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ABSTRACT

Exponential Stability of Intrinsically Stable Dynamical Networks and Switched Networks
with Time-Varying Time Delays

David Patrick Reber
Department of Mathematics, BYU
Master of Science

Dynamic processes on real-world networks are time-delayed due to finite processing speeds
and the need to transmit data over nonzero distances. These time-delays often destabilize
the network’s dynamics, but are difficult to analyze because they increase the dimension of
the network.

We present results outlining an alternative means of analyzing these networks, by focus-
ing analysis on the Lipschitz matrix of the relatively low-dimensional undelayed network.

The key criteria, intrinsic stability, is computationally efficient to verify by use of the
power method. We demonstrate applications from control theory and neural networks.

Keywords: time-varying time-delays, neural network, switched system
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CHAPTER 1. INTRODUCTION

Interactions between network elements are inherently time-delayed since they are seperated
in some way, for example in space, and information can only be transmitted and processed at
finite rates. For example, control systems often operate in the presence of delays, primarily
due to the time it takes to acquire the information needed for decision-making, to create
control decisions, and to execute these decisions. Consequently, systems with delays arise
in engineering, biology, physics, operations research, and economics [1]. To assume that
these delays remain constant in time is unrealistic, since these delays are often generated by
stochastic processes.

These time delays make analyzing the dynamics of a network more complicated, which is
perhaps a reason why the theory of time-delayed systems is less developed than the theory
of undelayed systems. There are significant differences between the dynamics of delayed and
undelayed systems; for example, the presense of delays may either stabilize or destabilize a
dynamical system. For example, an undelayed, stable feedback system may become unstable
for some delays; yet, delaying decision-making allows may allow supply-chain managers
to better observe consumer trends and consequently make better purchasing and stocking
decisions. Hence, understanding the dynamics of a time-delayed system cannot always be
done by analyzing the system without its time-delays [1].

However, since the theory of time-varying time-delayed systems is less developed, we
would like to be able to identify those situations in which analysis of a delayed system
reduces to analysis of the undelayed system. Providing such a criteria justifies ignoring
time-delays when modeling real-world networks.

Recent progress has been made in this regard, by the use of a criteria called intrinsic
stability. 1t has been demonstrated that discrete-time systems which satisfy this stronger
notion of global stability have the remarkable property that they remain stable even if

time-delays are added or removed from the system, provided that these delays are constant



in time [2]. Furthermore, for systems with a differentiable mapping rule, verification of
intrinsic stability is performed using the power method for eigenvalues [18], making this
criteria computationally feasible for analyzing large real-world dynamical networks.
However, as described above, the condition that the delays remain constant in time is
unrealistic for stochastically generated delays. Consequently, we demonstrate that dynamical
networks which are intrinsically stable retain stability not only in the presence of constant

time-delays, but also in the presence of time-varying time-delays.
CHAPTER 2. DYNAMICAL NETWORKS

A network is composed of a set of elements, which are the individual units that make up the
network, and a collection of interactions between these elements. An interaction between two
network elements can be thought of as an element’s ability to directly influence the behavior
of the other network element. More generally, there is a directed interaction between the i
and j' elements of a network if the j** network element can influence the state of the 7
network element (where there may be no influence of the i*" network element on the ;).

The dynamics of a network can be fomalized as follows:

Definition 2.1. (Dynamical Network) Let (X;,d;) be a complete metric space for 1 <
i < n. Let (X,dpn.) be the complete metric space formed by endowing the product space

X =@ | X; with the metric
dmax<X7 y) = max dl(xw yz) where X,y € X7 and Ti, Yi € Xz
Let F : X — X be a continuous map, with i component function F; : X — X, given by

F, = F(z1,29,...,2,) 1n which z;€X; forj=12...,n



where it is understood that there may be no actual dependance of F; on ;. The dynamical
system (F, X)) generated by iterating the function F' on X is called a dynamical network. If
an initial condition x° € X is given, we define the k' iterate of x° as x* = F¥(x°), with
the sequential orbit { F*(x%)}2, = {x°,x!,x?,...} in which x* is the state of the network at

time k > 0.

The component funtion F; = Fj(x1,xs,...,2,) describes the network elements that in-
fluence the " element of the network, where there is a directed interaction between the it
and j elements if F; actually depends on z;. For the intial condition x° € X the state of
the i element at time k > 0 is 2F = (F¥(x°)); € X; and {(F*(x°));}22, = {29, 2}, 22, .. .}.

Intuitively, the state space X = @, , X; consists of n nodes, and the mapping F : X —
X consists of the interactions between all nodes at each time step.

While the defintion of a dynamical network allows for the function F' to be defined on
general products of complete metric spaces, for the sake of intuition and direct applications of
the theory we develop in this paper, our examples will focus on dynamical networks in which
X = R" with the infinity norm ||x|| = max; |z;|. To give a concrete example of a dynamical
network and to illustrate results throughout this paper, we will use Cohen-Grossberg neural

(CGN) networks.

Example 2.2. (Cohen-Grossberg Neural Networks) For W € R"™" o : R = R, and ¢;,e € R

for 1 <i<nlet (C,R™) be the dynamical network with components

Ci(x)=(1—ea+ Y Wyo(z;)+¢ 1<i<n, (2.1)

j=1
which is a special case of a Cohen-Grossberg neural network in discrete-time [4]. The function
o is assumed to be bounded, differentiable, and monotonically increasing, with Lipschitz

constant K, i.e. |o(x) —o(y)| < K|z —y| for all x,y € R.

In a Cohen-Grossberg neural network the variable z; represents the activation of the i"

neuron. The function ¢ is a bounded monotonically increasing function, which describes



the i'" neuron’s response to inputs. The matrix W gives the interaction strengths between
each pair of neurons and describes how the neurons are connected within the network. The
constants ¢; indicate constant inputs from outside the network.

In a globally stable dynamical network (F, X), the state of the network tends toward an
equilibruim irrespective of its initial condition. That is, the network has a globally attracting
fized point y € X such that for any x € X, F¥(x) =y as k — .

Global stability is observed in a number of important systems including neural networks
[4, 5, 6, 7, 8], epidemic models [9], and the study of congestion in computer networks [10]. In
such systems the globally attracting equilibrium is typically a state in which the network can
carry out a specific task. Whether or not this equilibrium stays stable depends on a number
of factors including external influences but also internal processes such as the network’s own
growth, both of which can destabilize the network.

To give a sufficient condition under which a network (F, X) is stable, we define a Lipschitz

matriz (called a stability matriz in [2]).

Definition 2.3. (Lipschitz Matrix) For F': X — X suppose there are finite constants

a;; > 0 such that
dl(FZ<X>,FZ<y)) S Zaijdj(xj,yj) fOT’ all X,y - X
j=1

Then we call A = [a;;] € R™" a Lipschitz matrix of the dynamical network (F, X).

It is worth noting that if A is a Lipschitz matrix of a dynamical network then any matrix
B < A, where < denotes the element-wise inequality, is also a Lipschitz matrix of the
network. However, if the function F' : X — X is piecewise differentiable and each X; C R

then the matrix A € R™" given by

oF;
720

Ajj = sup (2.2)

zeX

is the Lipschitz matrix of minimal spectral radius for (£, X) (see [2]). From a computational



point of view, the Lipschitz matrix A = [a;;] of (F, X) can be more straightforward to find
by use of Equation (2.2) if the function F': X — X is differentiable, compared to the more
general formulation in Definition 2.3.

Using Equation (2.2) it follows that the Lipschitz matrix A of the Cohen-Grossberg

Neural Network from Example 2.2 is given by

1 —€l+K|Wy| ifi=j
Q5 = (23)

K |Wy] otherwise.

It is straightforward to verify that a Lipschitz matrix exists for a dynamical network
(F, X) if and only if the mapping F' is Lipschitz continuous. The idea is to use the Lipschitz
matrix to simplify the stability analysis of nonlinear networks, using the following theorem
of [2]. Here

p(A) = maz{|A| : A€ o(A)}

denotes the spectral radius of a matrix A.

Theorem 2.4. (Network Stability) Let A be a Lipschitz matriz of a dynamical network
(F,X). If p(A) < 1, then (F, X) is stable.

It is worth noting that if we use the Lipschitz matrix A to define the dynamical network
(G, X) by G(x) = Ax then (G, X) is stable if and only if p(A) < 1. Thus, a Lipschitz matrix
of a dynamical network (F, X) can be thought of as the worst-case linear approximation to
F. If this approximation has a globally attracting fixed point, then the original dynamical
network (F, X)) must also be stable. Note, however, that the condition that p(A4) < 1 is
sufficent but not neccesary for (F, X) to be stable. In fact, this stronger condition implies
much more than network stability, so following the convention introduced in [2] we assign it

the name of intrinsic stability.

Definition 2.5. (Intrinsic Stability) Let A € R™" be a Lipschitz matriz of a dynamical

network (F, X). If p(A) < 1, then we say (F, X) is intrinsically stable.



The Cohen-Grossberg neural network (C,R"*") has the stability matrix A = |1 —¢| [ +

K |W| given by Equation (2.3) with spectral radius
p(A) = [1 = e[+ Kp(IW])

Here, |W| € R™™ is the matrix W in which we take the absolute value of each entry. Thus,

(C,R™™) is intrinsically stable if |1 — €| + Kp(|W]) < 1.

CHAPTER 3. CONSTANT-TIME-DELAYED DYNAM-

ICAL NETWORKS

As mentioned in the introduction, the dynamics of most real networks are time-delayed. That
is, an interaction between two network elements will typically not happen instantaneously
but will be delayed due to either the physical separation of these elements, their finite
processing speeds, or be delayed due to other factors. We formalize this phenonenom by
introducing a delay distribution matric D = [d;;] into a dynamical network (F, X), where
each d;; is a nonnegative integer denoting the constant number of discrete time-steps by

which the interaction from the j* network element to the i** network element is delayed.

Definition 3.1. (Constant Time-Delayed Dynamical Network)
Let (F, X) be a dynamical network and D = [d;;] € N"*" a delay distribution matriz with

max; ; di; < L, a bound on the delay length. Let X, the extension of X to delay-space, be
defined as

L n
XL:@®XM where X, ,=X; for 1<i<n and 0</{<L.

(=0 i=1



Componentwise, define Fp : X — X by

(Fp)igs+1 s Xig = Xips1  given by the identity  (Fp)ips1(xie) =0 for 0< < L-1
(3.1)

and
(Fp)io - @D Xjay = Xio  given by (Fp)io = Fi(@1a, 200 - -+ Tnd) (3.2)
j=1

where Fy : X — X; is the i'" component function of F for i =1,2,...,n. Then (Fp, X})
is the the delayed version of F' corresponding to the fized-delay distribution D with delay
bound L.

We order the component spaces of X, in the following way. If x € X then

X = [£1,0, 02,0, -+ Tn0s T11,T215 - - - ,xn,L]T
where z;, € X;,fori=1,2,...,nand £ =0,1,..., L.

The formalization in Definition 3.1 captures the idea of adding a time-delay to an inter-
action: Each X is effectively copied L times, and past states of the " element are passed
down this chain by the identity component functions (Fp); 11 for 0 < ¢ < L —1 in Equation
(3.1). Finally, when a state of the i element has been passed through the chain d;; times
over d;; time-steps it then influences the it" network element, as captured by the entry-wise

substitutions of x; 4, for x; in (Fp);p in Equation (3.2).

Example 3.2. Consider a simple 2-neuron version of a Cohen-Grossberg neural network

(C, X) given by

- - . (33)

C( I ) 01(1‘171’2) (1 — 6)1’1 -+ anb(xl) + nggb(xg) + C1
02($1, 33'2) (1 — 6)1’2 -+ W21¢(.Z'1) + W22¢(£C2) + Co
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Stable Network (C, X) © Constant Time-Delayed Network (Cp, X3)

Figure 3.1: Left: The stable dynamics of the two-neuron Cohen-Grossberg network (C, X)
from Example 3.2 is shown. Right: The unstable dynamics of the constant time-delayed
version of this network (Cp, X3) is shown with the delay distribution given by the matrix D
in Equation (3.4).

in which X = R2. For the delay distribution D given by

which has a mazimum delay of L = 3 the time-delayed network (Cp, X3) is given by

Z1,0 Ci(21,1, 2,2) (1 =€)z + Wio(xri1) + Wisd(x22) + 1
2,0 Co(x11,T23) (1 —€)zas + Wad(x11) + Waad(xa3) + 2
T11 T11 1,0
T21 T21 T20
CD pr— p—
T12 T12 L1
T2 T2 2,1
T13 x1,3 T1,2
| 12,3 | | L2,3 | | 2,2 ]

in which X3 = RS. The time-delayed network (Cp, X3) is the same as the original network
(C, X) except that the state of 11 gets passed through one identity mapping before it is input

into Fy and twice before it is input into Fy. Similarly, x40 gets passed through one identity



mapping before it is input into Fy and three identity mappings before it is input into Fy.
A natural question is to ask is whether constant time-delays affect the stability of a net-

work. We note that if

¢ = ¢ =0, o(x) = tanh(z), and € = 2 then the dynamical network (C,X) given in
Equation (3.3) is stable as can be seen in Figure (3.1) (left). However, the time-delayed
version (Cp, X3) of this network is unstable as is shown in the same figure (right). That is,

the time-delays given by the delay distribution D have a destabilizing effect on this network.

An important fact about the network constructed in this example is that its spectral

radius

p(A) =1 —¢+ Kp(|W]) =135 > 1.

That is, although (C, X) is stable it is not intrinsically stable.
In [1], the authors demonstate that intrinsically stable systems are resilient to the addition

of constant time-delays, as is stated in the following theorem.

Theorem 3.3. (Intrinsic Stability and Constant Delays) Let (F, X) be a dynamical
network and D = [d;;| a delay-distribution matriz. Let L satisfy max; ; d;; < L. Then (F, X)

is intrinsically stable if and only if (Fp, X1) is intrinsically stable.

Furthermore, we note that any fixed point(s) of an undelayed network (£, X) will also
be fixed point(s) of any delayed version (Fp, X). This is formalized in the following propo-
sition, and proven in the Appendix. Before stating this proposition, we require the following

definition.



Intrinsically Stable Network (C, X) * Constant Time-Delayed Network (Cp, X3)

Figure 3.2: Left: The dynamics of the intrinsically stable network (C, X) from Example 3.6
is shown. Right: The stable dynamics of the constant time-delayed version of this network
(Cp, X3) is shown with the delay distribution given by the matrix D in Equation (3.4). Both
systems are attracted to the fixed point x* = (—.386, 1.595).

Definition 3.4. (Extension of a Point to Delay-Space) Let Er(x) € X be equal to

L+ 1 copies of x € X stacked into a single vector, namely

X0

e
Ep(x) = ‘1 where x,=x for 0</¢<L.

XL

Proposition 3.5. (Fixed Points of Delayed Networks) Let x* be a fized point of a
dynamical network (F, X). Then for all delay distributions D with max;; d;; < L, E(x*) is

a fized point of (Fp, Xp).

As an immediate consequence of Proposition 3.5 and Theorem 3.3, if an undelayed net-
work (F, X) is intrinsically stable with a globally attracting fixed point x* € X, then the
delayed version (Fp, Xp) will have the “same” globally attracting fixed point E(x*), in
that x* is the restriction of y = Fp(x*) to the first n component spaces of Xj. Thus, the
asymptotic dynamics of an intrinsically stable network and any version of the network with

constant time delays are essentially identical.

10



Example 3.6. For example, consider the Cohen-Grossberg neural network (C, X) and delay
matrix D given in Example 3.2 where W and o are as before but € = %, c1=—1andcy = 1.
Since |1 — €|+ p(|W]) = .95 < 1 then (C, X) is intrinsically stable with the globally attracting
fized point x* = (—.386,1.595) as seen in Figure 3.2 (left). Since (C, X) is intrinsically stable
then Theorem 3.3 together with Proposition 3.5 imply that not only is (Cp, X3) stable but its

globally attracting fized point is E3(x*). This is shown in Figure 3.2 (right).

This result justifies the modeling choice of ignoring constant time-delays when analyz-
ing intrinsically stable real-world neworks, but does not account for the potential time-
dependance of delays arising from external or stochastic influences. Consequently, the main

results of this paper presented in the next chapter focuses on strengthening the conclusion

of Theorem 3.3.

CHAPTER 4. TIME-VARYING TIME-DELAYED DY-

NAMICAL NETWORKS

As the title of this chapter suggests, constant time-delays are not the only type of time delays
that can occur in dynamical networks. More importantly, time-delays that vary with time
occur in many real-world networks and in such systems are a significant source of instability
[1]. It is worth noting that modeling such delays introduces even more complexity into
models of dynamical networks that can already be quite complicated. This can hinder the
tractability of analyzing such systems.

In order to define a network with time-varying time-delays, we first define the more

general concept of a switched network.

Definition 4.1. (Switched Network) Let M be a set of Lipschitz continuous mappings
on X, such that for every F € M, (F,X) is a dynamical network. Then we call (M, X) a

switched network on X. Given some sequence {F®}®  C M, we say that ({F®}2,, X)

11



is an instance of (M, X)), with orbits determined at time k by the function
Frx)=FW®o. o FPoFY(x) for xeX.

For the switched network (M, X)) we construct a Lipschitz set S consisting of a set of n x n
matrices as follows: For each F' € M, contribute exactly one Lipschitz matriz A of (F, X)

to the set S.

(M, X) is an ensemble of dynamical systems formed by taking all possible sequences of
mappings {F®}2 C M. For a switched network (M, X), the set S serves an analagous
purpose to the Lipschitz matrix A of a dynamical network (F, X), as we soon demonstrate.

Before describing this we consider the following example.

Example 4.2. Let (P,R?) and (Q,R?) be the simple dynamical networks given by
0
P(x) = x and P(x)= x  for small € <<1.

For M = {P,Q} let {F*)}% | be the sequence that alternates between P and Q, i.e. F*) = P
if k is odd and F%®) = Q if k is even. Note that if we let U = Q o P then

€ € 1
U(x) = with  p(U) = = (1 426> + V1 +4€2) > 1.
2 2
e l+4e
Since F®¥)(x) = Uo...oU(x) forx € R? then, as U(x) is a linear system limy,_,o, F?¥) (x) =
oo for any x # 0. This is despite the fact that both (P, R?) and (Q,R?) are intrinsically stable

both having the globally attracting fixed point 0.

The issue is that although the spectral radius of both P and @ in this example are

arbitrarily small, their joint spectral radius is not.

12



Definition 4.3. (Joint Spectral Radius) Given some z° € R" and some set of matrices
S CR™" et 28 = Ay ... AyA12° for some sequence {A;}22, C S. The joint spectral radius
p(S) of the set of matrices S is the smallest value p > 0 such that for every z° € R™ there is

some constant C' > 0 for which

|="|| < C(@)"

It is known that {z"}3°, converges to the origin for all z° € R" if and only if p(S) < 1
[11]. This allows us to state the following result regarding the asymptotic behavior of a

nonlinear switched network (M, X') whose Lipschitz set S satisfies p(5) < 1.

Main Result 1. (Independence of Initial Conditions for Switched Networks) Let
S be a Lipschitz set of a switched network (M, X) satisfying p(S) < 1, and let ({F®}32,, X)
be an instance of (M, X). Then for all initial conditions x°,y® € X, there exists some C' > 0
such that

Ao (FF(X0), FF(y°)) < OP(S)F.

Additionally, if x* is a shared fived point of (F, X) for all F € M, then lim;_,o, #*(x°) = x*

for all initial conditions x° € X.

Hence, if the joint spectral radius of the Lipschitz set S of M is less than 1, all orbits in a
switched network become asymptotically close to one another as time goes to infinity. Even
if this limit-orbit is not convergent to any fixed point, it demonstrates an independence of

asymptotic behavior to initial conditions. An example of this is the following.

Example 4.4. Let (G, X) and (H,X) be the Cohen-Grossberg neural networks given by

G< ) > _ (1—e)ar — 3¢(x2) + 1 o H( T ) _ (1 — ezt + 19(z2) + ds |
T2 (1 —e€)as + %¢($1) + 2 T2 (1 =€)z + icb(ﬂﬁ) +dy
respectively, in which o(x) = tanh(z), € = %, € = %, cp =dy = =1, and ¢y = dy = 1.

Setting M = {G, H} and letting S be the Lipschitz set of M given by

13



Independence to Initial Conditions Dynamics with a Shared Fixed Point

Figure 4.1: Left: The dynamics of the switched network in Example 4.4 is shown for two
different initial conditions x° = (2, 3) (shown in blue and yellow) and y° = (-2, —3) (shown
in green and red). As the corresponding joint spectral radius p(S) of the network is less
than 1, the orbits of these initial conditions converge to each other. Right: Modifying this
switched network so that both F,G € M have the shared fixed point 0 results in a stable
switched system with with the globally attracting fixed point O.

13 71
5 4 10 4
S = ,
301 17
4 5 4 10

It can be shown that the joint spectral radius p(S) = .95. As this is less than 1, then for any

instance ({F®} X)) of M and any initial conditions x° and y°, we have
I i (FH(x7), FH(y") = 0
—00

by the Main Result 1. This can be seen in Figure 4.1 (left) where ({F®}2 X)) is the
instance given by {F*)}>, = {G,G,G,H,H, H,...}.

If we set ¢y = ¢ = dy = dy = 0 in both (G, X) and (H,X) then both systems have the
shared fired point 0. In this case Main Result 1 indicated that any instance ({F®}° X))
of M will be stable with the globally attracting fized point 0. This is shown in Figure 4.1
(right) where again {F*)} = {G G, G, H,H, H,...}.

Thus, as might be expected from the complicated nature of a switched system, the
condition p(S) < 1 alone is not able to match the strong implication of global stability,

as p(A) < 1 does for a dynamical network (see Theorem [3.3]). Furthermore, it is often

14



notoriously difficult to compute or approximate the joint spectral radius p(S) of a general
set of matrices S [11].

Somewhat surprisingly, these issues are resolved when our switched system arises from
a network experiencing time-varying time-delays. In this case, the computation of the joint
spectral radius reduces to computing the spectral radius of the Lipschitz matrix of the original
undelayed dynamical network (F, X), which for even large systems can be done efficiently
using the power method [18]. This provides a general and computationally efficient method

for verifying asymptotic stability despite time-varying time-delays.

Main Result 2. (Intrinsic Stability and Time-Varying Time-Delayed Networks)
Suppose (F, X) is intrinsically stable with p(A) < 1, where A € R™™ is a Lipschitz matriz

of F' and X* is the network’s globally attracting fixed point. Let L > 0 and
My = {Fp|D € N**" with maxd;; < L}
ij

and Sy be the Lipschitz set of M.
Then Er(x*) is a globally attracting fived point of every instance ({ Fpw }321, X1) of (Mg, X1).

Furthermore, p(Sq) = p(AL) < 1, where

AL _ OanL A

InL xnL OnL xXn

Hence, any intrinsically stable dynamical network (F, X) retains convergence to the same
equilibrium even when it experiences time-varying time-delays. This extends Theorem 2.3
of [2] to the much larger and more complicated class of switching-delay networks. Further-
more, note that intrinsic stability is a delay-independant result, which makes no assumption
regarding the rate of growth of the time delays. In Main Result 2 we call p(M) the conver-
vence rate of the system, since it provides the exponential rate to which all orbits converge

to the fixed point Fp(x*).

15



Periodically Delayed Network (Cp, X5)  Stochastically Delayed Network (Cyr, X10)

Figure 4.2: Left: The dynamics of the intrinsically stable two-neuron Cohen-Grossberg
network (C, X) from Example 3.6 is shown in which the network has periodic time-varying
time-delays. Right: The dynamics of the same Cohen-Grossberg network is shown in which
the network has stochastic time-varying time-delays. Both systems are attracted to the fixed
point x* = (—.386, 1.595) similar to the behavior in Figure 3.2.

It is worth emphasizing that as a consequence of this result, to determine the asymptotic
behavior of a network (M, X) with M = {Fp|D € N™" with max;;d;; < L}, in which

the presence and magnitude of time delays is not exactly known, it suffices to study the

dynamics of the much simpler undelayed system (F, X).

Example 4.5. (Periodic and Stochastic Time-Varying Delays) Consider the intrin-
sically stable Cohen-Grossberg neural network (C,X) from Example 3.6 with the exception

that we let {D® 2, be the sequence of delay distributions given by

L k mod 5 k mod 6
DW= . (4.1)

k  mod 6 k mod 5
These time-varying delays are periodic with period 30 and L = 5. The result of these delays
on the network’s dynamics can be seen in Figure 4.2 (left) where we let (Cp, X5) denote the
network (C, X) with time-varying time-delays given by 4.1. Note that although the trajecto-
ries are altered by these delays they still converge to the same fized point x* = (—.386, 1.595)

as in the undelayed and constant time-delayed networks (cf. Figure 3.2) as quaranteed by

Main Result 2.

16



If instead we let

Dy 1) € N2, (4.2)
be the random matriz in which each entry is sampled uniformly from the integers {0,1,...,10}

the resulting switched network is still stable, as guaranteed by Main Result 2. Moreover, the
network’s trajectories still converge to the point x* = (—.386,1.595) as shown in Figure 4.2

(right) where we let (Cy, X19) denote the network (C, X') with time-varying time-delays given

by 4.2.

4.1 APPLICATION: LINEAR SYSTEMS WITH DISTICT DELAYED AND UN-

DELAYED INTERACTIONS

A number of papers have published delay-dependant results regarding time-varying time-
delayed systems whose delayed interactions differ from the undelayed interactions [13, 14,
15, 16, 17]. We demonstrate how to analyze these by use of Main Result 2.

Consider a linear system of the form

xFt = AxF + Bx* ™) where 1< 7(k) <L (4.3)

where A, B € R"™*" are constant matrices, and 7(k) is a positive integer representing the
magnitude of the time-varying time-delay, bounded by some L > 0. Here A and B represent
distict weights of the delayed and undelayed interactions.

The minimally delayed version of system (4.3) is given by

X" = AxF + BxM! (4.4)
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which we can express in terms of a single transition matrix A as

_ ~ ~ A B _ x"
X" = AX" where A= and X* = (4.5)

Insn Onxn X

As in [17], we say that system (4.5) is the lifted representation of system (4.4).
Now observe that we may represent system (4.3) in the notation of Main Result 2 as the
system (F,R*") where

F(EF) = A"

where since F' is linear, the Lipschitz matrix of F'is given by ‘E’ and the zero vector 0, is
a fixed point. Then system (4.3) is the switched system instance ({Fpm) }32,, X1) obtained

from the sequence of delay distributions

O'I”LX'N, 1n><n

D®) = 7(k)

OTLXTL OTLXTL

ensuring that delays only occur to interactions corresponding to B, with magnitude 7(k).
Immediately it follows by Main Result 2 that the system (4.3) is stable for arbitrary large

delay bounds L when (F,R?") is intrinsically stable, that is that p(A) < 1 is satisfied.

Example 4.6. (Intrinsically Stable) Consider system (4.3) with

06 0 0.1 0
A: s B =

0.35 0.7 0.2 0.1
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The transition matrixz of the lifted representation is

06 0 01 0
~ 035 0.7 0.2 0.1

which satisfies p(‘g‘) ~ 0.822 < 1. Hence this system is intrinsically stable, so is in fact

stable for an arbitrarily large delay bound L > 0.
However, there are systems of the form (4.3) which are not intrinsically stable.

Example 4.7. (Stable, not Intrinsically Stable) Consider system (4.3) with

0.8 0 -0.1 0
A — s B =

0.05 0.9 —0.2 —0.1
The transition matrixz of the lifted representation is

08 0 —-01 O
~ 0.05 09 -02 -0.1

which satisfies p()g‘) = 1.0. Hence this system is not intrinsically stable, even though [13]

showed that it is stable for all 0 < L < 9.61 x 10%.

However, even though some systems are not intrinsically stable, the fact that intrinsic
stability can be verified much more efficiently than the results of [13, 14, 15, 16, 17] justifies
checking anyways, in case the system under consideration is in fact intrinsically stable. For
further analysis of the computational complexity of checking intrinsic stability, see chapter

6.
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CHAPTER 5. ROW-INDEPENDENCE CLOSURE OF

SWITCHED NETWORKS

Using Main Result 1 and Main Result 2, we can extend our analysis of time-varying time-

delays to a more general class of switched networks.

Definition 5.1. (Row-Independence Closure) Let (M, X) be a switched network with

Lipschitz set S. Then we denote RI(S), the row-independence closure of S, by
RI(S) = {A*| ai =a" for some AV . . A™ ¢ 5}

where 8\ denotes the i" row of the i™™ matriz AD.

Intuitively, row-independence indicates that there is no conditional relationship between
rows of the matrices in RI(S). Note that S C RI(S).

The row-independence closure provides a computationally efficient sufficient condition
for satisfying the hypothesis of Main Result 1. The following proposition follows directly

from Definition 5.1 the results of [11] (Theorem B.4 in the Appendix).

Proposition 5.2. (Row-Independence Closure, Intrinsic Stability, and Switched

Networks) Let (M, X) be a switched network with Lipschitz set S. Then

p(S) < p(RI(S)) = max p(A).

We then have the following extension of Main Result 2, which provides a sufficient con-
dition ensuring that when time-varying time-delays are applied to a stable already-switched

system, the resulting hyper-switched system retains stability.

Main Result 3. (Intrinsic Stability and Row-Independent Switched Networks)

Let (M, X) be a switched network with Lipschitz set S. Assume X* is a shared fixved point of
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(F,X) for all F € M. Assume p(A) <1 for all A € RI(S). Let L >0 and
My ={Fp|F € M,D € N**" with maxd;; < L}
ij

and Sy be the Lipschitz set of M.
Then Er(x*) is a globally attracting fized point of every instance ({Fgf()k) 2, X1) of (Mg, X1).
Furthermore,

D <
p(Sa) < max p(AL) <1

where given some A € R™™, Ay is defined as

AL _ OanL A

InLXnL 0n><n
Thus, a switched network with a fixed point satisfying p(A) < 1 for all A € RI(S) retains
convergence to the same equilibrium, even when it experiences time-varying time-delays.
This extends Main Result 2 further to the even more complicated class of switching-delay

switched networks.

5.1 APPLICATION: SWITCHED LINEAR SYSTEMS WITH DISTICT DE-

LAYED AND UNDELAYED INTERACTIONS

We now extend our analysis of Section 4.1 to the case where system (4.3) is also a switched
system:

XM = Ay X" + Bogyx" ) where 1< 7(k) <L (5.1)

where as before, each A, B € R"*" are constant matrices, and 7(k) is a positive integer
representing the magnitude of the time-varying time-delay, bounded by some L > 0. The
difference between system (5.1) and system (4.3) is that in system (5.1) there are multiple

possibilities for the transition weights of the delayed and undelayed interactions.
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The minimally delayed version of system (5.1) is given by
xFtt = Aa(k)Xk + Bg(k)xk_l (5.2)
so the lifted version of system (5.2) is

~ ~ A, B, X
Xkt = Ao(k)ik where A,y = *) *) and X' = (5.3)

Insn  Onxn X

Now observe that we may represent system (5.1) in the notation of Main Result 3 as the
system (M, R*") where

My = {F| F(X*) = A,y %"}

where since each F'is linear, the Lipschitz matrix of F'is given by ‘Za(k)’ and the zero vector
0,, is a shared fixed point. Then system (5.1) is the switched system instance ({ F’ ék()k) e, X))
obtained from the sequence of transition matrices Ava(k) and the sequence of delay distribu-

tions

OTLXTL ]-n><n

D® = (k)

O’I’LX’I’L O’I’LX?’L

once the sequences o(k) and 7(k) are determined. ensuring that delays only occur to inter-
actions corresponding to B, with magnitude 7(k). Immediately it follows by Main Result 3
that the system (5.1) is stable for arbitrary large delay bounds L when (M, R*") satisfies

p(A) <1 for all A € RI(S) of the Lipschitz set S of M,.

Example 5.3. (Switched Transitions) Consider system (5.1) with

0 0.3 0 0.3
A=A, = L Ay=Ag =

—-0.2 0.1 —-0.2 —0.1
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0 0.1 0 0.1
By = B3 = , By=By=

0 0.2 0 O

The set My of lifted transition matrices consists of the following four matrices:

0 03 0 01 0 03 0 01
~ —-0.2 0.1 0 0.2 ~ -02 01 0 O
Al — A2 =
1 0 0 0 1 0 0 0
0 1 0 0 0 1 0 0
0 03 0 0.1 0 03 0 0.1
~ —-0.2 —-0.1 0 0.2 ~ -02 =01 0 O
Az = Ay =
1 0 0 0 1 0 0 0
0 1 0 0 0 1 0 0

Note that this satisfies My = RI(My), as well as p(‘;fk‘) < 1.0 for all A, € My. Hence this
switched system is intrinsically stable, so is in fact stable for an arbitrarily large delay bound

L > 0, no matter the sequences chosen.

CHAPTER 6. ANALYTICAL AND COMPUTATIONAL

CONSIDERATIONS

We now summarize how these results are used to analyze real-world dynamical systems with
network structure, that is, systems (F, X) of the form X = @}, X; with a corresponding
mapping F' defined componentwise. Consider the simpler model of the network where all
interactions occur instantaneously, excluding all delays of the form of Definition 3.1 (i.e.
affecting only a single component by an identity mapping).

Find a Lipschitz matrix A of the network by equation 2.2 if the mapping F is piecewise

differentiable and X = R", otherwise directly determine the pairwise Lipschitz constants by
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use of Definition 2.3. Recall that there are infinitely many Lipschitz matrices for a given
dynamical network; ideally, we would like to find one which minimizes the spectral radius, as
this tightens the convergence rate of the system. However, in certain cases it may simplify
analysis considerably to merely find upper bounds for each entry of the Lipschitz matrix.
The spectral radius p(A) can be computed efficiently in O(mn) time by use of the power
method, where m is the number of nonzero entries in A [18]. As soon as a single Lipschitz
matrix A of (F, X) satisfies p(A) < 1, even if this A does not have minimal spectral radius,
the results of Theorem 3.3 and Main Result 2 apply, guarenteeing that all delayed versions
of (F, X)) are stable, even if the delays are varying in time (so long as the magnitude of these
delays are eventually bounded by some L). The convergence rate of the delayed system is
given by p(Ap), where Ay is defined in Main Result 2. Since Ay, is sparse with m+nL nonzero

entries, p(Ayz) can also be computed in O(mnL + n*L?) time using the power method.

CHAPTER 7. FUTURE WORK

While Main Results 2 and 3 provide upper bounds on the convergence rate, further work
is needed to find the expected convergence rate when the sequence of delay distributions
{D®1< is generated stochastically, as in Example 4.5. In addition, note that the addition
of time-delays can be viewed as a form of network growth in which cycles are extended, but
otherwise unaltered. Further research regarding the Lipschitz matrix of a dynamical nework
may provide similar invariance of stability to network changes such as weight updates and
cycle removal, as occurs with various machine learning techniques such as backpropagation
and dropout. Lastly, the results presented here merit further investigation of applications,

including high-dimensional, nonlinear switched systems with time-varying time-delays.
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CHAPTER 8. CONCLUSION

Time-delays can destabilize a dynamical network, and increase the difficulty of anlayzing the
asymptotic behavior of the network. An alternative method to typical Lyanpunov methods
was presented in this thesis. This method, which consists of determining whether the lower-
dimensional undelayed network is intrinsically stable, is computationally feasible to verify
on large networks. Furthermore, this resilience to time-varying time-delays is extended to

row-independent switched networks.

APPENDIX A. PROOF OF PROPOSITION 3.5 AND

MAIN RESuULT 1

A.1 PROOF OF PROPOSITION 3.5

Proof. Let x* = [z}, 25,...,2%]7 be a fixed point of a dynamical network (F, X). Then by
definition

Fi(ay, x5, ..., x}) =}

forall 1<14<n.

Let D be a delay distribution with max;; d;; < L for some L > 0. With the usual ordering

of the component spaces of x € X, we have

(Fp)io(xf, s, ... xk) Fy(xt,oh, ... xk) 3
(Fp)aol(xf, s, ... xk) Fy(xt,ab, ... xk) x5
(Ep)nolay,as, ... x}) F.(xf, 25, ..., x%) xk
Fp(EL(x")) = = = = B (x"). O
(Fp)ia(z7) T Ty
(Fp)a2,1(73) Ty Ty
i (Ep)n,2(x7) 1L T, I
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A.2 PROOF OoF MAIN RESULT 1

Proof. Let x,y € X and k > 0 be arbitrary. Note that for any ' € M with corresponding

A € S we have, by definition of A being a Lipschitz matrix of F', that

d\(F1(x), Fi(y)) dy(1,91)
<A

dn(Fn(x), Fu(y)) A (T Yn)

where < denotes an element-wise inequality. Thus, for the specific instance ({F®}2 X))

given in the hypothesis, we have inductively
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Hence, by the definition of the joint spectral radius, there exists some positive constant C'

(possibly dependant on x and y) such that

e (F (%), FH(y)) =

d1(1‘1791)
< |[A® AG=D A0

dn(@nsyn) |||
< C(p(9))"

where ||x||, = max; |z;|.
Now, assume x* is a shared fixed point of (F,X) for all F € M. Then Z!(x*) =

FM(x*) = x*, and if it is assumed that .#*~!(x*) = x*, then it follows immediately that

Hence by induction, x* is a fixed point of ({F*}°, X). Thus

dmaw(gk(xo)aX*) = dmaz(ﬁk(xo)vgk(X*)) < Cﬁ(s)k

50 limy_s00 F#*(x) = x* for all initial conditions x° € X. O
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APPENDIX B. PROOF OF MAIN RESULTS 2 AND 3

We divide up the proof of Main Result 3 into several lemmata.

B.1 PRELIMINARIES

First, we make explicit the effect of time delays on the Lipschitz matrix of a dynamical

network.

Lemma B.1. (Structure of the Lipschitz Matrix of a Delayed Network) Let (F, X)
be a dynamical network with Lipschitz matriz A = [a;;] € R™" and D = [d;;] € N™" a delay

distribution matriz with max; jd;; < L. Let Ap be defined in terms of A as

Ay A ... A4 Ap
I, 0 ... 0 0

AD _ 0 I N 0 0 c Rn(L+1)><n(L+1)
0 0 ... I, 0]

where each Ay, € R™™ is defined element-wise as Ay = |:aij]ldij=5:| , with the indicator function
14— defined as
1 ifdy; =1
]ldij:g = fO’f’ 0< 14 < L
0  otherwise.

Then Ap is a Lipschitz matriz of (Fp, Xp).

Proof. Recall that for x € X, we order the components z;, of x as

_ T
X = [I’LO, xQ,O? s 7xn,07 ‘1;1,17 x2,17 s 7xn,L]

28



where z;p € X, fort=1,2,...,nand £ =0,1,..., L. Let x,y € X be given. Then

di,() ((FD>Z’,0)<X)» (FD)i,O)(Y)) =d; (Fi(ILd“, T2diny - - - ,xn,dm), Fz‘(yl,dﬂ y Y2,dins - - - ayn,dm))
L n

n
<Y aidi(Tay, Yia) = DY ilay—ed; (@0, y5.0)

j=1 (=0 j=1

which matches the first n rows of Ap. For ¢ > 1,

die (Fp)ie) (%), (FD)ie)(y)) = die—1(Tio—1, Yie—1)

yields the identity matrices I,, in Ap. m

The following theorem follows as a direct corollary of [[3], Lemma 3.3], restated here for

convenience and consistency of notation.

Theorem B.2. Let (F, X) be a dynamical network with Lipschitz matriz A. Then for any
delay distribution D the constant time-delayed dynamical network (Fp, Xp) has the Lipschitz
matriz Ap with

(i) p(A) < p(Ap) < 1if p(A) < 1;

(it) p(Ap) = 1 if p(A) = 1; and

(iii) p(A) = p(Ap) > 1 if p(A) > 1.

Suppose D and D are delay distribution matrices such that D < 15, i.e. entries of D
are less than or equal to the corresponding entries of D. If (F,X), (Fp,Xp), and (Fp, Xp)
have the corresponding Lipschitz matrices A, Ap, and Ap, respectively, with p(A) < 1 then

Theorem B.2 part (i) implies that
p(A) < p(Ap) < p(Ap) < 1.

That is to say that the spectral radius of the network is monotonic with respect to the

addition of delays if p(A) < 1.
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B.1.1 Results Regarding the Joint Spectral Radius. We require the following def-
inition and theorem from [Equation (3.1), Theorem 2 in [11]] regarding sets of matrices with

independent row uncertainties.

Definition B.3. (Independent Row Uncertainties) We say that a set of matrices S C

R™*™ has independent row uncertainty if S can be expressed as
S={(aj,ay,...,a,)" | &, €Q;,1 <i<n}

where the sets QQ; C R™, 1 <1 < n are closed and bounded.

Theorem B.4. (Joint Spectral Radius of Nonnegative Matrices with Independent
Row Uncertainty) Let S be a set of nonnegative matrices with independent row uncertainty.
Then

p(S) = max p(A).

Furthermore, we will use the equivalence of Definition 4.3 of the joint spectral radius

with the following representation from (someone) and (someone) [cite me].
Theorem B.5. (Alternate Form of the Joint Spectral Radius) Given a set of matrices

S C R™ ™ the joint spectral radius p(S) is given by

p(S) = limsup maX{||AH% : A is a product of length k of matrices in S}

k—o0

It follows immediately by the form of Theorem B.5 that if S; C S, then p(S;) < p(S2).

B.1.2 Proof of Proposition 5.2.

Proof. Let (M, X) be a switched network with Lipschitz set S. By the form of B.5 we have
7(S) < p(RI(S)) since S C RI(S). For 1 <i < n, let Q; = {a;] A € S} be the set of i*"
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rows of all A € S. Then RI(S) may be expressed as
S={(a,as,...,a,)" | a; € Q;;1 <i<n}
so RI(S) is row-independent. Thus

p(S) < p(RI(S)) = A p(A).

by Theorem B.4, as desired. ]

Lemma B.6. (Equality of Ap’s) Let L > 0, 1 < i < n be given. Let AV A satisfy

al(l) = al@), and DY, D@ satisfy dgl) = dl@). Then (Ag?l))i = <A(D2()2))i'

Proof. 1t suffices to show that (Agl))i = (Af))i, where given some A and D, Ay is defined as
in Lemma B.1. Let 0 < ¢ < L be arbitrary. By Lemma B.1,

1 1 2 2 .
(Ag ))” = al(j)]ldijl')zé = agj)]ldg)zé = (Ag ))z] fOI' 1 S J S n.

)i = (A%, 0

Thus (AM); = (A?);, so by Lemma B.1, (A" e

D)

Lemma B.7. (Equality of sets) Let (Mo, X) be a switched network with Lipschitz set S.
Let L >0 and D = {D € N**"| max;; d;; < L}.
Then RI({Ap| A€ S,D € D}) ={Ap| A € RI(S),D € D}.

Proof. Let (Ap)* € RI({Ap| A € S,D € D}). Then there exist (Ap)M, ..., (Ap)™ €
{Ap| A€ S,D € D} such that (Ap)f = ((Ap)@);. Furthermore, there exist A ... A™ ¢
S, DW ... D™ ¢ D such that (4p)® = A%)(i). Let A* be constructed as (4%); = a!”, and

D* be constructed as (D*); = dl@. Then A* € RI(S), and since each D satisfies d;; < L,
we have D* € . Thus,

(Ap); = (Ap)D); = (AV ), = (Ap.); for 1<i<n
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where the last equality follows from Lemma B.6. Thus (Ap)* = A},. € {Ap| A€ RI(S),D €
D}, so
RI({Ap| Ae S,D eD}) Cc {Ap| A€ RI(S),D € D}.

Now let Ap € {Ap| A€ RI(S),D € D}. Then there exist A, ..., A™ ¢ Sand D € D
such that (Ap); = ((AD)p);. Let (Ap)® = (AD)p. Then (Ap)® € {Ap| A€ S,D € D} so
Ap € RI({Ap| A€ S, D € D}). Thus

{Ap| A€ RI(S),D € D} C RI({Ap| A€ S,D € D})

B.2 PRrROOF OF MAIN RESULT 3

Proof. Let (My, X) be a switched network with Lipschitz set S. Assume x* is a shared
fixed point of (F,X) for all F € My, and p(A) < 1 for all A € RI(S). Let L > 0,
D = {D € N"*"| max;;d;; < L}, My = {Fp|F € My, D € D}, and S; be the Lipschitz set
of M,. We will show p(Ap) < 1 for all Ap € RI(S,) and invoke Proposition 5.2.

By Lemma B.7, we have RI(S;) = {Ap| A € RI(S),D € D}. Then

Ap) = A 1
ADrerl}%d)p( D) Ag}fs)rggﬂggp( p) <

by the hypothesis and Theorem B.2. Now given some A € RI(S), by Lemma B.1 and

repeated application of Theorem B.2 we have that

OanL A
max p(Ap) = p(Ar) where Ap =
bev InLXnL 0n><n
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Thus by Proposition 5.2,

oy <= _ _ .
p(5a) < p(RI(S4)) AD?J%%@’)(AD) Ag}gfs)p(AL)d

Since x* is a shared fixed point of (F, X) for all F' € My, by Proposition 3.5 EL(x*) is a
shared fixed point of (Fp, Xp) for all F, € My. Thus by Main Result 1, E7(x*) is a globally

attracting fixed point of every instance ({Fé%}z‘;l, Xp) of (Mg, X1). O

B.3 PRrROOF OF MAIN RESULT 2

Proof. Let M, be the singleton set consisting of F'. Then the Lipschitz set S of M, consists
only of the matrix A, and so trivially satisfies S = RI(S). Thus the hypothesis of Main

Result 3 is trivially satisfied, and the result follows. m
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