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Abstract

Exploiting Structure and Input-Output Properties in Networked Dynamical Systems
by
Ana Sofia Rufino Ferreira
Doctor of Philosophy in Engineering in Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Murat Arcak, Chair

Large coupled networks of individual entities arise in multiple contexts in nature and
engineered systems to produce rich dynamics and achieve complex behaviors. As the state-
space dimension increases, the certification of stability and performance properties of these
nonlinear dynamical systems becomes an intractable problem. In this thesis we develop
decomposition methods that break up such convoluted systems into components of smaller
dynamics whose behavior is dependent on the state of the neighboring components. These
methods explore useful input-output properties of the subsystems in conjunction with the
topology of their interconnections, providing results that scale well to large-scale networks.

We begin by developing a mathematical approach to analyze spatial pattern formation
in developmental biology that combines graph-theoretical and dynamical systems methods
to systematically predict the emergence of patterns. This approach models the contact
between cells by a graph and exploits its symmetries to create partitions of cells into classes
of equal fate. Using monotone systems theory, we derive verifiable conditions that determine
whether patterns consistent with such partitions exist and are stable. Then, we propose
an engineered synthetic circuit that mimics contact inhibition by using diffusible molecules
to spontaneously generate sharply contrasting patterns. Using a compartmental model, we
determine a condition that serves as a parameter tuning guide for patterning.

We next focus on exploring the symmetric topology of the interconnection to provide
efficient certification of performance properties of large networks. Performance certification
can be cast as a distributed optimization problem for which the existence of a solution is
equivalent to the existence of a solution with repeated variables. We demonstrate that fast
certification of stability and performance is possible by searching over solutions in a reduced
order domain.

Finally, motivated by the stochastic behavior of biological networks, we provide stochastic
stability results for systems modeled by stochastic differential equations. We use stochas-
tic passivity properties of the subsystems and a diagonal stability condition of the inter-
connection matrix together with the passivity gains to guarantee stochastic stability and
noise-to-state stability.
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Chapter 1

Introduction

Networked systems are formed by components that behave in accordance to the output of
their corresponding neighboring or communicating components. These ubiquitous systems
occur in nature and in engineered systems. However, most existing analytical methods do
not scale to large networks. Efficient and scalable certification techniques for such large-
scale systems are imperative. In this thesis, we develop new approaches for the analysis of
networked dynamical systems that exploit the interconnection structure of their components
together with relevant input-output properties, such as passivity and monotonicity. This ap-
proach decouples the certification problem into two. First, we examine analytical conditions
for the individual subsystems that guarantee the relevant input-output properties without
knowledge about the interconnection. Then, we derive conditions for the interconnection by
representing each subsystem as an appropriate abstraction of its input-output behavior.

The thesis addresses three main topics. In Chapters [2 and [3| we address pattern for-
mation in developmental biology and inspect the existence and stability of spatial patterns
in networks of biological cells. We employ tools from graph theory to identify symmetries
and equitable partitions in the network, and show that such partitions are templates of re-
peated dynamics that allow for the dimensionality reduction of the analysis. In Chapter 3 we
address a cellular biological mechanism by which cells compete with its neighbors through
contact, while Chapter 4 focuses on the design and analysis of an engineered synthetic circuit
with similar lateral inhibition properties but in which communication is achieved with the
use of diffusible molecules. In the second part, Chapter [4] we extend the use of symmetries
to the certification of performance properties. In several optimization problems with linear
constraints, symmetries imply that the existence of a solution is equivalent to the existence
of a solution with repeated elements, and thus one needs to search over a reduced number
of variables. We show how to achieve efficient performance certification by exploring this
reduction in semidefinite programming problems. Finally, Chapter [5| addresses nonlinear
systems driven by noise, that are modeled by stochastic differential equations. Sufficient
conditions are provided to guarantee stochastic stability in probability and noise-to-state
stability by exploiting stochastic passivity properties and diagonal stability of the passivity
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matrix together with the interconnection matrix.

1.1 Preliminaries

We consider a networked system to be a large dynamical system that can be decomposed
into several decoupled subsystems H; : u; — y;, ¢ = 1,..., N, with exogenous disturbances d
and performance output e, and a communication topology defined by an interconnect matrix
M € R¥*N  see Figure [L.1] The input/output relation is determined by [*] = M [%] and
the subsystems H; are described by the nonlinear dynamics & = f(z,u), y = h(z, u).

H,

Hy

e M d

Figure 1.1: Networked System.

In Chapters [2}[4] we interpret the interconnection matrix M as the adjacency matrix of a
graph M and explore its symmetric properties. For each subsystem H; we use monotonicity
properties to show stability and emergence of spatial patterns in biological cell networks,
Chapters [2] and [3; and we use dissipativity properties in Chapter 4l We study stochastic sys-
tems in Chapter [5| and explore properties of stochastic passivity and noise-to-state stability.
We consider closed systems in Chapters [2] and [3] i.e., without d and e; Chapter [4] addresses
systems with exogenous d and e; and Chapter [5| considers systems driven by noise.

Algebraic Graph Theory and Symmetries

A graph G consists of a set of vertices, V = {1,..., N}, and edges E, where every edge con-
nects two vertices. In this thesis, we consider both directed and undirected graphs. In the
former, each edge has a tail vertex and a head vertex, and there is a notion of orientation.
The latter can be seen as an undirected graph where each edge shows up in pairs of opposite
directions. Each edge might include a binary value (1 or 0, if nodes are connected or not), or
include a weight between nodes, w; ;. We will use the notion of connectedness in undirected
graphs, which dictates that every pair of vertices is connected through a path of one or
several edges. Next, we define symmetry properties in graphs, [55].
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Automorphisms

A symmetry in a graph is normally understood as a transformation, e.g., rotation, reflection,
that preserves the topology of the graph edges. Formally, in a weighted graph G(V, E), an
automorphism is a permutation of the vertices g : V' — V such that if (¢, j) € E then also
(gi,gj) € E and w; ; = wy, 4;, where gi denotes the image of vertex i under permutation g.
The set of all automorphisms of G forms a group designated by automorphism group,

Aut(@) ={g:V -V ) (9i,97) € B and wi; =g, for all (i,)) € B }.

A subset H of the automorphism group Aut(G) that is closed under composition and inverse
is called a subgroup. Given a subgroup of the automorphism group, H C Aut(G), the vertices
of G can be partitioned into sets of vertices that permute with each other, which we call orbits.
The orbit of index i € V' = {1, ..., N} under the action of H is defined as:

0; = {j eV ‘ gi =7 for some g € H C Aut(G)}.
The orbits form an equivalence class given by the equivalence relation ~, where

Due to symmetry, at each vertex u in an orbit O;, the sum of edge weights coming from
all elements in another orbit O;, must be constant regardless of the choice of v in O;. There-
fore, the action of a subgroup H C Aut(G) defines a quotient graph G/H whose vertices are
the orbits of V', and the edges represent the sum of the edge weights between a vertex u € O;
and all vertices in O;, [55].

FExample: Consider the undirected cyclic graph with five vertices, represented in Figure
[[.2a] This graph is rich in symmetries. In fact, this is a vertez-transitive graph, since for
any two vertices i,j € V there exists an automorphism g € Aut(G) that permutes i into
j. Consider the subgroup H C Aut(G) formed by the identity permutation together with
the permutation along the vertical axis represented in Figure [1.2b, H = {(1,2,3,4,5) —
(1,2,3,4,5), (1,2,3,4,5) — (1,5,4,3,2)}. The action of H permutes vertices 2 with 5, and
3 with 4, and the orbits of graph G become Oy = {1}, Oy = {2,5}, and O3 = {3,4}, see
For this orbit partition, the corresponding quotient graph is represented in Figure[1.2d]
which in this example is a directed graph.

Adjacency Matrix

The adjacency matriz of graph G is the matrix M € RY*YN where entry m;; is equal to 0 if
there is no edge between vertices ¢ and j, otherwise m;; equals the edge weight w; ;. Let R be
the permutation matrix that represents a permutation g € Aut(G). Then, due to symmetry,

RM = MR.
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1 1/2

)

|1/2
03
8.

(d)

Figure 1.2: Example of a cyclic graph with five vertices: original graph in ; symmetry
along vertical axis in @ orbit partition due to the action of subgroup H, composed by the
vertical symmetry and the identity, in |(c)} and corresponding quotient graph, in @

Consider a subgroup H C Aut(G) and let r be the corresponding number of distinct orbits.
Define the matrix @ € R¥*" such that ¢;; = 1 when vertex 7 is in orbit j, and ¢;; = 0
otherwise. The following holds,

MQ = QM,

where M € R™*" is the quotient matrix, which corresponds to the adjacency matrix of the
quotient graph G/H. The following are the adjacency matrices of the graph G and the
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quotient graph G/H in Figure
0 Y, 0 0 Y,
Yy 0 Y5 0 0 o 0 1 0
M: 01/201/20 M:[l/gol/gl.
0 0 Yy 0 Y 0 Yy s
Yy 00 Yy 0

Remark: Note that the eigenvalues of M are also eigenvalues of M. Moreover, since
each vertex of the quotient graph represents an orbit, we can find a correspondence between
the eigenvectors of M and M. Consider an eigenvector v € RV of M with corresponding
eigenvalue A, and let © € R” be the vector with entries {v}; = ﬁ ZueOk v,. If U is not a

zero vector, then it is an eigenvector of M with corresponding eigenvalue A. On the other
hand, an eigenvector v corresponding to A of M can also be chosen from the eigenvector ©
for X of M, by repeating the elements of T over the indices in the same orbit, [17].

In Chapters [2| and [3| we use the more general notion of equitability, which is based on
vertex partitions and their edge weights. For the graph G(V, F) with adjacency matrix M, a
partition of the vertex set V' into classes Oy, ..., O, is equitable if there exist m;;, ¢,5 =1, ..., 7
such that

Z Myy — mij Yu € Oz

UEOJ‘

This means that the sum of the normalized edge weights from some vertex in a class O; into
all the vertices in a class O; is invariant of the choice of the vertex in class O;. The notions of
quotient graph and quotient matrix also apply for equitable partitions. The quotient matrix
M is formed by the entries Mj.

Indeed, the action of each subgroup H of the full automorphism group Aut(G) defines
an equitable partition. Note that, the action of H on V partitions the vertex set into orbits,
O; = {hi|h € H}, such that O; = O; for all j € O;. Let r be the number of distinct orbits
under the subgroup H, and relabel them as {O;,...,0,}. This orbit partition is indeed
equitable, because the sum Zke@, m«, = m;; is constant independently of the choice of

i* € O;.

Monotone Systems

A monotone system is one that preserves a partial ordering of the initial conditions as its
trajectories evolve. The partial ordering is defined with respect to a positivity cone K in
the Euclidean space that is closed, convex, pointed (K N (—K) = {0}), and has nonempty
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interior. For such cone, x < & means that & — x € K; z < & means that z < & and = # 7;
and r < T means that £ — x is in the interior of K.

Given the positivity cones KV, KY, K, for the input, output, and state spaces, the dy-
namical system & = f(z,u), y = h(x) is said to be monotone if x(0) = £(0) and u(t) < a(¢)
for all ¢ > 0 imply that the resulting solutions satisfy x(t) < z(t) for all £ > 0, and that the
output map is such that x < & implies h(x) < h(z), [4].

Useful properties include the fact that the linearization of a monotone system around a
steady-state (*,u*) is also a monotone system with respect to the same positivity cone [3].
Moreover, it has been shown that the stability of a linear monotone system with positive
feedback can be determined by the steady-state gain of the open-loop system, [39].

Stochastic Differential Equations

We consider continuous-time nonlinear stochastic systems driven by noise:
dx = f(z)dt + I(z)2dw.

The noise, w(t), is an independent standard Wiener process, and X = {0;;} is a nonnegative-
definite matrix, where o;; represents the intensity with which the j** source of uncertainty
influences the i'* state.

The stochastic system above, with f(0) = 0 and [(0) = 0, has an equilibrium at the origin
that is said to be globally stable in probability if the sample paths of the process starting at
point z at time ¢ = 0 remain within a prescribed neighborhood of the origin with probability
tending to one as z( tends to zero, [31], i.e., if Ve > 0, 3y € K such that

P{lz(t)] <~(|xo])} > 1—€, ¥Vt >0,Vzy € R".

It is globally asymptotically stable in probability if it is globally stable in probability and the
trajectories eventually converge to the equilibrium.

A stochastic counterpart of the Lyapunov theory will be used to show stochastic stability.
For the system above, assume that there exists a storage function V' (z) that is nonnegative
and radially unbounded, and such that

LV (x) & g—z f(z) + %Tr {ETZ(ZE)

7OV
ox?

l(x)Z} < —-S(x), Vuz,

for some function S(z). When S(x) is a nonnegative (positive) function, the origin is glob-
ally (asymptotically) stable in probability, [66]. The infinitesimal generator LV (z) is a
partial differential operator and defines a notion of expected derivative, since LV (x) =
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lim;_sq w Note that the first term corresponds to the deterministic part of the

system, while the second term is always positive when V() is a convex storage function,
which makes stochastic stability harder to achieve. However, in some cases, it might be
possible to construct storage functions with negative concavity in some intervals, that show
global stability in probability of the origin even if the deterministic part is not globally at-
tractive at the origin.

We use the notion of noise-to-state stability (NSS) in cases of unknown noise intensity
Y. and nonvanishing noise at the origin, {(0) # 0, [31]. A system is NSS when its state is
bounded in probability, i.e., for any € > 0, there exists a KL function 3, and a K, function
0, such that
P{|x| < B(|zol,t) + 6 (|ZZT|F)} >1—€¢ Vt>0.

Consider now the controlled stochastic nonlinear system

dr = f(x,u)dt + l(x,u)Xdw
y = h(z,u)

The system is stochastic dissipative if the storage function is such that

EV(z(t)) — V(z(s)) < E/ W (z(7),u(r))dr,

where W is the supply rate. Equivalently, LV (z) < W(z,u). In Chapter [§], we choose
W (z,u) = h(z,u)"u — S(x). When there exists a positive semidefinite (definite) function
S(x), the system is called stochastic (strictly) passive, |45]. It is stochastic output strictly
passive (sOSP) if S(z) = %h(x)Th(q:), and 7 is said to be a gain.

Note that, we recover the deterministic notion of dissipativity when I(z) = 0, [110]. In
Chapter 4] we consider problems that address quadratic supply rates,

W= | 4o TX e |

For example, to certify an Ly-gain from scalar u(t) to y(t) choose X = [70 2 |, which implies
that [ly[|3 < v*[[ull3 + V(2(0)).

1.2 Summary of the Thesis

In biology, multicellular developmental processes rely on spatial patterning to initiate dif-
ferentiation. Even though the majority of results on patterning investigate diffusion-driven
mechanisms, lateral inhibition is a common pattern formation mechanism where cell-to-cell
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contact signaling induces neighboring cells to compete and diverge into sharply contrasting
fates that can initiate developmental processes such as segmentation or boundary formation.
Known examples of lateral inhibition are the Notch pathway in Metazoans and contact-
dependent inhibition (CDI) in E. coli.

In Chapter [2|, we analyze spatial patterns on networks of cells where adjacent cells inhibit
each other through contact signaling. We represent the network as a graph where each vertex
represents the dynamics of identical individual cells and where graph edges represent cell-
to-cell signaling. To predict steady-state patterns we find equitable partitions of the graph
vertices and assign them into disjoint classes. Equitable partitions of the contact graph allow
for a systematic identification of patterns. We use results from monotone systems theory to
prove the existence of patterns that are structured in such a way that all the cells in the
same class have the same final fate. To study the stability properties of these patterns, we
rely on the graph partition to perform a block decomposition of the system and reduce its
dimension. Then, to guarantee stability, we provide a small-gain type criterion that depends
on the input-output properties of each cell in the reduced system. Finally, we discuss pat-
tern formation in stochastic models. With the help of a modal decomposition we show that
noise can enhance the parameter region where patterning occurs. The results in this chapter
appear in [40].

Despite the vigorous research on elucidating natural pathways such as Notch-Delta and
CDI, a synthetic lateral inhibition system for pattern formation has not been successfully en-
gineered. In order to achieve patterning with synthetic circuits, we propose a compartmental
lateral inhibition system, in Chapter 3, where contrasting patterns between neighboring com-
partments emerge due to communication via diffusible molecules. Our proposed construct
consists of a set of compartments interconnected by channels, where in each compartment we
place a colony of cells that can produce diffusible molecules to be detected by the neighbor-
ing colony. We equip each cell with an inhibitory circuit that reacts to the detected signal,
so that the more diffusible molecules detected in one compartment, the less production in
that colony. To prevent auto-inhibition, we utilize two orthogonal diffusible quorum sensing
molecules and design two inhibitory circuits each of which detects only one type of molecule
and produces the other type.

We derive analytical conditions that guarantee contrasting patterning in this spatially-
distributed construction by defining the cell network as a graph, where each compartment
corresponds to a vertex, and each graph edge corresponds to a diffusion channel between two
compartments. We model the diffusion with the Laplacian matrix of the weighted graph and
use a notion of equitable partition to provide existence and stability conditions of contrast-
ing patterns. Finally, we propose and analyze a synthetic circuit which is currently under
implementation. The results in this chapter appear in [42, |43].

We also exploit symmetries in the interconnection topology of a networked system, in
Chapter [4] to provide a dimensionality reduction in the certification of stability and per-
formance. The certification method provides a guarantee with respect to exogenous distur-
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bances and output performance, and exploits the dissipativity properties of the subsystems,
thus the conservatism introduced by the reduction is minimal when the subsystems possess
similar dissipativity characteristics. We combine this reduction with distributed optimization
techniques and robust dissipativity analysis, and show that the number of decision variables
in the global optimization constraint can be reduced, as well as its size in several cases. This
leads to the efficient analysis of large networks. To certify frequency dependent properties,
we also extend the results to a state-space variant of integral quadratic constraints (IQCs).
The results in this chapter have been submitted to IEEE Transactions on Control of Network
Systems, [44].

Finally, in Chapter [5], we analyze the stability of large-scale nonlinear stochastic systems,
represented as an interconnection of lower-order stochastic subsystems. Stochastic stabil-
ity in probability and noise-to-state stability are addressed using Lyapunov theory. The
method proposed proves network stability by using appropriate stochastic passivity proper-
ties for its subsystems, and a linear matrix inequality for the structure of their interactions.
In particular, stability is established by the diagonal stability of a dissipativity matrix,
which incorporates information about the passivity properties of the systems, together with
the interconnection matrix. Due to the difficulty of determining the equilibrium of such
large-scale systems, we derive equilibrium-independent conditions for the verification of the
relevant stochastic passivity properties of the subsystems. To certify noise-to-state stability,
we provide sufficient conditions that rely only on the system state and, thus, are independent
of the noise intensity. We illustrate the proposed approach on a class of biological reaction
networks. The results in this chapter appear in [41].
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Chapter 2

Pattern Formation in Lateral
Inhibition Systems using Graph
Partitions

Spatial patterning is crucial for multicellular developmental processes [51, 111]. The major-
ity of theoretical results on pattern formation rely on diffusion-driven instabilities, proposed
by Turing [101] and further studied by other authors |50, 33, 84]. Although some early
events in developmental biology employ diffusible signals, most of the patterning that leads
to segmentation and fate-specification relies on contact-mediated signals. In particular, lat-
eral inhibition [96] is a cell-to-cell contact signalling mechanism that leads neighboring cells
to compete and diverge to contrasting states of differentiation. An example of lateral inhi-
bition is the Notch pathway, where neighboring cells compete through the binding of Notch
receptors and Delta ligands [26].

Analytical results that pursue explicit conditions for patterning by lateral inhibition,
such as [26, 107, [87, 49|, study simple networks with only a few cells, and do not reveal the
variety of patterns that may arise in large networks. A broader dynamical model for lateral
inhibition is proposed in [§], and results that are independent of the size of the network are
presented. In this reference, the large-scale network is viewed as an interconnection of indi-
vidual cells, each defined by an input-output model. The contact signaling is represented by
an undirected graph, where each vertex is a cell, and a link between two vertices represents
the contact between two cells. Results for the instability of the homogeneous steady-state
and the existence of two-level patterns for bipartite contact graphs are presented in [8].

In this chapter, we use the model introduced in [8] and derive results for pattern for-
mation on a general contact graph, recovering the results of [8] for bipartite graphs as a
special case. Our main idea is to partition the graph vertices into disjoint classes, where the
cells in the same class have the same final fate. We use algebraic properties of the graph
and tools from monotone systems theory [92] to prove the existence of steady-states that
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are patterned according to these partitions. We then address the stability of these patterns
by decomposing the system into two subsystems. The first describes the dynamics on an
invariant subspace defined according to the partition; and the second describes the dynamics
transversal to this subspace. We provide a small-gain type criterion [105, 32], that relies only
on the dynamics of the first invariant subspace.

A key property that the graph partition must satisfy is that the sum of the normalized
edge weights from one vertex in another class into all those vertices in some class is inde-
pendent of the choice of vertex. Partitions with this property are called equitable and allow
us to study a reduced model where all vertices in the same class have the same state. As
examples of equitable partitions, we study bipartite graphs and graphs with symmetries.
Permutations of the graph nodes that leave the edge set invariant are called automorphisms
[55], and the set of all automorphisms of the graph has a group structure. We show that
subgroups of the full automorphism group, which can be found with numerical tools such as
[46], can be used to identify equitable partitions.

Symmetry reduction has been explored in dynamical systems and bifurcation theory [77,
98, |56]. In particular, the idea of clustering the graph vertices into classes of synchronized
states has been studied [98, 56, |[106]. The notion of equitable partitions in this chapter is
related to the definition of balanced relations and synchrony subspaces introduced in [98|,
56], and similarly the reduced models defined by the equitable partitions correspond to the
notion of quotient networks in these references. However, our results are the first to combine
symmetry with monotone systems properties to characterize the emergence of steady-state
patterns in lateral inhibition systems. These results are readily applicable to various lateral
inhibition models [26, 96] and specify the ranges of meaningful biological parameters that
yield patterning.

Other uses of symmetry properties in control theory include dimension reduction and
block decomposition of semidefinite programming problems, such as fastest mixing Markov
chains on the graph [17, |19], and sum-of-squares [48]. Symmetry has also been explored to
investigate controllability in agreement problems [88].

Finally, we discuss the formation of patterns in stochastic models and show that noise can
enhance the parameter region where patterning occurs. Such enlargement of the parameter
region by stochasticity has been observed for Turing patterns in |15} |22, 60]. Although lateral
inhibition is a fundamentally different mechanism than Turing’s diffusion-driven patterning,
we follow an approach similar to [60], and show that high-frequency spatial modes can be
excited by noise, even when the homogeneous steady-state is stable.

In Section 2.1} we define the model and introduce necessary graph theoretical concepts.
In Section [2.2] we present the main result of the chapter, which provides conditions for
the existence of steady-state patterns. In Section [2.3] we apply the main results to graphs
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with symmetries, and present examples. In Section [2.4, we present a decomposition that is
helpful for the stability analysis of steady-state patterns, and derive a small-gain stability
type criterion. Finally, in Section [2.5] we discuss stochastic models and pattern formation
driven by noise.

2.1 Lateral Inhibition Model

We represent the cell network by an undirected and connected graph G = G(V, E), where
the set of vertices V represents a group of cells, and each edge e € E represents a contact
between two cells. The connectivity between cells ¢ and j is represented by the nonnegative
constant w; ; € R>o. We let w;; = 0 when 7 and j are not in contact, and w;; > 0 when
they are in contact. A common choice is to select w; ; = 1; however, to be more general and
to allow distinct contact signal strengths, we allow weights other than 0 and 1. Since this
contact graph is undirected, the weights must satisfy w; ; = w;;.

Let N be the number of cells and define the scaled adjacency matriz M € R¥N*N of G as:
mij = d;lwi’j, (21)

where the scaling factor is the node degree d; = > ; Wij. The structure of M is identical
to the transposed probability transition matrix of a reversible Markov Chain (i.e., let 7 be
a stationary distribution such that m; = d;/ >, di, for ¢ = 1,..., N, then mym;; = m;m;;).
Therefore, M is nonnegative and row-stochastic, i.e., M1y = 1y, where 15 € RY denotes
the vector of ones, and it has real valued eigenvalues and eigenvectors.

Consider a network of identical cells i = 1,..., N each described by the dynamical model:
T = f(xi,w)

2.2

{ Yi = h(xz) ( )

where x; € X C R" describes the state in cell i (typically, a vector of reactant concentrations),
u; € U C R is an aggregate input from neighboring cells, and y; € )V C R represents the
output of each cell that contributes to the input to its neighbors. We represent the cell-to-cell
interaction by

u= My (2.3)

where M is the scaled adjacency matrix of the contact graph as in (2.1), u £ [uy...uy]",
and y = [y1...yn]". This means that the input to each cell is a weighted average of the
outputs of adjacent cells.

Standing Assumptions. We assume that f(-,-) and h(-) are continuously differentiable,
and that for each constant input u* € U, system has a globally asymptotically stable
steady-state

vt = S(u*), (2.4)
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that is also a hyperbolic equilibrium (i.e., %|<x*7u*) has no eigenvalues on the imaginary
axis). Furthermore, we assume that the map S : 4 — X and the map T : U — Y, defined
as:

T() = h(S()), (2:5)

are continuously differentiable, and that T'(+) is a positive, bounded, and decreasing function.
The decreasing property of T'(+) is consistent with the lateral inhibition feature, since higher
outputs in one cell lead to lower values in adjacent cells. An example of such a map is the
transfer function of a biochemical inverter, see |[113, [109].

Note that the steady-states of the system (2.2))-(2.3]) are given by z; = S(u;) in which

u1,...,uy are solutions of the equation:

u= MTn(u), (2.6)
where
Ty(u) = [T(wr), ..., T(un)] " (2.7)
In particular, since M is row-stochastic, (2.6) admits a solution that is homogeneous across
all cells, i.e., u; = u* for all i = 1,..., N, where u* is the unique fixed point of 7'(-), i.e,
T(u*) =u". (2.8)

We refer to the corresponding steady-state xf = S(u*) Vi as the homogeneous steady-state
(HSS) of the interconnection. We now give a sufficient condition for the instability of the HSS.
This condition is similar to [8, Theorem 1] but our proof does not rely on the monotonicity
assumption ([4]) made in [§].

Lemma 1. Consider the system (2.2))-(2.3)). Let Ay be the smallest eigenvalue of M, and

let u* be as in (2.8)). Then, if
T (u*)| Ay < —1, (2.9)

the homogeneous steady-state x; = x* = S(u*), i = 1,..., N, is unstable.

Proof. The linearization of — about the HSS can be brought to a block-diagonal
form consisting of the matrices A + A\, BC, where )\, denote the eigenvalues of M, A £
%](m’u):(mm*), B2 6fé’;’“) (@)= (@ u), and C' = 8}5(;) |e=2+, as in [8, Proof of Theorem 1].
We thus guarantee instability of the HSS if one of the matrices A+ \, BC', for k =1,..., N has
a positive eigenvalue. Furthermore, we note from that T'(u*) = —C A~! B. This means
that, given the assumption (2.9)), we just need to prove that the condition 1+ X\, CA 1B < 0
implies that A + A\ BC has a positive eigenvalue. To show this, we will make use of the
multiplication property of determinants and Claim [2| below. Given the second statement in
Claim [2] if we prove that 1 + \,CA™'B < 0 implies (—1)"det(A + A\ BC) < 0, then we can
conclude that A + A\, BC has a positive eigenvalue and, therefore, the HSS is unstable.
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Note that by assumption, any constant input has an hyperbolic globally asymptotically
stable steady-state, which implies that A is Hurwitz, and therefore that, from the first part
of Claim [2| (—1)"det(A) > 0. The next inequality then follows from the condition that
det(1 4+ M\CA™'B) < 0:

(—=1)"det(A+ \BC) = (—1)"det(A)det(I, + \;BCA™)
= (=1)"det(A)det(1 + \;CA'B) <0, (2.10)

where the second equality holds from Sylvester’s Determinant Theorem |2]. We then conclude
that A 4+ A\, BC' has a positive and real eigenvalue. n

Claim 2. If A € R™" is Hurwitz then (—1)"det(A) > 0. If (—1)"det(A) < 0 then A has a

positive and real eigenvalue.

Proof. To prove the claim, note that the characteristic polynomial of A can be written as
det(M, — A) = (A — A1)...(A = \,), where \j,..., A, are the eigenvalues of A. Then,
the following holds: det(—A) = det(—I1,A) = (=A1)...(=X\,), and also (—1)"det(A) =
(=1)"A1. .. A\ O

Lemma 3 (In [8], Proof of Theorem 1). Consider the system (2.2)) with static input-output
map T(-) as in (2.5)). The following equality holds

T'(u) = —CpA,' B, (2.11)

Oh(x)
ox

ox

Aw A of (z,u) and Bw A Bfér,u)

A
where C, =

w=S(w) (@,u)=(S (w),w) (,u)=(S(w)w)

2.2 Identifying Steady-State Patterns

To identify nonhomogeneous steady-states, we use equitable graph partitions. For a weighted
and undirected graph G(V, E') with scaled adjacency matrix M, a partition 7 of the vertex

set V into classes Oy,...,0, is said to be equitable if there exist m;;, ¢,7 = 1,...,r, such
that
Z My =Ty Yu € O (2.12)
veO;

This definition is a modification of |55, Section 9.3] which considers a partition based on
the weights of the graph w; ; instead of the scaled weights m;; in . We let the quotient
matriv M € R™" be formed by the entries m;;, which is also a row-stochastic matrix and its
eigenvalues are a subset of the eigenvalues of M, as can be shown with a slight modification
of [55, Theorem 9.3.3]. As we will further discuss, equitable partitions are easy to identify
in bipartite graphs and in graphs with symmetries.
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We now search for nonhomogeneous solutions to (2.6)) in which the entries corresponding
to cells in the same class have the same value. This means that we examine the reduced set

of equations o
z=MT,(z), (2.13)

where M is the quotient matrix of the contact graph G, and z € R”. The patterns determined
from the solutions of are structured in such a way that all cells in the same class have
the same fate, i.e,

w; = z; for all 7 € O;. (2.14)

Thus, an equitable partition defines a “template” for a pattern, and a steady-state consistent
with this template exists if has a nonhomogeneous solution. To determine if
has a nonhomogeneous solution, we define the reduced graph G, to be a simple graph in
which the vertex set is V = {Oy,...,0,} and the edge set is

E ={(0:,0;) :i # j, mi; # 0 or my; # 0} (2.15)
Assumption 4. The reduced graph G, is bipartite.

Note that, although m; may take nonzero values, we omit self-loops in the definition
of G.; therefore, this assumption does not rule out self-loops in the quotient matrix. In
the following theorem, we determine whether there exists a solution to the reduced set of
equations other than the homogeneous solution z* = u*1,.

Theorem 5. Let m be an equitable partition of the vertices of G such that Assumption 4
holds. Let v, be the eigenvector of M associated with the smallest eigenvalue \,.. If T(-) is
positive, bounded, and decreasing, and if T'(u*) is such that

T (u) |\, < —1, (2.16)

then there exists a solution of other than
2* =u"l,. (2.17)

Proof. Consider the auxiliary dynamical system:

% 2 T(z)
== | +M| £ F(z), (2.18)
Zy Zr T(.,.)

where 2z € R, lies in the positive orthant, since M is nonnegative and T(-) is a positive
function. Note that around the homogeneous steady-state z* = T, (z*), the Jacobian matrix

DF(2*) = -1, + T'(u*)M (2.19)
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is nonpositive (since M is nonnegative, and from (2.16), 7" (u*) < 0).

We show that under a coordinate transformation the auxiliary system in (2.18]) is co-
operative. The system is said to be cooperative if 81;;;?) > 0 for e # j and z € R", see
J

192, Definition 3.1.3]. Cooperativity is a particular case of monotonicity with respect to the
standard cone. Following the bipartite property of G, in Assumption [4, we define a partition
JcC{l,...,r}and J' = {1,...,r}\J such that no two vertices in the same set are adjacent.
Let ¢, =01if j € Jand ¢; =1 if j € J', and choose the transformation Rz to be

R = diag((—1)%,...,(=1)%, ..., (=1)"). (2.20)

Since the reduced graph is bipartite, R"'!MR = RMR is a matrix similar to M and all of
its off-diagonal elements are nonpositive. In the new coordinates Rz, the Jacobian matrix
in becomes J = R(DF(z*))R and has nonnegative off-diagonal elements. This means
that the system is cooperative.

To prove the existence of a solution Z # 2* of (2.13), we will show: (i) that the largest
real part of the eigenvalues of J (designated by s(.J)) is positive with associated eigenvector
v > 0 (i.e., all elements are positive); and (ii) that the solutions of are bounded.
These two facts guarantee the existence of a steady-state Z # z*, because (i) implies that
solutions that start at z* + ev for sufficiently small ¢ have a positive derivative and will
be increasing with respect to the standard order [92, Theorem 4.3.3]. Combined with the
boundedness property (ii), this implies that the solution converges to a steady-state Z # z*,
cf. 192, Proposition 3.2.1]. We complete the proof by ascertaining (i) and (ii):

(i) Note that J is a quasi-positive and irreducible matrix (this is because the reduced
graph is connected, and 7"(u*) # 0). Then, we conclude from a Corollary to the Perron-
Frobenius Theorem for quasi-positive matrices [92, Corollary 4.3.2] that there exists an
eigenvector v > 0 such that Jv = s(J)v. The eigenvalues of J are all real and given by

— 14+ XNT'(w), k=1,...,m, (2.21)

where ), are the eigenvalues of M. Therefore, s(.JJ) = —1+T"(u*)\,. From condition ([2.16)
we conclude that s(J) > 0 with positive eigenvector v, and that v, = Rv is an eigenvector
of M associated with A, (i.e., M Rv = \.Ruv).

(ii) Since the transformed cooperative system is monotone with respect to the standard
cone RL ), we conclude that z* + RL and 2* — RZ, are forward invariant. Furthermore, since
T(-) is bounded and decreasing (and T'(u*) = u*), there exists an hypercube [0,7]", with
0 < u* < w which is also forward invariant. This can be seen from the fact that at z = 0,
F(z) = MT(0) >0, and at z =u, F(z) <0 (since u > T(u)). The sets

S1 = (2" + R%p) N [0,4]" and Sy = (2" — RL,) N[0, @], (2.22)

are forward invariant. Therefore, we conclude from [92, Theorem 4.3.3], there exists an
equilibrium point Z # z*, and it satisfies (2.13]).
m
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Figure 2.1: Graphical sketch of the proof. The red areas represent the forward invariant
and bounded sets S; and S5. Despite the fact that there might exist a stable manifold
(blue) intersecting u*1,, when condition holds, the eigenvector v, corresponding to
the smallest eigenvalue of M (),) lies inside S; and S,. Since this also implies that the
largest eigenvalue of J is positive, we conclude any trajectories starting at u*1, + ev, for any
€ > 0, inside the cones, converge to z # z*.

Remark 6. Given the resemblance between the conditions and , one may ask
when the two conditions coincide; that is, when the instability criterion for the HSS also
guarantees the existence of a nonhomogeneous steady-state pattern . We see that
and depend only on the smallest eigenvalue of M and M, respectively. Furthermore,
it is known that the eigenvalues of M are a subset of the eigenvalues of M, see . Thus,
the equivalence of conditions and depend on the eigenvalues that are preserved
or lost in the reduction from M to M. If the smallest eigenvalue of M is preserved, then

(2.9) and (2.16) are identical. Otherwise, the range of T'(u*) in (2.16|) is a strict subset of
(2.9).

Example 1: Checkerboard Patterns in Bipartite Graphs

Suppose that the contact graph G is bipartite, and choose O; and O, to be the partition
such that every edge can only connect a vertex in O; to a vertex in O,. Then, up to vertex
relabeling, the scaled adjacency matrix of G can be written as

(2.23)

e[ )

My O

Since the rows of M, (and also rows of Msy;) sum up to 1, we conclude that 7, consisting of
sets O and Os, is an equitable partition. Moreover, the reduced graph G, is itself bipartite
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(i.e., Assumption 4| holds), and matrix M is given by

M:H é] (2.24)

Since the eigenvalues of M are A; = 1 and Ay = —1, the next Corollary follows.

Corollary 7. Let G be bipartite, and define a partition Oy C {1,...,N} and Oy ={1,..., N}\O,
such that no two vertices in the same set are adjacent. Then, if

T (u)| > 1, (2.25)

there exists a steady-state x = S(u) such that u = [uy ... uy]| is a vector where u; = 2y if
1€ 01, u; =2z if 1 € Oo, and z1 # 25 # u*.

The steady-state defined by Corollary [7| results in a “checkerboard” pattern as in Figure
2.3A, since it has distinct states for adjacent cells: x; = S(z1) if i € Oy and x; =
S(z2) if i€ Oy. As discussed in Remark [6] since the smallest eigenvalue of M is preserved
in M, condition coincides with (2.9). For bipartite graphs, the HSS loses stability
where the checkerboard steady-state appears.

2.3 Graphs with Symmetries

An important class of equitable partitions results from graph symmetries, which are rep-
resented by graph automorphisms. For a weighted graph G(V, E), an automorphism is a
permutation g : V' — V such that if (¢, j) € E then also (g7, ¢j) € E and w; ; = wy; 4;, where
gt denotes the image of vertex ¢ under permutation g. The set of all automorphisms of G
forms a group designated by automorphism group, Aut(G). A subset H of a full automor-
phism group Aut(G) is called a subgroup if H is closed under composition and inverse.

Since any subgroup of the full automorphism group of a graph leads to an equitable
partition, we conclude by Theorem 5| that any orbit partition generated by a subgroup of
Aut(G) is a candidate for a pattern structured according to this partition.

The computation of automorphism groups and the identification of the reduced order
systems become cumbersome as the size and symmetries of the graphs increase. However,
these can be obtained from computer algebra systems with emphasis on computational group

theory, such as GAP [46].

Example 2: Two-Dimensional Mesh

Consider a two-dimensional mesh with wrap-arounds as in Figure 2.2] Since the graph
is bipartite, an equitable partition is given by the two disjoint subsets of vertices O; =
{1,3,6,8,9,11,14,16}, and Oy = {2,4,5,7,10,12,13,15}. From Corollary [7, we conclude
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that a pattern with final value u; for all cells in Oy, and us for all cells in Oy, with u; #
us # u*, is a steady-state of the network when |7"(u*)| > 1; see Figure [2.3A.

1 2 3 4
SR B (U b S B
| | |
5 116 117 118
- = -4 F -1
9 'hlo i1 "hi2
SN B GEEN b S B
| | |
13'\.14L15L16

Figure 2.2: Graph representation for a two-dimensional mesh with wraparounds.

(A) (B)

Figure 2.3: Steady-state patterns for the graph in Figure .

We next consider the automorphism subgroup that is generated by a combination of two
cell rotations in the horizontal direction, one cell rotation in the vertical direction, and one
cell rotation in both vertical and horizontal directions. This subgroup leads to the orbits
0, =11,3,5,7,10,12,14, 16}, Oy = {2,4,6,8,9,11,13,15}. The quotient matrix associated
with this partition is given by ]

and has eigenvalues —1/2 and 1. Therefore, from Theorem , a nonhomogeneous steady-
state given as in Figure 2.3B exists if |T"(u*)| > 2.

MB—[

ENJ[GCTNTE
NN

In this example, we predict the existence of two steady-state patterns. We note that the
HSS loses stability for the same parameter range (when |T"(u*)| > 1) where the checkerboard
steady-state in Figure appears. As discussed in Remark|[6] this is a result of the smallest
eigenvalue of M being preserved in M. However, the steady-state pattern in Figure
only appears for the parameter range |T’(u*)| > 2, and this is due to the fact that Ay = —1
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is lost in M p with this choice of equitable partition.

Since |T'(u*)| may be interpreted as the intensity of competition between neighboring
cells, this example demonstrates that more intense competition can generate new steady-
states with interesting patterns clustering among the cells. In fact, the dependence of condi-
tion on T'(u*) provides a bifurcation parameter that guarantees the instability of the
homogeneous steady-state and the existence of contrasting stead-state patterns.

Example 3: Two-dimensional Hexagonal Cyclic Lattice

The number of distinct equitable partitions in a hexagonal lattice of cells is considerably
large |106]. We use the computational algebra algorithms in [46] to find all the possible
two-level equitable partitions obtained by automorphism subgroups in a 6 x 6 cyclic lattice.
Five distinct partitions, each with two classes, are plotted in Figure [2.4]

(A) (B)

(D)% (E)@

Figure 2.4: Five distinct partitions, each with two classes, in a 6 X 6 two-dimensional cyclic
hexagonal lattice obtained by symmetries on the contact graph.

(©)

For these partitions, we have the following scaled adjacency matrices of the auxiliary

systems:
— 0 1] — —
NHESTHEN N

2
and Mp = Mg, Mp = Mp. For each matrix we have the following smallest eigenvalue
A= —1/2, Ap = Ag = —1/3, and A\¢ = A\p = 0. We thus conclude from Theorem
that the steady-state represented by pattern A in Figure exists when |T"(u*)| > 2, and
patterns B, E are steady-states when |7"(u*)| > 3. Theorem [5| is inconclusive for patterns
C, D. The condition for instability of the HSS occurs as the condition for existence of pattern
A is met (|T"(u*)| > 2), while patterns B and E are only guaranteed to occur for a stricter
parameter range, see Remark [6]

QO IO =
W o
W |
[SSI[ SN
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Example 4: Soccerball Pattern on a Buckminsterfullerene Graph

The next example addresses a larger graph, with 32 cells. It is motivated by the truncated
icosahedron solid, also known as the Buckminsterfullerene [55], formed by 12 regular pen-
tagonal faces, and 20 regular hexagonal faces, see Figure In this case, we assume that
each face is a vertex and that two vertices are connected if the corresponding faces have a
common edge.

Figure 2.5: Cell network and soccerball pattern for the Buckminsterfullerene graph.

The full automorphism group leads to two orbits, one that consists of all the regular
pentagon cells (Op), and the second orbit encloses all the regular hexagon cells (Og). The
quotient matrix associated with the orbit partition is then

M = { 1(/)2 1}2 } : (2.26)

This matrix has eigenvalues 1 and —1/2. Therefore, we conclude from Theorem , that a
steady-state as in Figure exists when |T"(u*)| > 2. Note that this coincides with the
instability condition for the HSS, see Remark [}

Example 5: Nonbipartite and Nonsymmetric Equitable Partition

As discussed above, both bipartitions and automorphism subgroups (symmetries) lead to
equitable partitions. However, these are not the only cases that lead to equitable partitions.
Consider the graph in Figure [2.6| with partition C; = {3,6}, and Cy = {1,2,4,5,7,8}. This
partition is equitable, but it does not result from an automorphism subgroup (for instance,
there is no automorphism exchanging vertices 1 and 4), and the graph is also not bipartite
(due to the odd length cycles).

The quotient matrix is the same as in Example 4, we conclude that a two level steady-state
pattern formed by cells C; and Cy exists when |T"(u*)| > 2.
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3 4 5 6 — 0 1
) ] M:L/z 1/21

Figure 2.6: Example of an equitable partition that is neither bipartite nor a symmetry

(Cy = {3,6}, Cy = {1,2,4,5,7,8}).

For a general network, it has been proven in [1] that the set of all equitable partitions,
which is a lattice, can be determined from the network adjacency matrix.

2.4 Stability Analysis of Patterns

In the previous sections we discussed the existence of nonhomogeneous steady-states for the
cell network (2.2)-(2.3). To qualify as viable patterns, these steady-states must be asymp-
totically stable. Determining stability for these steady-states may become a cumbersome
task due to the nonlinearity and large order of the network of cells. To simplify this task, we
decompose the system into an appropriate interconnection of lower order subsystems that
arise from the structure of the equitable partition considered in the previous section.

Network Decomposition

Note that an equitable partition defines an invariant subspace for the full system —
where z; = x; for vertices ¢ and j in the same class. Therefore, the steady-states identified
using an equitable partition of the contact graph lie on the corresponding invariant subspace.
For a partition of dimension r, (Oy,...,0,), the reduced order dynamics on this subspace
consists of r subsystems as defined in (2.2), coupled by u = My.

Let the steady-state be defined by

r; =8(u;), i=1,...,N with u; =z2; if i€ O, (2.27)
where [z1, ..., 2] is a solution of ([2.13)). The linearization at this steady-state has the form
= (A+BMO)z, (2.28)

where A € RV ig a block-diagonal matrix where the i-th block is equal to:

9
A; 2 %kwﬁ, if ico0,. (2.29)

In addition, B € RN and C' € RV*¥" are block-diagonal matrices structured similarly

to A, with B; = 2e) o and ¢y = 24
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To decompose into two subsystems, we select a representative vertex V; for each
class O;. The set of r representatives of each class defines the state of the subsystem on the
invariant subspace. To see this, let @ be a matrix in RV*" where ¢; ; = 1 if cell 7 is in class
J, and ¢; ; = 0 otherwise. Since the partition is equitable, we conclude that

MQ = QM. (2.30)

Letting 7 = [Q R] where R is a matrix in RV*(V=") with columns that, together with those
of @, form a basis for RY, we conclude that there exist matrices U and P such that

M[Q R]=[Q R][O P}éTM. (2.31)

The matrix 7' is invertible and, thus, defines a similarity transformation from M to M. Note
that the upper left diagonal block of M is the matrix M, which describes the reduced order
subsystem defined by the representative vertices.

Next, we study a particular choice of the matrix R that gives a meaningful variable rep-
resentation to the transverse subspace dynamics. Let the columns of R be given by standard
vectors e;, defined as e;; = 9,5, j = 1,..., N; and further select the columns of R to be e;,
i € {O1\V1,...,0,\V,}, in such a way that if i € O,\V,, j € O,\V,, and p < ¢, then ¢; is in
a column before e, i.e., the column with non-zero entry ¢ is placed before the column with
entry j if vertex ¢ is in a class with smaller index than the class of vertex j.

For this choice of R, we conclude from [29, Section 5.3] that the change of variables
i=(T"®I,)i (2.32)

leads to the decomposition of the linearized dynamics into two subsystems: (i) an invariant
subspace defined by the r representative cells of each class, i.e, V; i = 1,...,r; and (ii) a
transverse subspace, that corresponds to the distance of each non-representative cell to its
corresponding class representative. The new state variables are then,

A J~,’Vi, ’izl,...,T 4 '
$Z_{fk—fx/j, i—r+1....N ., where k € O;\V;. (2.33)

Therefore, the linearized system is decomposed into the representative subsystem Sg and
the transverse subsystem Sp,

SR = {AR,BR, CR} and SD = {AD,BD, CD}, (234)

where Ar = blkdiag(A;, As,..., A.), and Ap is also a block-diagonal matrix, with the
remaining repeated entries of A being given by A; in (2.29), and ordered by the index
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j=1,...,r. A structure identical to Az and Ap follows for Br, Bp, and Cg, Cp. To see
why the linearized system decomposes into Sg and Sp, note that

= (T 1) (A+BMC)(T ®I,)i = (A+ BMO)z, (2.35)
where
AT QAT ® I,
2 diag(Ay, Ag, ... A Ay,
AL Ay Ag A LAY
2 diag(Ag, Ap),

(2.36)

and B and C are defined analogously to A. This means that a necessary and sufficient
condition for the asymptotic stability of (2.28) is the stability of the matrices

AR—FBRMCR and AD+BDPCD. (237)

In a typical large-scale system, the matrix Ap + BrRMCp is of low dimension but the size of
Ap + BrPCp may be prohibitively large.

A Small-Gain Criterion for Stability

In this section, we provide a small-gain type condition [105] 32| for stability. This condition
is only sufficient, but it requires checking the spectral radius of a matrix whose dimension is
the same as that of M. Thus, it is easier to apply than checking stability of both matrices

in (239,

Consider again the linearization introduced in (2.29). This describes a network with
interconnection defined by u = My and where each individual cell is given by the following
linearized subsystem: _

¥ = AT+ B
H; . gy ,
{ yl — C’ng’b
where A' = A;, if i € O; as in (2.29), and similarly for B* and C", see Figure . Note that
H; = H; if i,j € Oy. Recall that A" is Hurwitz, and assume that each linearized subsystem
H; is observable [23].

Since subsystems in the same class have identical models, they have identical Lo-gains.
Let ~; denote an Lo-gain of each subsystem in class ¢, and let I' be a diagonal matrix with
entries

(2.38)

{F}jj = % for ] S Ol (239)

The following Lemma provides a small-gain criterion for the stability of the cell network
around the steady-state pattern.
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U .. Y
H;
Hy
M
Figure 2.7: Linearized system interconnection with H;, 2+ = 1,..., N independent subsystem.

Lemma 8. Consider the network (2.2)-(2.3). The steady-state pattern defined by (2.27) is
locally asymptotically stable if
p(MT) < 1, (2.40)

where T is as in (2.39)), and p(-) represents the spectral radius.

Proof. Since each linearized subsystem H;, in , has bounded Ls-gain, by the Bounded
Real Lemma [34], we conclude that there exists a positive definite matrix @); such that, for
Vi(z) = 27 Q;z, we have Vi(z', u?) < ~2uTu’ — yTy'. Let D = diag(dy, ..., d,), where d; is
some positive constant, and let V(x) = ). d;V;. We then obtain,

V(z) =Y diVi(«',u') < u DI*u—y" Dy
i (2.41)
=y (('M)"D(T'M) — D)y,

where u = [(u!)T ... (™)T]T, y = [(¥H)"...(¥N) '], and the second equality follows from
the fact that uw = My. From inequality , we conclude that the steady-state is
stable if there exists a positive diagonal matrix D such that D — (M) " D(I'M) is positive
definite. This is equivalent to the condition that I —I'M be a M-matrix, see |7, Theorem 2].
Therefore, since the spectra of M is the same as I'M, and since assumption implies
that I — I'M is a nonsingular M-matrix, see |14, Definition 6.1.2], we conclude stability of
the interconnection.

Finally, since V(:z:) is negative semidefinite, we conclude from LaSalle’s Invariance Prin-
ciple [64] and from properties of linear systems ([90]), that every trajectory converges to the
unobservable subspace of the system. Furthermore, under the same assumption, and since
each H; is observable, we conclude that each trajectory must converge to the singleton {0}.
Thus, the steady-state is locally asymptotically stable. O

We now show that (2.40)) is equivalent to p(M T') < 1, where
T = diag(vi,...,7%). (2.42)
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This result simplifies the verification of this small-gain stability condition to the reduced
system Sk in ([2.34]) with interconnection matrix M.

Lemma 9. Consider an equitable partition © of G. Then,
p(NIT) = p(MT), (2.43)

where M is as in ([2.12)), and T is as in (2.42)).

Proof. First, note that M T is a nonnegative irreducible matrix. Thus, by the Perron-
Frobenius Theorem [14], we conclude that 7 = p(MT) > 0 is an eigenvalue of M ' with
corresponding eigenvector v > 0.

Claim: r > 0 is also an eigenvalue of MT' with corresponding eigenvector v such that entries
Vi :Ej ZfZ S Oj.

According to this claim, we conclude that v is a positive eigenvector. Therefore, by appeal-
ing again to the Perron-Frobenius Theorem, and since M1 is also a nonnegative irreducible
matrix, we conclude that v has to be the eigenvector associated with eigenvalue r = p(MT).

To prove the claim, note that matrix I' is positive diagonal with repeated entries for
vertices in the same class. Therefore, since the vertex partition is equitable for the scaled
adjacency graph M, then it is also equitable when we consider a modified adjacency graph
MT, i.e.,

> pwi =Py Yu €O, (2.44)

’UEOj

where p;; is as defined in (2.12)). From this observation we see that this claim is a gen-
eralization of the Lifting Proposition in |17, which holds not only for partitions obtained
through an automorphism subgroup but also for any equitable partition. The proof of the
claim follows similarly to the proof of the Lifting Proposition, with matrices MT" and M T
as in ([2.44). m

Combining Lemma [§ and Lemma [9) we obtain the following stability condition.

Theorem 10. Consider the network (2.2)-(2.3). The steady-state pattern defined by (2.27))
18 locally asymptotically stable if o
p(MT) < 1. (2.45)

Special Case: Bipartite Graph

Consider the special case of a bipartite graph, with a partition 7 consisting of two classes,
chosen so that no two vertices in the same set are adjacent. As discussed in Example 1, the
quotient matrix M is given by

M:H (1)] (2.46)
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Therefore, the eigenvalues of M I are +.,/9175. The next result follows trivially from Theorem
1l

Corollary 11. Assume that the contact graph G of the cell network — 15 bipartite,
and that there exists a steady-state u € RN such that u; = z; if i € O1 and u; = 2 if i € Oy,
with 2y # 2z # 2*, as in Corollary [1  This steady-state solution is locally asymptotically
stable if

Y1772 < 1, (247)

where 1 and o are Lo-gains of the linearized subsystems around z; and zy, respectively.

In the particular case where the Lo-gain is identical to the dc-gain:
v = —CHAY B = —T'(2), (2.48)
the local asymptotic stability condition in reduces to
T'(21)T"(22) < 1. (2.49)

The L5-gain is indeed equal to the dc-gain when each subsystem is input-output mono-
tone [3], as assumed in [8]. We have thus recovered Theorem 2 in [8] which used the condition
to prove the existence of stable checkerboard patterns. Unlike the proof in [8], which
relies heavily on monotonicity properties, here we have made the less restrictive assumption
that the L£o-gain be equal to the dc-gain.

Remark 12. Several results discussed in [26] for the Delta-Notch lateral inhibition model
are recovered in this chapter. In particular, that the HSS is unstable when the inhibition
mechanism is sufficiently strong (condition ), and that the instability of HSS for patterns
with two distinct levels implies the existence of pairs of inhomogeneous steady-states, since
condition is identical for a pattern with opposite high/low cell output. Our results
study pattern motifs that form equitable partitions, and therefore, are consistent with the
patterning rule that low level cells cannot be completely surrounded by other low level cells.
On the other hand, the pattern in Figure conflicts with the patterning rule that no two
high notch cells lie next to each other. We have found a set of parameters for the Delta-Notch
model (Example 6 below), where such pattern is stable. However, only very few simulations
can converge to such pattern, specially if starting close to the HSS. We believe its region of
convergence to be fairly small compared to the “checkerboard” pattern, and thus the reason
why such patterns had not been found through simulation.

2.5 Noise Driven Patterning

In the previous sections, we provided sufficient conditions for the instability of the homo-
geneous steady-state and the emergence of patterned steady-states. We now focus on the
case where the HSS is locally asymptotically stable, but where the persistence of noise can
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generate spatial patterns. This means that noise can enhance the parameter regime where
patterns emerge. A similar situation was observed for Turing patterns |15, [22, 60]. Follow-
ing [60], we will use tools from robust control, namely, an Hp-norm analysis (see [115]), to
characterize the sensitivity of each spatial mode to noise. We show with an example that the
highest frequency spatial mode (associated with the smallest eigenvalue of the interconnec-
tion M) is more sensitive to noise and, thus, predominant in stochastic simulations, when
the HSS is on the verge of instability.

We now consider a stochastic differential equation (SDE) of the linearization of system
(2.2)-(2.3)) representing the state variations around the HSS, z*:

W~ o (2.50)

where G* € R™" wi(t) is an r—dimensional independent standard Wiener process; and
where A* is given by
Of (,u)

A = 12| . . 2.51
o ) (251)

Similarly, B* = %kx*,u*), and C* = ag—f)|m*.

When considering systems representing biochemical reactions, r will typically be the
number of reactions in each cell, and the linearized system represents a linear approximation
of the system’s variation around the equilibrium point defined by HSS [63, |60]. The full
interconnection of the linearization is the following,

di = (Iy @ A* + M @ B*C*) &@dt + (Iy ® G*)dw. (2.52)

We apply a change of coordinates that decomposes the system into N independent prob-
lems, each of dimension n,
= V'®Il,i, (2.53)
where the columns of matrix V' are the eigenvectors of the adjacency matrix M, i.e. vectors
{v1,...,vn} associated with A;,..., Ay. The full system decomposes into N spatial modes
governed by:
diyp = (A" + \B*C*)Zpdt + G*dw, k=1,..., N, (2.54)
where 7, € R™. Unlike Z;, which represents a vector of concentrations in cell ¢, Z; represents
an aggregate concentration vector for spatial mode k. The Ho-norm for each of these inde-
pendent SDE modes is given by the covariance of the linearized state, i.e., Q) = E [ikiﬂ €
R™ ™ which is the positive semidefinite solution of the following Lyapunov equation [47],

(A* + B C*)Qp, + Qu(A* + N B*C*)T + G*(G")T = 0. (2.55)
The Ho-norm is then defined by
e & Tr{CQ,C ') (2.56)
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where C' is chosen such that C'#; is the concentration of interest to be designated as the
output. Given this decomposition, the covariance of each mode @) provides the Hs-norm of
each spatial mode. This norm can be interpreted as the sensitivity of each spatial mode to
noise.

Example 6: Delta-Notch Lateral Inhibition in a Ring of Cells

We consider the Notch pathway, where Delta and Notch are trans-membrane proteins that
allow cell-to-cell signaling. In this mechanism, Delta ligands in one cell will bind to Notch
receptors in a neighboring cell and trans-activate them. This leads to the release of the
Notch intracellular domain, which in turn inhibits the production of Delta in the same cell
[26]. The following dynamical system describes such behavior:

{ o= ot () (2.57)
Ty = —yry+ g((r1))
where (-); denotes the average over all the output of all cells adjacent to i, and
b asP
gi(s) = 115 g2(s) = 110’

withy; > 0,72 >0,a>0,0>0,r >0, p>0. Thestates 2% and x5 ineach celli = 1,..., N
represent the concentrations of Delta, and the intracellular domain of Notch, respectively.
Parameter v; represents the degradation rate of the corresponding species, the decreasing
property of g;(-) represents the inhibition of Delta production by the intracellular domain
of Notch, and the increasing property of go(-) represents the trans-activation of intracellular
Notch due to Delta. In this example, we consider an N-cell cycle. Thus, the neighboring
cells of cell 7, are the ones with index mod(i — 1, N) and mod(i + 1, N).

Note that this dynamical system can be written in same form as (2.2))-(2.3):

Bo= e

. i a(u?)P C

i = _72;52+% i=1,...,16, (2.58)
y o=

where the interconnection is defined by ({2.3)), with M being the scaled adjacency matrix for
the 16-node cyclic graph (and with w; ; = 1 if cells ¢ and j are adjacent in the cycle). The
linearization of (2.58)) at the HSS yields:

S ) 0
A = 1 (1+(z5)m)? B* — ap(a?)P , (2‘59)
0 —72 +@)P)?

and C* = [1 0]. Finally, we choose the noise term G* to be:

* b

—MNMT1 Ty 0 0

G — R 5) i} az? , (260)
0 0 —Y2xy 1+(z})P
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whose structure is motivated by the Chemical Langevin Equation approximation, [54, 65].
In this example, G*(G*) ", is a 2-by-2 diagonal matrix. Since we are considering the output
of each cell to be z%, consider C' = [1 0]. Therefore, to calculate the Hy-norm of each spatial
mode we need to solve for {Qk}, k = 1,...,N. We choose the parameters to be
M =7v=1a=8 b=21,p=2, and r = 1. By doing so, we have T"(u*) = —0.9931. For
such parameters, it can be calculated that the HSS is stable, and that the steady steady is
very close to instability (cf. (2.9)).

Modes 1 2/3 4/5 6/7  8/9 10/11 12/13 14/15 16

A -1 -0.9239 -0.7071 -0.3827 0 0.3827 0.7071 0.9239 1
Lk 53.9812  4.834  1.5697 09192 0.6907 0.5880 0.5369 0.5123 0.5049

Table 2.1: Ho-Norm gy, for each spatial mode k=1,...  N.

The results for Hy under such parameters are in Table . We note that the norm
is much larger for Mode 1, for which the associated eigenvector is composed of alternat-
ing {+1, —1} entries, related to a checkerboard (or on-off) pattern. Indeed, in Figure
(Left), we see that under noise, a nonstationary on-off wave is persistent along the horizon-
tal axis (individual cells), as we progress in time (vertical axis). Figure (Right) shows a
stochastic simulation for a larger ring of cells, where it is easier to see a striped on-off pattern.

In this particular case, we see that the on-off patterns arising from the stochastic simula-
tions are nonstationary, unlike what is expected in the deterministic case (with the instability
of the HSS). The reason why these nonstationary patterns arise is due to the fact that both
on-off or off-on pattern can occur in this interconnection, and the initial conditions determine
to which one the system converges. The noise introduces a persistent change in the system’s
state, thus forcing the pattern to shift along the cell cycle.

2.6 Conclusions

In this chapter we presented analytical results to predict steady-state patterns for large-
scale lateral inhibition systems, independent of network size. We have shown that equitable
partitions provide templates for steady-state pattern candidates, as they identify invariant
subspaces where the fate of cells in the same class is identical. We proved the existence of
steady-state patterns by relying only on the static input-output model of each cell and the
algebraic properties of the contact graph. One limitation in these results is the assumption
that the reduced graph is bipartite. This assumption is not overly restrictive, since it holds,
for instance, in the study of two-level steady-state patterns. Nevertheless, the generalization
to a larger class of graph partitions that do not necessarily result in bipartite reduced graphs
needs to be considered. Since this assumption was made to be able to identify an orthant as
the positivity cone, a possible relaxation would be to investigate monotonicity with respect
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Figure 2.8: Stochastic simulation of Delta-Notch in a cyclic interconnection, where each cell
behavior is governed by (2.50). Cell output results over time. (Left) 16-cell cycle; (Right)
64-cell cycle.

to other cones. The proposed procedure assumes a single-input single-output model for each
cell. However, there exists evidence that cell-to-cell contact inhibition mechanisms may de-
pend on more than a single species, [97]. Several results can be extended to multiple-input
multiple-output cells by including further monotonicity assumptions in the dynamics of each
cell.

We have analyzed the stability of steady-state patterns by providing a decomposition into
a representative subsystem Sk and a transverse subsystem Sp. We provided a small-gain
stability type criterion, which relies only on the reduced order subsystem Sgi to guarantee
stability of the steady-state patterns. A critical topic for further work in the stability anal-
ysis of these patterns is to provide a better characterization of their domains of attraction.
As discussed in Section [2.4] we found analytical conditions that guarantee convergence of
such steady-state patterns with neighboring high notch cells, contrary to the rule obtained
from simulation in [26]. However, we suspect that their regions of attraction are fairly small
and potentially not intersecting the neighborhood of the HSS.

Finally, we discussed how the parameter regime where patterns emerge can be enhanced
by noise. We connected such results with the Hy-norm of decomposed modes, which allowed
the prediction of predominant spatial modes.
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One practical limitation of the model introduced in this chapter is the assumption that
the contact graph is constant, and thus it does not account for the mobility of cellular
organisms, nor for the continuous growth and division of cells. There are, however, several
applications where this assumption might still be acceptable: In developmental biology,
there are certain developmental phases that involve long periods between cell divisions [51];
In synthetic biology, it is possible to inhibit cell growth without affecting transcription or
translation [89], and there are also methods to guarantee the immobilization of cells |112].
Regardless of that, it is imperative to investigate the robustness of the patterning behavior
with respect to changes in the contact graph.
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Chapter 3

Compartmental Lateral Inhibition
Systems

Multicellular developmental processes rely on spatial patterning to initiate differentiation
[51, 111]. Commonly-studied methods of pattern formation include diffusion-driven instabil-
ity [101} |78, 61], gradient or density detection [12| 72], locally-synchronized oscillators [30],
and lateral inhibition [68] 26, |96]. Lateral inhibition is a mechanism where cell-to-cell signal-
ing induces neighboring cells to compete and diverge into sharply contrasting fates, enabling
developmental processes such as segmentation or boundary formation [79]. The best-known
example of lateral inhibition is the Notch pathway in Metazoans where membrane bound
Delta ligands bind to the Notch receptors on the neighboring cells. This binding releases the
Notch intracellular domain in the neighbors, which then inhibits their Delta ligand produc-
tion [85, 26, 97, |§]. Recent discoveries have shown that lateral inhibition is not limited to
complex organisms: a contact-dependent inhibition (CDI) system has been identified in FE.
coli where delivery via membrane-bound proteins of the C-terminus of the gene cdiA causes
down regulation of metabolism [6] 5, 108]. Despite the vigorous research on elucidating
natural pathways such as Notch and CDI, a synthetic lateral inhibition system for pattern
formation has not been developed.

In this chapter, we propose a compartmental lateral inhibition system that is able to
spontaneously generate contrasting patterns between neighboring compartments. Our sys-
tem consists of a set of compartments interconnected by channels as in Figure [3.1] In each
compartment, we place a colony of cells that produce diffusible molecules to be detected
by the neighboring colonies. We equip each cell with an inhibitory circuit that reacts to
the detected signal, i.e., the more diffusible molecules are detected in one compartment, the
less production in that colony. To prevent auto-inhibition, we use two orthogonal diffusible
quorum sensing pairs [27] and design two inhibitory circuits each of which detects only one
type of molecule and produces the other type. In the examples of Figure cells of type A
produce a diffusible molecule X that is only detectable by cells of type B, and cells of type
B produce a diffusible molecule Y which is only detectable by A.
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Figure 3.1: Compartmental lateral inhibition systems with cells of type A and B, where
contrasting patterns between neighboring compartments emerge. In each compartment A;
(B;) we place a colony with cells of type A (B) that communicate through channels. Each
cell type can only detect signaling molecules produced by the other type, preventing auto-
inhibition.

To derive conditions under which this system will exhibit contrasting patterns, we define
the cell network as a graph where each compartment corresponds to a vertex. The diffu-
sion of molecules between two compartments occurs through the channels and is represented
by the graph edges. We model the diffusion with a compartmental model, and represent
the compartment-to-compartment communication by the Laplacian matrix of the weighted
graph. The edge weights depend on the distance between the compartments and the diffu-
sivity of the quorum sensing molecules. We then use the graph-theoretic notion of equitable
partition to ascertain the existence of contrasting steady-state patterns. Equitable partitions
reduce the steady-state analysis to finding the fixed points of a scalar map, and each fixed
point represents a steady-state where all the compartments of the same type have the same
final value. We also show that the slope of the scalar map at each fixed point provides a sta-
bility condition for the respective steady-states. Finally, we propose and model a synthetic
circuit with cells of type A and B, which is currently under implementation, and apply our
analysis to show that it is capable of patterning.

In Chapter [2, we have used graph theoretical results to analytically determine patterning
by lateral inhibition using a contact inhibition model for networks of identical cells. In this
chapter, we analyze a diffusion model that allows two cell types which is critical for avoiding
auto-inhibition. The notion of equitable partition is equivalent in both chapters. In the for-
mer it is defined in terms of the adjacency matrix of the contact graph, while in the latter,
it is based on the Laplacian matrix defined by the channel topology.

Reaction-diffusion mechanisms have been widely used in the past to achieve spatial pat-
tern generation with synthetic systems; mostly relying on one-way communication achieved
through either the external spatiotemporal manipulation of the cell’s chemical environment
[25, 193, [74], the precise positioning of cells containing different gene networks which secrete
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or respond to diffusible signals [12,|13], or the interplay between cell growth and gene expres-
sion [86]. A two-way communication mechanism using orthogonal quorum sensing systems
has been employed to demonstrate a predator-prey system in [11]. Unlike these results, this
chapter achieves spatial patterning by lateral inhibition by using orthogonal quorum sens-
ing systems and by positioning colonies of cells inside compartments that are connected by
channels.

In Section we define the model for the proposed compartmental system and demon-
strate how equitability allows to determine the existence of contrasting steady-state patterns.
Under equitability and monotonicity assumptions, we derive a scalar condition for stability
of such steady-state patterns, in Section [3.2] Finally, in Section [3.3] we propose a synthetic
lateral inhibition circuit and analyze its patterning behavior.

3.1 An Analytical Test for Patterning

Composing a Compartmental Lateral Inhibition Model

We propose a network of N4 compartments of type A and Ng compartments of type B that
communicate through diffusible molecules. Each cell of type A produces diffusible species
X, and only cells of type B are equipped with a receiver species that binds to X and forms
a receiver complex. Similarly, the diffusible species Y is produced by cells of type B and
detected by cells of type A. We represent the dynamics in each cell type with three mod-
ules: the transmitter module where species X (or V') is produced and released; the receiver
module where Y (or X)) is detected, and an inhibitory module which inhibits the transmitter
activity in the presence of the receiver complex.

To facilitate the analysis, we separate the transmitter module of A and receiver module
of B, and merge them into a “transceiver” block for the diffusible species X, which also
includes the diffusion process. Similarly, the transceiver block of Y is composed by the
transmitter module of B and the receiver module of A. The cell network is represented in
Figure [3.2] Each compartment is represented with a block labeled H4 or Hp, corresponding
to the inhibitory circuit of types A and B, respectively. The concentration of the autoinducer
synthase for the production of X (respectively, Y') is denoted by ya (yp), and R4 (Rp) is
the concentration of the receiver complex, the result of Y (X') binding to the receiver protein.

The transceiver blocks incorporate diffusion in an ordinary differential equation compart-
mental model that describes the concentrations of the diffusible species at each compartment.
We define an undirected graph G = G(V, E') where each element of the set of vertices V repre-
sents one compartment, and each edge (i, j) € E represents a channel between compartments
i and j. For each edge (7,7j) € E we define a weight d;; = dj; (and d;; = 0 if compartments
i and j are not connected). The constant d,; is proportional to the diffusivity of the species
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Figure 3.2: Cell network with two types of compartments A and B communicating through
diffusion. For each type of diffusible species, the transceiver includes the dynamics of the
senders’ transmitter modules, the receivers’ detection modules, and the diffusion process.

and inversely proportional to the square of the distance between compartments 7 and j. We
define the weighted Laplacian of the graph to be:

N o .
(L), = ot T )
" dy if i 7.

The dynamical model of the transceiver tx/rx for X is then represented by:

/Xy B((ﬂ = {iigﬁi’%ﬂ“[ﬁﬂ (3.2)
Rp = Vx(Xg Rp),

where X, € Rgg‘ represents the concentration of species X in compartments A due to
production, Xpg P Rgg the concentration of species X at compartment B due to diffusion,
and Rp € Rgﬁ the concentration of complexes at compartment B formed by the binding
of species X with a receiver molecule. The functions I'x(-,-) € Rﬁg, Ox(,) € Rﬁg,
and Ux(-,-) € RYZ are concatenations of the decoupled elements Y (X, u) € Rsg, i =
1,...,Ny4, gb&(X%,R%) € R>g and wgc(Xé,R%) € Rsg, 7 = 1,...,, Np, and assumed to be
continuously differentiable. The function % (-, -) models the production and the degradation
of X in compartment ¢ of type A, the function ¢ (-,-) models the degradation of X and the
binding of X with the receiver protein in compartment j of type B, and ¢% (-, ) models the

binding of the receiver complex in compartment j of type B. The transceiver tx/rx, , , for
Y is defined similarly, by changing X to Y and switching indices A with B in (3.2)).

Assumption 13. For each constant input y% € RZZV()* (and yj € Rgg}, the system (3.2)) has
a globally asymptotically stable steady-state (X%, X5, Ry), which is a hyperbolic equilibrium,
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i.e., the Jacobian has no eigenvalues on the imaginary axis. Furthermore, there exist positive
and increasing functions T:Cém : ]Rg{]‘ — Rg{f and Tgf{m : Rﬁg — Rgg such that

Ry 2 TY™(y%),  and Ry 2 TE™(ys). (3.3)

The increasing property of these maps is meaningful, since a higher input of the autoin-
ducer synthase leads to more production and, thus, more detection on the receiver side.

Next, we represent the blocks Hi, i = 1,..., N of type k € {A, B} with models of the
form: ' il )
' Ti = Je\Ti, Us

H; - ! 3.4

F { yi = hi(zi), (3:4)

where x; € RY, describes the vector of reactant concentrations in compartment , y; € R is
the output of compartment 4 (in this context, the concentration of an autoinducer synthase),

and u; € Rx is the input of compartment ¢ (the concentration of the receiver complex). We

N N
denote z, = [z],..,x5]" € RLF, wp = [ug,...,un,]" € R, and yp = [y1,...yn]" €

RYs, k € {A, B}.
Similar to the cell dynamics in Chapter [2] we assume that fi(-,) and hy(:) are continu-

ously differentiable and further satisfy the following properties:

Assumption 14. For k € {A, B} and each constant input u* € Rsq, the system (3.4]) has
a globally asymptotically stable steady-state

r* & S (u¥), (3.5)

which is a hyperbolic equilibrium. Furthermore, the maps Sy : Rxo — RY, and Tj, : R, —
R, defined as:
Ti(-) = hi (Sk (1)), (3.6)

are continuously differentiable, and Ty(-) is a positive, bounded and decreasing function.
The decreasing property of Tj(+) is consistent with the lateral inhibition feature, since a

higher input in one cell leads to lower output values.

When do Contrasting Patterns Emerge?

We now present a method to find steady-state patterns for the system defined by (3.4)-(3.2]).
Given Assumptions |13[and E, the existence of variables z4 € R]ZV{)‘ and zg € Rg{f such that:

s = T (T (T (1347 ) )

s = T (T30 (Ta (T30 (20)) ) ) (3.7)
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where

Ta(ua) = [Ta(uh), .., Ta(u)]" : RYG — RLY,

TB(’U,B> = [TB(U}B)p ...,TB<UgB)]T : RJZVOB — Rgg

is sufficient to conclude the existence of a steady-state for the full system (3.2))-(3.4). Our
goal is to determine when z4 and zp exhibit sharply contrasting values, indicating an on/off
pattern.

To reduce the dimension of the maps defined in , we use the notion of equitable
partition. For the weighted and undirected graph G(V, E) represented by the Laplacian
matrix L in , a partition of the vertex set V into classes Oy, ..., O, is equitable if there
exists Eij 1,7 =1,...,r, such that

UEOj

We let the quotient Laplacian L € R™" be formed by the off-diagonal entries Eij, and
{L},=- > =1t i

Assumption 15. The partition of the compartments V into the classes O4 and Op of type
A and B, respectively, is equitable, and the quotient Laplacian is given by

+ —dap  dap 1
L= - = . 3.9
[ dpa —dpa (3:9)

This assumption implies that the total incoming edge weight of the species X is the
same for all the compartments of type B, and the total incoming edge weight of the species
Y is the same for all the compartments of type A. For example, the network in Figure
m(left) is equitable with respect to the classes O4 and Op when di3 + d14 = das + doy and
d13 + d23 = d14 + d24, which 1mphes d13 = d24 and d23 = d14. Since the edge WelghtS dij are
inversely proportional to the square of the distance, this means that opposite channels must
have the same length, thus exhibiting a parallelogram geometry, see Figure |3.3|

Assumption [15| allows us to search for solutions to (3.7)) where the compartments of the
same type have the same steady-state, i.e.,

z=[Za,- 20, %, ., 28] = [2a1),. ZB1N,]" (3.10)

where 74 € R>g and Zp € R>(. This means that the transceiver input-output maps become
decoupled and that

T3 (Zaln,) = Tap(Za)lny, (3.11)
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Figure 3.3: Examples of equitable partitions for the compartmental lateral inhibition system

in Figure (left).

where Typ : Rsg — Rso. The same holds for Th{™ () with T4 : Rsg — Rso. Note that
the diffusion coefficients are implicit in the maps Tag(-) and Tpa(-). Furthermore, Z4 and
zp satisfy the following reduced system of equations:

{ Za = T}y (TBA (TB (TAB (EA))))

s = Ta(Tus (Ta(Toa Ga)) 2 T (3.12)

where T 4 : R>9 — R>g and Tg: R>¢ — R>q are a composition of scalar maps. The solutions
of the scalar equations in are solutions of the coupled system of N4 (and Ng) equations
in . Note that it is sufficient to study the solution of one of the equations in (3.12)): if Z4
is a solution to the top equation, then Zp £ T(Tap(Z4)) must be a solution to the bottom
one. The derivative of these two functions at the fixed points Z4 and Z5 = Tp(Tap(24)) is
the same and given by

dT 4
dZA N

Ty

= Thp(2a) T (Tas(2)) Tha(2m) Th (Tisa () = 52|

, (3.13)

where T”(z;) £ 4C S

From Assumptions[13|and[14] the input-output transfer maps T4(-) and Ts(+) are decreas-
ing and bounded, whereas Tp4(-) and Tap(-) are increasing. Since T'4(-) and T'g(-) in (3.12))
are compositions of these four maps, they are positive, increasing and bounded functions.
Figure illustrates typical shapes of the input-output maps T4(-) and Tp(-). In Fig-
ure [3.4{(a) there exists only one solution pair (orange circles). This is a near-homogeneous
steady-state, where the discrepancy between Z4 and Zp is due only to nonidentical T 4(-)
and T5(-). The map T 4(-) in Figure (b) has three fixed points: a middle solution (near-
homogenous steady-state), a large fixed point (blue triangle), and a small fixed point (green
square). The latter two have a corresponding opposite fixed point pair in T'g(-), specifically
Zp = Tp(Tap(Z4)), and therefore represent a contrasting steady-state pattern.

Note that a contrasting pattern emerges when the near-homogenous steady-state has a
slope larger than 1, that is:

Thp(24)T (Tap(24)) Tpa(Z8)Th (Tra(ZB)) > 1. (3.14)
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(a) ® (b) ?

Figure 3.4: Typical shapes of input-output maps T4(-) and Tpg(-): (a) In this case, the
unique pair of fixed points (orange circles) is near-homogenous and no contrasting patterns
emerge; (b) In this case, there exist three pairs of fixed points (orange circle, green square,
and blue triangle), and the two extra solutions represent contrasting steady-state patterns.

Indeed, due to the boundedness and strictly increasing properties of the map T 4(-), if (3.14))
holds for (Z4, B) then there must exist at least two other fixed point pairs of (3.12]),

(=4 25 2 Tp (Tap (1)) and (24, 25)

for which
(23> 24 and 25 <Zp) (24 <Za and zj > Zp). (3.15)

In the next section, we show that implies that the near-homogenous steady-state
becomes unstable, setting the stage for contrasting patterns to emerge. Condition (|3.14))
provides a parameter tuning principle and is instrumental in characterizing the parameter
ranges for patterning in Section [3.3]

3.2 Convergence to Contrasting Patterns

To analyze convergence to the steady-state patterns in (3.12), we employ the following
monotonicity assumptions.

Assumption 16. The system tx/rzap in (3.2) is monotone with respect to KY = R]ZV()‘,
KY = R]ZV{)B, and K~ = RJZV(}LNB. Similarly tz/rrp_, 4 is monotone with respect to KV = Rgg,
KY =R, and KX = RE™.

Assumption 17. The systems Hy and Hg in (3.4) are monotone with respect to KY =
—KY =Ry, and KX = K, where K is some positivity cone in R.



CHAPTER 3. COMPARTMENTAL LATERAL INHIBITION SYSTEMS 41

These monotonicity assumptions are consistent with Assumptions and [14] as they
imply the increasing property of the input-output maps Tg;(rx(-) and T:%/rx(-) and the de-
creasing behavior of T4(+) and T(-). We now state a stability result for solutions restricted
to the steady-state solutions described by .

Theorem 18. Consider the network (3.2))-(3.4) and suppose Assumptions and

hold. Let the partition of the compartments into the classes O, and Op be equitable. Then
the steady-state described by (3.12) is asymptotically stable if

Thp(24)Tp (Tap(24)) Tpa(28)Th (Tra(ZB)) < 1, (3.16)

and unstable if (3.14)) holds.

To prove Theorem [18] we first use the result that the compartmental network (3.2)-(3.4)
is monotone.

Lemma 19. If monotonicity Assumptions [16 and [17 hold, then the network (3.2)-(3.4) is
monotone.

Proof of Lemma[19 The main idea of the proof follows similarly to [8, Theorem 3], we can
represent the network as a unitary positive feedback interconnection of a monotone system
where the inputs and outputs are ordered with respect to the same positivity cone. Note
the network is a cascade of an “anti-monotone” system (H,4 composed with tx/rxs_,p)
with another “anti-monotone” system (Hp composed with tx/rxp_,4), thus the composite

system is monotone with the same input and output ordering, KV = KY = Rgg and
KX = KNaxRIFVE x {— K Ve xRYFN4. O

Since the network is monotone, we know from [3, Lemma 6.4] that the linearized system
around the steady-state is also monotone with respect to the same positivity cones. Fur-
thermore, [39, Theorem 2] shows that for a linear system & = Ax + Bu and y = Cz that is
monotone with respect to the cones KV = K¥, KX, and Hurwitz matrix A, the following
equivalence holds: A + BC' is Hurwitz if and only if —(I + CA™'B) is Hurwitz. Therefore,
we can prove stability of the positive feedback monotone system from the “dc-gain” of the
open loop system.

Proof of Theorem[18 The linearization of the full network (3.2)-(3.4) about the steady-state
is given by:

A1y, 0 0 (Ba®In,)Cpa |
Bap(Ca®Iy,) Aap 0 0 7 (3.17)
0 (Bp®In,)Cap  Ap®In, 0
_ 0 0 Bpa(Cp®ly,)  Apa |
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where matrices A4 € R™", By € R™! (C4 € R*" are associated with the linearization of
H,: and matrices Agp € RWat2Ne)x(Na+2Np) B, ¢ RWa+2Ne)xNa - 1, RNBX(Na+2Np)
are the linearization matrices of the transceiver tx/rx, ., 5. For the transceiver, the lineariza-
tion matrices are of the form:

I 0 or, 0 0
Aup = AB0 |+ | 0 0d, 0®g |,
00 0 0 o, 0Ug

and with

.
Bap = [ Oy Ongxn, Ongxa, } , Cap= [ OnpxNs Ongxng Ing },

where due to the structure of the steady-state, I'y = OvyxIn, with Oyx £ g;y(—éi\m, and

similarly the matrices 0®,, 0Pr, OV,, OV, and OI',,, are diagonal with constants d¢,, O¢g,
O, OYr and 07,, respectively. The matrix Lap is the Laplacian matrix of the network
when labeling first the nodes of type A.

Due to the monotonicity property of the network proved in Lemma [I9] the proof follows
as discussed above. We write as a unitary positive feedback system: A + BC where
C=1[000Cup), B= [Ba®ly, 00 O}T, and A is the block triangular matrix defined in
except for the block (Bs®Iy,)Cpa, which is replaced by 0 € R"Nax(Ns+2Na) - Then,
since the network is monotone with respect to the same input and output cones, we conclude
stability from —(I +CA™'B). First note that:

CA™'B = _OBAAELBBA(OBAngB & INB)OABAZ}BBAB(OAAZIBA (24 ‘[NA)
= —T4(Ta(Z8))T5(Tas(24))(CaAB4 Bpa) (CapA pBas),

where the second equality follows from Claim (3| where T} (2) = —CF (A7) ' B; is the static
input-output map for each block at steady-state z, and C, A;, B; are the linearization ma-

trices of each block at Z, we drop the superscripts Z to simplify the notation. Assumptions
and [14] guarantee that Aj_l exists and that A is nonsingular.

For the final step, we use the equitability assumption on the partition defined by the
classes O 4 and Op to derive the largest eigenvalue of the matrix (C'g AA;AB BAaC ABAATEB AB) €
RYN5*N5 - and therefore the stability of the matrix —(I +CA™'B).

Claim 20. The largest eigenvalue of the matriz (CBAAEZBBAOABAZEBAB) 1S given by
(ﬁBAX;LEBAﬁABZ;;EB) with eigenvector 1y ,, where

0 e 0 0

Aup = Las 0 |+ 0 0¢, O¢r |,
00 0 0 0Y, OYg
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and with o . B
BABZ[a% 0 0] ; CAB:[O 0 1]7

where Aap € R33, Lag € R¥*? is the quotient Laplacian, Cap € RY3, and Bap € R3*!;
and by appropriate change of subscripts the same follows for the matrices Aag, Bap and

Cap.

The theorem follows from this claim because 7% 5(24) = —UABZZBFAB, and thus the
largest eigenvalue of CA™'B is given by T%(TsA(28))T(Tap(Z4))T5(24)T54(25). There-
fore, when inequality holds the matrix —(7/+C.A~'B) is Hurwitz and the steady-state is
asymptotically stable. If the condition holds, —(I +C.A~1B) has a positive eigenvalue
and the steady-state is unstable. O]

Proof of Claim[20. First note that due to equitability of the compartmental network, we can
construct matrices Q 4 € RWAT2N8)X3 where

1..10..00.07"
Qup= | 0..0 1..1 0..01 ,

0..0 0..0 1..1

N

XNy XN XNpg

and similarly Qpa € RWB+H2NA)X3 with appropriate dimensions. Therefore, due to equitabil-

ity LagQap = QapLap and LpaQps = QpaLpa. Let P 2 [Q R] where R is a matrix in
RWNa+2Np)x(Na+2Ne=3) (or R € RWNBFT2NA)X(Np+2Na=3)) guch that its columns, together with
those of ), form a basis for RN4T2Ns (or RVeT2Na) We conclude that, there exist matrices

N and M such that .
Asg N ]

o7 (3.18)

P pAapPag = {
and similarly for Ags. Therefore,
CapALpBaly, = (CapPap)(PipAapPas)  (PipBasly,)
_71 —_—
o - AAB U BAB
(e 515 4]
= UABX;SBEAB]-NB-

for some matrices S, U, and V with appropriate dimensions. This implies that

_ _ — =1 _
CpaApBpaCapA pBasly, = (CapA,pBas)CpaAs Bealn,

= (UBAZEZEBAGABZ,ZEEAB)lNA

i.e., the scalar €BAZ;4§BA€ABX;}3§AB =T 5(24)T54(Zp) is an eigenvalue of the matrix
Cg AA;ZBB AC’ABAZ}BB AB, With associated eigenvector 1y,. Note that this eigenvalue is



CHAPTER 3. COMPARTMENTAL LATERAL INHIBITION SYSTEMS 44

positive since the static input-output maps of the transceivers have positive slope. Finally,
we need to show that this is the largest eigenvalue. Note that due to Assumption [16]

the transceivers’ input-output maps ngg/rx’(,%AlNA) = —C4pA zBap and Tg;(rx’(églNB) =
—CpaA5Y By are nonnegative matrices [4], and thus so is To4™ (F41n, ) Tod™ (351y,,),

with no zero rows. This concludes the proof of the claim since, by the Perron-Frobenius
Theorem [14], the eigenvalue with associated positive eigenvector 1y,, must be the largest
positive eigenvalue. O]

3.3 Synthetic Lateral Inhibition Circuit

We propose a lateral inhibition circuit with two types of compartments as described above.
The diffusible species are two acyl-homoserine lactones (AHL), namely 3-O-C12-HSL and
3-O-C6-HSL, while the two receiver proteins are LasR and LuxR, respectively. This choice
guarantees that the LuxR-AHL and LasR-AHL pairs interact orthogonally with each other
[27]. To keep the notation used in the previous section, we denote 30OC12HSL by X,
30C6HSL by Y, and the complexes LasR-30C12HSL by Rp, and LuxR-30C6HSL by R4.

In Figure[3.5] we represent the synthetic circuit for each cell of type A (left) and B (right).
We use the luzl /luzR (and lasl/lasR) genes as autoinducer synthase and receptor, the au-
toinducer synthase luzl (lasl), which is transcribed by Prse0-1, translates LuxI (Lasl) which
is responsible for the production of X or Y. The receptor proteins, variants of LuxR, in
each compartment, detect and bind to the X and Y received, forming the complexes Rp
and R4, respectively. The Rp (R4) complex induces the production of the protein TetR and
inhibition occurs when TetR represses the promoters P;.;0-1, thus inhibiting the production

of LuxI (Lasl). We use red fluorescence protein (RFP) as reporters for each compartment,
which are induced by R4 (or Rp).

Cell Type A Cell Type B

TetR Lasl \ ( /
/_) 1 /»/\ MNJaOClZHSL LasR‘_\
SAM 30c1onsL

Luxi LtetO-1 Luxl| Const

O™ L
6HSL: TetR
\ F-’%- 4/ ; M@OCG@M -%Ll y

Figure 3.5: Diagram of the synthetic lateral inhibition circuit under implementation, using
two orthogonal AHL/LuxR pairs: 30C12HSL/LasR and 30C6HSL/LuxR.

We study the following equations for this network, grouped into the transceiver blocks
and the inhibitory cell circuits as defined in the Section [3.1] The model for the inhibitory
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circuit of cell type A is:

.
d i _ 1 7
wnn, = VPLuxINPLuxIC (1+(KRA/R¢A)"RA + EPLuxI) = Yme M7y,
d i 7 7
. i = ermp, — TP
atP1y Ty, Ty
Hy: 1 (3.19)
7 _ o )
aly = VPLtetO—lNPLtetO»IC 1+l /Kr)"T +€PLtetO—1 YmIxMr,
y
d i _ i 7
\ EPIX - EIXTnIX _’ylxp[X

where my, is the m RN A;, concentration and py the protein concentration (with subscripts T
for TetR and I for Luxl); v; the degradation rate; ¢, the translation rate; Vj the transcrip-
tional velocity rate; Nj the copy number; C' the concentration (in M) of a single molecule
in a cell; ¢, the leakage rate; K} the dissociation constant; while ng4 and ny represent the
cooperativity.

For the dynamics of the transceiver of X, we consider X%, i =1, ..., N4 to be the concen-
tration of species X at compartment ¢ of type A, and ijg, j =1,..., Ng the concentration
of species X at compartment j of type B. Let [X T, R}]" be the transceiver state, with
X = [X], X3 =[x}, ..., XV XL, ..., X3?]T and Rg = [Rh, ..., R¥?]T. The transceiver
dynamics are:

aXh = vph, = xXh+ LiX | |
tX/I‘XAAB : din]B = _konXJ]B(pRX - RJB) + koffR]B - PYXXJB + LJ+NAX (32())
ER% = konXJJB(pr - Rgs) - kOffR%7

fori=1,.... N4, j =1,..., Ng, where L; corresponds to the row i of the Laplacian matrix,
PR, is the constitutive concentration of total LuxR (bound and unbound), k,,/k,ss are the
binding rates, and v is the generation rate of AHL. The dynamics for the inhibitory circuit of
cell type B and for the transceiver tx/rx, , , are obtained similarly, by changing the indices
appropriately.

Next, we analyze the range of parameters where patterning occurs. To analyze the
steady-states of the network above, note that both H, and tx/rx, 5 (Hp and tx/1x5_,,)
meet the Assumptions in , and , , respectively. From ((3.19)), for each constant
input R’, there is only one steady-state solution (m?; , p7, , mf:, pf:), which is a globally
asymptotically stable hyperbolic equilibrium, due to the lower triangular structure of
with bounded nonlinearities. Furthermore, the static input-output map is decreasing;:

1

rym =k |
1 —I— (K_T (1+(KRA/R7X)7LRA +€PLuxI

))nT + EPLtetofl ) (321)

where
K, = Cix VPLtetO—lNPLtetO—lc and K, = T VPLuxI NPLuxIC (M)
Yix ’Ym]X YT T
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The subsystem is monotone with respect to KV = —KY = Rso, K ={x € R4|x1 > 0,29 >
0,23 < 0,24 <0} [8, Lemma 4].

As for the transceiver tx/rx, ., in , we see that in steady-state, for a constant
input p7, € R¥4 | the dynamic equations for Rg become zero, which implies that the first
terms of the dynamical equations for Xz are also zero. Therefore, due to the linearity of the
remainder terms, there exists a unique solution for [X*T X#T:

S N e N e (3.22)
X5 Ong

The inverse of (—L + yxIxy) exists since —L is a positive semidefinite matrix (property of
Laplacian matrices). The single solution for the steady-state of R is given by
Pry

Ry = —Zfx (3.23)

kopr 1 7
I+ 55

where X is as in ([3.22). Note that the static input-output map TZ‘%/” (pf:.) is positive and
increasing, because (—L + yxIx) is a positive definite matrix with nonpositive off-diagonal
elements, and thus its inverse is a positive matrix (i.e., all elements are positive) [14, Theorem
6.2.3]. Finally, to conclude that these steady-states are asymptotically stable and hyperbolic,
we write the Jacobian of the transceiver as:

I mgel 0 0] 0 0
J = XN 0 | +|10[=Dr, Dx, |, (3.24)
00 |0 0| Dr, —Dx,

where Dp, and Dy, are diagonal matrices with elements {Dg,}ii = kon(pry —RY%) and
{Dx,}i = konXi5 + kogs, © = 1,...,Ng. The matrix J has negative diagonal terms and
nonnegative off-diagonal terms, and there exists a D such that the column sum of DJD™!
are all negative for all states in the nonnegative orthamﬂ Note that this implies that the
matriz measure of DJD™! with respect to the one-norm is negative [32, Chapter 2|, and
pup(J) = w(DJD™') < 0. This is a contraction property with respect to the weighted
one-norm; therefore, for each constant input, the steady-state is globally asymptotically
stable [94]. Moreover, it is an hyperbolic equilibrium since Re{A\x(J)} < p(J) < 0 [32].
The transceiver is monotone with respect to the cones in Assumption [16|since the Jacobian
off-diagonal terms are all positive and the dependence on the input variable py,, is positive [4].

To find stable steady-state patterns where all the compartments of the same type have the
same final value, let the network be an equitable graph G with respect to the compartment

Lchoose D = diag(1,...,1, k,....,k), with 1 < k < 14 X
S—~—— Y——

konPR

Ntimes Npgtimes
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types. The transceiver input-output map decouples into the scalar maps,

1
Tapg(zZa) = —
AB( A) kofr vx(yx+dap+dpa) 1’
1+ =2 = =
kon dpav ZA

47

(3.25)

where dap and dg are as in (3.8). és discusse_d in the previous section, we look for the
steady-states that are fixed points of T'4(-) and T'5(-).

Table 3.1: Parameters used in the simulations of the synthetic lateral inhibition circuit.

Parameter Description Value Units
Eon binding rate between LuxR and AHL 1e9 sTIM!
kog s dissociation rate between LuxR and AHL 20 st
DR, constitutive concentration of total LuxR variable M
dqy diffusion rate of AHL variable st

VP velocity rate of promoter Pr 0.26 st
Np, o copy number of promoter Pr 1 5 1
C concentration of a single molecule in a cell 1.5e-9 M
Kgra dissociation constant between pr, and P« 1.5e-9 M
NRA cooperativity 2 1
lpy o leakage of promoter Pr 1/167 1
VP Lot velocity rate of promoter Prieto-1 0.3 st
Np_oioa copy number of promoter Prcio.1 5 1
Kr dissociation constant between TetR and Prieto-1 1.786e-10 M
nr cooperativity 2 1
lp.on leakage of promoter Pp,, ., 1/5050 1
YA rate of degradation of AHL 7.70e-4 s
Yo degradation constant of mRNA TetR 5.78¢e-3 s
Y1 degradation constant of TetR 2.89e-4 s
Yrmy degradation constant of mRNA LuxI/Lasl 5.78e-3 st
VI degradation constant of LuxI/Lasl 1.16e-3 st
€T translation rate TetR 6.224¢-6 st

€1 translation rate LuxI/Lasl 2.655e-5 st

v generation rate of AHL 0.0135 s

The reaction parameters used for the analysis are displayed in Table 3.1, and are similar
to the parameters suggested in [61]. We assume that the two orthogonal types of AHL have
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similar induction and binding reception parameters, and thus consider both cell types to
have the same parameter values. In this particular case, the maps T4(-) and T'5(+) are iden-
tical, and when there exist three fixed points as in Figure (b), the middle solution pair is
the same for A and B (i.e., Z4 = Zg). The slope of these maps at the fixed points depends,
among others, on the edge weights d;; and constitutive concentration of total LuxR/LasR
PR,, Which are tunable parameters. As discussed next, d;; can be tuned by changing the
channel lengths, and pg, can be tuned by changing the strength of the constitutive promoter.

When each compartment is a square of side w, and the channel connecting the compart-
ments be of length /;; and width w, the edge weight is, by [35]:

D D
dyy = = — A (3.26)

2

Here we let the width be a factor ¢ of the length, i.e. w = [/c. In the laboratory, we laser
cut acrylic sheets into the shape of the desired channels and then we fill these channels and
compartments with agar (so that diffusion occurs mostly on the surface of the agar), and
then pipettes one colony in each compartment. As the agar solidifies, a thin layer of water
is formed on its surface. The AHL diffusion occurs on the agar surface. Although the cells
remain on the agar surface, the AHL diffusion occurs through the agar as well, but we as-
sume this to be negligible in comparison with the diffusion on the surface. We consider the
diffusivity coefficient for AHL in water at 25°C' [99]: D gy 050c = 4.9 x 1071%m?/s.

As an illustration of the patterning condition , consider now two compartments
connected by one channel, one compartment of type A and the other of type B. This is
equivalent to considering any equitable network topology with the same d4p and dg4. Fig-
ure maps the regions over the pairs (pg,, l12) where contrasting patterns emerge. We
obtain patterning within a wide range of realistic values of pg,. At the extreme values, if
the concentration of pg, is too low, the detection ability of each cell is affected, which leads
to a low concentration of the receiver complexes LuxR-AHL and LasR-AHL. Thus, no cell
is being inhibited (fluorescence reporters are low) and no contrasting patterning emerges.
When pg, is too high, no contrasting patterning occurs, both compartments are inhibited
since both cells are too sensitive to the received signal due to leakage production of AHL.

Further analysis using condition (|3.14]) reveals that the circuit, for this set of parame-
ters, is fairly robust to parameter uncertainty. We introduced a variation of 10% in each
parameter and the patterning range didn’t suffer significant change. Patterning occurs when
nrnga > 2, greater ny and ngra implies stronger inhibition and in general increases the
patterning region.

There is also a limit on the length of the channel for the emergence of contrasting patterns
(Figure . In implementation, we expect a stricter limit on the length of the channel since
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Length - I12 (mm)
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Figure 3.6: Patterning (yellow) vs. non-patterning (dark red) region, for varying pg, and
l12, with ¢ = 2.

the compartmental model does not account for degradation of AHL along the channels. For
validation, we have implemented the compartment network in COMSOL, a finite element
analysis, solver and simulation software for multi-physics applications, which allows for cou-
pled systems of partial differential equations (PDEs) with complex geometry. In COMSOL,
we define the geometry of the channel and the compartments, and only allow AHL to diffuse
through the channel. For the values of pg, studied, we have seen a cap on patterning for
lengths no larger than 5 mm. Due to degradation along the channel, only a small portion
of the AHL actually reaches the opposite compartment. Although the ODE model does not
account for this, for shorter channels (< 3mm), we compute a degradation correction factor
for the ODE compartmental model that compensates for the extra degradation along the

channel. In these regimes, we obtain an accurate steady-state and dynamical match between
the ODE model and the PDE COMSOL model, see Figure |3.7}

When the equitability condition is satisfied approximately rather than exactly, we treat
the system as a perturbation of an equitable one. If the nonlinear system verifies Lipschitz
continuity in x (uniformly in L, for small variations), which is true for the proposed cir-
cuit, the solutions are continuously dependent on the parameters of the Laplacian L, i.e.,
weights of d;;. We see such behavior in simulations on networks with approximately equi-
table topologies (by adding small random changes to d;;), where the emergence of on/off
patterning behavior doesn’t get affected, and where there is only a small variation on the
final values of cells with the same type.
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Figure 3.7: Result comparison between ODE model, in MATLAB, and PDE model, in
COMSOL (with pg, =5 x 1077, I3 = 500um, and k = 2). Note that both models converge
to the same steady-state, with a similar time constant (~22hrs vs. ~19hrs, respectively).

3.4 Conclusions

In this chapter we proposed a synthetic lateral inhibition circuit where contrasting patterns
between neighboring compartments emerge using diffusible molecules. For a generic network,
we show that equitable partitions allow for a dimensionality reduction of the steady-state
analysis into fixed points of a scalar map. Those solutions, represent steady-states where
all the compartments of the same type have the same final value. For the synthetic circuit
we propose, the emergence of contrasting patterns occurs within a realistic range of reaction
parameters. We validate our analysis by simulating the compartmental ODE model agains
the PDE model in COMSOL.

In addition to the current effort to implement this design in the laboratory, several analytical
problems remain to be explored: i) due to the inherent stochastic nature of biochemical
reactions and diffusion, it is of interest to investigate the stochastic patterning behavior of
these networks; ii) in practice, one would expect to be hard to build an equitable network, it is
important to further investigate perturbation analysis for the emerging patterns in networks
where small variations to the channel lengths exist, resulting in quasi-equitable graphs.
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Chapter 4

Symmetry Reduction for Performance
Certification of Interconnected
Systems

Consider the system in Figure where H; are subsystems mapping u; — y; and M is
a static matrix characterizing the interconnection topology. In [80], certification of perfor-
mance from a disturbance d to an exogenous output e is cast as a feasibility problem with
local constraints guaranteeing dissipativity properties of the individual subsystems together
with a global constraint that certifies the desired property of the interconnected system. The
local constraints only depend on the dynamics of each subsystem, while the global constraint
depends on the subsystem properties and M. In this chapter we take advantage of symmetry
in the interconnection to reduce the complexity of the global constraint.

H,

H,

e M d

Figure 4.1: Interconnected System.

The global constraint is a linear matrix inequality (LMI) that becomes computationally
intractable for large interconnections. Exploiting the symmetry of the interconnection, we
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partition the subsystems into equivalence classes and reduce the number of decision variables
and size of the global constraint. For this reduction the subsystems in each equivalence class
are allowed to be different and only required to share dissipativity properties. These re-
ductions significantly reduce the computational time required and allow the analysis of very
large systems.

In general it may be difficult to determine symmetry from the matrix M, but it is readily
apparent in many physical systems, like vehicle platoons or biological networks, e.g., Chap-
ters [2] and [3), where M can be interpreted as the adjacency matrix of a weighted directed
graph. In some cases, the networks may have a symmetric structure but the weights in the
interconnection M break the symmetry. We demonstrate that, in some cases, it is possible
to diagonally scale M to recover this symmetry and then apply the symmetry reduction to
the scaled system.

For large interconnections we use the symmetry reduction with distributed optimization
techniques to decompose the problem into local and global subproblems that are solved itera-
tively. In this case the symmetry reduction is especially beneficial since the global constraint
is solved multiple times. Often the subsystems in an interconnection are similar but have
uncertain or slightly different parameters. For such cases, robust dissipativity is valuable,
since it certify properties that are shared among the similar subsystems.

Symmetry reduction techniques have been widely applied. In [57] stability of large inter-
connections is inferred from the stability of a reduced, equivalent system under the assump-
tions that the subsystems are identical and the interconnection has a certain structure that
implies symmetry. Symmetry reduction techniques were used in [48] to reduce the complexity
of sum-of-squares (SOS) and semidefinite programming (SDP) problems. These results have
been applied to many problems including controller synthesis for symmetric linear systems
in [24] and the fastest mixing problem in reversible Markov chains with graph symmetries
in [17]. Symmetries in the network topology have been associated in [88] to uncontrollability
of networked consensus dynamics.

In this chapter we quantify local properties and global performance in the framework of
dissipative systems with quadratic supply rates [110].

Definition 21. A nonlinear system of the form

B(t) = f(x(t), u(t)), ]J:(O,O) : 0 (4.1)

y(t) = h(x(t), u(t)), 0,0)

with x(t) € R™, u(t) € R™, y(t) € RP, is dissipative with respect to a quadratic supply
rate defined by the symmetric matriz X € RUMPIXm4D) 4f there exists a differentiable and
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nonnegative storage function V : R™ — R, such that V(0) =0 and

vV ()T fla,u) — [h(“ }TX {h(;f u)} <0 (4.2)

x? u) Y

for all x € R™, u € R™.

The notion of dissipativity implies that foT [Zgg } ' X [58] dt +V(z(0)) > 0 for all T" in
the time interval where solutions to the system exist. The following section describes a com-
positional approach to dissipativity certification. We certify that an interconnected system
is dissipative with respect to a global supply rate, specified by the analyst, by searching over

supply rates for individual subsystems.

Later in the chapter we extend the symmetry reduction techniques to systems that satisfy
integral quadratic constraints (IQCs), using a state-space approach. This is a generalization
of the dissipativity framework that allows frequency dependent properties of a system to be
certified.

In section [4.1] we introduce the performance certification problem using local and global
constraints. In Section 4.2 we define symmetries in the interconnection matrix, which are
used in Section to reduce the dimensionality of the global constraint. We provide ap-
plications of the results in Section [£.4] and study examples in Section 1.5} We finalize with
Sections and [4.7] discussing how the results can be used to certify performance using
IQCs and to certify stability.

4.1 Performance Certification via Dissipativity

In Figure [4.1] the dynamical systems H; are given by:

. T;(t) = fizi(t), u(t)), £:(0,0) =0
e { yi(t) = hi(z;(t), wi(t)), hi(0,0) =0 (4.3)

with x;(t) € R™ w;(t) € R™ y;(t) € RP. The coupling of these systems is dictated by:
u | y | _ | Mu Mao ||y
ef =] =L ][] =
where M is a static matrix, d(t) € RP¢ is a disturbance input, and e(t) € R™ is a per-

formance output. We assume well-posedness of the interconnection, i.e., by substituting
y; = hi(z;,u;) in (4.4)), v can be uniquely solved as a function of z and d.



CHAPTER 4. PERFORMANCE CERTIFICATION 54

Consider the interconnected system described by (4.3))-(4.4) and suppose that we wish
to certify its dissipativity with respect to a global supply rate

1w

where W is a real symmetric matrix specified by the analyst. For example, to certify an
2

Lo-gain from d(t) to e(t) choose W = {% _01} , which implies that [[e]|2 < ~+2||d||3+V (z(0)).

Using the dissipativity properties of the subsystems, we can certify dissipativity of the
interconnected system. The problem is casted as a feasibility problem where the local con-
straint sets are

Qé{&

and the global constraint set is

i Yi

-
the i-th subsystem is dissipative w.r.t. the supply rate {Zq X; {ul} } (4.6)

gé{X“ﬂXN

Py}TPﬂTQPW H/[] = 0} (4.7)

p p

where ) = blkdiag( Xy, ..., X, —W) and the matrix P, is defined such that

Uy
n

un (4.8)
YN
d

(&

It then follows from (4.4)) and (4.8) that
T T N T T
Y M T M\|ly| Uj w| _|d d
) ) e [B] L) -2 0] ) -[E wl) e

Thus, if there exists X7, ... Xy satisfying

QAL o

X;eL;fori=1,...,N

(X1,...Xn) €G, (4.10)

the interconnected system is dissipative with respect to the global supply rate (4.5). To see
why, choose the storage function to be V(z) = > . V;(z;), where V() is a storage function
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that guarantees (4.6]) for the i-th subsystem.

For systems with linear or polynomial dynamics can be cast as a SDP using SOS
programming techniques. The local constraints depend only on the individual subsystems
and their supply rates, but the global constraint depends on the supply rates for all the
subsystems. Therefore, the resulting SDP becomes computationally intractable for large
interconnections.

In this chapter, we explore the symmetries in the interconnection matrix M to reduce the
number of variables of the LMI in the global constraint set , thus, reducing the number
of decision variables. The next section introduces the necessary notions of symmetry for
the interconnection matrix M. For simplicity of notation, we address the case where each
subsystem is SISO (i.e., m; = p; = 1, i = 1,..., N) although the results are generalizable to
MIMO systems (see Remark [29)).

4.2 Interconnection Symmetries

To characterize the symmetry properties we adapt the notion of automorphism to the inter-
connection matrix M, which takes into account inputs and outputs.

Definition 22. Consider the interconnection defined by the matriz M in (4.4). An auto-
morphism is a tuple (Ry, Rp, Rp) where Ry € RN*N  Rp € RP*Pd . and Rp € R™e*™e gre
permutation matrices, and the following equalities hold:

RNMH = MllRN RNM12 = MlZRD

(4.11)
RpMy = My Ry RpMay = My Rp.

The set of all automorphisms of the interconnection M forms a group, called the auto-
morphism group:

Aut(M) = {(Ry, Rp, Rg) such that (4.11]) holds } . (4.12)

Definition 23. Given the automorphism group Aut(M), the orbit of index i € Vy =
{1,..., N} is defined as:

O; = {j cVn ’ Rng; = q; for some (Ry, Rp, Rg) € Aut(]\/[)} (4.13)

where ¢; € RVX1 is the i-th unit vector.

Hence, two indices i, j are in the same orbit if there exists a permutation in Aut(M)
that permutes subsystem H; with H;. The orbits form an equivalence class given by the
equivalence relation ~, where i ~ j if j € O;. Let r be the number of distinct orbits,
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Figure 4.2: Graph representation of a cyclic network with six subsystems. White vertices
represent the subsystems H;, green dashed vertices represent the disturbances d;, and orange
filled vertices represent the outputs e;. The network in has one disturbance and three
performance outputs. The network in @ has one disturbance and one performance output
per subsystem and exhibits a richer class of symmetries.

~

labeled as Ol, ey Oy,

To recover the definition of automorphism in Chapter [I| we can view the interconnection
matrix M as the adjacency matrix of graph M(V, E). The vertex set of M(V, E) is

V=VyUVpUVg (4.14)

where Viy = {1, ..., N} corresponds to the subsystems H;, i = 1,..., N, and similarly, Vp =
{N+1,....N+ps}and Vg = {N +ps+1,..., N + pg + m.} correspond to the disturbance
inputs d;, [ = 1, ..., pg, and performance outputs eg, k = 1, ..., m.. The set of edges is

E=EyUFEpUFErUEp, (4.15)
where Ey includes the edges between H; and H; with weight {Mi},;; the edges Ep from
Vp to Vi represent the effect of disturbance d; in H; with input weight {Mjs};; the edges
Eg from Vi to Vg represent the effect of H; in the output e, with weight { My }x;; and the
edges Eo from Vp to Vi represent the throughput of the disturbance dj on the output ¢
with weight {Mag }y.

As an illustration, consider the cyclic network with six subsystems Hy, ..., Hg, one distur-
bance dy, and three performance outputs ey, es, e3, with incidence graph depicted in Figure
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[d.2al Since the graph is symmetric with respect to the vertical axis, it remains unchanged
when 2 permutes with 6, 3 with 5, and 8 with 10. The automorphism group is given by
R; = (Ry, Ry, RY), fori =1,2:

Rl = (167 1,]3) and R2 =

—_ o O O oo
O =R OO OO
SO = O OO
O OO = OO

SO O O

0]
1
0
0
0
0
The four distinct orbits are Oy = {1}, Oy = {2,6}, O3 = {3

5}, Oy = {4}.

In Figure each subsystem has a disturbance input performance output pair, and
My = My, = In. Thus, definition implies that Rp = Rrp = Ry, and the automor-
phisms are determined by Ry alone. The graph now exhibits rotational symmetry as well
as symmetry with respect to all axes that are angled by integer multiples of 30°. Thus all
subsystems permute with each other (as well as all disturbances and outputs) and there is
only one orbit: O; = {1,...,6}.

Remark 24. The full automorphism group of the interconnection may be hard to com-
pute [75]. However, we can still make use of subgroups corresponding to symmetries that are
easy to identify. The reduction discussed in the next section is valid for subgroups of Aut(M)
although the reduction may not be as extensive.

4.3 Main Result: Using Symmetries for Performance
Certification

In this section, we use the automorphism group of the interconnection matrix M to reduce
the dimensionality of the LMI in the global constraint set (4.7).

Lemma 25. If the LMI in (4.7) is satisfied by (X1, ..., Xn, W) then it is also satisfied by
(X1, ..., Xn, W), where

_— RL 0 RL 0

X, & |O|ZX and W_kZ[ORZ} W{OR@J (4.16)
J€O0; i=1

with k = |Aut(M)| and (RYy, R%, RY) € Aut(M).

Proof. Let Ry 2 blkdiag(Ry, Rg) and Rp 2 blkdiag(Ry, Rp) be constructed from an au-

tomorphism (Ry, Rp, Rg) € Aut(M), such that Ry M = M Rg. Since the matrices Ry, R,
Rp are orthonormal, the following holds for M and P,

M . RL 0 M T RL 0 _
)L B[ [ 4]
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where
1 0 10
P, = and S = (4.18)
0 0 0 I,, Rp 0
0 || 0 |0 0 0 Rp
Then, the following LMI equivalence holds:
T T
M PIQP, M <0 < M PISTQSP, M < 0. (4.19)
I T I I T 1
Since (@ is block diagonal we obtain
XRN(U
. 0 . Rp 01 . .[Rp O
T _ . . D D
S QS = X, , with W = { 0 RE} W[ 0 RE} . (4.20)
0 -

and where the subscripts Ry (i) represent the subsystem to which i gets permuted. Finally,
since the equivalence in (4.19)) holds for all automorphisms in Aut(M), take the mean over
all automorphisms to obtain:

T T k
M - M M -1 . M
{1} PWQPW[ I}jo & { 1] Pﬂgzlsi@sipﬂ ;=20 (4.21)

£Q
where |Aut(M)| = k, and where each block in Q becomes

| =

X; = ﬁjez()ixj, and W = ;W (4.22)
Therefore, X; = Xj for ¢ ~ j. O
This lemma implies that , when feasible, admits a solution satisfying

X, =X; if i~ (4.23)

thus, we may search for one common variable for subsystems in the same orbit. In particu-
lar, when M is vertex-transitive (i.e., all the vertices in Vy, Vp and Vg permute with each
other) there is only one orbit O; = Vjy and the number of decision variables X; reduces to one.

Note, however, that in this reduction W is replaced with W in (4.16)). Since W specifies
the desired performance, and may not be altered, we ask that IV be invariant under Aut(M),
so that W = W.
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Assumption 26. The matriz W is invariant under Aut(M); that is,

Rp 0O
0 Rg

Rp 0O

]W:W[O R

] for all (Rn,Rp,Rg) € Aut(M). (4.24)

As an example, suppose we want to certify an Ls-gain bound in the network of Figure
4.2a with the global supply rate ||dy||* — %HQHQ — %H62H2 — 712||63||2. If we seek the same
1 2 3

gain bound for e; and eg, i.e., 71 = 73, then the corresponding W is invariant under Aut(M)
because the global supply rate is unchanged under the automorphism that permutes e; and
€3.

The combination of Lemma [25 with Assumption [26] leads to the following main result:

Theorem 27. If (Xy,..., Xy) is an element of the global set G in (4.7) and Assumption [20]
holds, then (X1, ..., Xn) such that X; = X; when i ~ j is also an element of G.

Theorem states that the feasibility of the LMI in is not compromised if we reduce
the search space to identical supply rates for subsystems in the same orbit. However, de-
manding a common supply rate in the local constraint sets may introduce conservatism.
Nevertheless, this conservatism is minimal for systems with near-identical dynamics or with
similar dissipativity properties (see the robust dissipativity application in the next section).

In addition to this result, the contrapositive of Lemma [25 provides an infeasibility cer-
tificate for the supply rate desired.

Corollary 28. If there is no solution (5(1, o XN, W) to (A7) such that X; = X]- fori~ 7,
then no other solution (X1, ..., Xy, W) ezists.

Remark 29. For MIMO systems, the definition of automorphism in changes to the
tuple (Ry, Ry, Rp, Rg), such that RyM,, = MRy, where My € RXi™*XiPi Ry €
RX:mix2imi  gnd Ry € RXiPix2ipi [Ipstead of interpreting the automorphism as a per-
mutation on the subsystems, we now look for permutations of inputs and outputs for each
subsystem. In this case, the P, matriz in must be changed accordingly, in the blockwise
sense, e.g., the top left block becomes blkdiag(lm,, Opy,-..; Iy, Opy ). Moreover, note that
X; € Rnatp)x(mitpi) qnd that equality still holds, but the labeling of u; and y; must
be chosen appropriately in order to obtain X; as in Lemma |25,

When considering the case where all MIMO systems have the same input and output
dimensions, i.e., p; = m; = m Vi, the permutations Ry = Ry = Ry € R™V>™N can be
defined as Ry = Ry ® I,,,, where Ry € RN*N e a permutation of systems.
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Reducing the Global LMI to a Quotient LMI

In Lemma |25, we conclude that it is equivalent to analyze the problem as an ”averaged”
global constraint LMI given by

A M1 - [ M
A:{ ]] PJQPW[ ]}jo, (4.25)

where Q = - | STQS; for S; = blkdiag(Ry ® I, Rl, Ry) with (RYy, Rb, Riy) € Aut(M).
We show that when A is quasi-positive, apart from reducing the number of decision variables
in the global constraint LMI, we can also reduce its dimension.

To explore the symmetric structure of A, we first let ry, 74, and 7, be the number of
distinct orbits of the vertices Vi, Vp, and Vg, respectively. Then, we define

T; £ blkdiag(Tw, Tp) and Tp = blkdiag(Tw, Tk ), (4.26)

where Ty € RWApa)x(rvtra) T, ¢ RIWVAme)x(rn+tre) - with {Tn}ij = 1if vertex i € Vi is in
orbit j, and {7 };; = 0 otherwise; and 7)p and T are defined similarly for vertices in Vp and
Vg and their orbits. The symmetry in the interconnection matrix implies that MT; = To M
where

M 2 (T)To) ' T, MT; (4.28)

is the quotient interconnection matrix. Moreover, due to the symmetry of @, the matrix A
in (4.25)) is also symmetric and AT; = T7A where

— M1 5145 [ M

Aé(TfTI)‘lTITATI:(TITTI)‘l[ I } PWQP,F[ 7 } (4.29)
and where P, £ (TqTs) 'Td P,T, Q = TJQTs, with T = blkdiag(Tp,T;) and Ts =
blkdiag(Ty ® Is,Tp, Tr). The symmetric property of the LMI condition in (4.25)) allows for
further reduction.

Proposition 30. Consider the LMI (4.25) and assume that A is a quasi-positive matm’aﬂ.
Then -
A=<0 & A\pa(A) <0. (4.30)

'For the example In Figure we have:

1000
0100
0010 10
Ty = Tp=1 Tg= |01 (4.27)
0001 Lo
0010
0100

2A matrix N is said to be quasi-positive if {N};; > 0 for i # j.
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Proof. Since A is symmetric, it is enough to show that its largest eigenvalue is nonpositive
if and only if the largest eigenvalue of A is also nonpositive. Thus, due to quasi-positiveness
of A, the proof follows from the claim:

Claim 31. The largest eigenvalue of A is the largest eigenvalue of A.

Proof of Claim: First we show that all the eigenvalues of A are also eigenvalues of A.
Letting A7 = A\v and v = T70 we have

Av = ATy0 = T1Av = \Tjv = . (4.31)

Then, since A is quasi-positive, it follows from the Perron-Frobenius Theorem that A4, (.A)
has an associated eigenvector that is positive, i.e., vy > 0. Since vy, is positive, the vector
Uy = (T T7) 7 T vy is nonzero and we can show it is an eigenvector of A:

Avyr = (T] Tr) T ATyon = (T] Tr) T ATH(T] Tr) 7 T ow
— (17 T) A T oar = (T7T) ) Amarvar = AmasTas- (4.32)
The third and fourth equalities hold since T/A =T]A" = ./TlITT ", We conclude that
Amam(A) - )\mam (A) O
The following are sufficient conditions that guarantee A to be quasi-positive.

Claim 32. Let the interconnection matriz M be nonnegative, with Moy = 0, and consider
quadratic supply rates Xq,..., Xy and W of the form:

| @i S L 1 Qo So
X,,—{S;Ri , 1=1,...,., N and W = ST Ry |

Then, the following conditions on X; and W guarantee the quasi-positiveness of A in (4.25):

o Fork #1, {Ri}x >0 (i.e., diagonal elements can be negative);

e ();, S; are nonnegative;

o Fork#1, {Qotu <0, {Rotw <0 (i.e. diagonal elements can be positive fJ;
e Sy is nonpositive.

For each specific interconnection, one can derive less restrictive quasi-positiveness conditions
by inspecting the sign structure of A.

3If Mys # 0 then Ry needs to be nonpositive.
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Recovering Symmetry with Weight Balancing

In practice the unweighted incidence graph of M may possess symmetries which are lost in
the weighted graph because the edges are not compatibly weighted. An example is Figure
where the apparent rotational symmetry is broken unless the weights g; are identical
for each 7, and the same holds for g4, and g¢.,. In this case symmetry can be recovered by
transforming M into an interconnection M with weight redistributions on the edges of M.
Indeed, our performance certificate remains valid under the transformation

-1
-~ 2 [Dy 0 Dy 0
M_[ 0 DE} M[ § DD}’ (4.33)

where Dy € CN*N_ Dp € CPa*Pdand Dy € C™<*™e are diagonal and invertible.

Lemma 33. The LMI in (4.7)) is satisfied by (X, ..., Xy, W) with the interconnection matriz
M if and only if it is satisfied by (Xi, ..., Xy, W) with the interconnection matriz M, where

Xi = |{DN}1|2XZ and
- [Dp 01, [Dp 0O
o[B8 P[0 s

An application of Lemma [33]is illustrated in Figure [4.3| where the graph in Figure {4.3a]
is transformed into the vertex-transitive graph in Figure with the weight balancing
matrices:

Dy = diag (1, —9223, @> ,
T T
1
Dp = diag (—, P93 95 > (4.35)
9di GdoT" GasT

DE = dlag (9617 g2i]ﬂ?’2.ge2 ) g3fe3> )

where 7 = (g1 gggg)%. The performance certification problem then reduces to a single decision
variable. When g;¢-93 < 0, these matrices are complex and the weights throughout the cycle

can be balanced to r = |919293]%@*i%‘

4.4 Large-Scale Performance Certification

Distributed Optimization

In practice, the feasibility problem in may be too large to solve directly. This is espe-
cially true for polynomial systems where certifying dissipativity requires SOS programming
techniques. A more scalable approach to solving this problem is proposed in [80] using dis-
tributed optimization techniques to decompose the problem. In this section we demonstrate
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91

(@?—@ e ® \){ﬂ_@@
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ds ds
(a) Original interconnection with trivial (b) Balanced interconnection with a
Aut(M). unique orbit O1 = Vy

Figure 4.3: Balancing the weights of the original interconnection M as in | - with (4 -

that the symmetry reduction can be combined with this technique for further scalability.

Each local constraint in depends only on X; and the dynamics of the relevant
subsystem, while the global constraint depends on (Xj,..., Xy). This structure allows the
decomposition of the problem into smaller subproblems that are solved iteratively. To decou-
ple the local and global constraints, the authors in [80] use auxiliary variables (Z1,..., Zy)
to rewrite as the following optimization problem

minimize Z]IE )+ 1g(Zy, ..., ZN)

X1:N,Z1:N (436)
subject to Xi:Zi fori=1,...,N
where X1.y = (X1,..., Xn), Z1nv = (Z1,...,Zy), and the indicator functions I, and Ig are
defined as
0 X,e/l; 0 Liy..., 4
I (X)) 2 St and g%, Zx) 2 (21, 2n) €9
oo otherwise oo otherwise.
We combine Theorem [27| with (4.36]) and reduce the problem to
inimi I, (X)) + I6(Z1, ..., Z
e D00+l 2
(4.37)

subject to ZZ- =Zjfori~j
XZ:ZZfOI'Zzl,,N
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Distributed optimization algorithms, like dual decomposition or the alternating direction
method of multipliers (ADMM) [18], can be applied to (4.37). The ADMM algorithm is
solved as follows:

1. X-updates: for each i, solve the subsystem problem:

X = argmin”X —ZF+ UZkHQF
XeL;

2. Z-update: solve the global problem:

N
78l = arg minz (X —Z + Ui’“)HfJ

Z1N€S T

subject to Z; = Z; for i~ j

3. U-update: update U by
Uik+l — Xik-i-l . Zk+1 + Ulk

and return to step 1.

Once (Zy,...,Zy) satisfy the local constraints, the performance of the system is certified
and the algorithm can be terminated. However, it becomes inefficient to check this condition
for each subsystem at every iteration, when the number of subsystems is large. Instead, one

could check the convergence of the primal and dual residuals, defined as 7F*! £ XF _ 7++1

and sf“ £ Zf“ — ZF, respectively. Solving problem (4.37) using ADMM is guaranteed to
converge as k — o0, if a feasible point exists, [80].

Robust Dissipativity

Local constraints for systems with known linear or polynomial dynamics can be casted
as SDPs. These formulations can be generalized to the case where the systems depend on
uncertain or unknown parameters. For interconnections where the subsystems have the same
structure but where their parameter values may vary, it is of interest to provide a certifica-
tion approach that, given a bound on the range of the unknown parameters, can determine
supply rates that satisfy the constraints for all values in the parameter range.

Consider a system of the form

T = f(x,u,d)
y = h(z,u,0) (4.38)
0eA

where A £ {§ € R?| ¢;(§) <0 fori=1,...,n,}is a closed semialgebraic set and ¢; : R? — R
are real polynomials. This system is robustly dissipative with respect to a quadratic supply
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rate defined by the symmetric matrix X € Rm+P)*x(m+P) if it is dissipative with respect to
this supply rate for all § € A. A sufficient condition for robust dissipativity is the existence
of a differentiable and nonnegative storage function V' : R” — R, and nonnegative functions
r; t RrPm+d 5 R such that

T g
VVi(z)T ,,5—“}){[“]— (2w, 0)q(5) <0 4.39
@ s = || X [y] - S ao < (4.89
forallz € R", u € R™, 6 € RY, and y = h(z,u,d).

The symmetry approach described above is particularly useful when certifying robust
dissipativity. Consider the case where multiple subsystems are in the same orbit, under the
action of Aut(M). If such subsystems have identical structure but if their parameter values
are distinct, or uncertain, then it is possible to search simultaneously for a supply rate and
a storage function certifying robust dissipativity for all these subsystems. This, significantly
reduces the size of the problem and is especially beneficial if there are many similar systems
in the same orbit.

4.5 Examples

Vehicle Platoon We analyze the disturbance attenuation properties of a vehicle platoon
[21}, 128, 80], where each vehicle’s control input depends on the relative distances between its
position and that of its neighbors. The dynamics of the i'" vehicle is described by

’Ul<t) = —Uz<t) + ,Uzpom + Ul(t)

nom

pom the nominal velocity, and u;(t) the control input.

where v;(t) is the vehicle velocity, v

The interconnection of vehicles is represented by a connected, bidirectional, acyclic graph,
where L links interconnect N vehicles. See the platoon example in Figure (top), where
dy is an additive disturbance on us, and e; are the performance outputs which correspond to
the velocity of the respective vehicles.

Letting py(t) be the relative displacement between the vehicles connected by link ¢ gives
pe(t) = vi(t) — v;(t) where i is the leading node and j is the trailing node. Define D € RV*~

as
1 if 7 is the leading node of edge ¢

Dy 2 { —1 ifiis the trailing node of edge ¢
0  otherwise,
so that D maps the vehicles velocities to the relative velocities of each link which we define
as n:

n(t) £ p(t) = DTo(t). (4.40)
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Figure 4.4: Vehicle platoon with linear topology. Each vehicle measures the relative distance
of all vehicles connected to it by a link (dotted line) (top). Reduction due to the symmetry
along the middle vehicle (bottom).

Consider a class of control laws that encompass those presented in |21} |28]:

ui(t) = — Z Divpe(pe(t))
=1

where ¢, : R — R is increasing and surjective, but otherwise unknown. This assumption
guarantees the existence of an equilibrium point p, = pj, v; = v* for the interconnected
system [21]. Letting p, = p, — pj, the dynamics of the ¢! link A, is then given by

: Pe(t) = me(t) B
Ae | { Ze(t) = ¢£<]5£<t) —|—p’2) + ¢Z(pz) (= 1, - 7L

with input 7,(t) and output z,(¢). Note that, each A, subsystem is dissipative with supply
rate matrix X = [9}]. Similarly, we let 9;(t) = v;(t) — v* and @;(t) £ w;(t) — uf where

u* = Dg(p*) so that the vehicle dynamics are

PP { éi(t):_vi(w—i_ai(t) 1=1,...,N

vi(t) = (1)

with input @;(t) and output y;(t). In the following computations the supply rates of each A,
are fixed and the supply rates of each ¥; are decision variables.

The interconnected system can then be represented as in the block diagram in Figure
where 3 = blkdiag(X,...,2y) and A = blkdiag(A4, ..., AL).

We now exploit the symmetric topology of the vehicle platoon using the results of the
previous sections. Consider a platoon of N = 101 vehicles with the interconnection depicted
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Figure 4.5: Block diagram of the vehicle platoon dynamics.

Y

in Figure [£.4] and where the nominal velocity of each vehicle is randomly chosen. To nu-
merically test our reduction algorithm we apply a disturbance d to the 51-st vehicle and
investigate the Lo-gain from disturbance d to the velocity output of the first and last ve-
hicles, designated as the performance variables e; and es. This configuration allows us to
exploit the symmetry of the interconnection about the center vehicle (Figure reducing
the number of unique supply rates in the global LMI constraint from 101 to 51. Since the
supply rate X; for each vehicle has three unique entries, the number of decision variables
reduces from 303 to 153.

Using the ADMM algorithm and the symmetry reduction we certify that the Lo-gain from

d to e is not greater than 1. In fact, the original ADMM algorithm cannot certify a smaller
gain; hence, for this example the symmetry reduction does not add extra conservatism.

B sy
© < ¢@<’ @.p' @@ @
T S S e S e S e

-l .ol o 1.0 (1 o (-
e ®g 05 ®g 0
-gi-e e e 1)@ ] -

Figure 4.6: Two-lane vehicle platoon (top), and respective symmetry reduction (bottom).

Another interesting example of a symmetric topology is a two-lane interconnection where,
in addition to communicating with the vehicles in front and behind, each vehicle also com-
municates with the three vehicles on the other lane, Figure [4.6] In this example, there exists
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a symmetry along the longitudinal line that divides the two lanes. This allows the reduction
of the problem to a single lane linear platoon topology, i.e., 1 and 6 are in Oy, 2 and 7 are
in Oy, 3 and 8 are in O3, and so on.

Large-Scale Polynomial Example Consider a cyclically interconnected system, as in
Figure [£.2D where each subsystem has a disturbance input and performance output. The
N subsystems are described by

where a;,b;,¢; > 0 are parameters, d;(t) is the input disturbance, and e;(¢) the exogenous
output. For N = 100 subsystems we certified an Lo-gain bound from d to e using three
different methods: (1) ADMM without symmetry reduction; (2) ADMM with symmetry
reduction; and (3) robust analysis with symmetry reduction.

The parameters a;, b;, and ¢; are chosen uniformly from the interval [1.1, 1.2] so that the
subsystems are all different. For each method we certify subsystem dissipativity using SOS
programming with a quartic storage function.

Without symmetry reduction, the ADMM algorithm certifies that the system has an Lo-
gain less than 0.58. By taking advantage of the interconnection symmetry, the number of
supply rate matrices reduces from 100 to 1, thus reducing the number of decision variables
in the global constraint from 300 to 3, one for each unique entry in the symmetric matrix
X, € R?*2. In this case, ADMM certifies that the system has an L,-gain less than 0.64.
While this bound is more conservative, solving the global constraint takes 25—30% less time,
specifically, 5.0 seconds on average compared to 7.1 seconds ﬁ This reduction is especially
beneficial since the global constraint must be solved multiple times (in this case, the ADMM
algorithm ran in 12 iterations).

For the robust analysis, the subsystems parameters a;, b;, and ¢; are uncertain but con-
tained in the interval [1.1, 1.2]. This method also certifies that the system has an L,-gain
less than 0.64. Since, in this case, there is only one local constraint, the problem can be
solved directly without decomposing the problem. Therefore, it takes less then 10 seconds
to solve both the local and global constraints simultaneously.

Computational Considerations

In the previous examples, we see that the symmetry reduction provides a modest reduction
in the solution time of the global constraint. The reason for this is because the computa-

4computations were performed on a desktop computer with a 2.8 GHz Intel i7-860 processor. The

problem was formulated in MATLAB and the SDP was solved with SDPT3 [102].
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tional complexity for solving a semidefinite program (SDP) depends not only on the number
of decision variables v, but also on the dimension of the semidefinite cone s and the sparsity
of the problem. For the global constraint (4.7) we have v = %Efil(pz +m; + 1)(pi +my)

and s = pg+ Zf\il p;- The symmetry reduction applied greatly reduces v but s is unchanged.

However, as discussed in the second part of Section [£.3] under certain conditions, it is
possible to reduce the global LMI to a quotient LMI, which effectively implies a reduction
in the dimension of the SDP cone, s. It is shown in Proposition that, since the LMI
has the same symmetric structure as the interconnection matrix M, when the left hand
side of the LMI is quasi-positive, the certification of the LMI with original dimension
s =pg+ ZZ]\LI p; reduces to rq + Y ., p;, where ry and ry are the number of distinct orbits
in Vp and Vy, respectively.

Even though the primal-dual interior point methods used to solve SDPs have polyno-
mial complexity [103|, they can still become computationally intractable for large prob-
lems. In fact, these algorithms are guaranteed to converge to an e-suboptimal solution in
@) (\/Elog (%)) iterations and for each iteration the computational complexity is given by
av?s® + Bus® +yvd + O(vs? + v?s + s3), where a, 3,7 > 0 are constants that depend on the
search direction of the specific algorithm [83]. The dimensionality reduction on both v and
s are of particular interest for an actual fast certification of large scale interconnections.

Examples

Polynomial: Consider again the polynomial example in Section [4.5| and note that the left
hand side of the LMI in (4.7)) is quasi-positive for this interconnection if the local supply

rate matrices are of the form [zz“ j;f ] where x%,, ¥y, x5, > 0. Therefore, by constraining
the local supply rates to be of tlllis fé;m the dimension of the LMI in the global constraint
can be reduced from 200 to 2. Combining this reduction with the ADMM algorithm allows
the global problem to be solved in less than 0.1 seconds. For the robust analysis the local
and global problem can be solved simultaneously in less than 0.5 seconds.
Tabled.1|compares the size of the problem for each certification method used. Specifically,
N is the number of local problems that must be solved, v is the number of decision variables

in the global constraint LMI, and s is the size of this LMI.

Platoon: This LMI reduction can also be applied to the vehicle platoon example with inter-
connection as in Figure . For this case, we consider supply rates X; of the form [xo iz } ,

12 —Th
where zt,, x5, > 0, which guarantee quasi-positiveness for the left hand side of the LMI in
(4.7). Then, in addition to the reduction in the number of decision variables, the dimension
of the global LMI is reduced from 202 (101 vehicles, 100 links, and 1 disturbance) to 102 (51

vehicles, 50 links, and 1 disturbance) without introducing additional conservatism.
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Table 4.1: Dimensionality comparison for various performance certification methods.

Method N Y S Gain Bound
ADMM 100 | 300 | 200 0.58
ADMM + Sym. Reduction 100 3 200 0.64
ADMM + Quotient Reduction 100 3 2 0.64
Robust Analysis + Sym. Reduction 1 3 200 0.64
Robust Analysis + Quotient Reduction 1 3 2 0.64

4.6 Extension to Integral Quadratic Constraints
(IQCs)

IQCs are a generalization of the dissipativity framework that capture frequency dependent
properties of a system. Here we employ a state-space variant of IQCs [104, 91] and let
(A B C D) be the realization of a stable LTI system ¥ with input [y ] state 1, and output
Z, and let X be a real symmetric matrix. The system of the form satisfies the 1QC
defined by II = U*X W if there exists a positive semidefinite storage function V(x,n) such
that

VoV ()" fla,u) + V,V(z,n)" (An +B [ h(“ ) D <

T,

<(enen i ]) ¥ (@neo iy ]

for all x € R” and u € R™. Dissipativity is recovered when ¥ = I,,,,.

(4.41)

The approach in the previous subsection can be extended to the performance certifica-
tion of an interconnected system with respect to a global IQC of the form Oy £ Wiy Wiy,
where Wy, is a stable linear system with realization (AW, BW,C’W,DW) and W is a real
symmetric matrix, both specified by the user.

First redefine the local constraint sets as
L; = {X; | IVi(x;,n;) = 0 such that (4.41)) holds} (4.42)

where 7); is the state of a stable linear system W; specified by the analyst and the symmetric
matrix X; is a decision variable. Next let (AZ, BZ, CZ, D; ;) be a state-space realization of U;,
and redefine the global constraint set as:

AT A » AT T
JP = 0 st {AF+PAPB}+[Q}Q[01<0} (4.43)

!X, .. X
g {“’N BP0 D7 DT
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where () = blkdiag( Xy, ..., Xy, —W) and

~

A

lI>

blkdiag(Ay, ..., Ay, Ay)

|I>

B

blkdiag(By, ..., By, By ) Px []‘ﬂ

A . (4.44)
C' = blkdiag(C4, ..., Cn, Cw)

D 2 blkdiag(Ds, ..., Dy, Dy )P, []\f]

form a state-space realization of the stable linear system W with input [;]. Note that if the
IQCs are static (i.e., A, B, C have dimension 0) and D = P, [™], then the local and global

constraints simplify to (4.6)) and (4.7)), respectively.

Under the following assumptions, the automorphisms of the interconnection matrix M
provide a dimensionality reduction in the number of variables of the global constraint (4.43]).

Assumption 34. The state-space realizations for the stable linear system V;, i = 1,..., N,
used in the IQCs VI XV, and given by (A;, B;, C;, D;) are identical for systems in the same
orbit, under the action of Aut(M).

Assumption 35. The state-space realization for the stable linear system Wy given by
(Aw, Bw, Cw, Dw) is symmetric with respect to the input permutations Ry = blkdiag(Rp, Rg),
i.€., there exist permutation matrices Rx and Ry such that

AwRx = RxAw, BwRy= RxBw, CwRx =RyCw, DwRy=RyDw.  (4.45)

The next Corollary is the IQC counterpart of Lemma [25, To simplify the notation, we
assume that the state-space realizations of each ¥;, i« = 1,..., N have the same dimension,
where A; € R?*4, B; € R7*2, (; € R4, and D; € R™*2. The Corollary still holds when the
dimensions are different but the matrices Sx and Sy need to be appropriately modified.

Corollary 36. Let the Assumptions and hold. If the LMI defined in 18
satisfied by (X1, ..., Xn, W) with P = 0 then it is also satisfied by (X1, ..., Xy, W), with
X, =X;ifi~j, and P = k Zfil ST PSy, where Si = blkdiag( Ry ®1,, RY), (RY, R;) €
Aut(M), and Ry is as in (4.45).

Remark 37. The size of P depends on the dimension of the state-space realization of the
IQCs and therefore can be very large. Corollary. 36 shows that P and Q are also solutions
of the LMI in ) that have repeated elements. The reduction on the number of variables
for the block dmgonal matriz Q is the same as before. The diagonal variables of P repeat in
a similar way, i.e. {P}kk = {P}y if elements k,l € (Vi,Vp, Vi) are in the same orbit. The
off-diagonal elements of P repeat with the following pattern: {P};; = {P}u if there exists
a permutation R = (Ry, Rx) consistent with Aut(M) such that Re; = e, and Re; = ¢ or
such that Re; = e; and Re; = e,.
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Corollary[36. First note that due to the Assumptions above, the following holds for each
automorphism in Aut(M):

where Sy £ blkdiag(Ry®1;, Ry) and

ATP+PAPB] [Sx 0 1[ATP+PAPB] [S} 0
BP0 | |0 Rg BTP 0 ORT

where Ry 2 blkdiag(Ry ® 2, Ry). Then, the proof follows from the equivalence

ATP+PAPB)  [CT] [CT] ATPYPAPB] [T [CT]"

Ca T ]l =oe [Tar T+ (5] ] =0
(4.46)
with Q = STQSy. .

4.7 Stability Certification

We can certify stability of the interconnected system with a modification of the local and
global constraints sets. In this case, since we don’t consider the effect of the exogenous inputs
d and outputs e, the performance supply rate term W in (4.7)) vanishes, and the global LMI

reduces to .
{]\?ﬂ] PIQxP;, [Af”} =< o} (4.47)

p p

G= {Xb oy XN

where Qx = blkdiag(Xy, ..., Xn) and P, maps (u,y) to (u1,y1, ..., uy,yx). Since the global
Lyapunov function needs to be positive definite, the local storage functions V; that verify
the local constraint in (4.6 must also be positive definite.

Similarly, for the IQC case the matrices A, B, C,and D in - drop the terms AW,
BW, CW, and Dy, of the state space realization of Uy, M reduces to Mj;, and P, to Py.
The local constraint sets in also need to hold for positive definite storage functions.

As discussed in Section we may also look for weight redistributions of M to search for
interconnections with a rlcher set of automorphisms. For stability certification, we only re-
quire the invertible diagonal matrices Dy and the interconnection becomes M = Dy, v MDy.

For example a cyclic interconnection with weights ¢y, ..., gy (as in Figure but with
no inputs or outputs) can be transformed into a vertex-transitive graph. By choosing
Dy = diag (1, eEs IERR gTN) the cyclic interconnection M becomes balanced and all weights
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Figure 4.7: Balancing a torus network into a vertex-invariant interconnection

2=

equal to r = (g1 ...9n)

This can also be applied to a torus graph, as in Figure [{.7a] with M = I,,, ® M,,, + M,,, ®
I,,,. The matrices M,, and Mny are as in the cyclic case with n; and ns elements, and

weights hq, ..., hy, and g1, ..., gn,, respectively. Let D; = diag <1 ha by hﬂ) and Dy =
1

y (np—1) 9"
T( 1 ) T1

3 (ng—1)>
r;2) ro

diag (1 2Gng .., 9”2) to obtain M = (Dy ® Dy) " 'M(D;y ® Dy) = (I, ® My, + M,, ®I,,)

which is also vertex-transitive.

4.8 Conclusions

Symmetry reduction techniques were applied to stability and performance certification of
interconnected systems. The reduction decreases the number of decision variables and the
size of the global constraint to greatly improve the computational performance of the cer-
tification method. We demonstrated that this reduction, when combined with distributed
optimization and robust dissipativity, can be used in the analysis of very large interconnec-
tions without introducing excessive conservatism. In some graph interconnections, symmetry
can be recovered through weight balancing (diagonal similarity transformation), which can
be used together with the certification method proposed.
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Chapter 5

Stability Certification of Large-Scale
Stochastic Systems using Dissipativity

In this chapter, we represent large-scale nonlinear stochastic systems as an interconnection of
lower-order stochastic dynamical subsystems. We then certify stability based on appropriate
stochastic passivity properties of the subsystems and the structure of their interactions.

Previous studies have shown the effectiveness of this approach for deterministic models of
biological networks, [10, |9} 62]. In [10], global asymptotic stability of a cyclic interconnection
structure is established from the diagonal stability of a dissipativity matrix that incorpo-
rates information about the passivity properties of the subsystems and the interconnection
structure of the network. The results are extended in [9] to a more general interconnection
structure. Both [10, 9] exploit output strict passivity (OSP) properties and corresponding
storage functions of the subsystems, and construct a composite Lyapunov function for the
interconnection using these storage functions.

Deterministic models of biochemical reaction may be inadequate, particularly when the
copy numbers of the species are small. Stochasticity appears as external noise (due to cell-
to-cell variability of external signals) and as intrinsic noise (since chemical reactions depend
on random motion). While external noise can be incorporated in noise-driven deterministic
models, i.e. stochastic differential equations (SDEs), internal noise is accounted for by a
Chemical Master Equation models (CME). Under appropriate assumptions, [54], it is com-
mon to perform a diffusion approximation of the CME, leading to the Chemical Langevin
Equation (CLE), which is a particular type of SDE. Thus, both internal and external noise
can be treated jointly with SDEs.

In this chapter, we explore large-scale nonlinear stochastic models described by SDEs. We
extend the passivity approach in [10, 9] to the stochastic framework, by using an expansion
of the definitions of passivity, |16, 45]. We prove stability in probability for an intercon-
nection of stochastic OSP (sOSP) subsystems, if an appropriate diagonal stability condition
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holds for a dissipativity matrix similar to the one in [10]. Early references, such as [81] 82],
constructed composite Lyapunov functions for stochastic stability. However, as is common
in the classical large-scale systems literature, these references restrict the magnitude of the
coupling terms without regard to their sign structure. The passivity-based approach in the
present chapter takes advantage of the negative feedback loops in the network to obtain less
restrictive stability criteria.

We next investigate the notion of Noise-to-State stability (NSS), defined in |67, which
is a stochastic counterpart of deterministic input-to-state stability, [95]. NSS implies that
if there exists a bound in the noise variance, the state of a NSS system is also bounded
in probability. This notion is less restrictive than stochastic stability in the sense that it
accommodates systems with nonvanishing noise at the equilibrium, and unknown noise in-
tensity. First, we provide a new sufficient condition for NSS that is easy to verify. We then
introduce a new input-output definition that combines NSS and OSP properties, referred to
as NSS@®OSP. We show that the interconnected system is NSS if the diagonal stability of a
similar dissipativity matrix is ascertained.

Since passivity properties are defined in reference to the equilibrium, which depends on
the full network, the verification of the sOSP and NSS@®OSP properties of the subsystems is a
major difficulty encountered in the methodology presented. In |10], equilibrium-independent
results for the verification of OSP properties are provided. In this chapter, we derive stochas-
tic passivity conditions for sOSP and NSS@GOSP that do not rely on the knowledge of the
equilibrium, which are not considered in the classical literature.

In Section 5.1} we provide the necessary notation and definitions, and derive sufficient con-
ditions for NSS. The main results for stochastic stability of interconnected systems are pre-
sented in Section [5.2] where stability in probability and noise-to-state stability are achieved.
In Section we focus on the input/output passivity properties of the systems, by deriving
equilibrium-independent conditions that guarantee sOSP and NSS®OSP. Finally, in Sec-
tion [5.4] we illustrate the application of the results obtained to classes of biological reaction
networks.

5.1 Preliminaries

Consider the following nonlinear stochastic system
dr = f(z)dt + l(x)Xdw (5.1)

where z(t) € R" is the state vector, w(t) is an r-dimensional independent standard Wiener
process, & = {o;;} is an r X r nonnegative-definite matrix, and o;; represents the intensity
with which the j** source of uncertainty influences the i state. Assume that the vector
field and matrix function f : R” — R™ and [ : R” — R™*" are locally Lipschitz continuous.
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For the notions of stochastic stability and passivity, defined in Sections and [5.1], we as-
sume Y = [ because [(x) can be redefined to incorporate the constant ¥. Moreover, we also
assume f(0) = 0 and [(0) = 0, so that x(¢) = 0 is a solution for the system. However, for the
notion of noise-to-state stability, defined in Section [5.1], where ¥ is treated as an unknown,

the assumption ¥ = [ is dropped, and also [(x) is not necessarily required to be vanishing
at the origin (1(0) # 0).

Notation and definitions: For a matrix A € RP*4, the Frobenius Norm, |- |p : RP*? —
Rxo, is defined as |A|p = /Tr{ATA} = \/ =1 2_j—1laij|*. A scalar continuous function

a: Rsop — Ry is said to be class K if it is strictly increasing and a(0) = 0. It is class K
if, in addition, lims ,, a(s) = co. A scalar continuous function 8 : R>¢ X R>g — R>q is
class KL if, for each fixed ¢, function B(-,t) is class K and, for each fixed s, function (s, ) is
decreasing and lim;_,, 5(s,t) = 0. Given functions a : R — R and b : R — R, the expression
a(s) = O(b(s)) as s — oo means that 3K > 0 € R and Jzy € R such that |a(z)| < K|b(z)|
Vx > xp. Analogously, the expression a(s) = o(b(s)) as s — oo means that VK > 0 € R,
dz € R such that |a(z)| < K|b(z)| Vo > z0, or equivalently, lim_,, |a(s)/b(s)| = 0. Given
a continuous function f : R — Rs, we denote by:

f(z) = sup f(s) and f(z)= inf f(s). (5.2)

s|<|z| |s|>]x]

Clearly, f and f are nondecreasing functions. Note that, f?(z) : # — f(z)f(z), and so
f2(x) = fla)f(2).

Stochastic Stability

An extensive coverage of stochastic stability and stochastic Lyapunov theorems exists in
the literature, [59, [70]. In what follows, we refer to [31] where a notation based on class K
functions is used, instead of the classical € — 9.

Definition 38. The equilibrium x = 0 of system (5.1)) is:
(i) Globally Stable in Probability if Ve > 0, 3y € K such that

P{lz(t)| < v(|lzo])} > 1 —e, ¥t >0,Vay € R™. (5.3)

(i) Globally Asymptotically Stable in Probability if it is globally stable in probability and

P {tlirn 2 (t)] = o} —1, Vo €R" (5.4)
—00
Proposition 39. For system (5.1]), with 3 = I, suppose there exists a C* function V : R —
R, class K functions aq, s, and a continuous nonnegative function S : R™ — Rsq, such
that for all x € R™,
ay(lz]) < V() < as(|z]) (5.5)
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1 2
LV(x) = (Z—Zf(x) + §Tr{l($)TgTZ (aj)} < —S(x). (5.6)
Then, the equilibrium x = 0 is globally stable in probability. If S is a positive definite
function, the equilibrium x = 0 is globally asymptotically stable in probability, [66].

Stochastic Passivity and Output Strict Passivity

Consider now the controlled stochastic nonlinear system

de = (f(z) + g(x)u) dt + l(z)Xdw
(5.7)
{ y = h(z)

where x(t) € R™ is the state, u(t) € R™ is the control input, and y(t) € R™ is the output.
The control input u may be seen as a function of ¢ that satisfies appropriate regularity
properties so as to obtain existence and uniqueness of solutions. However, we do not need to
specify these regularity properties in this chapter, since the only place were inputs are used
is in defining passivity and other stability properties. These properties are defined in terms
of algebraic inequalities involving Lyapunov-like functions and only pointwise values of x
and u, so that regularity of u(t) as a function of ¢ is not relevant. On the other hand, when
interconnecting several systems, u(t) becomes a function of the subsystems’ state variables,
and the closed-loop system is assumed to satisfy the conditions assumed for (5.1]). Next, we
use the notion of stochastic passivity, discussed in Chapter

Definition 40. The system (5.7), with ¥ = I, is said to be stochastic passive, [45], if there
exists a C* positive definite function V : R™ — Rsq, such that Yx € R™, and Yu € R™,

EV(z(t) — V(x(s)) < E/ h(l‘(T))TU(T)dT — E/ S(z(7))dr (5.8)

where S : R™ — Rxq is a positive semidefinite function. Equivalently,

< h(z)"u— S(z).

_ V@) + g(o)u) + lTr{l(fv)T%l@)} (5.9)

The system is said to be stochastic strictly passive if the function S can be picked positive
definite, (71|, and stochastic output strictly passive (sOSP) if

S(z) = %h(a:)Th(x), (5.10)

for some constant v > 0, which we refer to as a “gain”.
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When [(z) = 0, Definition 40| recovers the deterministic notions of passivity, strict passivity,
and output strict passivity (OSP). From Dynkin’s formula, [36], we conclude that the notion
of sOSP is similar, in terms of expectation, to the notion of OSP, since

t t
E/ h(z(1)) " u(r)dr > E/ LV(z(7))dr = E(V(x(t))) — V(2(0)) > =V (x(0)). (5.11)
0 0
Proposition 41 (Stochastic Kalman-Yakubovich-Popov). The system is passive (or strictly
passive) if and only if the following holds:

‘Z—Z Fla)+ %TT{Z(ZE)T%Z(QS)} <0 (—%h(m)Th(x))
(5.12)
oV’ -

= ge) = h()

Note that with u = 0, Equation [5.9 implies asymptotic stability in probability of the sOSP
system. Further results have been provided in the stochastic framework relating passivity
with stability and feedback stabilization, see [45, |71].

Noise-To-State Stability

In this section, we discuss systems that may have nonvanishing noise ({(0) # 0) and unknown
noise intensity 3. We use the notion of noise-to-state stability (NSS) which guarantees that
for any noise covariance, there exists a probability bound on the system’s state, [67]. To
accommodate unknown noise intensity, we drop the assumption ¥ = I used in the previous
sections.

Definition 42. (adapteaﬂ from [31]) For the nonlinear stochastic system ((5.1)), suppose there
exists a C? function V : R"™ — Rs, and class Ko functions oy, oo, az and p such that

ay(|z]) < V() < ag(|z]) (5.13)
and, for all nonnegative definite matrices ¥ € R"™",

LV (2,3) = g_zf(x) + %TT{ETZ(@T(?)T‘;Z@)E} (5.14)

< —as(lz]) + p(|Z2 ).

Then, the system is said to be noise-to-state stable (NSS) and V (z) is called a noise-to-state
Lyapunov function.

n [31], inequality (5.14) is equivalently stated as: || > p(|ZX7|r) = LV (z,%) < —a(x), where p, o
€ Ko
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In the special case that as(|z]) > ¢V (z) for some constant ¢ > 0, the following inequality
holds from [31, Thm4.1]:

E[V(x(t)] < eV (xo) + ¢ 'p(|887],). (5.15)

Therefore, from the Markov inequalityﬂ, and from inequality (5.13]) it is easy to conclude
that, for any € > 0, there exists a KL function 3, and a K., function 4, such that:

P{|z| < B(|lzo|, t) + 6 (|1EST|F)} > 1—€ Vt>0. (5.16)

This shows that the state of the system is bounded in probability. In the next Proposition
we derive an easy to verify sufficient condition for NSS.

Proposition 43. The nonlinear stochastic system (5.1)) is noise-to-state stable if there exists
a C? function V : R" — Rsq satisfying (5.13)), a continuous strictly increasing function
n:Rsg — R, and a class Ko function o, such that:

o) < —a(el). i) T3 < wlla) (5.17
and
n(s) = o(a(s)) as s — 0. (5.18)
Proof. From the assumptions, LV (z,Y) satisfies
LV (%) = ag_;x) o)+ %Tr {sz(I)Ta az (f)Z(x)z}
_ OV(x) 1 . 1 0*V(x)
= f(z) + §Tr {ZZ () Wl(a:)}
oV (z) 1 +0*V (x)
< — —f@) S BT @) = l(x)‘F

< —a(fz]) +n(lz])]]

where z = 1|XXT|r, and the first inequality follows from the matrix Cauchy-Schwarz in-
equality, [75] (i.e., for any two real matrices A, B of the same order, (Tr{ATB})? <
Tr{ATA}Tr{B" B}).

If lims o M(s) = ¢ < o0, the proof is straightforward, since LV < —a(|z]) + ¢|z|. When
lims 00 (s) = 00, define 7(-) = n(-) — n(0). Clearly, 7 is a class Ko function. Therefore,
LV (x,%) is upper bounded by

LV (z,%) < —a(|z]) + n(0)|z] + 7 (|])]z]
< —a(lz]) + ((0) + 07 (|=]))Iz| + A=)

2The Markov inequality states that for any random variable X and any constant a > 0, P(|X| > a) <
E|X|/a.
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where 0 is a class K, function to be selected.
Now, let go(s) = inf,>, % for s > 0. Since a and 7 are positive and continuous, go(s) is
well-defined and continuous for s > 0. Moreover, by construction, go(s) is non-decreasing

and positive. From the definition of 7, lim,_,, % = limg_0o n(;;(_s;(o) > limg a0 % Given

% = oo which means that go(s) — oo as s — oo.
Since go(s) is non-decreasing and goes to infinity with s, there exists a class Ko, function ¢(s)
such that ¢(s) < go(s) Vs > 0. Since go(s) = inf, > % < 'g((z)) Vs > 0, then q(s)n(s) < a(s)
Vs € [0, 00).

Finally, choose 6 € K4 to be 6(-) = 1q(77*(:)), so that 8(7(-)) = ¢(-)/2. The inequality
becomes:

that 7(s) = o(a(s)) as s — oo, limg s

LV (2, %) < —za(lz]) + 12107 (|z]) +n(0))
= —ga(lz]) + o127 |p), (5.19)

with Ko function p(s) = 1s (67(3s) +1(0)). The system is thus noise-to-state stable as in
G-14). 0

The proposition above provides a new tool that simplifies the verification of NSS. Note
that in the definition of NSS, the second term in condition ((5.14)) has ¥ and « coupled, while
Proposition [43]is only dependent on x.

5.2 Stochastic and Noise-to-State Stability of
Interconnected Systems

Consider an interconnection of stochastic dynamical "subsystems” H;, i =1, ..., N, given by

{ dr; = (fi(zi) + gi(wi)us) dt + () Zidw;

Hi :
yi = hi(z)

where, for each subsystem H;, x; € R™ is the state vector, u; € R™ the input, y; € R™

the output, and >; a r; X r; nonnegative definite matrix. The coupling of the subsystems is

described by:

(5.20)

u=(M®&I,)y (5.21)
where u = [u],..,ul]", v = [y ,..,yx]", and M € R¥*¥N_ In the same manner, let
x = [z],..,xx]". Furthermore, assume f;(0) = 0 and h;(0) = 0, so that the resulting

interconnected system has an equilibrium at the origin.

Stochastic Stability of Interconnected Systems

In the following theorem, we give a matrix condition that guarantees stochastic stability for
an interconnection of sOSP subsystems:
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Theorem 44. For the interconnected system described in —, with ¥, = I, 1 =
1,..., N, assume that each dynamical subsystem H; is stochastic output strictly passive, as in
Definition with gain v;, and storage function satisfying . If there exists a diagonal
matriz D = diag(dy, ..., dn) > 0 such that:

DM —-T)+(M-T)"D<0 (5.22)
where ' = diag(y; ', ..., 75"), then the interconnected system is globally stable in probability.
Proof. Let V(z) = Zf\il d;Vi(z;), where V; is as in (5.9) for each H;. Then,

LV Zd oV fz(x,) + gi(x)u;) + dsz (z;)" Al =)D
2 ox 2 !
< Z __dzyz Y + dlyz Uj
=1 Vi
diy; ! d;
=—y' QI |y+y' M&In |y
dnvy dn

and,

LV() < —3y (DD +TD) @ Ly + 547 (DM + M7 D) & Iy
=y' [(D(M =T)+ (M —T)"D) @Iy

Thus, from assumption (5.22), LV (xz) < 0 Vx € R™*"~_the origin is globally stable in
probability. ]

Note that, since LV is bounded by a quadratic form in y = h(x), we can only conclude
that LV is negative semidefinite. A stochastic version of LaSalle’s principle is available [76]
and proves, under additional assumptions, convergence in probability to the largest invariant
set where LV (x) = 0. However, without resorting to LaSalle’s principle, negative definiteness
of LV follows under additional conditions.

Corollary 45. For the interconnected system described in — assume that the
conditions of Theorem [{4] hold. The interconnected system is globally asymptotic stable in
probability if either one of the following conditions holds: (i) hi(s) = 0 = s =0 for
i1 =1,...,n, and holds with strict inequality; (ii) 18 not necessarily strict but,
for each subsystem H;, the inequality in holds with S;(s) = %hi(s)Thi(s) + Wil(s),
where W; is a positive definite function.

The classical Passivity Theorem [114] proves stability (and passivity, when exogenous in-
puts are present) for a negative feedback interconnection of two passive systems. A stochastic
version of this result follows from Theorem [44]
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Corollary 46. Let H, and Hs be stochastic output strictly passive dynamical systems with
gains y1, Yo, described by the stochastic differential equation in (5.20). If (i) u1 = —ys
and uy = y; then, for the interconnected system, the origin is stable in probability. If (ii)
uy = v — Yo and uy = vy + Y1, the interconnected system is passive with respect to the
input-output pair (v,y).

Proof. For case (i), note that for D = I,

0 -1

10 < 0.

MZ{ }:>D(M—F)+(M—F)TD:{_2711 0

0 —272_1

For case (ii), the interconnection is given instead by:

0 -1
u = [ 1 0 ] y+o
where v = [v; vy]". Therefore, by choosing D as before, D(M —T')+ (M —T)"D < 0. From
the proof of Theorem 44| we get LV < y'w. 0

Noise-To-State Stability of Interconnected Systems

In this section, we deal with an interconnection of stochastic subsystems with unknown noise
intensity. We show that (5.22)) guarantees NSS for an interconnection of subsystems which
satisfy the following property:

Definition 47. The stochastic dynamical system (5.7)) is called NSS® OSP if it has a storage
function V : R™ — R satisfying (5.13)) and:

G /@) < =allel) = ~h(a)"ha),

2 (5.23)
ole) =) and i)™ i

S @) < nla)

F

where v > 0 is a constant, referred to as “gain”, o € Koo, and n : R>g = Rs¢ is a strictly
increasing continuous function, satisfying n(s) = o(a(s)) as s — oo.

To see why we refer to this property as NSSOSP, note that the first and third conditions
in (5.23) guarantee NSS for the uncontrolled system ( cf., Proposition . Likewise, the first
and second conditions imply OSP for the deterministic part of the system.

Remark 48. To illustrate the distinction between sOSP and NSS®OSP we analyze the

following scalar system:
de = (—z+u)dt+(z)odw
y = x.
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NSS©OSP # sOSP: Letl(x) = +/]z|. The storage function V(z) = 12? satisfies (b with
of|z|) = 327, and n(|z|) = |x| Since n(s) = o(a(s)) as s — oo, the system is NSS@OSP.
However, the system is not sOSP since, the second condition in prohibits a different
choice of V(z), for which the first condition fails when |x| < "72
sOSP # NSS®OSP: Let l(z) = x. It is easy to verify that the system is sOSP. However, it
is not NSS®OSP since, for V(z) = 2%, we have a(z) < (1 — %)xz with v > 1, and n > 2.
This implies that n(s) # o(a(s)) as s — oo.
This elucidates the differences between sOSP and NSS®OSP. While sOSP requires n(x) <
a(x) in the entire domain, NSS®OSP only requires n(x) < a(x) for large enough x. On
the other hand, NSS®OSP requires a(-) to grow asymptotically faster than n(-), while sOSP
may hold when «(-) and n(-) are of the same order.

Theorem 49. For the interconnected system described in -, assume that each dy-
namical subsystem H; is NSS®OSP, as in Definition[{7, with gain ;. If there exists a diago-
nal matriz D = diag(dy, ..., dn) > 0 satisfying inequality (5.22)), where I’ = diag(v; ", ..., 7v'),
then the interconnected system is noise-to-state stable.

Proof. Let V(z) =5 d;Vi(x;), then

d; LV

WE

LV (x,3) =

1

.
Il

-

ldi<—ai(\xi|) ih( xz)+2d( ) ui + m(m\)mz IF)

d; (—Oéz‘(|$7;
1

di (—ei([zi]) + ni(|zi])|z) (5.24)

(2

WE

)+ eI 1) 4507 (DO = 1)+ (1 =T D)@ 1]y

7

<

-

1

(2

where z; = 3|3;5;|p, and the last inequality follows from assumptions on D, M, and T'.

Let, J,1 C {1,...,N} be such that J = {j € {1,..., N}| lim; . n;(s) =¢; < oo} and I =
= {ie{l,...,N}| lims,ni(s) =o0}. Since n;(s) = o(a;(s)) as s — oo, there exist

0; € Ko, © € I, such that the next inequality follows as in the derivations leading to (5.19)):

£V<——Zdaz [wal) + D dieslil + Y dilal (67 (1)) +mi(0))

jeJ iel

Let

= min E dioi(|z]).
|J:|>r
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Clearly, a(|z]) < > d;aq(|z;]), & is nondecreasing, and &(0) = 0. As |z] — oo, |z;] — oo
for at least one ¢, which implies that &(r) — oo. Therefore, da € K4 such that a(r) <
a(r) Vr € Rxo.
Now, choose

p»(s):{ s, 1€J
! (071 (3s5) +mi(0))3s, i€l

where, since |z;| < |z| and ;' € K., we know that p;i(|z]) > pi(|z]). Let p(|z]) =
SN dipil|2]) > 5N dipi(|zi]), and p € Ko The inequality becomes,

1
£V < —offa]) + p(25T]5), (5.25)
and thus the interconnected system is noise-to-state stable as in ((5.14)). O

Theorems [44] and [49| divide the problem of certifying stability properties of a large-sscale
nonlinear system into two tractable steps. Step one is to identify dissipativity properties, such
as sOSP or NSS@®OSP, as an abstraction of the detailed dynamical model of the subsystems.
Step two is to establish the feasibility of the linear matrix inequality , for which various
computational methods exist [20, 58]. Tools for the verification of dissipation properties, for
step one, are provided in the next section.

5.3 Verifying sOSP and NSS®OSP

Sufficient Conditions for One-Dimensional Systems with Nonzero
Equilibrium

We now present conditions that guarantee the sOSP and the NSS@®OSP properties for a
scalar stochastic dynamical system. The goal is to apply such results to interconnected
systems as in the previous section. As a simplifying assumption, we assume g(z) = g is a
constant, and without loss of generality ¢ = 1 because the interconnection matrix M can be
modified to incorporate a different value of g.

Consider again H;, one of the nonlinear stochastic subsystems defined in (5.20)), with z; € R,
y; € R, u; € R, g;(x;) = 1, and where the inputs wu; are given by the feedback relation in
(5-21). We drop the assumption that f;(0) = 0, h;(0) = 0, and assume instead that the
deterministic part of has an unique equilibrium point at x*. This means that

0= fl(xj) +u;‘k’

where u} is the i" entry of u* = My*. By taking the coordinate change (.) = (.) — (.)*, we
obtain: ~

{ gi = hi(i) 520
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where hy(%:) = hi(Z; +a7) — hy(x7), (&) = L@+ a7), fi@) = fi(@ +27) = fi(z}), and,
hence, f;(0) = 0 and h;(0) = 0. In what follows, we drop the subscript i to simplify the
notation.

Corollary 50. (sOSP) For each stochastic subsystem in (5.26), with x,y,u € R, ¥ =1,
[(z*) =0, and h differentiable, assume that Yz # z*:

(A1) (z —a")(h(z) = h(z")) > 0 and (z — 2*)(f(z) = f(z7)) <0;

(A2) There exists a constant v > 0 such that

J@ =) 1 @l N1
h(x)—h(a:*)+2h( )(h<$)—h(m‘*)) < ” (5.27)

where b/ (z) £ 9.

Then, the system is stochastic output strictly passive.

Proof. Let

V(z) = / (h(s) — h(x"))ds (5.28)
which is positive definite, from (A1l). Therefore, %—‘; = h(z) — h(z*) and %27\2/ = méf). Hence,
from assumption (A2), inequality (5.9)) holds, and the system is sOSP. O]

Corollary 51. (NSS®©OSP) Consider a stochastic subsystem as described in (5.26)), with
r,y,u €R, g(xr) =1, and h € C*. Assume the following holds:

(B1) f(-) and h(-) are such that

(x —2")(h(z) — h(z")) > 0 and (z — ") (f(z) — f(z¥)) <0, Vo # 2™ (5.29)

(B2) There exists a constant ¥ > 0 such that

@) - f@) L
W) —h(@) = 5 T :30)
(B3) (), h(-), and f(.) are such that
|(h(z) = h(z"))(f(z) = f(27))| = o0 as |z = o0, (5.31)

and thatVi,j =1,...,7,

W@E@G@] = o0 () = M) (F (@) = f@)]) as lo] > 00 (5.32)

Then, the system is NSS®OSP for any v > 7.
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Proof. Without loss of generality, assume that * = 0. Let V(x) be given as in (5.28)), so
that the equality condition in ({5.23]) holds, and %—‘; f+ %hTh = hf + %hz. Choose some
constant vy > 4 so that, from assumption (B2),

1
hf + ;hQ <0 Vz #0. (5.33)
Moreover, from (B2) and (B1), we know that, hf + 1h2 = 'Y oA pf 4 1h2 <= 7hf <0,
1.e.,
1
Ihf + ;hZ > 1 (5.34)

Then, |hf + %yh2| > %M, and from assumption (B3), Vi,j =1, ...,

@@L @] = o (|h(@) f(x) + 1h2()]) as |2 = oo. (5.35)

Using relation (5.35)) we will show that there exist functions « and 7 as defined in ([5.23))
such that n(s) = o(a(s)) as s — co. The following lemmas construct such functions.

Lemma 52. Consider a continuous function m : R — R such that m(z) < 0 Yz # 0, and
m(z) — —oo as |x| — o0o. Then, there exists a Ko function o such that m(z) < —a(|z|)
and [m(z)| = O(a(|z])) as || = oo.

Lemma 53. Consider a continuous function f : R — Rsq. There exists a strictly increasing
function 1 : Rsg — Rxq such that f(xz) < n(|z]) and n(|z]) = O(f(x)) as |z| — oc.

From Lemma [53], consider

n(|z]) > Z | (x )| > |W(w) Z iz

2,7=1 2,7=1

and n(|z|) = O3, W (2)! ( );(z)|) as |z| — oo. Likewise, we can choose a from Lemma
with m(z) = h(x)f(x ) Ln(z)?. Note that function hf + %h2 satisfies conditions of

Lemma [52] from (5.33))-(5.34] and the assumption that |hf| — oco. Finally, from (5.35) and

properties of o and n we conclude that, as |z| — oo,

2 = i) Lifa)

)
F

T

n(lel) = O W@ L)L) = o (1) f(2) + L2(@)]) = ofa(|a])).

ij=1

The system is thus NSS®OSP, with constant v > 4, as in Definition [47] [

Proof of Lemma[53 Let (a;, b;) be the intervals where £ is not increasing. Choose a constant
K > 0. For each interval i, let ¢; be such that 0 < & < a;41 — b;, flbi+¢€)— fla;) < K,
and such that the intersection between the function f and the straight line passing through
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(ai, f(a;)) and (b; + €, f(b; + €;)) is empty for a; < x < b; + ¢;. Note that, from continuity

assumption of f, such ¢; is guaranteed to exist. Define

bitei—a;

IO (@ — ) + fla)) @ € [as,bi+ )
f(x) , otherwise '

If 7 is such that there exists b; = 0o (i.e., f = C V& > a;), let 7j = f(a;) + K — e~ @=9) for
T > a;.

Set n = afj. Then, n = af} > af > af and also ij — f < K. Therefore, if we select a constant
¢ > 0 such that T > ¢ for x > xg, and

K K
an(:—i—l)ga(——l—l) for x > xy.
f f ¢

Thus, n = O(f). O

Proof of Lemma[53. Since m(x) < 0 Va # 0 and m(x) — —oo as |z| — oo, then |m(x)| > 0
Vr # 0 and |m(z)| — oo as || — oo. Hence, there exists a Ko function a such that
a < |m|. Using a construction similar to the proof of Lemma , we can define the Ky
function « such that a < |m| < |m/|, and |m| — «a < K, for some constant K > 0. Therefore,
Im| = O(a), concluding the proof. - O

Sufficient Conditions for One-Dimensional Systems with Unknown
Equilibrium
The equilibrium point of an interconnected system becomes harder to determine as the

system dimension increases. The following results give conditions for sOSP and NSS@&OSP
which are equilibrium-independent.

Corollary 54. (sOSP) For the stochastic subsystem in (5.26)), with x,y,u € R, ¥ = 1,
and l(z*) = 0, assume that h, f, and | are differentiable and satisfy the following, for all
x eR:

(A1*) f is strictly decreasing, h is strictly increasing;
(A2%*) There exist constants a,b, >0, k= 1,...,r, such that

Oh(x) Oly(x) Oh(z)

R < il el ]
5 € 0,a] and ' o | = A e (5.36)
and there exists a constant v > 0 such that
Of (x) 1 1 Oh(x)
REASA QY (P .
or — ( vy 2ab) or ’ (5:37)

where b =", _, b.
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Then, the system is stochastic output strictly passive.

Proof. Given inequality (5.36]), and the fact that [;(2*) = 0, we have |l,(z)] < vbi|h(x) —
h(z*)|. Thus, [l(z)|13 = >0, k(2)? < b(h(z) — h(z*))%. Moreover, from (5.37), and since
Oh(z)

5o~ €[0,a], it is easy to see from Theorem [50| that the system is sOSP. O

Corollary 55. (NSS®&OSP) Consider a stochastic subsystem described by (5.26[), with
z,y,u €R, g(xr) =1, h € C*, and where f is differentiable. Assume the following holds:

(B1*) f is strictly decreasing, h is strictly increasing;

(B2*) There ezists a constant v > 0 such that

Of(z) _ _10Maz)

dr — 4 Ox (5.38)

(B3*) I(-), h(-), and f(.) are such that |h(x)f(x)] — oo as |x| — c0 and Vi, j =1, ..r

W@ = o (Ih@)f@)]) s o] - o, (5.39)

Then, the system is NSS®OSP for any v > 7.

Proof. Tt is clear that (B1*)-(B2*) imply (B1)-(B2) in Theorem[51} Since h(z*) and f(z*) are
constants, and since h and f are strictly monotone functions, we conclude that |h(z)f(z)| —
00 as |z| — oo implies that |A(&) f(%)| — oo as |#| — oo. Furthermore, such conditions imply
that |h(x)f(z)] = O(|(h(z) — h(z*))(f(x) — f(z*))|). Hence, assumption (B3*) implies (B3)
in Theorem [51] The subsystem is thus NSS®OSP with constant v > 4. m

5.4 Application to Biological Reaction Networks

Chemical reactions are dependent on random thermal motion, and are inherently stochastic.
Several classic chemistry examples can be accurately described by their mean deterministic
behavior when the number of species is high. Such processes are described by the laws of
mass-action of the distinct chemical reactions, which yield a set of ordinary differential equa-
tions, |37]. However, it is often the case in molecular biology, where the number of species
is very small, that fluctuations in the molecule number of species lead to large variability in
the cell’s response to a signal, [100].

Stochastic models are typically described by a Markov jump process X (t), where X;(¢)
represents the number of species ¢ at time ¢. This process is usually defined by the Chemical
Master Equation (CME), a system of coupled ordinary differential equations describing the
probability transition function of every reaction over time, [63|. However, since the CME
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involves, in most cases, an infinite-dimensional probability transition vector, it is computa-
tionally expensive to obtain the exact solution. A common approach is to simulate sample
paths of the process, [52}, 53], but the simulation of every reaction event is also expensive, [37].

The Chemical Langevin Equation (CLE), replaces the large dimensional CME with a
small stochastic differential equation (SDE) that is easier to compute. The solution of such
an equation is now a continuous random process instead of the discrete Markov jump process
X (t), and thus, the solutions are not exactly the same. Nonetheless, one can derive a CLEEL
from the CME, such that the solution provides an approximation of X (¢) when the system
is sufficiently large that the discrete character of the stochastic process becomes secondary,
[54, 165]. This approximation is particularly useful for system sizes that are not so large that
stochastic effects are averaged out.

Below we study a class of SDEs, that can be seen as an interconnection of stochastic

subsystems as described by ((5.20))-(5.21)):

( dZEZ = (-Cz‘l’i —|— Uz)dt + \/ CZ'|ZL'i|O'Z‘1de‘1

N
+ )\ Eijlyiloi g dwig) (5.40)
j=1 ’ |

Yi = hz(l’z)
u= My

\

where z;,y;, u; € R, and dw;; are independent. The structure of these equations is motivated
by the Chemical Langevin Equation. Since the regularity assumptions impose local Lipschitz
continuity, there is a technical issue that arises from the square root terms of the CLE.
We may view the results as applying to a slightly perturbed system with nonlinearities
€+ ¢;|z;], and similarly for y, where 0 < € < 1. As long as trajectories stay away from
the origin, this approximation is reasonable. In this class, for each subsystem 4, the vector
I - RV — R+ depends not only on z; but also on other entries of . However, when
there exists [ : R — RN+ g0 that

where the inequality is elementwise, a result similar to Theorems [49] and [51] holds by using
[¥(z;) instead of [;(x). The proof follows similarly since

2 N+1 N+1

PV, 2V PV,
T vy, — - .. . 2 < Y% (. T Liud .
lz(x) 8513'22 ll( )‘ o2 ;:1 ];:1 ’lz] (x)lzk(x)’ >~ lz (xz) 8.1’12 lz (xz) -

3This SDE is to be interpreted in the It6 sense, because, under appropriate assumptions, [69], a density
dependent Markov Chain can be approximated by an Itd diffusion process.
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Proposition 56. For a stochastic system as described in ((5.40)), assume that each h; is: (i)
strictly increasing; (1) upper and lower bounded; (iii) has bounded derivative; and (iv) does
not converge to zero at infinity. Then, each subsystem i =1,..., N is NSS®OSP.

Proof. Tt is sufficient to show that conditions in Corollary hold. Since function h; is
strictly increasing, and f; = —c;z; is linearly decreasing, (B1*) holds. Moreover, since h; has
bounded derivative, we know that 0 < hj(z;) < a; for some a; > 0. Therefore, for 4; > %,
assumption (B2*) holds because: l

af, 1 1 Oh;
Or; Yi Yi O

Clearly, |hi(x;) fi(z;)| — oo as |x;] — oo. Since every h; is bounded, then there exists some
constant b;; > 0 such that the corresponding diffusion coefficients \/k;;y; < b;;. Note that

v) = [Valed /Ralhi (el ... kiNth@N)\] <14 = [Velol bu. b }T

We thus need to show that [ verifies (5.39). Since hj(z;) < a;, for j,k = 2,..,N +1
we obtain Aj(z;)l(z:) 1, (v:) < aibibi = o(w;) = O(|hi(ws) fi(zi)]) as |z;] — oo, and also,
R () U ()18 (2:) < aibign/cils| = o(x;) as |z;| — oco. Additionally, limyg, |0 R(2;) = 0,
because h; is a strictly increasing and bounded. Therefore, limyg, o0 [P (2:)lY) (2:)? /2| =
limyy, |00 hi(2;)c; = 0, which implies that h}(x;)l}(x;)? = o(x;) as |x;] — oco. Since (B3*)
also holds, the system is NSS®OSP. ]

The conditions imposed on h; in Proposition [56|are satisfied by standard activation mod-

els in enzyme kinetics, such as Hill equations of the form h(s) = ff;; Likewise, inhibition
k1

terms, such as h(s) = 1745, can be encompassed by Proposition , by defining h(s) = —h(s),

and incorporating the negative sign in the interconnection matrix M.

As a special case of ([5.40]), consider a cycle of three genes, each repressing the expression
of the next one in the cycle, as in [38]:

dr; = (—
dre = (—
drs = (—

where ¢; and kj;, for 4, 7,1 = 1,2, 3, are positive constants, and dw;;’s are independent stan-
dard Brownian processes. Although, biologically, the system variables only make physical
sense in the positive quadrant, we view the system as evolving on R3. Therefore, we let
hi(z;) = —kip — 1+ p for x; > 0, and define it to be h;(x;) = —h;(—x;) + 2h;(0) for z; < 0,

1]%@’) dt + mzlldwll + v/ k3o219dwg + 1+ =35 Y 3dws
1’3_1;:;7) dt + \/@221651021 + v/ k19299dwsey + 1+ Ly Yogdwas (5'41)

1’?%) dt + \/c3r3X31dwsy + \/ ko Xzadwsy + 1+ Tra7 233dWs3
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so that the system is well-defined for negative values of x;. Then, it can be written as in

(5-20)-(5.21)), for = € R:
dmi = (_Cixi + Uz) dt + C,‘|I’Z‘|Ei1d’wi1
+ VkpSpdws + Ju;Sidwg: 1= 1,2,3,

yi = hi(z;)
where
Uy 0 0 —1 A1
(%) = —1 0 0 Yo
Us 0O -1 0 Y3
From the proof of Proposition each subsystem ¢ is NSS®OSP with v; > a;/¢;, where
k"l p—1 p+1
> / — G — P P,
¢ 2 max hi(s) I p—1 7 (p+1)

In order to conclude NSS for the interconnected system, we need to verify the matrix in-
equality (5.22)). Let I' = diag(v; ', 75,75 '), and note that

-n 0 -l
(M-T)=| -1 -5 0
0 -1 -5

For matrices of this cyclic form, it was shown in [10] that a diagonal matrix D > 0 satisfying
D(M —T)+ (M —T)"D < 0 exists if and only if 717573 < sec(5)* = 8. Thus, we conclude
that the interconnected system ([5.41)) is NSS if

ki1kork 8- 43
1hnha =

aces(p-1* (p+ )"

We simulated the system with two different sets of parameters and several noise levels (i.e.,
1XXT|F). Figure shows the behavior of a system that is not NSS. In the absence of
noise (¥;; = 0), the system converges to a steady-state oscillation, and therefore it is not
asymptotically stable. Note that NSS implies asymptotic stability of the deterministic part
of the system (cf. with ¥;; = 0). For the second case, we selected a set of parameters
that satisfy the condition for NSS derived in . Indeed, in Figure we see that the
system is asymptotically stable when >;; = 0 and, in the presence of noise, its sample paths
are bounded in probability (as seen from the 99.5% confidence level plots).

(5.42)

5.5 Conclusions

We use stochastic Lyapunov theory to provide a technique to certify stability in probability
and NSS using passivity of subsystems and a matrix diagonal stability condition. This tech-
nique is different from the classical large-scale literature, since it takes into account the sign
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Figure 5.1: Simulation of system with parameters p =4, ¢; = 1, k;; = 100, k; = 1, for
i ={1,2,3}, and (x1(0),22(0),23(0)) = (5,0,5). (Top) Plots of x;(t) (blue), x2(t) (green),
and z3(t) (red) for ¥;; = 0. (Bottom) Plots of two sample paths of x;(t) (dashed), and
99.5% confidence levels of 2000 samples paths of () (line), for 3;; = 0.05.

structure of the interconnection. We prove a sufficient condition for NSS that is only depen-
dent on the state space z, and not on the noise ¥, thus providing a new tool that simplifies
the verification of NSS. Moreover, we demonstrated that, under appropriate assumptions,
sOSP and NSS@®OSP can be easily verifiable by equilibrium independent conditions. Liter-
ature results typically rely on the calculation of such equilibrium, which can be intractable
as the dimension of the system increases. The NSS notion is appropriate for the stability
analysis of biological reaction networks, as it admits systems with nonvanishing noise and
unknown noise intensity. In the future, it is of interest to provide extensions of the NSS
results to broader classes of biological models than the ones studied here. However, the
unbounded tails in the noise process is one drawback in the use of diffusion approximations
to obtain SDEs for reaction networks, since the invariance of the nonnegative orthant is not
guaranteed and physical relevance may be lost.
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Figure 5.2: Behavior of system ([5.41)) with parameters: p =4, ¢; = 1, k;; = 10, ki = 1 for
i ={1,2,3}, and (z1(0),22(0),23(0)) = (5,0,5). (Top) Plots of z1(t) (blue), z5(t) (green),
and x3(t) (red) for ¥;; = 0. (Middle-Bottom) Plots of two sample path of z1(t) (dashed),

and 99.5% confidence levels of 2000 samples paths of z1(t) (line), for ¥;; = 0.05 and ¥;; = 5,
respectively.
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