov chains [11] and processes [93] is
to find the optimal transition probabilities between states to reach a stationary distribution
as quickly as possible. Finally, vertex positioning [68] aims to find the optimal locations of
vertices, corresponding to edge weights, in order to maximize the Fiedler eigenvalue.

Our approach is unique when compared to previous literature on optimization of the Lapla-
cian spectrum because it is applicable to any selection of eigenvalues, and assigns weights
independently to both nodes and edges. As demonstrated in the chapter, joint tuning of
node and edge weights is an especially powerful tool that goes beyond the commonly-used
edge weighting strategies for achieving spectral constraints.

The remainder of the chapter is organized as follows. Section 2.1 introduces preliminary
results in linear algebra and spectral graph theory that are necessary for our analysis. Section
2.2 outlines a general optimization framework that enables upper and lower bounds on several
Laplacian eigenvalues simultaneously based on node and edge weighting. Section 2.3 presents
sample problems that can be formulated and solved using the methods of Section 2.2. Section
2.4 explores applications to multi-agent systems. Larger graphs are addressed in Section 2.5
with dual formulations of the optimization framework developed in Sections 2.2 and 2.3. We
conclude in Section 2.6.

2.1 Linear Algebra Preliminaries

We review the following results from linear algebra, which we will use in Section 2.2. The
first result concerns the eigenvalues of a product of two matrices ([56], Theorem 1.3.20):

Lemma 2 Let A € R™, B € R?™", andr > q. Then AB and BA have identical nonzero
eigenvalues and AB has r — q additional eigenvalues at zero. O

The next lemma follows from the Courant-Fischer theorem, which characterizes the eigen-
values of a symmetric matrix ([56], Corollary 4.3.23):

Lemma 3 If A € R™™ is symmetric and if xT Az > 0 for all vectors x € R™ in a k-
dimensional subspace, then A has at least k nonnegative eigenvalues. 0

Definition 1 The square matrices A and B are congruent if B = SAST for some square,
nonsingular S.

The following lemma is known as Sylvester’s Law of Inertia ([56], Theorem 4.5.8):



Lemma 4 Let A, B € R"™" be symmetric matrices. A and B are congruent if and only
if A and B have the same inertia, i.e., the same number of positive, negative, and zero
ergenvalues. O

An inequality due to Sylvester characterizes the relationship between the eigenvalues of two
matrices and their products ([43], Section 3.5):

Lemma 5 Given two matrices A € R™" and B € R™™?, the following inequality holds:

rank(A) + rank(B) — n < rank(AB) < min {rank(A), rank(B)}.
U

Next, consider an undirected graph G. We denote by L = EET the n x n graph Laplacian
matrix where F is an incidence matrix of G as defined in (1.1). We define by L. = EKE”
the edge-weighted Laplacian, where K > 0 is the diagonal edge weighting matriz. We denote
by L, = M'EKET the node- and edge- weighted graph Laplacian (henceforth weighted
Laplacian), where M > 0 is the diagonal node weighting matriz. Note that L. retains the
properties of L in Section 1.2. Although L, is not symmetric in general, its eigenvalues
possess properties similar to those of L and L,:

Lemma 6 FEvery eigenvalue of L, = M~ 'EKE" is real and nonnegative. If L, represents
a connected graph, then all eigenvalues of L,, excepting one at zero, are positive. [l

Proof: A similarity transformation brings L, to the symmetric form M~Y2L .M ~1/2and

so all eigenvalues of L, are real. Furthermore, the symmetric matrices M ~Y/2L,M~2 and
L. are congruent, and hence Lemma 4 guarantees that all eigenvalues of L, are nonnegative.
When L. represents a connected graph, and, thus, has only one eigenvalue at zero, Lemma
4 implies that all eigenvalues of L,, excepting one at zero, are positive.

2.2 Convex Characterizations of Upper and Lower
Eigenvalue Constraints

Our goal is to find node and edge weighting matrices M and K, respectively, to assign
individual lower and upper bounds for several eigenvalues of L, simultaneously. Let A;(Ly)
denote the k-th smallest eigenvalue of L,. Given a,b < N, define the sets of indices {m;}_,
and {p;}?_, with each 2 < m; < N and 2 < p; < N an integer contained in {2, N}. Define
the sets of positive scalars {\,, }%, and {\,, b_1. We wish to see if there exist M and K
that satisfy the constraints in the following problem:
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Find M, K
subject to A, (Lg) > A, i=1,...,a (2.1)
Ao, (Lg) < Np,, j=1,...,b.

A. Bounding Eigenvalues from Below

Given m < N and ), > 0, we wish to design node and edge weights M and K, respectively,
such that A, (Ly) > A,,,. We note that by itself, the lower eigenvalue bound A,,(L,) > A,, can
be enforced by scaling M by A”;—(L) or K by % However, when the graph optimization
problem also imposes upper eiggnvalue constraints as in (2.1) or objective functions, this
approach would likely be infeasible. In contrast, our results make it possible to apply several
upper and lower eigenvalue bounds at once. To begin, we construct a linear matrix inequality

enforcing the eigenvalue constraint, making use of the following lemma:

Lemma 7 Suppose that m < N, Q,, € RN*WN=74D s o full column rank matriz whose
columns are orthogonal, and S is a symmetric matriz. If QL SQ,, = 0, then \,,(S) > 0. O

Proof: The result follows immediately from Lemma 3: the subspace spanned by the columns
of @y is N —m + 1 dimensional, so A, (S) > 0. O

The next theorem provides a sufficient condition in the form of a linear matrix inequality
constraint to enforce lower eigenvalue bounds:

Theorem 2 Let (), be as in Lemma 7. The constraint

Qn(Le = A, M)Qp = 0 (2.2)
implies that \,,(Lg) > A, O]

m

Proof: First, we note by Lemma 7 that if (2.2) holds, then the matrix L. — \,,M has
at most m — 1 negative eigenvalues. By congruence, M~Y2L,M~%2 — )\ T has at most
m — 1 negative eigenvalues, which means that the symmetric positive semidefinite matrix
Ly & M~Y2L,M~'? has at most m — 1 eigenvalues less than Ap,- Similarity of L, to Ly
implies that L, has at most m — 1 eigenvalues less than ), implying that A,,,(L,) > A,,. O

We now present a convex feasibility program that enforces the lower eigenvalue bound suffi-
cient linear matrix inequality condition of Theorem 2:
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Find M, K
subject to QT (EKET — \,,M)Q,, = 0 (2.3)
M =0, K = 0; M, K diagonal.

Theorem 2 provides only a sufficient condition to imply A,,,(L,) > A,,, because the choice of
@, is arbitrary. We now present a necessary and sufficient condition enabled by a specific
choice of Q,,:

Theorem 3 The inequality \,,(L,) > A, holds if and only if QF (L. —\,,M)Q,, = 0, where
Q,, € RNXWN=m+1) 4s the matriz whose columns are the eigenvectors corresponding to the
N —m +1 largest eigenvalues of Lo — N\, M. O

Proof: Necessity follows from Theorem 2. To prove sufficiency, suppose that A,,(L,) > A,,,.
By similarity, Ly = M~Y2L.M~'/? has the same spectrum as Ly Then Ly — A, I has
at most m — 1 negative eigenvalues. By congruence, so does L. — )\, M. Considering
the projection matrix Q,,QF it follows that (L. — A, M)Q,,Q) must have exclusively

nonnegative eigenvalues. Lemma 2 then implies that QT (L, — \,,M)Q,,, = 0. O

Theorem 3 is the basis for an iterative procedure presented in Section 2.3-A that allows for
improved performance when the constraints of (2.3) are paired with an objective.

B. Bounding Eigenvalues from Above

Given p < N and Xp > 0, we wish to design node and edge weights M and K, respectively,
such that A\,(L,) < A,. We construct a linear matrix inequality enforcing this eigenvalue
constraint. The analysis is similar to that of the previous section, and so the proofs are
omitted.

Theorem 4 Let U, € RY*P be a full column rank matriz whose columns are orthogonal.
The constraint

Ul (AM — LU, = 0 (2.4)
implies that \,(Lg) < N, O

We now present a convex feasibility program that enforces the upper eigenvalue bound
sufficient linear matrix inequality condition of Theorem 4:
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Figure 2.1: A chain graph with N nodes.

Find M, K
subject to U (A\,M — EKE")U, = 0 (2.5)
M =0, K = 0; M, K diagonal.

As in the case of bounding eigenvalues from below, Theorem 4 provides only a sufficient
condition to imply A,(L;) < A,. The following theorem gives a necessary and sufficient
condition enabled by a specific choice of U,:

Theorem 5 The inequality \,(L,) < A, holds if and only if Ug(XpM — LU, = 0, where
U, € RV*P s the matriz whose columns are the eigenvectors corresponding to the p smallest
etgenvalues of \,M — L.. OJ

An iterative procedure presented in Section 2.3-B employs Theorem 5 and allows for improved
performance when the constraints of (2.3) and (2.5) are paired with an objective. A special
case of Theorem 5 is when p = N. In this case, the U, that satisfies Theorem 5 is a square,
orthogonal matrix, and thus the eigenvalues of U (\,M — EKE")U, and \,M — EKE" are
equal by Lemma 2. Theorem 5 therefore simplifies to the following corollary:

Corollary 1 The inequality Ay (L,) < Ay holds if and only if \yM — L. = 0. OJ

2.3 Examples of Graph Design Problems

We provide two sample problems that can be addressed by combining (2.3) and (2.5), demon-
strating the flexibility of our formulation to impose individual constraints on several eigen-
values simultaneously. In our numerical examples, we require that all node and edge weights
be contained in [e,e7!], where € < 1 is a small positive parameter that guarantees that the
largest and smallest weights do not have too great a relative difference. Smaller values of
€ increase the number of feasible M and K matrices, making it more likely that any given
constraint set is feasible, but run the risk of numerical loss of precision with very large dif-
ferences in individual node and edge weightings. We perform our numerical examples using
CVX, a package for disciplined convex programming [48] [49], and the SDPT3 interior point
solver [95].
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Figure 2.2: An eight node graph with two clusters.

A. Minimizing the Largest Eigenvalue Given a Minimum
Connectivity Constraint

In formation control problems (see, e.g., Section 2.4), it is desirable to have a lower bound
on A, to ensure adequate convergence time while at the same time imposing an upper bound
on Ay for stability. We present the problem of minimizing the largest eigenvalue Ay(L,) of a
graph given the requirement \y(L,) > \,, making use of (2.3) and (2.5) as well as including
upper and lower bounds on the entries of M and K:

mg}ﬁ%ze K
subject to KA, M — EKE"T =0
QF (EKE" = \,M)Q2 = 0
eI >=M>el el = K> el; M, K diagonal.

(2.6)

The problem is quasiconvex for any Qo € RV*(N=1_ Ty find the optimal k = %QL") for
the problem, we perform a bisection on the interval [A,, Axy(L)], where in each iteration, a
convex feasibility problem is solved for the value of x given by the bisection. As discussed in
Section 2.2-A; an arbitrary choice of ()3 may lead to conservatism in the optimal x achieved.
To improve the value of k, we propose Algorithm 1, which makes use of Theorem 3 and

updates @)».

Algorithm 1 Iterative Updates for Qo
L M<=I, K<=1,u>0.

2: repeat

3:  Set Q2 to be the matrix whose columns are the eigenvectors corresponding to the N —1
largest eigenvalues of EKET — M\, M.

4:  Solve (2.6) and update M, K.

5. until |k; — k1] < p OR (max(M) = e ! AND min(M) = ¢)

OR (max(K) = ¢ * AND min(K) = ¢).
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We note that when M and K are identity and @)s is initialized as in Algorithm 1, the columns
of @5 are orthogonal both to each other and to 1,,. In our implementation, we choose u to
be very small, and the effective stopping criteria are the conditions on M and K involving
€. The parameter € can be tuned by being made smaller or larger to achieve improved or
worsened values of x with the resulting difference |k; — k;_1| relatively smaller or larger,
respectively, when the algorithm terminates.

Numerical Example: For an unweighted chain graph with twenty nodes obeying the structure
of Figure 2.1, we have Ay(L) = 0.025 and = 32 = 161.602. We set ¢ = 1072, and apply
our method to reduce k. For the first three experiments, (2.6) was solved with Qs set to
be a matrix whose N — 1 columns are orthogonal to 1. The lower eigenvalue bound was
set to be Ay = A\y(L). Solving for edges only, with nodes weighted to identity, produced no
re-weighting of edges, and so k was unchanged. In contrast, solving for nodes only, with
edges weighted to identity, resulted in k = 123.529. Simultaneous optimization with both
the nodes and edges as decision variables produced a marked improvement to k = 52.862.
Allowing )5 to vary in accordance with Algorithm 1 described above resulted in x = 13.050.

By setting e = 1073, we achieved x = 6.302.

B. Minimizing the Gap between )\, and )\,

We consider graphs with clusters, that is, groupings of densely connected nodes with sparse
external edges. The Laplacian of a graph with p clusters exhibits, in addition to the first
eigenvalue at zero, p— 1 additional eigenvalues close to zero. Thus, in such graphs, there is a
gap between the first p eigenvalues and the rest. Examples of systems obeying the clustered
structure have been studied in building sensor networks [66] and power systems [17], where
distributed estimation algorithms are increasingly prevalent. The gap in the eigenvalues
may be undesirable because it leads to a two-time-scale behavior in the convergence of these
algorithms [9)].

To obtain uniform convergence rates for nodes in different clusters, we maximize A\, while
requiring A\,11 < A,11, and in so doing, minimize the gap between \,(L,) and A,y (L,).
Additionally, we fix Ay (L,) < Aw, so that the rest of the spectrum of the weighted Laplacian
does not deviate far from its original location. The problem is solved with a bisection to

maximize s on the interval [A2(L), A\p11]. We impose upper and lower bounds on the entries
of M and K, and introduce @, € RV*V=U and U,,; € R¥*®*+D defined according to

Xerl .
/\Q(Lg) ’

Theorems 2 and 4, respectively. We now write the quasiconvex problem, with x =
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maximize &
w,M,K

subject to MM —EKET =0
QY(EKE"™ — kM)Qs = 0 (2.7)
Upp1(MpiM — EKE")Upiq = 0
eI =M= el, eI =K = el, M, K diagonal.

We can realize significant improvements in reducing the gap between A,(L,) and A,41(L,)
by employing Algorithm 2, an iterative procedure similar to Algorithm 1 of Section 2.3-A.

Algorithm 2 Iterative Updates for Q2, U411

L M<=I, K<=1,u>0.

2: repeat

3:  Set ()2 to be the matrix whose columns are the eigenvectors corresponding to the N —1
largest eigenvalues of EKET — X\, M.

4:  Set Upy1 to be the matrix whose columns are the eigenvectors corresponding to the
p + 1 smallest eigenvalues of \, . M — EKET.

5. Solve (2.7) and update M, K.

6: until |x; — k1| < p OR (max(M) = ¢! AND min(M) = ¢)

OR (max(K) = ¢! AND min(K) = ¢).

Numerical Example: Consider the eight node graph with two clusters in Figure 2.2. Such
a graph, with identical weights, exhibits a significant gap between Ay and A3. We have the

relation iz&; = 11.293, with the eigenvalues of the unweighted graph at {0.000, 0.354, 4.000,

4.000, ..., 4.000, 5.646}. Our goal is to reduce the gap i;gg by increasing the second eigen-
value while bounding the third and eighth eigenvalues from above. To do so, we employ
Algorithm 2, iteratively updating both @)» and Uj; while requiring A\3(L,) < 4.000 and

Av(L,) < 5.646 and setting € = 1072, We find the optimal value \o(L,) = 4.000, with
As(Lg) _ 1
>\2(Lg) -

2.4 Application to Multi-Agent Systems

We now apply the results of Section 2.3-A to multi-agent systems whose feedback structure
is described by a graph Laplacian.

Each of the N subsystems possesses identical dynamics:

Hi: { Yi Cx;.



16

Figure 2.3: Block diagram of the multi-agent system (2.8-2.9).

and is controlled according to the feedback law:

ui= =M K (g — y), (2.9)
JEN;

where A € R™*" B € R"*" and C' € R"*" with n and n, the dimension of the state space
and input and output, respectively. The set N consists of the neighbors j of agent 7, that
is, the other agents whom agent ¢ senses. We assume that the individual plants are stable or
can be stabilized by local state feedback (see the numerical example below). Therefore, we
assume that A is Hurwitz. M; and K, denote entries ¢ and j of the diagonal node and edge
weighting matrices M and K, respectively. The block diagram of the system is shown in
Figure 2.3, with each subsystem H; having input given by (2.9). We let z = [zT, ... 21"
and rewrite (2.8) and (2.9) as:

Y

it=[In®A—L,® (BCO)|x. (2.10)

As a consequence of the identical dynamics of each subsystem, the system can be decoupled
into n identical subsystems by a change of coordinates using the basis of eigenvectors of L,
[36]. Let U be the orthogonal change-of-coordinates matrix that diagonalizes L, and let A
be the diagonal matrix of eigenvalues of L,. Then A = U 'L,U. Now let V = U ® I, and
let £ =V ~!z. In the new coordinates, the dynamics are given by:

T=[Iy®A—-A® (BO)4, (2.11)

and, thus, the eigenvalues are determined from the characteristic polynomials of A—\;(L,)BC,
t = 1,...,N. This means that the multi-agent system can be analyzed as n decoupled
feedback systems with constant gain \;(L,), ¢ = 1,..., N. In particular, larger Laplacian
eigenvalues imply higher gains for these decoupled systems, which is often undesirable. For
example, if the transfer function C'(sI — A)~'B has non-minimum phase zeros or relative
degree higher than two, high gain will result in right half plane poles, rendering the multi-
agent system unstable. The largest eigenvalue minimization method of Section 2.3-A can
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mitigate this instability by finding a node and edge weighting such that the spectrum of L,
spectrum falls within a range specified by design requirements.

Numerical FExample: We consider formation control for four planar vertical takeoff and
landing, or PVTOL, aircraft, as described in [82]. We model the state of the aircraft by its
lateral position, x, vertical position y, and its roll, . The equations of motion, in input-
output linearized form, are given by the following:

T = U1
Yy = U (2.12)
0 = ¢ (sin6+ cosOuy + sinOuy).

The zero dynamics of the system are unstable and the system is non-minimum phase:

0 = e Lsind. (2.13)

We assume that the aircraft are in hover operation and are stabilized vertically, so we discard
y and ug, the vertical thrust input. We set € = 0.1 and see that the linearized dynamics
around z = 0, § = 0 are:

SN
I

(2.14)

cocoo
e R
[S—y

Socoo
or oo

The input to each aircraft is dictated by the input term of (2.8), with the graph structure
of a four node chain. We choose a state feedback J = [0 —90.616 42.147 13.216 |,
which renders A = A — BJ Hurwitz. To achieve a reasonable response time and to maintain
stability, we wish to contain the eigenvalues of the weighted Laplacian in the interval [50, 125].
In particular, the upper bound of this interval guarantees a damping ratio greater than 0.6.
For the unweighted Laplacian, we have x = i;gég = 5.828, which means that scaling the
% to meet the lower eigenvalue constraint \y(aL) > 50 will
violate the upper eigenvalue constraint Ay(«L) < 125 and lead to instability as illustrated in
Figure 2.4. In contrast, applying the node and edge weights found by applying Algorithm 1
results in an improvement to x = 1.020. We show simulation results with the new weights
in Figure 2.5.

Laplacian by a constant o =
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Figure 2.4: PVTOL formation of four aircraft with unweighted, scaled graph. Each row
represents a snapshot in time in ascending order. Each aircraft’s maximum roll angle and

amplitude of deviation from the desired relative position increases in time, indicating insta-
bility.
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Figure 2.5: PVTOL formation of four aircraft with weighted graph. Each row represents a
snapshot in time in ascending order. Each aircraft’s maximum roll angle and amplitude of
deviation from the desired relative position of the aircraft decrease in time as it converges
to formation.
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2.5 Dual Formulation of the Largest Eigenvalue
Minimization Problem

Popular interior point methods, such as SDPT3 [95], when applied to the convex problems
derived Section 2.3, are limited as to the size of graph they can handle, breaking down for
many graphs with more than several tens of nodes. We show how using Lagrangian dual
formulations enables our eigenvalue optimization framework to accommodate graphs with
several hundred nodes and edges. In the following exposition, we derive the dual of the
largest eigenvalue minimization problem of Section 2.3-A.

We begin with the convex problem solved as part of the solution to the largest eigenvalue
minimization problem. We denote by (-, ) the trace inner product of two matrices of appro-
priate dimension. We set Q € R¥N*(V=1 to be a matrix with columns orthogonal to each
other and to 1,,. The convex problem we dualize is:

Find K, M
subject to kM — EKET =0
Q"(EKE" = M)Q =0
M > el, K > 0; M, K diagonal.

(2.15)

To derive the dual problem, we note that the Lagrangian function is:

L(K,M,Z R,v,w) =—(Z,kM — EKE")
— (R,Q"(EKE" — M)Q) (2.16)
— v (diag(M) — ely) — w” diag(K).

We seek to obtain a finite minimization of the Lagrangian function with respect to M and
K. Thus, minimizing (2.16) with respect to M yields the constraint:

diag(R — kZ) = v, (2.17)

where we have defined a new variable R = QRQT, from which we observe that R1, = 0.
Likewise, minimizing the Lagrangian with respect to K yields the constraint:

diag(E*(Z — R)E) = w. (2.18)
To express the nullspace constraint on R as a single equality constraint, we begin by defining

the matrix E € RV*Y to be E = 1,1%, and state and prove the following lemma:

Lemma 8 Let G be a positive semidefinite matriz. Then Gly = 0 if and only if (G, E) =
0. O
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Table 2.1: Random Graphs with N Nodes and m Edges

N, m, Kk Primal Runtime (s) | Dual Runtime (s)
50, 100, 3 16.066 4.594
50, 500, 1.5 48.666 7.986
100, 200, 3| 141.267 11.724
100, 1000, 1.5 | N/A 27.186
200, 400, 3 N/A 32.980
Proof: Gly =0 < 11G1ly =0 < tr(1{G1ly) =0 < (G,E) =0. O

Combining the constraints found by minimizing (2.16) with respect to M and K, we now
write the resulting dual problem, where we have eliminated the slack variable w:

maximize 1%
Z,Ryv

subject to diag(ET(Z — R)E) >0

diag(R — kZ) = v (2.19)
(R,E)=0
Z,R>0,v>0.

The dual problem we have derived explicitly separates semidefinite matrix variables and
linear variables as well as limits the growth of the number of equality constraints to scale
linearly with the number of nodes and edges in the graph. Solving it using interior point
methods is reasonably fast for graphs with up to 1000 edges, meaning that in addition to be-
ing substantially faster than the primal formulation, the dual formulation can accommodate
significantly larger graphs.

We compare the performance of the SDPT3 algorithm on the primal and dual problems.
The goal is to find feasible M and K matrices for (2.15) and (2.19) given k. We characterize
the performance in terms of CPU runtime in seconds on an Intel Quad Core 2 Duo 2.2 GHz
system with 8 GB of RAM. In Table 2.1, we consider random graphs with N nodes, m edges,
and parameter x, while in Table 2.2, we consider chain graphs with N nodes with kK = 3. As
compared to the primal formulation, the dual formulation can accommodate graphs with an
order of magnitude more nodes.
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Table 2.2: Chain Graphs with N Nodes

N | Primal Runtime (s) | Dual Runtime (s)
50 | 21.076 7.223

100 | N/A 18.861

200 | N/A 44.928

400 | N/A 207.388

2.6 Conclusion

The graph Laplacian is an indispensable tool for assessing the dynamics of a multi-agent
system. In this chapter, we have presented a novel approach to impose bounds on the
Laplacian spectrum. We have shown how node and edge weights can be adjusted using
convex optimization to impose individual constraints on several eigenvalues simultaneously.
Finally, we have demonstrated the effectiveness of the approach on multi-agent systems
problems arising in formation control and time-scale separated networks.
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Chapter 3

Synchronization of Limit Cycle
Oscillations

Diffusively coupled models are crucial to understanding the dynamical behavior of a range
of engineering and biological systems. In particular, synchronization of diffusively coupled
models is an active and rich research area [50]. Conversely, developing conditions that rule
out synchrony is also important, as these conditions can facilitate study of spatial pattern
formation. One of the major ideas behind pattern formation in cells and organisms is based
on diffusion-driven instability [86, 96], which occurs when higher-order spatial modes in a
reaction-diffusion partial differential equation (PDE) are destabilized by diffusion [71, 20,
75, 61, 57].

The majority of synchronization studies address phase coupled oscillators [69, 92, 16, 30],
which rely on the assumption of weak coupling to be able to represent the subsystems with a
single phase variable. Full state models have been studied in [1, 79, 98, 91, 80, 84]; however,
these references derive global results that may be conservative when synchronization of
trajectories close to a specific attractor, such as a limit cycle, is of interest. The reference [7§]
gives a method to determine synchronization applicable to a wide class of coupled oscillators;
however, it does not allow direct determination of synchronization for intervals of diffusion
coefficients and may encounter loss of accuracy due to difficulties in numerically computing
the state transition matrix.

In this chapter, we study diffusively coupled nonlinear systems that exhibit limit cycles in
the absence of diffusion. We develop analytical and numerical tools to determine whether
diffusion stabilizes the spatially homogeneous limit cycle trajectories, thereby synchronizing
the oscillations across the spatial domain. Our methods apply to reaction-diffusion PDEs
with Neumann boundary conditions as well as compartmental ODEs. In the latter case, each
compartment has identical dynamics and represents a well-mixed spatial domain wherein like
components in adjacent compartments are coupled by diffusion.
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We first linearize the system about an asymptotically stable limit cycle trajectory and then
study the resulting periodic linear time varying system. In both the PDE and ODE cases,
synchrony amounts to stability of an auxiliary system of the form

& = (A(t) — \D)a, (3.1)

where A(t) is periodic, D is a matrix of diffusion coefficients, and \; is the kth eigenvalue
of the Laplacian operator (for PDEs) or matrix (for ODEs). In the case of sufficiently
small or large diffusion, we use Floquet theory to decompose the linearized system into fast
and slow time scales, and present results using two-time scale averaging theory [83, 94] that
guarantee synchrony. In the case of diffusion coefficients of intermediate strength, we turn to
a numerical approach, in which we use harmonic balance [101, 110] to represent the linearized
system as an infinite-dimensional linear time invariant system.

We make use of concepts from robust control, in particular the structured singular value
(SSV) [76], to determine stability of the linearized system in the presence of diffusion coef-
ficients spanning a specified finite interval. In particular, our method extends the notion of
structured singular value to the infinite-dimensional harmonic transfer operators that may
be used to describe the frequency-domain behavior of periodic linear time-varying systems.
We apply our tests to a relaxation oscillator system and find that large enough diffusion can
indeed lead to loss of synchrony. Unlike standard examples of diffusion-driven instability
of a homogeneous steady-state [86, 96, 71], this example demonstrates destabilization of a
spatially homogeneous periodic orbit by diffusion.

The stability of (3.1) in which the matrix A(¢) is constant has been studied in the literature.
In [14], the authors showed that the stability of a homogeneous steady-state in a reaction-
diffusion PDE with Neumann boundary conditions is equivalent to the simultaneous stability
of a family of matrices of the form (3.1). In this case, the matrix A(t) = A is constant
because it represents the Jacobian linearization of the reaction terms at the steady-state. In
the typical case where the matrix D of diffusion coefficients is diagonal, a sufficient condition
for the desired simultaneous stability property is that A be an additively D-stable matrix
[63], which means that A — D is Hurwitz for all diagonal D > 0. While recent work has
sought to characterize additive D-stability for constant matrices [97, 45, 67|, the periodic
time-varying case addressed here has not been studied.

The remainder of the chapter is organized as follows. In Section 3.1, we formulate the
problem, and present an example of a system with an asymptotically stable limit cycle that
loses spatial synchrony in the presence of diffusion. In Section 3.2, we outline tests for
synchrony in the case of sufficiently small or sufficiently large perturbations. In Section
3.3, we develop a method to verify synchrony for an interval of diffusion coefficients. We
present relaxation and ring oscillator examples in Section 3.4, and give the conclusions in
Section 3.5. Derivations of our application of structured singular value to periodic linear
time-varying systems and harmonic transfer operators are given in the Appendix.
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3.1 Problem Formulation

In this section, we formulate the problem of synchronization of limit cycle oscillations in
diffusively coupled systems. For both reaction-diffusion systems of PDEs with Neumann
boundary conditions and compartmental systems of ODEs, we show that determining syn-
chrony, in the sense of a system exhibiting spatially homogeneous oscillations, amounts to
examining stability of a linear system with time-periodic coefficients. To motivate our devel-
opments, we also provide an example of a system with an asymptotically stable limit cycle
that loses spatial synchrony in the presence of large enough diffusion.

We first discuss systems governed by reaction-diffusion PDEs, and define the spatial domain
2 € R” with smooth boundary 0f2, spatial variable x € 2, and outward normal vector 7(x)
for x € 0€). The PDE model is:

9z (t, x)
ot
subject to Neumann boundary conditions Vx;(t,x) - n(x) = 0 forall x € 09, where
z(t,x) € R", D € R™" and

V2x(t, X) - [V2x1(t, X) T V2l’n(t, X)]T (33)

= f(a(t,x)) + DVZx(t, x), (3.2)

is a vector of Laplacian operators with respect to the spatial variable x applied to each entry
of z. In a reaction-diffusion system, x(¢,y) represents a vector of concentrations for the
reactants and D is a diagonal matrix of diffusion coefficients. However, for generality of our
derivations, we will not assume D to be diagonal unless we state otherwise.

We say that a solution z(t, x) of (3.1) synchronizes if z(¢, x;) — z(t, xx) — 0 for any two
points x; and xj in Q. We assume that the lumped system & = f(x) has an asymptotically
stable limit cycle and that Z(¢) is a solution of & = f(x) along the limit cycle. Then z(t, x) =
z(t) for all x € 2 is a solution of (3.2). In the absence of diffusion (D = 0), the system (3.2)
admits out-of-phase oscillations, that is, solutions of the form (¢, x) = Z(t + ¢(x)), where
©(x) is a phase that depends on the location x. To determine whether diffusion eliminates
such spatial phase differences, we examine the Jacobian linearization about the limit cycle
trajectory z(t, x):

ox(t
x(&; Y _ (A(t) + DV?)i(t, x) (3.4)
where Z(t, x) = z(t, x) — Z(t) and
_ of
Alt)=J(z(t) = =| . (3.5)
0 |5
Let 0 = A; < Ay < ... denote the eigenvalues and ¢1(x), ¢2(X), ... denote the corresponding
orthogonal eigenfunctions of the operator L = —V? on 2 with Neumann boundary condi-
tions:

Loi(x) = Xidi(x), Véi(x) - a(x) = 0 for all x € 09Q. (3.6)
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The solution to (3.4) can be expressed as:

T(t, x) = Zai(t)¢i(X)v (3.7)

where o;(t) € R" satisfy the decoupled system of ODEs:

Since the eigenfunction ¢;(x) for Ay = 0 is constant, the term corresponding to i = 1
represents a spatially homogeneous mode oy governed by 61 = A(t)o;. When the subsystems
(3.8) are asymptotically stable for ¢ = 2, 3,..., the contributions of the inhomogeneous

modes ¢a(x), ¢3(X), ... to the solution Z(t,x) decay to zero in time, which implies that
x(t, x) synchronizes.

We also study a compartmental ODE model, where each compartment represents a well-
mixed spatial domain interconnected with the other compartments over an undirected graph:

= f(x:)+ DY (;—x), i=1,...,N. (3.9)

JEN;

The vector z; € R"™ represents each compartment’s state, N; denotes the neighbors of
compartment i, and D € R"*". We say that a solution (z(t),...,zn(t)) synchronizes if
z;(t) — x(t) — 0 for any pair (j, k). We take the Jacobian linearization about a limit cy-
cle trajectory Z(t), and aggregate the dynamics of the subsystems using the state variable
T =7l 247, #;(t) = z;(t) — z(t). We represent the interaction between state variables

by a graph Laplacian matrix L = LT € RV*Y | defined as
L =FE", (3.10)

where E is an incidence matrix as in (1.1) whose rows represent nodes (compartments)
and columns represent edges (couplings between the compartments). The dynamics of the
aggregated system may be written as:

= (I®Alt) - L® D), (3.11)

where A(t) is as in (3.5) and ® denotes the Kronecker product. Let U € RY*¥N be a unitary
similarity transformation that brings L into the diagonal matrix of its eigenvalues ¥ € RV*V:
L =UXU?". Choosing § = (U ' ®1I)Z, we rewrite (3.11) as a block diagonal system, making
use of the Kronecker product identity (M @ S)(T @ W) = MT @ SW for matrices M, T and
S, W of conformable dimensions, respectively. We then have:

j=(I®A(t) - D)j, (3.12)
which is decoupled into the subsystems:

5= (A(t) = \D)iji, L=1,...,N, (3.13)
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Figure 3.1: Spatio-temporal evolution of x5 for system (3.2)-(3.14) with d; = 100, ds = 0, and
i = 0.1 on the one-dimensional spatial domain € = [0, 1] with initial condition z5(0, x) =
5+ cos(myx) and Neumann boundary conditions. The oscillations do not synchronize, and in
fact growth of the spatial mode ¢,(y) is observed.

where 7, € R™ and J; is the [th eigenvalue of the Laplacian matrix, respectively. In par-
ticular, Ay = 0 and A\, > 0,1 = 2, 3,..., N when the graph is connected. Note that
(3.13) is analogous to (3.8) except that it consists of finitely many modes [ = 1,..., N. If
the subsystems (3.13), [ = 2,..., N, are asymptotically stable, then for any pair (j,k) €
{1,...,N} x{1,..., N}, we have z;(t) — z4x(t) — 0 exponentially as ¢ — oo, which implies
that (x1(t),...,xy(t)) synchronizes.

Motivating Example

To see that a diagonal D > 0 does not necessarily guarantee synchronization, consider the
system (3.2) with the dynamics:

1 _ 1.3 _
flx) = { u<“"1x1 j“i@ ) } and D = { ‘él 8 ] , (3.14)

with d; > 0. When p > 0 is sufficiently large, the vector field f(z) has the behavior of a
relazation oscillator [64] and admits a stable limit cycle. The Jacobian linearization about
the limit cycle trajectory Z(t) is given by:

At) = { w1 = 3i(t) /ﬂ (3.15)
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Figure 3.2: Trajectories of 15 (blue, solid) and z9y (red, dashed) of (3.9) and (3.14) for two
compartments synchronize under small diffusion coefficient d; = .5 and initial conditions

(12(0), 222(0)) = (—1,.5).
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Figure 3.3: Trajectories of x5 (blue, solid) and zgy (red, dashed) of (3.9) and (3.14) for
two compartments do not synchronize under larger diffusion coefficient d; = 100 and initial

conditions (x12(0), x92(0)) = (

~1,.5).
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When \;d; > 1/u, system (3.8) exhibits two-time scale behavior, with the slow dynamics
unstable:

Gis = poin. (3.16)
Thus, we expect the system (3.2), with f(x) and D as in (3.14), to be unstable when \;d;
is sufficiently large. Indeed, for d; = 100 and p = 0.1, the simulations over the spatial
domain [0, 1] demonstrate the growth of the spatial mode ¢2(x) = cos(my); see Figure 3.1.
Unlike standard examples of diffusion-driven instability of a homogeneous steady-state [86,
96, 71], this example demonstrates destabilization of a spatially homogeneous periodic orbit
by diffusion.

Similar behavior can be observed for the compartmental model (3.9) with two compartments,
and f(x) and D given by (3.14). The two-node graph representing the interconnection of
the two compartments has Laplacian eigenvalues Ay = 0 and Ay = 2. When d; is small, we
find that oscillations synchronize spatially, as shown in Figure 3.2. When d; is large, the
trajectories corresponding to compartments one and two diverge from each other, as shown
in Figure 3.3.

3.2 Synchronization under Weak or Strong Coupling

As shown in the previous section, for both the PDE (3.2) and the compartmental ODE (3.9),
synchrony is determined by the stability of the time-varying system (3.1). For simplicity of
notation we drop A from (3.1) and analyze

= (A(t) — D)z, (3.17)
since D can be appropriately scaled to account for \g.

When D is sufficiently small or large, we use Floquet theory to decompose (3.17) into fast
and slow time scales, and develop stability conditions using two-time scale averaging theory.

Recall that A(t) = %LE( ;) 18 the linearization of f (x) about a limit cycle trajectory z(t), and
let T' denote the period of oscillations: A(t +7T') = A(t) for all t. We first consider the case
with D = 0, that is:

T = A(t)x, (3.18)

and note that it admits the periodic solution x(t) = z(t). To see this, observe the following:
K3 _ oo a kX kX

z(t) = f(z(t) = z(t) = 8_:JZ ) z(t) = A(t)x(t). (3.19)

Floquet’s Theorem (Thm. 2.2.5, [35]) implies that the state transition matrix ®(¢,y) of
(3.18) is periodic and can be written as

D(t,t0) = U(t) exp (F(t — 1))V (to), (3.20)



29

where F' € R™" is a constant matrix, U(t +T) = U(t) € R™" and U(t) = V~(t) € R™",
with the columns of U(t) given by u;(t) and the rows of V (t) given by v] (¢). Since (3.18)
results from linearization about a stable limit cycle, F' can be written as

P {8 ]22], (3.21)

where F is an (n — 1) X (n — 1) Hurwitz matrix and u,(t) = Z(¢). The eigenvalues of F are
called Floquet exponents, and the evaluation of the state transition matrix over one period
with initial condition to, ®(to + T, t9) = exp(FT), is called the monodromy matriz.

In what follows, we derive a condition that relates the stability of (3.17) with sufficiently
small D to wuy(t) and vy(t). First, we review properties of ui(t) and v;(t) that follow from
Floquet theory. The definition of U(t) and V(t) implies that v} (t)u;(t) = d;;, where 6,
the Kronecker delta. In particular, v1(t) is a periodic solution of the adjoint system:

le

p=—AT(t)p. (3.22)

To compute u;(t) and vy (), we follow [27] and numerically integrate

0
5; 2t o) = A()D(t, to) (3.23)

over one period with the initial condition ®(¢y,tg) = I. We then compute the eigenvector of
the monodromy matrix corresponding to its eigenvalue at one:

u(to) = B(to + T, to)us (to). (3.24)

Using the numerically-computed state transition matrix ®(t,%,), we then calculate the tra-
jectory uy(t) = ®(t,to)us(to). To obtain v1(t), we begin by computing the left eigenvector of
the monodromy matrix corresponding to its eigenvalue at one:

’Uf‘lr(to)q)(to + T, to) = U{(to) (325)
We scale v;(tp) such that vf (¢9)u;(tg) = 1. Finally, to obtain v;(t), we numerically integrate
the adjoint system (3.22) backwards in time with the terminal condition p(to + T") = vy (o).

Having reviewed the case D = 0, we now prove a result about the stability of (3.18) with
sufficiently small D.

Proposition 6 Let vl (t) be the first row of V(t) and ui(t) be the first column of U(t), where
O(t,t9) = U(t)exp (F(t —to))V(to) as described above. Given a matriz Dy € R™™, if the
mequality

to+T
/ vl () Douy (t) dt > 0 (3.26)

to
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holds, then the origin of the system
= (A(t) — eDy)x (3.27)
1s exponentially stable for sufficiently small € > 0. 0

Proof: Floquet theory implies that the time-varying change of coordinates y = V (¢)x trans-
forms (3.18) into a linear time invariant system:

j=Fy. (3.28)

where F' is as in (3.21). Introducing the decomposition y = [w? 27"

BRI 20

When applied to system (3.27), the preceding change of coordinates yields:

{ : 1 B ([ 0 R } V(DU <t>) { p } - (3.30)

For small ¢, this time-varying periodic system exhibits two-time scale behavior, which allows
us to exploit the theory of two-time scale averaging [83, 94|. The averaged slow system
corresponding to (3.30) is given by

, we rewrite (3.28) as:

Wy = —€QWy,
1 [T 3.31
0= / o7 (£) Dy (£)dt. (3.31)
to

Since F, is Hurwitz, an application of Lemma Al in Appendix A shows that if a > 0, then
the equilibrium y = 0 is exponentially stable for sufficiently small e. 0

Note that Proposition 3.1 does not require Dy to be diagonal. When Dy is diagonal, the test
(3.26) can be simplified as follows:

Corollary 2 Let uy; and vlTj be the ith and jth components of uy and vl respectively. If
the inequalities
to+T
/ oL (i (t)dt > 0, i = 1,....m (3.32)
to
hold, then given any diagonal matrix Dy = 0, Dy # 0, the periodic solution of the linearized
system (3.27) is stable for sufficiently small € > 0. OJ
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We now turn to the case where D is large. Standard results from perturbation theory
[64] guarantee stability of (3.17) when D is nonsingular and sufficiently large. When D is
singular, we again leverage two-time scale arguments to derive a condition that guarantees
stability of (3.17):

Proposition 7 Given a matriz Dy € R™*"™, consider the linear time varying system:

i = (A(t) — e 'Dy)w (3.33)
An(t) An(t) 0 0
Aft) = [ i Am(z)}’DO: [O Dz], (3.34)

where x € R", A(t +T) = A(t) for all t, Ay (t) and Dy have the same dimension, —Ds is

Hurwitz, and € > 0. If
1 to+T

All - = All(t) dt (335)
T tO
is Hurwitz, then x = 0 is an exponentially stable equilibrium of (3.33) for sufficiently small
€. O

The proof follows from Lemma A1l. Note that if Dy is not block diagonal, but is singular with
trivial Jordan blocks corresponding to its eigenvalues at zero and all remaining eigenvalues
in the closed right half plane, there exists a similarity transformation that will bring (3.33)
to the form required by (3.34).

The tests that we have derived, while analytic in nature, may be applied to problems of
interest by computing a linearization about a periodic solution, and numerically integrating
the resulting differential equation (3.23) in order to obtain u; and v;. We demonstrate the
application of these tests in Section 3.4.

3.3 Numerical Verification of Synchronization using
SSV

In this section, we develop numerical tools to determine the stability of (3.17) for a family
of matrices D parametrized as:
D = M + BAC, (3.36)

where M € R™*" B € R™™, and C' € R™*" are fixed matrices, and A € R™*"™ is a diagonal
matrix whose entries take values in [—1, 1]. For example, suppose that the system (3.17) has
one diffusible component, with

D = diag([d; 0 --- 0]), (3.37)
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where d; € [r, R]. Then D can be written as in (3.36) with M = ¢ el where ¢; is a

2
standard basis vector, B = [R;’” 0--- O]T, C=[10---0], and A = § is a scalar. The

problem is then to ascertain that the system (3.17) is stable for all values of ¢ on the interval
[—1,1].

Structured singular value (SSV) analysis provides a useful test for determining the robustness
of a stable linear time invariant system to structured modeling uncertainty. However, since
(3.38) is time-varying, in order to apply SSV analysis directly we must first bring the system
to an equivalent time invariant form. For such analysis, it is useful to rewrite the system
(3.17) as:

&= (A(t) — M)x — Bq

y=_Cu (3.38)

q = Ay.

Previous efforts to apply SSV analysis to time-varying systems have focused on the time-
domain lifting idea of [8, 15], outlined in [65, 70, 32], where system (3.38) is discretized and
converted to a continuous time invariant system.

Instead, we pursue an SSV analysis that makes use of the harmonic balance approach [101]
and frequency-domain lifting as in [34], and avoids the numerical difficulties and sensitivity of
computing the state transition matrix and discretizing with an adequate number of samples
in the lifting approach. Our computational experiments show that the harmonic balance
approach frequently leads to less conservative results in establishing the values of diffusion
coefficients that lead to instabilities. We give a brief summary of harmonic balance, and
then outline its application to the problem of determining the stability of (3.17).

We assume that each entry of the matrix A(t) is a continuous function of ¢ that has an
absolutely convergent Fourier series, and so A(t) may be expressed as:

Aty =D Apel™, (3.39)

mEZ

where w, is the fundamental frequency. Define doubly infinite vectors representing the
harmonics of the state:
XT =] 2t of of -], (3.40)

and do the same for the input ) and output Y. The doubly infinite block Toeplitz matrix
A is determined by the harmonics of A(t):

oAy Ay A, L
./4 — e Al AO A,l e . (341)
Ay Ay Ao
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We define the doubly infinite matrices Z = blkdiag(I), B = blkdiag(B), and C = blkdiag(C),

and define the modulation frequency matrix as:
N = blkdiag{jmw,I}, Vm € Z. (3.42)

We define the matrix A = blkdiag(A) to be block diagonal with copies of the diagonal matrix
A in each block, and the matrix M = blkdiag(M) to be a block diagonal scaling matrix with
copies of the matrix M in each block. We now introduce the harmonic state space model,
where s = jw:
sX=WU-M-N)X —-BQ
Y =CX (3.43)

Q = AY.

We perform SSV analysis to determine if there exist matrices D such that (3.17) is unstable.
For the precise definition of the structured singular value in the context of periodic linear-
time varying systems represented by a harmonic state space model, we refer the reader to
Appendix B. To obtain a computationally tractable test, we truncate the doubly infinite
system. As shown in Appendix B, we may approximate (3.43) arbitrarily well. In the
examples we consider there exist fewer than ten significant harmonics, and we represent the
doubly infinite system by a finite dimensional system. We then perform SSV analysis on the
truncated version of (3.43) to determine the range of matrices A for which (3.17) remains
stable. In particular, we use the MATLAB command mussv in the Robust Control Toolbox,
which performs SSV analysis to test if there exists a A such that (3.43) is unstable. We
summarize our procedure in Algorithm 3.

Algorithm 3 Numerical verification of synchrony using harmonic balance
1: Using the parametric decomposition (3.36) for the given family of matrices D under
consideration, determine the matrices B and C in order to express (3.17) in the form of
(3.38).
2: Determine the Fourier series coefficients of A(t).
3: Define the truncated linear time invariant harmonic state space model as in (3.43).
4: Compute the structured singular value p of the harmonic state space model.

Following the completion of Algorithm 3, if ;> 1, we compute the corresponding matrix A
with smallest norm such that the truncated harmonic state space model is unstable. We then
use the computed matrix A and (3.36) to compute a candidate for a matrix D that makes
(3.17) unstable. If u < 1, appealing to the convergence properties in Appendix B provides
evidence that system (3.17) is stable. The choice of the number of terms in the truncation
resulting from Step 3 involves a tradeoff between numerical accuracy and computation time.

Since the problem of computing the structured singular value of a system is NP complete
[76], the Robust Control Toolbox employs linear matrix inequality relaxations as well as a
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discretization of the continuous frequency domain, which can lead to numerical inaccuracies
and conservatism. This conservatism can pose a problem in certifying stability over large
intervals. In many cases, it may be necessary to perform SSV analysis on smaller intervals,
and to certify the remaining (possibly infinite) interval using the perturbation arguments of
Section 3.2.

3.4 Examples

Example 1 - Relazation Oscillator

We first discuss numerical results for the relazation oscillator example given by (3.14) in
Section 3.1. We set the parameter ¢ = 0.1, and first study the two compartment ODE
model (3.9). When D is small, the techniques of Section 3.2 apply, and we can easily
check that the conditions of Corollary 2 are satisfied for nonnegative \;d; < €*, where €*
is computed from the proof of Lemma Al. In Figure 3.2, we show the oscillations of the
solution of x5 synchronizing spatially under small D, as expected.

We next examine the case of larger D for both (3.9) and (3.2). To apply the harmonic
balance method, we compute the harmonic components of x;(¢) and find that eight harmonics
are sufficient to represent the signal. We then use the harmonic expansion to generate a
corresponding finite dimensional approximation of the matrix A. Because D is diagonal and
nonnegative, we set M = “t<ejel, B = [ 0]7, C =[1 0], and A = §, and perform SSV
analysis to determine values of d; that lead to instabilities. We find that at \;d; > 87.6,

stability is lost.

Indeed, when the product A\;d; > 87.6, the two compartment ODE, with Ay = 2, will exhibit
trajectories that diverge, and the reaction-diffusion PDE model, with \; = (i — 1)?, i =
2, 3, ..., will lose spatial uniformity for initial spatial modes with large enough wavenumber
1 regardless of dy. In Figures 3.1 and 3.3, we show that the oscillations of the solution of x4
do not synchronize spatially for large D, and observe increasing spatial inhomogeneity over
time.

Ezxample 2 - Ring Oscillator
We next study a coupled three-stage ring oscillator model (Figure 3.4), with the dynamics
of each circuit given by:

Ti1 = —hxia — o tanh(Bi23) + wi
Tig = —MaTiz — Qg tanh(Bows) (3.44)
T3 = —n33 — g tanh(f3x:2),

with coupling at node 1 of each circuit. The parameters n; = a1, and [, correspond to

1
RiC;’
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the gain of each inverter. The coupling is defined by:
wip = —dy (Z(Izl - xﬂ)) ) (3.45)
JEN

where d; = 1/(RC}) and N; denotes the set of circuits to which circuit ¢ is connected. The
Laplacian matrix describing the interaction between three coupled circuits as in Figure 3.4

is given by:

2 -1 -1
L=|-1 2 -1 (3.46)
-1 -1 2

Following (3.9), the vector field f(z) is given by (3.44) with D = diag([d; 0 0]).

T11

R, Ry R3

o L T T

Ry Ry R

T T I

Figure 3.4: Three-stage ring oscillators as in (3.44) coupled through node 1.

In order for (3.44) with w;; to admit a limit cycle, it must have «;5; > 2 [44]. We set n; = 1,
a; = 2, and B; = 1.2 for all i. When d; is small, we use the techniques of Section 3.2 to

study the effects of small D on (3.9). Upon computing wu;(t) and vy(t), it is readily seen that
the conditions of Corollary 2 are satisfied. Thus, the equilibrium at x = 0 is exponentially
stable for nonnegative \;d; < €*, where €* is computed from the proof of Lemma Al.

We next apply Proposition 7 to study the effects of large D on (3.9). Linearization about a
limit cycle trajectory z(t) brings (3.44) to the form:

T Aidi 0 0 1 0 71(Z1) T
iy | = — 0 00— 7@ 1 0 Ty |, (3.47)
Qg 0 00 0 ys(zs) 1 s
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with 71 (Z1) = aifisech (B123)%, 72(T2) = agfasech (B221)%, and 13(Z3) = azfBzsech (B372).
When d; is large, the system exhibits two-time scale behavior. Since D > 0 is diagonal and
the averaged slow system corresponding to [xo z3]”, given by:

lﬁi } - (/:w [ 73,(1@3) X } dt) [ﬁi } : (3.48)

has an exponentially stable equilibrium at zero, we conclude from Proposition 7 that the
equilibrium at z = 0 is exponentially stable for A\;d; > m*, where m* is computed from the
proof of Lemma Al.

We use SSV analysis to certify synchrony for the remaining interval [¢*,m*]. Following
Section 3.3, we set M = "F<eel, B = [ 0 ... O}T, C=[10...0], and A = 4.
A discrete Fourier transform of a periodic trajectory z(t) suggests that eight harmonics are
sufficient to represent the truncated harmonic state space model for the time-varying system.
SSV analysis indicates that coefficients \;d; € [¢*,m*] will result in (3.9) being stable. In

Figure 3.5 we show an example of a coefficient d; € [e*, m*] with synchronized oscillations.

/
/
_3—(“

4

-5

5 10 15 20

t(s)
Figure 3.5: Coupled identical three-staged ring oscillators as in (3.44) with n; = 1, oy = 2,
and B; = 1.2 for all i. Oscillations synchronize with initial conditions z1; = 1 (blue),
x91 = —5 (red), and x3; = 2 (green). For brevity we show only the first component.

3.5 Conclusion

We have studied diffusively coupled compartmental ODEs as well as reaction-diffusion PDEs
that admit stable limit cycles. We have established analytic tests using two-time scale
averaging theory to study the case of weak or strong coupling. We then presented a numerical
method applying the harmonic balance and structured singular value analysis on intervals
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of intermediate coupling strength to determine whether limit cycle oscillations synchronize.
Finally, we applied our tests to examples, where we identified cases in which diffusion leads
to loss of spatial synchrony. Our results could also be used to decide on coupling strengths
to guarantee synchrony in diffusively coupled systems such as voltage controlled oscillators
and multiagent systems in which agent dynamics can be destabilized by high gain feedback.
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Chapter 4

Synchronization under
Space-Dependent Diffusive Coupling

We present a condition that guarantees synchronization in diffusively coupled compartmen-
tal systems of ODEs and reaction-diffusion PDEs. The majority of the literature makes use
of global Lipschitz conditions on the vector field of the uncoupled dynamics to guarantee
synchronization [4, 19, 60, 74]. In [1], the author derived a significantly relaxed condition
that restricts the Jacobian of the vector field describing the uncoupled dynamics in order to
guarantee synchronization. Using the results in [1] as a starting point, we derive a condition
that allows each set of like components to have its own weighted coupling structure describ-
ing the topology of the interconnection between compartments. The condition we derive
furthermore allows the diffusive coupling to vary spatially.

We begin our discussion in Section 4.1 by studying compartmental ODE models, where each
compartment represents a well-mixed spatial domain wherein like components in different
compartments are diffusively coupled. In Section 4.2, we apply the LMI tests to study the
behavior of a coupled ring oscillator circuit. We emphasize that each node in a component
may have its own set of neighboring nodes to which it is diffusively coupled independent of
the set of neighbors of other nodes in the same compartment. We next turn to reaction-
diffusion PDEs with Neumann boundary condition in Section 4.3, and establish a condition
guaranteeing spatial homogeneity analogous to the result for compartmental ODEs. We
summarize our contribution in Section 4.4.
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4.1 Compartmental Systems of ODEs

We begin by considering a compartmental ODE model where each compartment represents
a spatial domain interconnected with the other compartments over an undirected graph:

jfi,k = f(xz)k + Z U)Z(]k)($J7k — SL’i’k), 1= 1, Ce ,N. (41)

JEN; &

The vector x; € R™ is the state of the i-th compartment, the vector field f(x;) is the k-th
component of the vector field f(z;) acting on z;, the set N consists of the neighbors of

the k-th component of compartment i, and the scalar wz(f ) = w](-f) € R is a weighting factor.

We aggregate the dynamics of each compartment using the stacked vector X = [zT ... 21"
and represent the interconnections between like components in different compartments by a
generalized symmetric positive semidefinite graph Laplacian matrix L; € RV*V:

X =F(X)- (zn: L ® Ek> X, (4.2)

where By = egel € R™" is the product of the k-th standard basis vector e; multiplied
by its transpose, and F(X) = [f(x1)" ... f(zy)T]?. In the event that the k-th set of like

components are not interconnected with one another, we set L, = 0. Define /\gk) as the
second smallest eigenvalue of Ly, and note that since Lyly =0,

2T Lyz > /\gk)sz (4.3)

for all z € R" with z L 1y. Let J(z) = % | denote the Jacobian of f(x) at x.

Theorem 8 Consider the system (4.2). Suppose there exists a convex set X € R™, a positive
definite matriz P, and a constant € > 0 such that the following conditions hold:

n n T
P (J(x) > Ag’“Ek) + (J(x) -3 Ag’“Ek) P=—cl Yz eX (4.4)
k=1 k=1
PEy + ExP =0 for each k € {1,...,n} with Ly # 0. (4.5)

If solutions are bounded, then for any pair (i,j) € {1,...,N} x {1,..., N} and any index
ke {l,...,n}, we have: x;(t) — x;,(t) = 0 exponentially as t — oo. O
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Proof: First recall that 27 Lyz > AY2T% for all z L 1y, and that 27 (L, ® I,)z > AP 272
for all z L 1y ® I,,. Define the following terms:

I 1 .

a::NZ:1a:Z~:N(1N®]n)X
X=1y®7 (4.6)
Ti=2;—T
X=X-X

Since Zfil z; = 0, it holds that XT(1y ® M) = 0 for all matrices M with n rows. The
dynamics of X are given by:

X=FX)-X-LX

. . (4.7)
=F(X)-X-LX,
where L = )"/, L; ® Ej,. We differentiate the candidate Lyapunov function V' = %f( T(Iy®
P)X: '
V=X"Iy®P)(F(X)-X)-X"(Iy®P)LX
. . - - 4.8
=X"(Iy@ P)(F(X) - X) = X" (L, ® PE,)X. (48)
k=1
We observe that
(Ly ® PEy) + (L ® PEY)T = L, ® (PE, + E,P), (4.9)

and that because condition (4.5) holds, there exists a matrix Qy, such that Q7 Q = %(PEk +
EP). Then ) o )
XLy @ PE)X = XT(Iy @ Q1) (L @ 1) (In @ Q)X

where y, = (Iy ® Qk)f( Because of the orthogonality relation y, L 1y ® I, and condition
(4.3), it follows that

(4.10)

X"(Iy ® P)LX =Y " y{ (L, ® L)yx
k=1

k
2 Z )\g )ygyk
= (4.11)

=Y A\IXT(Iy ® PE,)X
k=1

n N
=Y NN il PR
k=1 i=1
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Defining F(X) = 1y ® f(Z) and adding and subtracting X (Iy ® P)F(X), we have:

V< XT(Ix ® P)(F(X) - X) - Z A i & PE
— XT(Iy & P)(F(X) = F(X)) + X7 (Iy ® P)(1y @ ((7) — #))

n N

=AY F T PR (4.12)
k=1 =1

= X"(Iy ® P)(F(X) = F(X)) + X"(1y ® P(f(z) — 2))

n N

S AN i PR
k=1 =1

Recalling that XT(1y ® M) = 0, we take M = P(f(z) — z) and apply the mean value
theorem:
N n N
> alr st ) - (S0 Yt e
i=1 k=1 i=1
o (P(f(x» — f(z)) - P Z Aé“Ek) % (4.13)
1
/ ifP( (T + sz;) Z)\(k ):ﬁids.
0

Because condition (4.4) holds, we have:

“/.

IA

N
i=1
N
=1

€

o ()

V< —%XTX < - (4.14)

which concludes the proof. U

The additional condition that the product PEj be symmetric for each k € {1,...,n} with
Ly, # 0 allows us to generalize Proposition 8, as in [1], to handle non-symmetric generalized

graph Laplacians (e.g., where ww) + w(k)) In place of (4.9), take
(Ly ® PEy) + (L, ® PE,)" = (L + L}) ® (PEy), (4.15)

which holds when PE} is symmetric, and define )\ék) as the smallest positive number such

that (4.3) holds.

In order to check the conditions of Theorem 8, we note two results that follow from ([1],
Theorems 2 and 3), where the Jacobian matrix over the convex set X is itself parametrized
by a convex set.
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Theorem 9 If there exist constant matrices Zy, ..., Zq and Sy, ..., Sy such that
J(z) € conv{Zy,...,Z;} + cone{S,..., S} Vo e X, (4.16)

then the existence of a symmetric matriz P satisfying

n n T
P (zk —ZA&’“)Ek) + (zk —ZA&’“’&) P <0, k=1...9q (417)
k=1 k=1 )
PS,+SiP =0, k=1,....m

implies condition (4.4) for some € > 0. If J(x) is surjective onto conv{Zy,...,Z,} +
cone{Sy,...,Sn}, then the converse is true. O

Next, we define a convex box as:

box{ My, My, ..., My} = {Mo+w My+...+w,M,|w; € [0,1] for each k =1,...,p}. (4.18)

Theorem 10 Suppose that J(x) is contained in a convex box:
J(x) € box{Ag, A1,..., A} Ve e X, (4.19)

where Ay, ..., Ay are rank-one matrices that can be written as A; = B;CT, with B;, C; € R™.
If there exists a positive definite matriz P with:

P 0 ... 0
0O ¢ 0 0
P: . . . . >P€Rnxn7Qi€Rai:17"'al7 (420)
0 0 q
satisfying:
T
A= MWE, B A= ME, B
= = 4.21
P ot Nk b7 _1 | PO (4.21)

with B = [By...B)| and C = [Cy...C}], then the upper left (positive definite) principal
submatriz P satisfies condition (4.4) for some ¢ > 0. Ifl = 1 and the image of X 1is
surjective onto box{ Ay, A1}, then the converse is true. O
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‘T T I

Figure 4.1: Example of a three-stage ring oscillator circuit as in (4.22) coupled through nodes
1 and 2.

4.2 Ring Oscillator Circuit Example

Consider the n-stage ring oscillator whose dynamics are given by:

Ti1 = —mxi1 — o tanh(Biz;,,) + wiq

Tio = —1p%;2 + oo tanh(Boz; 1) + w2
(4.22)

j:i n = "ThTin + ay, tanh(ﬁnxi,n—1> + Wi n,,

)

with coupling between corresponding nodes of each circuit. The parameters n, =
and [y correspond to the gain of each inverter. The input is given by:

W, = dy, Z (Tjk — Tik)s

JEN &

1
R,Cl’ Ay

(4.23)

where dj, = R(+>Ck and N denotes the nodes to which node k of circuit 7 is connected. We
wish to determine if the solution trajectories of each set of like nodes of the coupled ring

oscillator circuit given by (4.22)-(4.23) synchronize, that is:
(4.24)

Z;k — v, — 0 exponentially as ¢ — oo

for any pair (i,7) € {1,...,N} x {1,..., N} and any index k € {1,...,n}.
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For clarity in our discussion, we take n = 3 as in Figure 4.1, noting that the derivation is
identical for any choice of n. We first write the Jacobian of the system (4.22), where we have
omitted the subscripts indicating circuit membership:

—M 0 —ao fBrsech ?(Brxs)
J(ZZ') = OézﬁgSGCh2<62£L’1> —1)2 0 . (425)
0 a3 fBssech *(B5x) —13
Define the matrices
[ —M 0 0 0 0 —06151
AO = 0 —17)2 0 A1 = 0 0 0
0 0 - 0 0 0
: s (4.26)
0 00 0 0 O
A= a8y 0 0| A3=1]0 0 O
. 0 00 0 azfs 0
Then it follows that J(z) is contained in a convex box:
J(.CE) S bOX{AQ, Al> Az, Ag} (427)

While the method of Theorem 9 involves parametrizing a convex box as a convex hull with
2P vertices, and potentially a prohibitively large linear matrix inequality computation, the
problem structure can be exploited using Theorem 10 to obtain a simple analytical condition
for synchronization of trajectories. In particular, the Jacobian of the ring oscillator exhibits
a cyclic structure. The matrix for which we seek a P satisfying (4.21) is given by:

V= | A= \PE, B
cT .y,
[ — A 0 0 0 0 —ap ]
0~ — AP 0 asfs 0 0 (4.28)
_ 0 0 ==X 0 asps 0
1 0 0 -1 0 0
0 1 0o 0 -1 0
I 0 0 10 0 1]

Note that the matrix M exhibits a cyclic structure, and by a suitable permutation G of its
rows and columns, it can be brought into a cyclic form M = GMGT. Since M is cyclic, it
is amenable to an application of the secant criterion [3], which implies that the condition

I3 _ By,

v
k=L PP gec? (= 4.29
I (e + \) < ) (4.29)

3

holds if and only if M satisfies o o
PM+ M"P <0 (4.30)
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for some diagonal P = 0. Pre- and post-multiplying (4.30) by GT and G, respectively, we
have

GTPGM + MTGTPG < 0. (4.31)
Note that GTPG is diagonal, and so if M is diagonally stable, then M is diagonally stable as
well. We conclude that if the secant criterion in (4.29) is satisfied, then Theorem 10 holds,
and so Theorem 8 holds, with:

Zix — 2jr — 0 exponentially as t — oo (4.32)
for any pair (i,7) € {1,...,N} x {1,..., N} and any index k € {1, 2, 3}.

We note that the condition for synchrony that we have found recovers Theorem 2 in [44],
which makes use of an input-output approach to synchronization [84]. We have derived the
condition using Lyapunov functions in an entirely different manner from the input-output
approach.

4.3 Reaction-Diffusion PDEs

Consider the connected, bounded domain €2 C R" with smooth boundary 0f2, spatial variable
X € , and outward normal vector n(y) for y € 9€2. We consider elliptic operators Lj, given
by:

Leu(tx) = —V - (A 00Vult ), Ag:Q SR ke {l...n},  (433)
where the function Ag(x) is symmetric and bounded and Ja > 0 such that for all y € 2 and

for all ( = (¢1,¢0,...,¢) € R", Z:] aij(X)G¢ > a|¢*. We will study the reaction-diffusion
equation:

ox(t,
UX) — fatto) + Laft. ). (4.34)
subject to Neumann boundary conditions
Vi (t, x) - n(x) =0 Vx € 09, (4.35)

(13

is the inner product in R”, n(y) is a vector normal to 09, x(t, x) € R", and

La(t, x) = =[V - (A0 Vai(t, X)) .. V- (Aa(x) Vaa(t, X)) (4.36)

is a vector of elliptic operators with respect to the spatial variable y applied to each entry
of z(t,x). In a reaction-diffusion system, z represents a vector of concentrations for the
reactants.

Define:

where

z(t) := ﬁ/ﬁx(t,x)dx, z(t, x) == x(t,x) — z(t) (4.37)

In Theorem 11 below, we show that the solutions of (4.34) achieve spatial uniformity under
the conditions (4.4)-(4.5):
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Theorem 11 Consider the system (4.34). Suppose there exists a conver set X C R™, pos-
itive definite matriz P, and constant € > 0 such that the conditions (4.4)-(4.5) hold. Then
for every bounded classical solution x(t,x) : [0,00) x @ — &, |[m{z(t, x)}|r2() — O expo-
nentially as t — oo. O

Theorem 11 applies to classical solutions that exist for all ¢ > 0. Results on the existence of
classical solutions to reaction-diffusion PDEs can be found in [89, 90, 42].

Proof of Theorem 11: First define £ = 7{x}. Note that

0x(t, x)
ot

— n{f(a(t, X))} + La(t, ). (4.38)

Consider the candidate Lyapunov function

V- % /Q F(t) - PE(ty)dx. (4.39)
Differentiating, we have:
V< [ a0 Pr{fattodx+ [ (0 PLalt )dy. (1.40)
We consider the expansion:
/Qf(t, X) - PLx(t, x)dx = zn:/ﬂi(t, X) - PE Lx(t, x)dx, (4.41)
k=1
and note that
/Q:E(t,x) - PERLx(t, x)dx = /Qi'(t, X) - PERLyx(t, x)dx, (4.42)

where the linear operator £, is defined:

From the condition (4.5), we know there exists a matrix Q, such that QF Q) = 3(PEj+E,P).
Substituting, we have:

/j(t,X) - PERLyrx(t, x)dx = / QrT(t, x) - QulrZ(t, x)dx = / Uk(t, x) - Leyr(t, x)dx,
0 Q Q

(4.44)
where yi(t, x) = QrZ(t, x). Consider the following identity:

V- (9G) =9V -G+ G- Vg. (4.45)
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Taking G = Ax(x)Vyk.i(t, x) and g = y:(t, x), we next integrate both sides of the identity,
noting the Neumann boundary conditions, and apply the divergence theorem, finding that
the left hand side of the integrated identity is zero. We then have:

/Q Uit )V - (Ap(0) V(£ 1)) dy = — / Vit ) - (ACOVaralto 1) dy.  (4.46)

Noting that [, yk(t,x) dx = Qr [, Z(t, x) dx = 0, we apply Lemma 1:
/Q Vet x) - (A Vit x)) dy > A7 /ﬂ Ykt x)* dx, (4.47)
where )\gk) is the second Neumann eigenvalue of L,. Substituting, we have:
/Qf(tx)-Pﬁfr(t,x>dx=2n:/yk(t,x)-£kyk(tax)dx
Z A [t 20 - 0 (4.48)
S Z )\( / ) - PERZ(t, x)dXx.

After adding to and subtracting [, Z(t, x) - f(Z(t))dx from the right hand side of (4.40), we
arrive at:

V< [ a0 Pratt0) - faO)i - ZA / ) PEi(t, x)dx

Z/Qf(t,x)-P<f( (t,x)) ZA )dx-

An application of the mean value theorem to f(x(t,x)) — f(Z(t,x)) taken together with
condition (4.4) gives:

V<// tXTP< T(t) + sz(t, x)) Z)\ )Ek> (t,x) dx ds

€
—— t t dy d < -
/ / o) - 2t x) dxds < =5V,

which concludes the proof. O

(4.49)

(4.50)
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4.4 Conclusion

We have derived Lyapunov conditions that guarantee synchronization in compartmental
ODEs and reaction-diffusion PDEs when the diffusion terms vary between species. We have
used convex optimization to develop tests using linear matrix inequalities that imply the
inequality conditions, and have applied the tests to coupled ring oscillator circuits.



49

Chapter 5

Adaptive Synchronization of
Diffusively Coupled Systems

The majority of the literature assumes a static interconnection between the nodes in full
state models [1, 79, 98, 91, 80, 84, 78] or phase variables in phase coupled oscillator models
(69, 92, 16, 30]. However, recently, the situation where the interconnection strengths are
adapted according to local synchronization errors has started to attract interest. In [5], the
authors proposed a phase-coupled oscillator model in which local interactions were reinforced
between agents with similar behavior and weakened between agents with divergent behavior,
leading to enhanced local synchronization. In [24], the authors presented an adaptive law
to establish synchrony across agents in a coupled compartmental system of ODEs. In [107],
the authors relaxed the full-state coupling assumption.

In this chapter, we present an adaptive algorithm that guarantees synchrony in diffusively
coupled nonlinear systems using an incremental output-feedback passivity property [104,
85, 87] of the agents. A similar property was employed in [84] for static networks without
adaptation. A related condition that restricts the Jacobian of the vector field describing the
uncoupled dynamics was used in [1] to guarantee spatial homogeneity in reaction-diffusion
PDEs, and generalized to heterogeneous diffusion in Chapter 4. Using these results as a
starting point, here we first consider compartmental models and derive adaptive laws that
update interconnection strengths locally to achieve sufficient connectivity for synchroniza-
tion. We next consider reaction-diffusion PDEs, and show that a similar control law that
adapts the strength of diffusion coefficients guarantees spatial homogeneity. We present nu-
merical examples that demonstrate the effectiveness of adaptation in enhancing synchrony
and that lend insight to understanding the structure and bottleneck edges of the network.

Our results make several key contributions differing from the existing literature on adaptive
networks. A fundamental achievement of our approach is that it applies to systems that
satisfy an incremental output-feedback passivity property, which encompasses a broad and
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numerically-verifiable class of systems, including those studied in [24, 107] but extending
them significantly [38, 39]. Another feature of our method is the ability to handle multiple
input-output channels interconnected according to different graphs. In this case, the edge
weights for each graph are adjusted with separate update rules. In addition, we present
a novel PDE analogue of the proposed adaptation, in which we consider systems defined
on a spatial continuum rather than discrete compartments connected according to graph
topologies. In [26], the author considered synchronization and consensus in linear parabolic
distributed systems, and in [25] presented an adaptive algorithm for identical linear spatially-
distributed systems coupled by a graph to guarantee state regulation and to improve conver-
gence of coupled agents to common transient trajectories. However, nonlinear models and
nonequilibrium dynamics were not considered. We study nonlinear models and do not make
any assumptions on the attractors of the models. This allows us to achieve synchronization
for limit cycle oscillators, multi-stable systems, etc. Furthermore, to our knowledge the lit-
erature does not address the question of spatial homogenization in reaction-diffusion PDEs
in which the coefficients of the elliptic operator vary in time.

The chapter is organized as follows. In Section 5.1, we present the adaptive algorithm
for compartmental systems of ODEs. We then present examples of the result applied to
nonlinear oscillators and multiagent systems in Section 5.2. In Section 5.3, we present the
adaptive algorithm for reaction-diffusion PDEs, and give an example of a system whose
nominal dynamics are bistable with diffusive coupling on a domain with a bottleneck. We
conclude and offer directions for future research in Section 5.4.

5.1 Compartmental Systems of ODEs

A. Main Result

Consider a collection of N dynamical systems H;, © = 1,..., N, defined by:

in which z; € R, u; € RP, y; € RP, and f(-) : R" — R", g(-) : R* - R™? and h(:) : R* —

R? are continuously differentiable maps. Recall from Section 1.2 that H; is said to satisfy
an incremental output-feedback passivity property [91, 84] if there exist a positive definite
storage function S : R™ — R and a scalar # € R such that:

d

75(0z) = S(6x) < 06y" oy + su’dy. (5.3)

Let G be an undirected, connected graph with N nodes and M edges, where the nodes
1 = 1,..., N represent the dynamical systems given by H;, and the edges represent the
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H;

LO®I,

Figure 5.1: Dynamical systems H;, 7 =1, ..., N, coupled according to the weighted Laplacian
matrix L(t) ® I,. The vectors U and Y denote U = [uf ---uX|T and YV = [y - -y ]T.

couplings between systems. To represent the coupling terms, define the inputs:
N
j=1

in which the scalars k;; = k;; for each pair (i,5). Nodes i and j are called neighbors in
G if there is a edge in G connecting ¢ with j. We take k;; = 0 when nodes 7 and j are
not neighbors in G so that the dynamical systems defined by (5.1)-(5.2), i = 1,..., N, are
coupled according to the graph structure. When i and j are neighbors, k;; = k;; is updated
according to: '

ki = i (v — u)" (i — y5) (5.5)
where 7;; = v;; > 0 is an adaptation gain to be selected by the designer. This update
law increases k;;(t) according to the synchronization error between nodes ¢ and j and can
be implemented at each node. To maintain the symmetry k;;(t) = k;;(t), nodes i and j
would employ the same adaptation gain 7;; = 7;; and start their updates with equal initial
conditions k;;(0) = k;;(0). To avoid numerical drift, occasional resets can be incorporated
with a minimal additional communication requirement.

Next, we assign an arbitrary orientation to the edges of the graph G, label the edges
¢ = 1,...,M, and introduce the N x M incidence matrix E as in (1.1). We define

L(t) = EK(t)E" (5.6)

where E is the graph incidence matrix defined in (1.1) and K(¢) is a diagonal matrix of
the edge weights. Thus, L(t) is a weighted Laplacian matrix where the weights are updated
according to (5.5), and (5.4) becomes:

U=—(L(t) @ L)Y. (5.7)
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We show the networked dynamical systems H; with the feedback (5.7) in Figure 5.1. Next,
define

K

1
:N(x1+---+a7N), Ti:=z,—2, and Uy =y —7. (5.8)

Theorem 12 Consider the interconnected system (5.1)-(5.2)-(5.4), i = 1,..., N, where
kij = kj; is updated according to (5.5) when nodes i and j are neighbors in G and is inter-
preted as zero otherwise, and suppose that there exists a storage function for (5.1)-(5.2) that
satisfies (5.3). If the solutions are bounded, then y;(t) — 0 as t — oo. O

Proof: We first consider the function:
| NN
i=1 j=1

Differentiating with respect to time, we have:

LN Z Oy —y5) + (ui — )" (yi — yj)- (5.10)

1=

Defining @ := + Zf\;l u; and y 1= % Zf\il Y;, we have:

ZZ ui — )" NZQU Yyi — 0y — )y (5.11)

=1 j5=1
N
=N (ui—a) "y +uf (y — 7) (5.12)
=1
N
=2N Y g, (5.13)

where we have made use of the fact that SV | (u; — @)"v = 0 for constant v. Substituting
(5.13) in the second product of the right hand side of (5.10) and expanding its first product
similarly, we have: ‘ S

V<oYTy + YU, (5.14)
where Y := (Ix1,)Y, U:= (I®1,)U, and IT := I — %1N1NT. We next define l;:i]- = ki —kj;
where

(5.15)

0 otherwise

o { k* if i and j are neighbors in G

and k£* is a constant to be selected. Consider the function:

W == ZZ—k2 (5.16)
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Differentiating with respect to time, we have:

) 1 N N _
W=D > kil — )" (i — )
i=1 j=1
o (5.17)
= 5 ZZ k?ij(ﬂi - Qj)T(?ji - gj)'
i=1 j=1

We note that (E®1,)TY, with E defined as in (1.1), is a column vector that is a concatenation
of p-dimensional components, and the £th such component is g; — ;, where 7 is the head and
Jj is the tail of edge ¢. It then follows from (5.15) that:

N N
DD kG0 G- 5 =2k Y (B L)E® L)Y

i=1 j=1

(5.18)
= 2k'YT(EE" @ )Y .

Since EET is the Laplacian matrix for the graph G, its smallest eigenvalue is A; = 0 and

the vector of ones 1y is a corresponding eigenvector. Likewise, for EET @ I,, Ay = 0

has multiplicity p and the corresponding eigenspace is the range of 1y ® [,. Because G is

connected, the second smallest eigenvalue A is strictly positive and, since Y7 (1y ® I,) =0
from (5.8), the following inequality holds:

Y'(EET @ I,)Y > \YTY. (5.19)
Substituting, we then have

W=Y"(Lt)® L)Y - kY (EET @ I,)Y

< -UTY — YTy, (5:20)
The candidate Lyapunov function Z =V + W then satisfies:
7 < (k' —0)YTY, (5.21)
and choosing k* large enough that € := £*A\y — 6 > 0 guarantees:
7 < —eY'y. (5.22)

By integrating both sides of the inequality (5.22), we conclude that g;(t) isin £5,7 =1,..., N,
Furthermore, the boundedness of solutions implies that #;(¢) and, thus g;(¢) is bounded.
Barbalat’s Lemma [64] then guarantees ¢;(t) — 0 as t — oc. O
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Remark 1 An extension of Theorem 12 to the case of multiple input-output channels, con-
nected according to different graphs, is straightforward. The system now takes the form:

m

o= )+ Y g 9 @)u” (5.23)

g=1

yz(q) = K9(z,), (5.24)

where ¢'9 and b9 are continuously-differentiable vector fields and y ) e RPe qg=1,.
A graph G\9 is defined for each channel q and ki @ = k:(q # 0 only when nodes 1 and J are
adjacent in G\9. The update rule (5.5) then becomes

ED =0 (@ — y T — D) 50 50, g=1,...,m, (5.25)

and the inputs in (5.4) are now:

V=3 (-l

The assumption (5.3) is modified as:

5(535) < Z 05y DT 53D 4 (D 5, (DT /(D) (5.26)

q=1
and the storage function W in the proof of Theorem 12 is modified as:

N

W:iZi“(q ( ) , (5.27)

qg=1 i=1 ]:1

where w@ > 0. The steps of the proof are otherwise identical and are not repeated to avoid
excessive notation. O

Remark 2 Since the proof of Theorem 1 analyzes the evolution of x; relative to the average
x, it cannot reach any conclusions about the absolute behavior of the variables x;. Thus,
boundedness of the solutions does not follow from the proof and was assumed in the theorem.
However, it is possible to conclude boundedness with an additional restriction on the vector
field f(x) when g(z) is constant. Since k;; = kj;, the coupling terms in (5.4) do not affect
the evolution of the average T, which is governed by:

R > s = LN fa+ ). (5.28)
N N 4
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If this system has a bounded-input-bounded-state (BIBS) property when Z; are interpreted as
mputs, then we conclude boundedness of all solutions. This follows because the Lyapunov
arguments in the proof show that T;(t) are bounded on the maximal interval of existence
0,t5) with bounds that do not depend on t; and, thus, a similar conclusion holds for Z(t)
implying that ty = oo. |

B. Rapprochement with Classical Adaptive Control

To give further insight into the proof of Theorem 1 and to make a connection to classical
model reference adaptive control (MRAC), we draw a detailed block diagram of L(t) ® I,
in Figure 5.2 that encompasses the adaptation of edge weights. Adding and subtracting k*
from each edge weight and defining kq;(t) = ki;(t) — k*, we rewrite (5.6) as:

L(t) = k*Ly + EK(t)ET (5.29)

where Ly := EE" is the unweighted Laplacian and K(t) is a diagonal matrix with entries
kij(t). The upper branch in Figure 5.2 represents the first term k*Ly and the lower branch
represents the second term EK (t)E”, further depicting the evolution of k;;(t) according to
(5.5).

The symmetry of the multiplication blocks before and after the integrator ensures passivity
of the lower branch, and is analogous to pre- and post-multiplication with the regressor and
its transpose in MRAC [58]. The upper branch is a feedthrough term that provides the excess
of passivity needed to compensate for the shortage of passivity in the feedforward path in
Figure 5.1. Note that the passivity properties discussed above are with respect to U and
Y which are obtained from U and Y by subtracting their orthogonal projections onto the
range space of 1y ® I,,. Since this corresponds to the eigenspace for the smallest eigenvalue
A = 0 of Ly ® I, the excess of passivity, k* )\, provided by k*Ly ® I, is due to the second
smallest eigenvalue A\ > 0.

As in MRAC, the passivity properties demonstrated here are instrumental for a systematic
construction of a Lyapunov function from the associated storage functions. Indeed, the
Lyapunov function Z =V + W in the proof of Theorem 1 comprises of V', which certifies a
shortage of passivity in the feedforward system in Figure 5.1, and W, which certifies an excess
of passivity in the feedback path. The excess compensates for the shortage in (5.21)-(5.22)
and Z =V 4+ W serves as a Lyapunov function.

C. A Class of Systems Satisfying the Incremental Passivity
Assumption

We now highlight a class of systems for which the incremental output feedback passivity
assumption (5.3) and its generalization (5.26) are easily verifiable. Consider a system of the
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kK'Lo®]1, Y

kij Vij

: [
E®I, | X viif | x E'®l,

| —

Figure 5.2: The feedback path in Figure 5.1 redrawn to include the edge weight adaptation
(5.5). The Laplacian is rewritten as L(t) = EK(t)ET = k*Lo + FK (t)ET where Ly = EET
and K (t) is a diagonal matrix of entries k;;(t) = ki;(t) — k*. The evolution of ki;(t) is
represented with the lower branch of the block diagram. In particular, (E7 ®1,)Y is a vector
that is a concatenation of p-dimensional components of the form g;;(t) := v;(t) — y;(t) for
each edge (i, 7).

form:

m

i o= flz)+> B (5.30)

q=1

JO = @y (5.31)

where B@ € Rv?e, B = [BW ... ] ¢ Ri*?, 0@ € Rpaxn and C = [V ... 0T ¢
RP*™  We define the Jacobian
_ Of(z)

J(r) = —F—+ 5.32
() = =L (532
and give a condition that guarantees the existence of a quadratic storage function satisfying

(5.26).

Lemma 9 Suppose there exist a constant § > 0, scalars w® > 0 fori = 1,...,m, and a
matriz P = PT > 0 such that:
PJ(x)+ J(z)'P <0C*C (5.33)
PB = [w(l)C(l)T .. .w(m)c(m)T]. (5.34)

Then the storage function S = §(x; — x;)" P(x; — x;) satisfies (5.26). O
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Proof: Differentiating with respect to time, we have:

1
(i — ;)P / (e + s(as — ) ds (; — ;) (5.36)
0
+ Zw(q)(ylﬁq) y(Q))T(UEq) _ u(q))
q=1 ’
9 m
<ol = 1) CTC(m — 1) + 3w — ") (0 —uf?) (5.37)
q=1
<D0~y " — ) + 0O~y W ), (5.38)
q=1
where (5.36) follows from the Mean Value Theorem. O

A subset of these systems where the product BC' is diagonal and the assumptions (5.33)-
(5.34) of Lemma 9 hold with P = I is considered in [24, 23, 107]. In contrast, Lemma 9 allows
P # I, does not restrict BC' to be diagonal, and furthermore allows multiple input-output
channels connected according to different graphs. Note that the general class of systems
studied in Section 5.1-A is even less restrictive, as we do not insist on a quadratic storage
function. Fully characterizing this general class is a current research topic and significant
advances are reported in [38, 39].

The next result, a modification of Theorem 3 in [1], leads to a sufficient condition for (5.33)
that may be numerically verified using linear matrix inequalities.

Theorem 13 Suppose that:

J(x) € {Ag+ k1AL + ...+ KA |k €[0,1],i=1,...,p}, (5.39)
where Ay, ..., A; are rank-one matrices that can be written as A; = G;H! , with G;, H; € R™.
If there exists a matriz P = PT > 0 with:

P 0 ... 0

I
Do T (5.40)

0o ... 0 qi

PeRY g eR i=1,...,1,
satisfying:
A G 4 G 1F 0CTC 0

5.41
P|:HT —]n:|+|:HT _]7L:|’PS O O ’ ( )

with G =[Gy ...G)] and H = [H, ... Hy], then the upper left principal submatriz P = PT > 0
satisfies (5.33). O
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5.2 Numerical Examples

In this section, we first consider ring oscillator circuits coupled according to differing graphs.
Subsequently, we turn to the problem of mitigating time scale separation in clustered net-
works. Both examples demonstrate the benefits of adaptive coupling in improving synchro-
nization.

A. Nonlinear oscillator synchronization

We illustrate the adaptive approach on a nonlinear oscillator. In Chapter 3, we presented a
method to check for synchrony of limit cycle oscillations in diffusively coupled systems. In
an example, we considered a ring oscillator model in which three interconnected three-stage
ring oscillators (Figure 5.3) were coupled through the first node. Ring oscillators constitute
a class of voltage-controlled oscillators frequently found in clock recovery circuits and disk-
drive read channels [28, 72|, and are also encountered in synthetic gene circuits [53]. We
showed that trajectories sufficiently close to a limit cycle trajectory of the nominal system
synchronized under small diffusive coupling.

We now demonstrate that the adaptive algorithm described in this chapter allows additional
flexibility in assigning differing coupling structures to each component. The dynamics of
each oscillator is given by:

—mzy — aq tanh(xg)
f(x) = | —mxs — agtanh(zy) | . (5.42)
—n3x3 — ag tanh(xg)

If 13, o; > 8 and 1; = 1 for all 4, (5.42) admits a limit cycle [44]. We set 7; = 1 and a; = 2.2
for all i.

We set each adaptation gain 7;; = 1. In our first simulation, the second node in each circuit is
coupled to corresponding nodes by a path graph (blue in Figure 5.3) with B =C? = [0 1 0]©
as in Section 5.1-C. An application of Theorem 13 shows that the assumptions in Lemma 9
hold, e.g., with # = 12.425, P = Diag([1.000 2.593 0.663]). We show the evolution of the
trajectories corresponding to the third node in Figure 5.4, which synchronized as expected.

In our next simulation, we allow coupling through two nodes (Remark 1) and connect the
first node by a cycle graph (green in Figure 5.3) with B; = C{ = [1 0 0] and the second
node as before with By = C¥ = [0 1 0]7. An application of Theorem 13 shows that the
assumptions in Lemma 9, with:

PB = W@ ,@c®T], (5.43)
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2.

t(s)

Figure 5.4: Evolution of trajectories corresponding to third node x3; in each circuit i = 1,2, 3,
coupled through second node with adaptation. Trajectories synchronize.

hold, e.g., with § = 7.704, P = Diag([1.000 1.622 1.656]), and w") =1 and w® = Py,. The
corresponding trajectories and weight updates in Figures 5.5 and 5.6 show that synchroniza-
tion is accelerated.

B. Mitigating time scale separation in clustered networks

In [9], it was shown that a network consisting of several densely-connected clusters of nodes
interconnected to other clusters by sparse edges exhibited a time scale separation, in which
agents within each cluster quickly synchronized, while the clusters themselves subsequently
synchronized in a slower time scale. In our simulations, we consider a 48 node network with
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Figure 5.5: Evolution of trajectories corresponding to third node z;3 in each circuit ¢ =
1,2, 3, coupled through first and second nodes with adaptation. Trajectory synchronization

is improved.
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Figure 5.6: Evolution of weights of graphs corresponding to coupling of first and second

nodes with adaptation.
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Figure 5.7: Example of 48 node clustered graph with sparse interconnection edges between
clusters.

three completely connected components with randomly generated external edges between
each cluster pair, shown in Figure 5.7. Each node obeys the following dynamics:

JEN;
and the assumptions in Lemma 9 are trivially satisfied.

In the first case, we turn adaptation off, and set the weights k;; = 1 for all 7, j. As expected,
the agents cluster into groups (denoted by blue, green, and red in Figure 5.8). In the second
case, we turn adaptation on. We set the gains v;; corresponding to within-cluster edges to
unity, and those corresponding to external edges to 103. For example, cluster head nodes
in sensor networks, which may be the endpoints of edges between clusters, typically have
greater computational and power resources in order to adapt quickly to changes in other
parts of the network and relay the information to the rest of the cluster. We set the initial
weights to k;;(0) = 1, which are the constant values in the nonadaptive simulation. With
adaptation, the time scale separation is mitigated and the agents’ trajectories converge more
quickly (Figure 5.9), with external edge weights evolving (Figure 5.10) as global synchrony
is achieved. As one may expect from the structure of the network, the curves corresponding
to the edges between clusters reach the largest values.
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0.5];

0 2 4 6 8 10
t(s)
Figure 5.8: Evolution of agents with adaptation turned off. The agents first synchronize

within their clusters (denoted by blue, green, and red as in Figure 5.7), and then synchronize
globally.

0.5

0 2 4 6 8 10
t(s)

Figure 5.9: Evolution of agents with adaptation turned on. The agents of each cluster
(denoted by blue, green, and red as in Figure 5.7) quickly synchronize to a common value.
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t(s)

Figure 5.10: Evolution of weights of coupling graph as in Figure 5.7 with adaptation turned
on. Weights continue to evolve until synchrony is attained, with the greatest stress on the
sparse edges between clusters.

5.3 Reaction-Diffusion PDEs

In this section, we formulate the problem of spatial homogenization for systems of reaction-
diffusion PDEs, which is analogous to the problem of synchronization of like components in
compartmental systems of ODEs.

A. Main Result

Let €2 be a bounded and connected domain in R” with smooth boundary 0f2, and consider
the PDE:

T = et £ Dttt (5.45)
yﬁ<t7X) = h(({L’(t,X)), l= 17"‘7p (546)
u = V- (k(t,x)Vue(t,x)), €=1,...,p, (5.47)

where y € Q is the spatial variable, z(t,y) € R" is the state variable with initial condition
z(0,x) = 2o(x), k(t,x) € R, f(-) : R* = R", g(-) = [g1---gp] : R" — R, and h(-) =
(R hg]T : R™ — RP are continuously differentiable maps, V- is the divergence operator
and V represents the gradient with respect to the spatial variable y. We assume Neumann
boundary conditions:

Vzi(t,x)-n(x) =0 ¥xe€o, Vt>0, i=1,....,n (5.48)
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(13X

where is the inner product in R”, x;(¢, x) denotes the ith entry of the vector z(¢, x) and
n(x) is a vector normal to the boundary Jf.

In relation to synchronization of each like state z;j across compartments i = 1,..., N, we
now derive an adaptive law that guarantees synchronization of each concentration z;(t, x)
across the spatial domain §2. The topology of €2 is the spatial continuum analogue to the
topology of the interconnection graph G, which represents the network of compartments. In
analogy with (5.5), we introduce the update law:

PN 00 3l ) - Vil ), (5.49)

(=1

where v(x) > 0 is a design choice, with the initial condition (0, x) = ko(x). Define:

o0) = 1o [ atodn. 7(62) 1= (b0~ a(t)

Ge(t, x) = ye(t, x) — Ge(2).
In Theorem 14 below, we give conditions that guarantee the following output synchronization
property:

(5.50)

. ~ 2 .

i [ fitt.0Pdx <o (5.51)
where | - | denotes the Euclidean norm.
Theorem 14 Consider the system (5.45)-(5.47) with boundary condition (5.48), and sup-

pose that there exists a storage function for (5.45)-(5.46) that satisfies (5.3). Then, the
update law (5.49) guarantees (5.51) for every bounded classical solution’. O

Theorem 14 applies to classical solutions that exist for all ¢ > 0. Results on the existence of
classical solutions to reaction-diffusion PDEs can be found in [89, 90, 42]; well-posedness in
the context of adaptive control of distributed parameter systems is considered in [55, 10].

Proof of Theorem 14: We first consider the function:
— a aXp. 5.52
2|Q| / / t Xa x<t7Xb)) Xa OXb ( )

Note that (5.45)-(5.46), without the coupling term (5.47), is identical to (5.1)-(5.2). There-
fore, using (5.3), we have:

2|Q|//6 (t, Xa) = y(t, xs)) - (Y(t; Xa) = y(t xb)) (5.53)

( (t Xa) - (t Xb)) (y(t7Xa) - y(t7Xb>> an de-

LA solution of a PDE of order k is said to be classical it it is at least k times continuously differentiable
so that all derivatives that appear in the PDE exist and are continuous [33].




65

Defining u(t fQ u(t, x) dx and g(t ny (t,x) dx, we have:
/ [t ) = utt ) (ot xa) = (e 0)) v (5.54)
:/ / u(t, Xa) - Y(t, xa) — u(t, xa) - y(t, xp) (5.55)
= ullt, xb) - y(t; Xa) + ult, xo) - y(t, Xb) dXa dXo
_|Qy/ ult, xa) - 9t X) dxa — |Q|/ ult, vo) - 5(t) dxe (5.56)
IQI/ y(t, Xa an+|Q|/ u(t, xo) - y(t, xo) dxp-

Rewriting (5.56) with a substitution of variables, we have:

uﬂ[}mum-mnm—u@x»mw—aw-made (5.57)
= \QI/QU(LX) (Yt x) —y(t) + (ult,x) —u(t)) - y(t, x) dx (5.58)
:2mhéwaﬂa—uw>«maxw—mwwm, (5.59)

where we have made use of the fact that [, (u(t, x) —@(t))-v(t) dy = 0 for v(t) not dependent
on x. Substituting (5.59) in the second product of the right hand side of (5.53) and expanding
its first product similarly, we have:

x%g[fmam-aam+@@w»a@xwu. (5.60)

We next define:

L 2
Wzéﬁawmmwx (5.61)

where k(t,x) = k(t,x) — k*, and k* is to be selected. Taking derivatives with respect to
time, applying (5.49), and substituting Vy,(t, x) = V(t, x), we get:

p
W= Z/Q’Wx)vﬂe(tax) - Ve(t, x)dx. (5.62)
We now claim that:

/Qﬂe(tx)v(k(t,X)V@e(t,X))dXZ —/Qk(t,x)vﬂe(tx)-Vyfe(t,x)dx- (5.63)
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This follows by first applying the identity V - (fF) = fV - F'+ F - V f, which holds when f
is scalar valued, with F' = k(t, x)Vy,(t,x) and f = g,(t, x), next integrating both sides of
the identity over €2, and finally noting that the left-hand side is zero, since:

/V-(?Je(t,x)k(t,x)Vﬂe(tx))dx=/ o(t, X)k(t, X)VTe(t, x) - n(x)dS (5.64)
Q o2

from the Divergence Theorem and Vg, (¢, x) - n(x) = 0 for x € 90 from the boundary
condition (5.48). Moreover, because [, 7,(t, x)dx = 0, it follows from Lemma 1 that:

[ atepaz x [ et (5.65)
Q Q

where A9 denotes the second smallest of the eigenvalues 0 = A\; < Ay < -+ of the operator
L = —V? on Q with Neumann boundary condition, and Ay > 0 since ) is connected.

Substituting in (5.62), we have:

p
W= " [ =gult,x) - a(t, x) = K" Xofie(t, x)* dx
=1 7%

(5.66)
== [ 360 2t 0 + K it 0 -3t x) d
Q
The candidate Lyapunov function Z =V 4+ W then satisfies:
Z < —(k* Ay — /Iy (t, )| dx; (5.67)
and choosing k* large enough that € := £*\y — 6 > 0 guarantees:
2 <~ [ lott. 0P dy = —Que). (5.68)
Q
This implies that limp_, fo t)dt exists and is bounded. Since Q( ) is also bounded, it
follows from Barbalat’s Lemma [64] that Q(t) — 0 as t — oo which proves (5.51). O

B. Bistable Reaction-Diffusion PDE

Consider a continuous domain consisting of two rectangular subdomains joined by their
intersection as in Figure 5.11. Suppose the system is governed by (5.45)-(5.46) where B =
C =1 and

f(x) =2 — 2> (5.69)

Thus, the assumptions of Lemma 9 hold with P =1 and 6 = 2.
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Figure 5.11: Two rectangular subdomains joined by their intersection.

Note from (5.69) that each point in the space is a bistable system with stable equilibria at
+1 and a saddle point at 0. To simulate the reaction-diffusion system, we employ a second-
order finite-difference scheme to discretize the diffusion operator, and solve the resulting
system of ODEs in MATLAB. Indeed, when we set the edge weights to zero and turn off
the adaptation, x(t, x) evolves independently at each point in space and converges to +1 or
—1 (Figure 5.13). Next, we turn on the adaptation with gain v(y) = 1 and initial condition
k(0,x) = 1 for all x. Figures 5.14 and 5.15 confirm that the solution becomes spatially
uniform, converging to a consensus value of +1 or —1, depending on the initial conditions.
The final distribution of weights for the solution in Figure 5.14 is shown in Figure 5.16. Note
from (5.49) that k(¢, x) converges to the squared L, norm of the gradient Vz(t, x) at each
point x. As one may expect from the weakly connected structure of the domain, the portion
of k corresponding to the bottleneck between rectangular subdomains reaches the largest
value, indicating a high “stress” on the bottleneck.

5.4 Conclusion

We have developed adaptive synchronization laws that allow the interconnection strength to
evolve according to local synchronization errors. We studied both compartmental ODE and
reaction-diffusion PDE models, and demonstrated the benefits of the adaptive approach in
eliminating the slow time scales due to bottlenecks in the interconnection graph for ODEs
and the spatial domain for PDEs. Indeed, the interconnection strengths reach larger values
around bottlenecks, which means that the proposed algorithms establish stronger connections
where needed in a decentralized way.
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Figure 5.12: Solution z(t, x) at initial time ¢t = 0 s.

Figure 5.13: Solution x(¢, x) with no adaptation and initial condition in Figure 5.12 at time
t = 10 s. Solution converges to patches at 0, +1, and —1.
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Figure 5.14: Solution xz(t, x) with adaptation and initial condition in Figure 5.12 at time
t = 10 s that converges to +1.

Figure 5.15: Solution z(¢, x) from a different initial condition with adaptation at time ¢ = 10
s that converges to —1.
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%4

Figure 5.16: Weights k(¢, x) at time ¢ = 10 s for the solution with initial condition in Figure
5.12. The red at the center of the domain indicates increased stress in the portion of the
domain corresponding to the bottleneck between regions.
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Chapter 6

Synchronization under space and
time-dependent heterogeneities

Common to much of the literature is the assumption that the agents to be synchronized
are homogeneous with identical dynamics, and are furthermore not subject to disturbances.
However, recent work has considered synchronization and consensus in the presence of exoge-
nous inputs. In [7], the authors addressed the problem of robust dynamic average consensus
(DAC), in which the use of partial model information about a broad class of time-varying in-
puts enabled exact tracking of the average of the inputs through the use of the internal model
principle [40] and the structure of the proportional-integral average consensus estimator for-
mulated in [41]. The internal model principle has been useful in establishing necessary and
sufficient conditions for output regulation [77] and synchronization [103, 102, 22]. Reference
[13] proposed internal model control strategies in which controllers were placed on the edges
of the interconnection graph to achieve output synchronization under time-varying distur-
bances. Recent work has also addressed robust synchronization in cyclic feedback systems
[52] and in the presence of structured uncertainties [29].

Spatial homogenization of reaction-diffusion PDEs has also been studied in the literature.
In [1], the author gave a Lyapunov inequality for the Jacobian of the reaction term, signifi-
cantly reducing conservatism of dominant approaches making use of global Lipschitz bounds
[19]. However, the problem of spatial homogenization of reaction-diffusion PDEs subject to
heterogeneities has not yet been addressed.

In this chapter, we consider synchronization of nonlinear systems satisfying an incremental
passivity property and subject to a class of disturbance inputs including constants and sinu-
soids. Building on the robust DAC estimator in [7], we propose a distributed control law that
achieves output synchronization in the presence of disturbances by defining an internal model
subsystem at each node corresponding to the disturbance inputs. Our controller applies to
systems with multiple input and output channels and allows non-identical heterogeneities to
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enter each channel.

A key property of our approach is that local communication, computation and memory
requirements are independent of the number of the systems in the network and the network
connectivity, which is of interest in dense networks under processing and communication
constraints. In contrast to the edge-based approach [13], which defines an internal model
subsystem for each edge in the graph, our approach introduces such a subsystem only to
each node, offering the advantage of a reduced number of internal states.

We next address the PDE case and present a distributed control law that achieves spatial ho-
mogenization in reaction-diffusion PDEs in the presence of spatially and temporally-varying
heterogeneities.

The rest of the chapter is organized as follows. Section 6.1 reviews output synchronization
of diffusively coupled networks with incrementally passive systems under input disturbances.
Our main result on spatial homogenization under heterogeneities is presented Section 6.2. In
Section 6.3, we illustrate the effectiveness of our control law on models with ring oscillator
dynamics and bistable dynamics. Conclusions and future work are discussed in Section 6.4.

Notation: Let 15 be the N x 1 vector with all entries 1. Let On be the N x 1 vector with all
entries 0. Let the transpose of a real matrix A be denoted by A”. Let Iy denote the N x N
identity matrix.

6.1 Compartmental Systems of ODEs

Consider a collection of N dynamical systems H;, i =1,..., N, defined by:
Hi: & = f(x)+g@)u i=1,...,N (6.1)
v = h(x;), (6.2)
in which z; € R", u; € RP| y; € RP, and f(-) : R* - R", g(-) : R - R™" and h(:) : R" —
R? are continuously differentiable maps. Recall from Section 1.2 that H; is said to satisfy

an incremental output-feedback passivity property [91, 84] if there exist a positive definite

storage function S : R” — R and a scalar § € R such that:
d

—S(0z) = S(6z) < 05yT oy + du’dy. (6.3)

Consider the case where the input u; for each H; is subject to a class of unknown disturbances
le(t) S RP’ i.e.,
in which each disturbance ¢; can be characterized by

& = A&, &(0)eR?

¢i - Cém
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with A = —AT € R™4 (O € RP*? and the pair (A4,C) observable. This class includes
constant as well as sinusoidal disturbances.

Main Result

We seek to design the control u* such that the outputs y;, i = 1,..., N synchronize. First,
corresponding to each subsystem H;, we define an internal model subsystem G;. Let Gy be an
undirected, connected graph with N nodes and M; edges corresponding to the information
flow between the G; subsystems. Each G; is given by:

N
Gi: & = AG+ B Znij(yi ) (6.7)
=1
m = B¢, (6.8)

where B; € R, (A, Bl') is designed to be observable, and the initial condition ¢;(0) may
be arbitrarily chosen. The coupling term Zjvzl n;;(y; — y;) is such that n;; = nj;; > 0 if
there is an edge in G; connecting nodes ¢ and j, and n;; = 0 otherwise. Note that since
A = —AT and G; is a linear system, it is straightforward to show that G; is passive and thus
. . . . N

incrementally passive with respect to input »_ =1 T (y; — y;) and output ;.

Next, let Gp be an undirected graph with N nodes and Mp edges corresponding to the
coupling of the H; subsystems. We propose the controller

N N
u; = _Zpij(yi_yj) _Z"ij(ni_nj)7 (6.9)
j=1 J=1

in which p;; = p;; > 0 if there is an edge connecting nodes 7 and j in Gp, and p;; = 0
otherwise, and n;; as in (6.7). The left and right sums represent the coupling between
outputs of the H; and G; subsystems, respectively.

Next, we assign an arbitrary orientation to the edges of the graph Gp, label the edges
¢ =1,...,Mp, and introduce the N x Mp incidence matrix F as in (1.1). We define

Lp = EpKpE}, (6.10)

where Ep is the graph incidence matrix defined in (1.1) and Kp is a diagonal matrix of the
edge weights p;;. We denote by A, the second smallest eigenvalue of Lp.

Similarly, we define a weighted graph Laplacian L; for G; by introducing the N x M; incidence
matrix £ and diagonal matrix K; of edge weights n;;:

L; = E/K|E}. (6.11)
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We define U = [ul ---uL]T, Y = [y - -yL)", U* = [T .. a7 and H = [ .. .nL]".

Then the control in (6.9) can be rewritten as

U' = —(Lp® L)Y — (L; ® I,)H. (6.12)
The diagram in Fig. 6.1 shows the closed-loop system given by (6.1), (6.2), (6.4), (6.9), (6.7)
and (6.8).
Next, define

1
T = N(Il +---42ay), Ti=z,—I, and g =y —7. (6.13)

We first address the case where B! = C for all i = 1,..., N, and using the control in (6.9),
we prove the following theorem to guarantee output synchronization for the subsystems H;:

Theorem 15 Consider the nonlinear systems H; in (6.1)-(6.2) satisfying (6.3) with the
input given in (6.4), (6.7)-(6.8), and (6.9), with Bl = C for alli=1,...,N. Suppose that
Ay — 0 >0 and that Gy is connected. If the solutions are bounded, then §;(t) — 0 as t — oo.

U

If 6 <0, i.e., H; possesses an excess of incremental passivity, Theorem 15 allows Ay to be
zero, which means that the graph Gp need not be connected. However, if § > 0, it follows
that Ay > 6 > 0, which means that Gp must be connected.

We next employ the incremental passivity property of both H; and G; and the symmetry of
both L; and Lp to prove Theorem 15.

Proof of Theorem 15: First, consider the storage function

N N

1

i=1 j=1

and define IT := I — +151%. The time derivative of (6.14) along (6.1)-(6.2) is given by

1%

IN

% Z Z [0y — u)) (i — v;) + (i — y;) " (ws — )] (6.15)

= YTy + YU, (6.16)
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Figure 6.1: The block diagram of the closed-loop system given by (6.1)-(6.2), (6.4), (6.7)-
(6.8), and (6.9).

where Y := (II® I,)Y and U := (I ® I,)U. The equality in (6.16) follows because

N N N
ZZ(% —y) " (u — uy) = NZQyiTui — g u; —ylu (6.17)
i=1 j=1 i=1
N
=N (i —9)"ui + v (wi — 1) (6.18)
i=1
N
=2N > gl (6.19)
i=1

where we have made use of the fact that Zf\il(ul — @)Tv = 0 for constant v. We define
O =[p7...¢%]" and & = (I ® [,,)® and substitute (6.4) into (6.16), obtaining

V<OYTY +Y(D+UY). (6.20)
Substituting (6.12) into (6.20), we have

V<OYTY + YT — (L@ L)H — (Lp® 1,)Y)
=YY — YT (Lp® L)Y +YT(® — (L; ® I,)H). (6.21)

Since ?T(lN ® I,) = 0 and A\; = 0 is an eigenvalue of Lp ® I, with eigenspace equal to the
range of 1y ® I, from (6.21) we have:

V<—Q—0YY +YT(®— (L ® I,)H). (6.22)
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We next consider the auxiliary systems

& = Af, &(0)eRY i=1,...,N (6.23)
¢ = C&. (6.24)

Defining = = [¢7 ... ¢2]7 and & = [¢7 ... ¢%]T, we show that an appropriate choice of 5(0),
1 =1,..., N guarantees

~ A

d = (L; ® 1,)9. (6.25)

We define a matrix Q € RV*(N=1 that satisfies Q71y =0, QQ7 = 1T and QTQ = Iny_1. We
let
I'=QQ"LQ)'Q" (6.26)

and denote by T';; the element at the ith row and jth column of I'. The inverse of QTL;Q
exists because 1y spans the null spaces of L; and Q7. Note that I' is the Moore-Penrose
pseudoinverse of L.

To verify (6.25), we note that Z(0) = (I' ® I;)Z(0) results in & = (I' ® I,)®. Using (6.26),
we obtain A

Q"L 1) = (Q" ®1,)®. (6.27)
Pre-multiplying (6.27) by (Q®1,) and noting QQ* L; = TIL; = L; together guarantee (6.25).

Having proved that (6.25) can be achieved by appropriately selecting z;(0) in (6.34) and &;(0)
in (6.23), we define A
5z:Cz_€za ’L:L,N, (628)
and consider the following storage function:
LN
_ T
W_§§:@@ (6.29)

i=1

Using (6.7), (6.8), (6.34) and (6.35), we obtain:

W= Zagcznij(% — ;) (6.30)
= (H-®)"(Lia L)y (6.31)

The sum Z =V + W yields
Z=V+W
<M= OYTY +YT(® — (L; @ I,)H) + (H - &) (L; @ I,)Y

= — (M= OVTY +YT(d — (L; ® 1)). (6.32)



7

By choosing z;(0) in (6.34) such that (6.36) is guaranteed, we have
Z<—-(—-0YTYy <. (6.33)

By integrating both sides of (6.33), we see that ;(¢) is in Lo, ¢ = 1,..., N. Furthermore, the
boundedness of solutions implies that #; and thus y; are bounded for all i. An application
of Barbalat’s Lemma [64] guarantees that g;(t) — 0 as t — 0. O

Remark 3 In the event that A and C in (6.5)-(6.6) have a specific block diagonal structure,
we may choose B; # C in (6.7)-(6.8). Suppose that A = blkdiag{Ai,..., Ay} with Ay, €
R&%>de qnd SV _ dy = d, C € RP*? with C' = blkdiag{C, ...,C,} with C), € R and the
pairs (Ag, Cy) observable. Suppose also that B; = blkdz’ag{Bi(l), e Bi(p)} with Bi(k) € Rxx!
where the pairs (Ay, BZ-(k)T) are designed to be observable.

To address the fact that each B; differs from C, we introduce the auxiliary systems

4 = Az, z(0)eRY i=1,...,N (6.34)
¢; = BTz, (6.35)

and define W = [ .. y]". We show that an appropriate choice of 2(0), i = 1,..., N
implies W = ®, and thus guarantees

&= (L; ®1,)0. (6.36)

In particular, we choose z;(0) = O;;OC&(O), where Op, s the block diagonal matriz of
observability matrices corresponding to the pairs (Ak,Bi(k)T) of (6.7)-(6.8) and O¢ is the
block diagonal matriz of observability matrices corresponding to the pairs (Ay, Cx) of (6.23)-
(6.24). Since z;(0) = 05! Oc&i(0), zi(t) = Oz Oc&i(t), which means Op,z(t) = Oc&i(t).
Noting that the first rows of each block of Op, and O¢ are Bi(k)T and C™) | respectively,
we have 1; = blkdiag{ BT, ... . BP"}z; = blkdiag{Cy,...,C)}& = ¢, i =1,....N. We
modify the difference §; in (6.28) and (6.29) as §; :== (; — z;. The rest of the proof is identical
and is omitted to avoid repetition. 0

6.2 Reaction-Diffusion PDEs

In this section, we formulate the problem of spatial homogenization for systems of reaction-
diffusion PDEs, which is analogous to the problem of synchronization of like components in
compartmental systems of ODEs.
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Let Q be a bounded and connected domain in R” with smooth boundary 02, and consider
the PDE:

angZX) = f@(t0) + ) gelw(t,x)ue(t, ) (6.37)
vt x) = helx(t,x), =1,....p, (6.38)

where y € Q is the spatial variable, z(¢,y) € R" is the state variable with initial condition
2(0,x) = zo(x), () 1 R* = R” g(-) = [g1---gp] : R* = R, and h(:) = [h{ --- ;] :
R™ — RP are continuously differentiable maps, and the inputs w,(¢, x) consist of linear differ-
ential operators to be specified below. In what follows, we will assume Neumann boundary
conditions:

Vzi(t,x) -n(x) =0 ¥xe€oQ, Vt>0, i=1,...,n (6.39)

where V represents the gradient with respect to the spatial variable x, “” is the inner
product in R", z;(t, x) denotes the ith entry of the vector x(t, x) and n(x) is a vector normal
to the boundary 0.

We consider the scenario where the input u(t, x) = [ui(Z, x) - - . up(t, x)]? is subject to a class
of unknown heterogeneities ¢(t, x) = [¢1(t, x) - .. &p(t, x)]7, ie.,

u(t, x) = u(t, x) + é(t, x)- (6.40)

We assume that the heterogeneity ¢(t, x) can be characterized by

E(t,x) = AL(t,x)
o(t, x) = CE(t, x),
in which A € R% satisfies A = —AT, C € RP*? the pair (4,C) is observable, and the

initial condition £(0, x) may be arbitrarily chosen in Ly(€2). We assume that the matrix A
is available.

(6.41)

In relation to synchronization of each like output y; , across compartments ¢ = 1,..., N, we
now derive a control law that guarantees homogenization of each output y,(¢, x) across the
spatial domain 2. The topology of 2 is the spatial continuum analogue to the topology of
the interconnection graph, which represents the network of compartments.

Main Result

We seek to design the control u*(¢,x) such that the outputs y(t,x) = [y1(¢, ) - .- yp(t, X)]*
are homogenized spatially. As in Section 6.1, we consider the following design of u*(¢, x):

u*(t,x) = V- (p(x)Vy(t, x)) — V- (n(x)Vnl(t, x)), (6.42)
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in which V- is the divergence operator, V - (n(x)V(v(t, x))) with slight abuse of notation is
the vector representation of the diffusion operator V- (n(x)V(+)) applied to each component

ve(t, x) of v(t, x):
V- (n(x)V(u(t, x)) = [V - (n(x)V(01(t, x))) - - V - (n() V (v (8, )] (6.43)

p(x),n(x) € R are diffusion coefficients with p(x) > 0, n(x) > 0, and 7 is to be defined
below. The first term in (6.42) serves an analogous role to that of (6.9). For the second
term, we design 7 to be the output of the internal model system G given by

¢: B8N a(nx) + BY - 0V X)) (6.44)

n(t,x) = B¢ x), (6.45)

where (A, BT) is designed to be observable with B € R¥? and the initial condition ¢(0, x)
may be arbitrarily chosen in Lo (£2).

Define: .
(1) = 7 / 2t )dx,  E(E ) = 2t x) — ()

Ge(t, X) = ye(t, x) — Ye(t).

(6.46)

In Theorem 16 below, we give conditions that guarantee the following output synchronization
property:

i [ Ja(t. 0P =0, (6.47)
t—=0 Jo
where | - | denotes the Euclidean norm. As in Theorem 15, we consider the case where

BT =C.

Theorem 16 Consider the system (6.37)-(6.38) with the boundary condition in (6.39) on
a connected, bounded domain 2, with the input given in (6.40), (6.42), (6.44)-(6.45) and
BT = C. Suppose there exists a storage function for (6.37)-(6.58) satisfying (6.3) with
Ao — 0 > 0. Then for every bounded classical solution®, the outputs synchronize in the sense

of (6.47). O

Theorem 16 applies to classical solutions that exist for all ¢ > 0. Results on the existence of
classical solutions to reaction-diffusion PDEs can be found in [89, 90, 42].

Proof of Theorem 16: We first consider the function:

1
V=g /Q /Q S(x(t, xa) — 2(t,x8)) dxa . (6.48)

LA solution of a PDE of order k is said to be classical it it is at least k times continuously differentiable
so that all derivatives that appear in the PDE exist and are continuous [33].
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Note that (6.37)-(6.38), without the coupling term (6.40), is identical to (6.1)-(6.2). There-
fore, using (6.3), we have:

_2|Q|//9 (t,xa) =yt x0)) - (Yt xa) — y(t, x0)) (6.49)
+ (u(t, xa) — u(t, xb)) (Y(t, Xa) — Yt xb)) dXa dXb-
Defining w(t) : |Q| Jo u(t, x) dx and 3(t) == %f (t, x) dx, we have:
/ / (£ xa) — wlt, x0)) - (5(t, Xa) — y(t X)) dxa dxs (6.50)
—//U(t,xa)-y(t,xa)—u(t,xa) -y(t, xp) (6.51)
—u(t, xo) - Y(t, Xa) +ult, x6) - y(t, X6) dXa dXo
—|Qy/ (£ xa) - 5t Xa) dxe — |Q|/ (. va) - () dxe (6.52)
IQI/ y(t, Xa an+|Q|/ u(t, xs) - y(t, Xs) dxp-
Rewriting (6.52) with a substitution of variables, we have:
91 [ 2u(t.20 20 = ult. ) 5(0) = ale) - (8, ) dx (6.53)
= \Q|/QU(757X) (y(tx) —y@) + (ut, x) —a(?)) - y(t, x) dx (6.54)
=200 [ (ultx) = a(0) - (o(t.3) = (0 . (6.55)

where we have made use of the fact that [, (u(t, x)—a(t))-v(t) dx = 0 for v(t) not dependent
on x. Substituting (6.55) in the second product of the right hand side of (6.49) and expanding
its first product similarly, we have:

V< / 03t %) - 5t X) + §(t. X) - alt, ) dx. (6.56)

Substituting (6.40) into (6.56), we have:

V< [ 03t -3tt00 + X it 0 (et ) (6.57)
£V ()Yt X)) = V- () Vet X)) ) dx
= [ 300560+ 3 12207 - (00Tt 0) (6.58)

(e (010620 = V- ()t 1) |
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We now claim that:

/Q?]e(taX)V'(p(X)Vﬂe(t»X))dXZ —/Qp(x)vﬂe(t,x)-Vﬂe(t,x)dx' (6.59)

To see this, consider the identity
V- (fF)=fV-F+F-Vf, (6.60)

which holds when f is scalar-valued. Defining F' = p(x)V7(t, x) and f = g(¢,x) and
integrating both sides of the identity over 2, we have

/ V- Gelt PO Vii(t X)) dx = / Gt )V - (00O Vii(t, x))dx
Q Q (6.61)

N /Q POV, x) - Vit X)dx.

Applying the Divergence Theorem and noting that Vg,(¢, x) - n(x) = 0 for x € 99 from the
boundary condition (6.39), we have:

/Q V- (Gt x)P(X)Ve(t, x))dx = /6 . Ge(t, \)p(X)VTe(t, x) - n(x)dS = 0, (6.62)

verifying (6.59). Moreover, because [, 7¢(t, x)dx = 0, it follows from Lemma 1 that:

/Q pOX)VTe(t, x) - Vie(t, x)dx > As /Q Je(t, x)?dx. (6.63)

Substituting in (6.58) and using the fact that [, Ge(t, x)d¢(t) dx = 0, we have:
. p ~
V< /Q (A2 = 05t x) -Gt X) + D delt, x) (de = V- () Velt, X)) dy.  (6.64)
=1

where éﬁ(t X) = ng(t, X) - QZ_)Z(tv X)
We next consider the auxiliary system:

~

£(t,x) = AL(t, ¥) (6.65)

~

o(t,x) = CE(t, x). (6.66)

Noting that the eigenfunctions of the elliptic operator V - (n(x)V(-)) form a complete or-
thogonal basis for Ly(€), and that [, ¢(t,x)dx = 0, £ = 1,...,p, the initial conditions of

~

&(t, x) may be chosen such that

V- (n(x)Vee(0,x)) = ¢¢(0,x), £=1,....p (6.67)



82

and thus V - (n(x)Ve(t, x)) = de(t, x) forall £ =1,... p.

We define A
o(t, x) = ((t, x) — &t x), (6.68)
and consider the following storage function:
1
W= [ a8t dx (6.69)
Q

Differentiating W with respect to time, we obtain:

W= [ 36200 (V- (00 Vit 0) dy (6.70)
= [ tn) = 906200 - (V- 00V ) (6.71)
The sum Z = V + W yields
Z=V+W (6.72)
< / —(Oh = )31, X) - 5t X) + Z {W, 0 (el ) = V- (n() Vet x)) - (673)

(00 = dult)) (7 0000 Vir(e. )

We now make use of the self-adjointness property of the diffusion operator, apply the identity
in (6.60) with f = g,(t, x) and F = n(x)Vne(t, x), and get

/Qﬂe(tx)v-(n(x)Vm(tx))dX: —/Qn(x)Vﬁe(t,x)-V@e(t,x)dx (6.74)
- / ()Y - (000 Vel ), (6.75)

where the second equality follows with a subsequent application of the identity with f =
ne(t, x) and F = n(x)Ve(t, x). Similarly, we have:

/Q Belt, IOV - (OO Velt, 1)) = / Gt )V - ()Yt )dy.  (6.76)

Substituting (6.75) and (6.76) into (6.73), we then have:

p

2= [ ~0a =060 5620 + 2 5t 0 (du(t. ) = V - (00 Talt, ) . (677

(=1
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By choosing &/(0, x) such that (6.67) is satisfied, we have:
2 [ =0a=03(t0 - gt dy = ¢ [ [t Pdx = Q). (675
Q Q

This implies that limp_, fo t) dt exists and is bounded. Since Q( ) is also bounded, it
follows from Barbalat’s Lemma [64] that Q(t) — 0 as t — oo, which proves (6.47). O

Remark 4 When A and C' have block diagonal structure as in Remark 3, we may choose
B # C. In particular, suppose A = blkdiag{As, ..., A,} with Ay € R%*% and S°F_ dy, = d,
C € RP*? with C = blkdiag{C\, . ..,C,} with C € RY*%* and the pairs (Ax, Cy) observable.
Then B in (6.44)-(06. 45) may be chosen such that B = blockdiag{ By, ..., B,} and Bj, € R%>*!
with the pairs (A, BL) observable. The proof is modified as in Remark 3, and is omitted to
avoid excessive notatzon. 0

6.3 Numerical Examples

In this section, we consider several numerical examples. We first consider a compartmental
system with nominal bistable dynamic. We then turn to the spatially continuous case, and
first consider a ring oscillator model subject to a constant, spatially-varying heterogeneity.
We subsequently consider a system with nominal bistable dynamics subject to a spatially and
temporally-varying heterogeneity. The examples demonstrate the effectiveness of the internal
model approach in guaranteeing spatial homogenization in the presence of heterogeneities.

A. Bistable Compartmental System

We consider a 48 node network with three completely connected components with randomly
generated external links between each cluster pair, as in Figure 5.7. We assume that the
coupling graphs Gp and G; are identical. Each node obeys the following dynamics:

-i? f x’L + ¢1 Z pz] ) - Z nz](nz - 77]'), (679)

JEN; JEN;

where f(x;) = x; — 23 and ¢;(t) is given by:

di(t) = sin(27t + %i) (6.80)

with initial conditions x;(0) drawn uniformly at random from [—1,1]. We set p;; = 1 for each
pair (4, j) that is an edge in the coupling graph and specify n;; for each simulation below.
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0 5 10 15 20
t(s)

Figure 6.2: Evolution of trajectories as in (6.79) with disturbances (6.80) with n;; = 0 for
all 7, 7. Trajectories do not synchronize.

0 5 10 15 20
t(s)
Figure 6.3: Evolution of trajectories as in (6.79) with disturbances (6.80) with internal

model controllers, where n;; = 1 for each pair (4, j) that is an edge in the coupling graph.
Trajectories synchronize.

Figure 6.2 shows the trajectories z; in the presence of the input disturbances (6.80) with
n;; = 0 for all ¢, j. Trajectories synchronize somewhat within clusters, but do not synchronize
across all agents. We then set n;; = 1 for each pair (4, j) that is an edge in the coupling

graph. Under the internal model controllers, the trajectories synchronize, as shown in Figure
6.3.
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B. Nonlinear oscillator synchronization

We illustrate the adaptive approach on a nonlinear oscillator. In Chapter 3, we presented a
method to check for synchrony of limit cycle oscillations in compartmental diffusively coupled
systems. In an example, we considered a ring oscillator model in which three interconnected
three-stage ring oscillators were coupled through the first node. Ring oscillators constitute
a class of voltage-controlled oscillators frequently found in clock recovery circuits and disk-
drive read channels [28, 72], and are also encountered in synthetic gene circuits [53]. We
showed that trajectories sufficiently close to a limit cycle trajectory of the nominal system
synchronized under small diffusive coupling.

P e e

Figure 6.4: Three-stage ring oscillator schematic with dynamics given in (6.81).

The dynamics of the three-stage ring oscillator depicted in Figure 6.4 is given by:

—Kk121 — aq tanh(xg)
f(z) = | —kKawg — agtanh(zy) | . (6.81)
—K3T3 — aztanh(xg)

If T2 ,c; > 8 and k; = 1 for all i, (6.81) admits a limit cycle [44]. We set k; = 1 and
a; = 2.2 for all i. We set y, = x4, and define g,(z(t,x)) = ey, where ey, £ = 1,2,3, are the
standard basis vectors of R3. It can be shown that there exists a quadratic storage function
such that the ring oscillator model with the given parameters satisfies the inequality (6.3)
with § = 7.704 (see the example in Section 5.2-A), and so the assumption of Theorem 2 is
satisfied whenever Ay > 7.704.

We subject the model to constant, spatially-varying heterogeneities:
¢e(x) = 5sin(10x), ¢=1,2,3. (6.82)

We consider the initial conditions:

21(0,x) =1+ 1.1cos(2my) + 1 (6.83)
22(0,x) = =14 3.4 cos(myx) — 1 (6.84)
x3(0,x) = 0.5+ 2.6sin(2my + 7/2). (6.85)

We simulate the system on the one dimensional spatial domain Q = [0,1]. Figure 6.5
shows the evolution of z1(¢,x) in the absence of heterogeneities. In Figure 6.6, we show
the trajectory of z1(t, x) in the absence of the internal model subsystems and demonstrate
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lack of spatial homogenization. We next apply the output of the internal model subsystems
with n(x) = 1 and initial condition (,(0,x) = 1, £ = 1,2,3. The trajectories x(¢, x) become
spatially homogeneous as shown in Figure 6.7 for z(¢, x). In Figure 6.8, we show the output
n1(t, x) of the internal model subsystem G.

t(s) 00

Figure 6.5: Evolution of x; (¢, x) as in (6.81) with initial condition z;(0, x) = 1+ 1.1 cos(2mx)
in the absence of heterogeneity.

Figure 6.6: Evolution of x; (¢, x) as in (6.81) with initial condition x4 (0, x) = 1+1.1 cos(2mx)
with heterogeneity as in (6.82) without internal model controller. Spatial heterogeneity
persists.
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t(s) 00

Figure 6.7: Evolution of x; (¢, x) as in (6.81) with initial condition z1(0, x) = 1+ 1.1 cos(2mx)
with heterogeneity as in (6.82) with internal model controller. Spatial homogenization occurs.

2. —_
15- .
= 1- 7‘jﬂﬁmﬁj

05 i
. |
30 e
20 o -
10 05
t(s) 00

Figure 6.8: Evolution of internal model controller 7, (¢, ) with initial condition 7;(0, x) = 1
and heterogeneity as in (6.82).
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C. Bistable Reaction-Diffusion System

Consider a bistable system defined with the dynamics
f(x)=2—2° (6.86)

with y = = and g(z(t, x)) = 1. Note from (6.86) that each point in the space is a bistable
system with stable equilibria at +1 and a saddle point at 0. It can be shown that there
exists a quadratic storage function such that the system satisfies the inequality (6.3) with
6 = 2 (see the example in Section 5.3-B), and so the assumption of Theorem 2 is satisfied
whenver Ay > 2.

We subject the model to a spatially and temporally-varying heterogeneity:
o(t, x) = 10sin(nt + 27x). (6.87)
We consider the initial condition

x(0,x) = 0.1 4 3.5cos(2m). (6.88)

We simulate the system on the one dimensional spatial domain Q = [0,1]. Figure 6.9
shows the evolution of x(¢,x) in the absence of heterogeneities. In Figure 6.10, we show
the trajectory of z(t, x) in the presence of heterogeneities without internal model control
and demonstrate lack of spatial homogenization. We next apply the output of the internal
model controllers with n(y) = 1 and initial condition (0, x) = 1. The trajectory of (¢, x)
becomes spatially homogeneous as shown in Figure 6.11. Note that the internal model

control compensates for effects due to the differences ¢(¢, x) — ¢(t). The remaining (spatially
homogeneous) effect is due to ¢(t), which is zero for (6.87), and so the spatial heterogeneity
is completely attenuated and the trajectory tends to an equilibrium value across the spatial
and temporal dimensions. In Figure 6.12, we show the output 7(t, x) of the internal model

subsystem G in the case of the heterogeneity in (6.87).
We next modify ¢(t, x):

o(t,x) = 10sin(nt + 1.77x), £=1,...,3, (6.89)

and simulate the system again. Note that since the average ¢(t) is no longer zero, the
trajectory in Figure 6.13 exhibits spatially uniform oscillations.

6.4 Conclusion

We have studied spatial homogenization of nonlinear systems that are incrementally passive,
and designed a distributed control law that guarantees spatial homogeneity in the presence of
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t(s) 00 x

Figure 6.9: Evolution of z(¢, x) as in (6.86) with initial condition x(0, x) = 0.1+3.5 cos(2mx)
in the absence of heterogeneities.

t(s) 00 x

Figure 6.10: Evolution of x(t, x) as in (6.86) with initial condition (0, x) = 0.1+3.5 cos(27x)
with heterogeneity as in (6.87) without internal model controller. Spatial heterogeneity
persists.
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t(s) 00

Figure 6.11: Evolution of x(t, x) as in (6.86) with initial condition (0, x) = 0.1+3.5 cos(27x)
with heterogeneity as in (6.87) with internal model controller. Spatial homogenization occurs
with equilibrium across spatial and temporal dimensions recovered.

t(s) 00

Figure 6.12: Evolution of internal model controller 7(t, x) with initial condition 7(0, x) = 1
and heterogeneity as in (6.87).
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5\\ ///
\\// 0.5
t(s) 00 x

Figure 6.13: Evolution of x(t, x) as in (6.86) with initial condition (0, x) = 0.1+3.5 cos(2mx)
with heterogeneity as in (6.89) with internal model controller. Spatial homogenization occurs
with spatially uniform oscillations.

a class of spatially and temporally-varying heterogeneities. Our controller has the advantage
of not requiring knowledge of the initial conditions of the heterogeneities, and furthermore
is amenable to heterogeneities that vary over multiple input and output channels. We have
illustrated our results on systems with ring oscillator dynamics and bistable dynamics.
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Chapter 7

Conclusion

Diffusively coupled spatially distributed models are an essential class of systems that lend
crucial insight to understanding and improving the behavior of many engineered and bi-
ological systems. Diffusive coupling facilitates design and analysis of cooperative laws in
multi-agent systems, oscillator synchronization in electrical and biological systems, and the
spread of information in distributed systems. A good understanding of local network struc-
ture and dynamics of the individual agents is fundamental to achieving distributed control
architectures to guarantee desired operation of the overall system in the absence of a cen-
tralized leader. Furthermore, it can lend insight into underlying vulnerabilities and potential
for instabilities in the network.

In this dissertation, we have developed distributed algorithms that guarantee desirable be-
havior in diffusively coupled systems by making use of local network structure and agent
dynamics. We have studied local behavior near a specific attractor as well as global behavior
of the full nonlinear dynamics. The methods we have derived apply to systems coupled
over graphs as well as systems defined over a spatial continuum. Additionally, we have de-
rived analysis methodologies that can facilitate our understanding of coupling structure and
interaction between agents. We next summarize our contributions.

7.1 Key Contributions

In Chapter 2, we considered the problem of designing distributed coordination laws for
multi-agent systems coupled over a graph. We developed a convex optimization framework
for determining optimal weights for the nodes and edges of the coupling graph. We applied
the strategy to several graph design problems as well as a formation control problem, where
the objective was fast convergence to a stable configuration with specified spacings between
agents. We then outlined dual approaches for handling larger graphs.
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In Chapter 3, we considered synchronization of oscillations in systems whose nominal dynam-
ics admitted a stable limit cycle. We gave analytical and numerical conditions to determine
whether diffusion homogenized limit cycle trajectories across the spatial domain. We high-
lighted a case of diffusion-driven instability wherein large enough diffusion coefficients indeed
led to loss of synchrony.

We considered synchronization under space and component-dependent diffusive coupling
in Chapter 4. We gave a condition that restricts the Jacobian of the vector field of the
uncoupled dynamics as well as the Laplacian eigenvalues of each interconnection graph in
order to guarantee synchrony. We then developed a sufficient condition that may be verified
using linear matrix inequalities.

Using ideas developed in Chapter 4, in Chapter 5 we presented an adaptive algorithm for
synchronization in which coupling weights were adjusted according to local disagreement
between agents connected to the corresponding edges. The algorithm relied on the individual
subsystems satisfying an incremental output-feedback passivity property. We demonstrated
the effectiveness of the approach in reducing time to synchronization in multiple examples
in both the spatially discrete and continuous settings.

In Chapter 6, we considered the case where individual agents no longer had identical dynam-
ics. We proposed an internal model controller for agents satisfying an incremental output-
feedback passivity property and subject to disturbances that guaranteed synchronization.
We highlighted several examples in which the internal model controller successfully elimi-
nated spatial inhomogeneities.

7.2 Future Work

The study of synchronization in diffusively coupled models is a rich and active research area,
with increasing focus on designing robust algorithms that scale well to large networks. With
respect to this dissertation, several avenues for future research exist. While the convex opti-
mization framework developed in Chapter 2 is flexible and enables modifying various eigen-
values of the graph Laplacian matrix, the solution method using interior point algorithms
limits the scale of graphs that can be considered. It would be interesting to explore efficient
algorithms that exploit structural properties of specific networks to reduce the number of
edges and nodes that must be considered. Also, recent progress in the development of first
order methods to solve semidefinite programs [99][100] indicate the potential of developing
algorithms that scale to large networks.

The adaptive algorithm developed in Chapter 5 is a step towards achieving robust network
design in a completely distributed, dynamic fashion, in contrast to the static optimization
proposed in Chapter 2. Additionally, the internal model controller in Chapter 6 addresses
problems of robustness and heterogeneities between agents. We are also pursuing adap-
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tively updating the weights of the coupling coefficients in the internal model controller in
Chapter 6 as in Chapter 5. A key challenge is expanding the scope of dynamics to which
these approaches are applicable, such as the case of nonminimum phase systems and sys-
tems with relative degree greater than one. Also, it would be useful to address robustness
to broader classes of disturbances and heterogeneities with the goal of guaranteeing small
residual synchronization errors.

The most promising direction is the application of the analysis and design tools developed in
this dissertation to real systems. For instance, the techniques in Chapters 2 and 3 can lend
insight to the design of coordination laws in multi-agent systems that take into account the
possibility of diffusion-driven instabilities. Furthermore, we envision application of adaptive
algorithm to numerical experiments that elucidate bottlenecks and other interesting struc-
tural features of a complex network or continuous domain. The algorithms may be able to
assist in graph decomposition and community structure identification [47, 62] or spectral
clustering and image segmentation [88]. Finally, the increasing deployment of distributed
sensors and the development of the Internet of Things promise ever-expanding applications
for which the methods described in this dissertation are well-suited and may be further
refined.
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Appendix A

Two-Time Scale Averaging

We state a lemma that follows from standard results in two-time scale averaging (see, e.g.,
[83], Thm. 4.4.3).

Lemma A1l Let w € RP and z € RY, and consider the linear time varying system:

HH( ) ng(t) w
[ |- (0 &) <[mi ma ) 2] .
where each H;j(t), € {1,2} is a bounded piecewise continuous matriz-valued function of

i,
time such that HU( T) = H;;(t), G € R and € > 0. Define the associated averaged
slow system:

_ B 1 to+T
’ws = —EHH'LUS, H11 = —/ Hll(t) dt. (AQ)
T to
If —Hyy and G are Hurwitz, then there exists €* such that [wT zT]T =0 is an exponentially
stable equilibrium of (A.1) for 0 < e < €*. OJ

Proof: We provide a proof for completeness and to exhibit a procedure for obtaining €*.
We begin by introducing a change of coordinates:

w = {1 e /0 (Hu(r) — ) dT] o (A3)

Upon substitution, we have:

[I —~ e/ﬂt (Hii(r) — Hi) df} w

— E[Hn(t) — HH]ID

~+

= —eH (1) [[ —¢€ | (Hu(r)— Hp) dT:| W

- Eng(t)Z.

0
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Since each H;(t) is bounded, we have |H;;(t)| < hy; for all ¢. Furthermore, since each

fg (Huii(1) — Hyy) dr is periodic, we have:

t
/(HH(T)—HH)CZT SQThH
0

1
2Th11’

b {[—e/ot (Huu(r) — ) dTT
x Hyi(t) [[ — e/ot (Hu(r) — Hn) dT} W

-1

— ¢ [1 —¢ /Ot (Hui (1) — Hn) dr] Hi(t)z
. {I _ e/ot (Hun(r) — Hyy) dT] h

X [Hyy — Hyp ()]

Then for € < €; :=

With a similar change of coordinates, we have:

t
2 =Gz — €H21(t) |:I — 6/ (Hn(T) — HH) dT:| W
0
— €H22 (t)Z
Define the positive definite matrices P, and P, such that:

P,H, +H P, =1
P.G+G'P, = —1I.

We next consider the candidate Lyapunov function:

V =w"Py+ 2P,z

1
1—2¢1Th11

Define the scalar v := . Differentiating V', we have:

V < — (ey — 229Th}) 0] + evhislid]| 2|
— (1 = €hyy)|2]? + €hon|2| ||
+ €(2T hayhyy) |2 0]

the change of coordinates is invertible. Rewriting, we have:

(A.5)

(A.6)

(A.8)

(A.9)

(A.10)
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Because € < €, the first term of (A.10) is negative. Similarly, choosing ¢ < €y := hi
22

guarantees that the second term of (A.10) is negative. If the condition
My M

My My

My = —(ey — 252’7T}Al%1)

1 . R ~ A
Myy = 3 <67h12 + ehoy + 62(2Th21h11)>

My = —(1 - 6il22),

} <0, with

(A.11)

is satisfied, then (A.10) is negative. Using the Schur complement, we rewrite the condition

as: .
— (ey — 2*4Th7))

1 - - PO 2 .
+ Zl <€’)/h12 + €h21 + 62(2Th21h11)) (1 — thg)il (A12)
< 0.

Therefore, there exists €3 > 0 such that for 0 < € < €3, (A.12) holds. Thus, with ¢ =
min{ey, €2, €3}, [wh 2T]T =0 is an exponentially stable equilibrium of (A.1). O
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Appendix B

Structured Singular Value for Periodic
Systems using Harmonic Balance

To justify the SSV analysis proposed in Section 3.3, in this appendix we extend the concept
of structured singular value to periodic systems using a generalized Nyquist result and a
classic result from robust control. We begin by reviewing the Nyquist criterion for periodic
linear time varying systems studied by [51, 109]. We consider the system:

i = A(t)x + B(t)q
y=C(t)x (B.1)
qg=—Ay,

with A(t), B(t), C(t) € R™*". We assume that A(t), B(t), and C(t) are periodic with period
T and continuous with absolutely convergent Fourier series, and A € R" with |A;;] < 1.
The bi-infinite harmonic state space model of (B.1) is given by:

(sZT+N)X = AX + BQ
Y =CX (B.2)
Q = _AY7

where the matrix A = blkdiag(A), and N, Z, and A as in Section 3.3, and B and C defined
similarly to .A. The (infinite-dimensional) harmonic open loop transfer operator of the system
is:

G(s) =C[sT — (A—N)|'B. (B.3)
We rewrite (B.2), substituting for Y

f—<szA+CN>—1A <sI+éV>‘1B] {X} _ {0] (B.A4)
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Following [109], suppose M is a linear compact operator. Denote by \;(M) and o;(M) the
i-th eigenvalue and singular value of M, respectively. Denote by C,(l2) the set of linear
compact operators M : [y — lo that satisfy

|IM]], = (Za, ><oo. (B.5)

Elements in C;(ls) are called trace-class operators, and the determinant
det(Z + M) =TI _ (14 Ag) (B.6)

of a trace-class operator is well-defined in the sense that it converges absolutely. Elements
in Cy(ly) are called Hilbert-Schmidt operators, and may not have absolutely-convergent
determinants.

We next apply the Schur determinant lemma to the left hand side of (B.4):

Ya(A) := det (Z —(ST+N)!
~ (sT+N)"'BAC) (B.7)
= det (I— <SI+N)_1(A—BAC)) .

The operator H(s) = (sZ +N)~*(A — BAC) is not in C(Iy), and in particular, 14(A) does
not converge absolutely. Thus, it is not possible to develop a Nyquist criterion making use
of the standard infinite determinant ¢, (A). To deal with this problem, [109] proposed an
approach using the 2-regularized determinant. Since H(s) € Cy(l2), it holds that Re(H) =
(Z+H)exp(—H)—Z € Cy(l2), and so the 2-regularized determinant deto(Z +H) := det(Z +
Ry(H)) is well-defined. We note that the Sylvester determinant lemma holds for the 2-
regularized determinant: deto(Z + KH) = dety(Z + HK). Making use of the 2-regularized
determinant, it can be shown that:

Ve (A) = dety(T + AG(s)) exp (—r(s + p))

deto(Z — ((s + p)T +N)"H(A - BAC + pI)) (B.8)
 deto(Z— ((s+p) T +N)YA+pI))

with 7(s + p) = —tr[((s + p)T + N)"Y (A + pI)(sZ + N — A)"'BAC], and p > 0. The
generalized Nyquist stability criterion for periodic linear time varying systems follows (see
[109], Theorem 3.1):

Theorem B1 Assume that A(t), B(t), and C(t) are piecewise-continuously differentiable
and have absolutely convergent Fourier series expansions. Let p > 0 be an arbitrary positive
number, and let n, be the number of unstable eigenvalues in the fundamental strip of the
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open loop operator A— N. The closed loop system (B.2) is asymptotically stable if and only
if the Nyquist locus of g (A) is not zero for all points along the Nyquist contour about the
closed right half plane intersected with the fundamental strip [51]:

S = {SEC:—%<Im(s)<%}, (B.9)

and Y (A) encircles the origin n, times in the counterclockwise direction. 0J

We now generalize a key result from MIMO robust control theory [108][31] to periodic time-
varying systems, making use of Theorem B1:

Theorem B2 Given a proper harmonic transfer operator G(s) € Cy(ls) with no unstable
poles and a bounded uncertainty set ® € R"™*" with a given sparsity structure, the closed loop
system (B.2) is asymptotically stable if and only if deto(Z + AG(jw)) # 0 for all A € ® and
ve (~.4]. 0
Proof: First, we shall prove necessity by contradiction. Suppose (B.2) is not asymptotically
stable. By the Nyquist criterion in Theorem B.2, the Nyquist plot of ¢g(A) = dety(Z +
AG(s)) exp (—r(s + p)) encircles or touches the origin for some w € (==, %]. Consider the
homotopy: }

h(€e) = deta(Z + eAG(s)) exp (—re(s + p)), (B.10)

with € € [0,1], Im(s) = w, and r.(s+p) = —tr[((s+p)Z+N) " (A+pZL)(sT+N —A) " BeAC).
Because ¢ (A) is a meromorphic function (analytic except at a countable number of points)
[109], it holds by Lemma A.1.18 [21] that if h(e) vanishes nowhere, then h(0) and A(1) must
have the same winding number, or Nyquist index. However, the curve at e = 0 is a point at
1, while the curve at € = 1 encircles or touches the origin. Thus h(e) must vanish for some
€0 € (0,1]. Now since A € ® implies that Ay := €A € ®, and because exp (—r.(s+ p)) # 0
since (s + p) is bounded (see [109], Lemma 2.3), it must hold that dets(Z 4+ A¢G(jw)) = 0
for some Ay € O.

Next, we prove sufficiency, also by contradiction. Suppose that there exist w € (—%, %}
and A € ® such that dety(Z + AG(jw)) = 0. Then (B.2) has a pole on the imaginary axis,

and is not asymptotically stable. ([l

We now define the structured singular value for periodic linear time-varying systems in terms
of the harmonic transfer operator:

1
min{z(A) : A € A, dety(Z + G(s)A) = 0}’
where A denotes a bounded structured uncertainty set and where we have invoked the

Sylvester determinant lemma. Then Theorem B2 may be recast using the structured singular
value:

na(G) =

(B.11)
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Theorem B3 Let & = {A : A € A, 5(A) < ~}. Then the closed loop system (B.2) is
stable if and only if pa(G(s)) < % for all s € S given in (B.9). O

The final step of the analysis is developing a computationally tractable test, which requires a
finite dimensional truncation of the infinite-dimensional operator G(s). In [81], the authors
showed that G(s) could be approximated arbitrarily well by a finite truncated operator
consisting of only the first N terms of the Fourier series expansion of A(t), B(t), and C(t).
We denote by Gn(s) the truncated operator given by:

GN(S) = CN[SZ — (.AN —N)]_lBN (Bl?)

where Ay is the (N 4 1) x (N 4 1) submatrix of A centered along the A, diagonal, and By
and Cy defined similarly. In particular, it was shown that ||G — Gyl|]s < K(N) := O(N™1).
From this fact and following the proof technique of Lemma 4.1 in [109], it then holds that:

|det2(I+ G) — d€t2(1+ GN)|

1
< IIG—GNIIzeXp{§[||G||z+IIGNIIz+1]} (B.13)
< K(N)- M,

where the second inequality follows from the boundedness of G and G . With the observation
that the matrix A may be incorporated into the matrix B(t) or C(t), we see that the term
deto(Z + GA) appearing in Theorem B2 and (B.11) may be asymptotically approximated by
dets(Z + G ~A ~), where Ay is the truncated version of A.
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