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Abstract—We propose localized conditions to check exponen-
tial stability of spatially distributed linear systems. This paper
focuses on systems whose coupling structures are defined using
a geodesic on proximity communication graphs. We reformulate
the exponential stability condition in the form of a feasibility
condition that is amenable to localized implementations. Using
finite truncation techniques, we obtain decentralized necessary
and sufficient stability certificates. In order to guarantee global
stability, it suffices to certify localized conditions over a graph
covering, where the computational complexity of verifying each
localized certificate is independent of network size. Then, we
analyze linear networks with symmetric state-space matrices.
Several robustness conditions against local matrix perturbations
are obtained that are useful for tuning network parameters in a
decentralized manner while ensuring global stability.

I. INTRODUCTION

The interest in stability verification of distributed and net-
worked control systems dates back to a few decades ago.
In the context of infinite-dimensional systems, the existing
results in the literature is limited to characterization of stability
conditions in the form of global (centralized) certificates [1]-
[4]. The ongoing research in the context of finite-dimensional
systems is mainly focused on developing decentralized stability
conditions for some particular classes of dynamical networks
[5]-[12]. The stability conditions for the class of spatially
invariant systems are studied in [13], where it is shown that
stability conditions in space can be equivalently verified in
a proper Fourier domain using standard tools. In [14], the
authors use linear matrix inequalities to develop a framework
to verify stability of a class of spatially invariant systems in
a localized fashion. A more general methodology to study
stability properties of spatially interconnected systems is pro-
posed in [15], that does not require spatial invariance in the
underlying dynamics of the system. In [16], a spatial truncation
technique is offered to check stability of a class of spa-
tially decaying systems using covering Lyapunov equations. In
[17], the authors consider robust stability analysis of sparsely
interconnected networks by modeling couplings among the
subsystems with integral quadratic constraints. They show that
robust stability analysis of these networks can be performed
by solving a set of sparse linear matrix inequalities. The string
stability of a platoon of vehicles is studied in [18], where the
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authors extend the well-known string stability conditions for
linear cascaded networks to nonlinear settings. In [12], the
problem of designing decentralized control laws using local
subsystem models is addressed, where their approach allows
decentralized control design in subsystem level using standard
robust control techniques. As it is discussed in [12], analysis
based on their results may result in quite conservative stability
conditions. The authors of [19] propose an approach based
on quadratic invariance, where one needs to verify stability
conditions in a centralized manner. In [20], a localized and
scalable algorithm to solve a class of constrained optimal
control problems for discrete-time linear systems is proposed
that uses a system level synthesis framework. The authors
define some notions of separability that allow parallel imple-
mentation of their algorithm. Almost all these previous works
deal with synthesizing a linear network using decentralized
sufficient conditions. In this paper, we analyze autonomous
networks, where it is assumed that a feedback control law has
been already applied and network is operating in closed-loop.
We propose necessary and sufficient conditions for localized
verification of exponential stability of a class of finite- and
infinite-dimensional spatially distributed systems. Preliminary
versions of some of our results, without proofs and simulations,
were presented in [21], [22]. This submission contains several
new results and extensions with respect to its conference
versions.

The recent works [23]-[25] suggest that stability of the
class of spatially decaying systems can be verified in a
localized manner using spatial truncation techniques. In this
work, our focus is on a class of spatially distributed systems
whose subsystems are distributed over a spatial domain and
communicate with each other via signal broadcasting within
a finite range. Two subsystems can communicate with each
other if their spatial distance is less than their communication
range. Spatially distributed proximity graphs are employed to
model the communication graph of this class of dynamical
networks; see Figure 4 for an illustrate example. The state
matrix of a network in this class is a band (sparse) matrix,
which depends on the underlying communication graph of
the network. In Section IV, we formally define the class of
proximity graphs and introduce a notion of spatial coverings
for their corresponding networks. For a given covering of a
network, we identify a (small) subset of all subsystems, so
called leading subsystems, that plays a crucial role in the
verification of localized stability conditions. In Section V,
we provide several centralized quantitative characterizations
of exponential stability property of spatially distributed linear
systems. It is shown that some of these characterizations



are more amenable to localized and decentralized verification
schemes. Several necessary conditions for exponential stability
are obtained in Section VI that can be verified in a localized
manner. We provide a formula for each subsystem to compute
a local stability threshold using local information, which are
estimates for the global stability threshold. In general, our
proposed necessary conditions are conservative, which is a
reasonable price for localizing stability conditions. In Section
VII, it is shown that global stability of a network can be
guaranteed by only verifying a set of localized sufficient con-
ditions in vicinity of leading subsystems. We prove that these
sufficient conditions are also necessary and almost optimal.
The significant feature of our localized verifiable conditions
is that they depend only on the spatially localized portions of
the state matrix of the system and they are independent of the
size of the entire system. The sufficient conditions in Section
VII are pivotal for the design of robust spatially distributed
network against new adjustment (e.g., eliminating an existing
or adding a new communication link) in subnetwork level as
it suffices to verify stability conditions for those affected parts
of network.

The sufficient conditions in Theorem 8.4 provide a reliable
tool to re-examine exponential stability of a symmetric linear
system on a spatially distributed network when communica-
tion/transmission links between some subsystems are lost or
added, as it suffices to verify localized stability conditions
for affected subsystems. In Section VIII, we show that our
proposed necessary and sufficient conditions take a more
tractable form for symmetric linear networks. It is proven that
the global stability threshold of a symmetric linear network
can be enhanced by improving the localized stability threshold
via adjusting components of properly localized portions of the
state matrix. In Section IX, we show how one can design a new
symmetric linear network via adjusting coupling weights (i.e.,
elements of the state matrix) in a localized fashion. We support
our theoretical findings by considering a thorough example in
Section X.

The outstanding feature of our proposed framework is that it
provides necessary and sufficient conditions for stability veri-
fication of both finite- and infinite-dimensional linear networks
that defined over discrete spatial networks. The computational
complexity of our proposed sufficient conditions does not
depend on network size and one only needs to verify them
for leading subsystems. In Section XI, we discuss that our
proposed methodology can be applied to other related research
fields, including stability analysis of systems with linear partial
differential equation (PDE) models and spatially distributed
nonlinear models.

II. MATHEMATICAL NOTATIONS

The set of nonnegative integers, nonnegative real numbers
and complex numbers with nonnegative real parts are shown
by Z, Ry and C, respectively. The real and imaginary parts
of a complex number z € C are represented by R(z) and ()
respectively. For a matrix A with complex entries, we denote
its Hermitian by A* and we define its Hermitian and skew-

Hermitian matrix decomposition by
A =Ap+ Aap,

where Ap, = (A + A*)/2 and A,, = (A — A*)/2. For a
countable set V, let /#(V),1 < p < oo, contain all vectors
¢ = [c(i)];ey with bounded norm

HCHp = { (Ziev |C(i)|P)1/p

sup;ey [¢(d)]

Whenever it is not ambiguous, we simply use abbreviated
notation ¢P to represent the linear space ¢P(V). The set
BP,1 < p < oo, contains all matrices A on /P with bounded
induced norm

if 1<p<oo,
if p=o0.

[Alls> := sup [|Ac]lp.

llellp=1

For a set F', we denote its cardinality by #F and define its
characteristic function by

(s) i= 1 if seF,
XF\S) "= 0 otherwise.

III. PROBLEM STATEMENT

The communication topology of a spatially distributed net-
work can be described by a spatial (possibly infinite) graph

G:=V,¢), ey

where V is the set of nodes (also known as vertices) and & is
the set of edges. Every node in the graph G corresponds to a
subsystem and every edge represents a direct communication
link between those subsystems at the two ends of that edge.
In this paper, we consider networks whose subsystems com-
municate with each other through broadcasting within finite
signal range. Therefore, two subsystems can communicate
with each other if their distance in the spatial domain is not
greater than their communication range. It is assumed that all
subsystems are using identical communication modules and
that all of them have identical communication range. The
resulting communication graph for this class of networks can
be modeled by spatially distributed proximity graphs.

Assumption 3.1: Throughout this paper, all communication
graphs are undirected and unweighted.

The above assumption implies that communication links are
bidirectional and all subsystems have identical communication
capabilities.

Definition 3.2: For an undirected and unweighted graph
G = (V,€), define a geodesic distance p : V x V —
Z4 U {400} by imposing that:

(i) p(i,i)=0forallieV;
(ii) p(i,4) is the number of edges in a shortest path con-
necting two distinct nodes i, j € V; and
(iii) p(i,j) = +oo if there is no paths connecting distinct
nodes 7,5 € V.

A geodesic distance on a graph ([26]) can be utilized to
assess communication cost between two given subsystems.
When two subsystems are not neighbors (i.e., not connected
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Fig. 1: Tlustration of the spectral condition (7) for an exponentially
stable linear system (5) whose spectrum lies somewhere in the blue
shaded region for some § > 0.

through a direct link), they can still communicate with each
other via a chain of intermediate subsystems that connect them
over a shortest path, however the communication cost between
two subsystems becomes higher when their geodesic distance
is bigger.

Definition 3.3: For a communication graph G = (V, £) and
a nonnegative integer 7, a matrix A = [a(t, j)]; jev is called
T-banded if its entries satisfy

ali,j) =0 if pli,j) > 7. @)

The set of all 7-banded matrices is represented by B, (G) or
the abbreviated notation 3, whenever it is not ambiguous.

For a matrix A = [a(i, )] jev, we define its boundedness
norm by
[Allo = sup |a(i, )]
ijEV

and its Schur norm by

1Alls = max {sup 3 la(i. )1, sup D la(i I} )

1€ jev [4S] jev
It has been proved that the following hold,
Al < Alls> < [[Alls < D1(G) (1 +7) Al 4

for all matrices A € B, N BP, where 1 < p < oo [27].
Therefore, a matrix with finite bandwidth is bounded on
P 1 < p < o0, if and only if it has bounded entries.

The focus of this paper is on the following class of finite-
or infinite-dimensional linear dynamical systems

d
T = Av(D) ®

with initial condition t(0) € ¢? for some 1 < p < oo, where
¥(t) = [¥i(t)]iey and the state matrix A = [a(4,j)]; jev 18
time independent and belongs to 3, for some finite bandwidth
7 > 0. A practical implication of having a 7-banded state
matrix is that subsystems with geodesic distance greater than
7 do not have a direct impact on each other’s dynamics.
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Fig. 2: Tlustration of 2-neighborhood of subsystem ¢, marked by red
color, on a generic communication graph.

The exponential stability of the linear system (5), i.e., there
exist strictly positive constants £ and « such that

@)z < Ee™"|[4(0)]]2 t>0, (6

is one of fundamental and widely studied subjects in dis-
tributed control systems literatures, see [3], [13], [28]-[30] and
references therein. Recall that the solution of the linear system
(5) is given by

for all

P(t) = eAp(0), t > 0.

Then its exponential stability is guaranteed by requiring the
spectrum of the state matrix A to lie strictly in the left-half
complex plane, i.e.,

o(A) C {z€C|R(2) < —d} @)
for some § > 0; see Figure 1 for an illustration.

The objective of this paper is to characterize spatially
localized conditions, in the form of necessary and sufficient
conditions, to verify the exponential stability condition (7)
for both finite- and infinite-dimensional systems. This is
particularly relevant to the following practical problem in
analysis and design of networked systems: how do localized
modifications (e.g., adding new or eliminating existing links
in the communication graph or adjusting coupling weights
in the state matrix) affect the global exponential stability?
It is computationally advantageous to devise a method that
allows us to localize and inspect stability only in relevant
parts of a network, instead of verifying stability conditions
globally. Moreover, localized stability certificates are suitable
for decentralized/distributed implementations as they are only
required to utilize local data.

In the following sections, we solve this problem and show
that our localized stability conditions can be implemented
in a decentralized/distributed manner and their computational
complexity is independent of network size (e.g., see Theorems
7.1 and 8.4).

Remark 3.4: According to Assumption 3.1, the communica-
tion graph of the linear network (5) is undirected. It should be
emphasized that this assumption does not imply that the state
matrix is necessarily conjugate symmetric. In fact, our results
hold for all linear dynamical networks with arbitrary state
matrices having small bandwidth and real/complex entries.



Fig. 3: A 2-covering of a spatially distributed system with 19
subsystems. This network can also be covered by 1-neighborhood
of 6 leading subsystems.

IV. PROXIMITY GRAPHS AND THEIR COVERINGS
For a given communication graph G = (V, £) equipped with
a geodesic distance p, the r-neighborhood of subsystem ¢ € V
is defined by

B(i,r) = {j €V | p(i,j) <},

see Figure 2 for an illustrative example.

In this paper, we require that the communication graph G =
(V, €) has the following global feature: number of subsystems
in the r-neighborhood and 2r-neighborhood of each subsystem
are comparable.

Assumption 4.1: The counting measure pg : 2¥ — Z, of
the communication graph G = (V,€) is a doubling measure,
i.e., there exists a positive number Dy(G) > 1 such that

1g(B(i,2r)) < Do(G) pg(B(i,7)) (8)

hold for all ¢ € V and r > 0, where ug(F) := #F for all
Fcvy.

The minimal constant Dy(G) for the inequality (8) to hold
is known as the doubling constant of the counting measure
g [27], [31]. For a communication graph G, one can verify
that the doubling constant Dy(G) of its counting measure pg
dominates its maximal node degree, i.e.,

drnax(g) S DO(g)

This implies that every subsystem in a spatially distributed
network, whose communication graph satisfies Assumption
4.1, communicates with at most Dy(G) other subsystems in
that network directly.

Definition 4.2: For an integer N > 0, an N-covering of a
communication graph G = (V,€) is a set of indices Vy =
{i¢m | m > 1} such that for every subsystem ¢ € ) there
exists at least one i, such that i € B(i,,, N/2).

A simple procedure to identify an N-covering is by the
following procedure:

(i) taking an arbitrary subsystem i; € V for every connected

component of G, and then
(i1) iteratively finding new subsystems ,, € V for all m > 2
such that

id 0 B(im/,N/Q)}. )

m/=1

plim,i1) = min {p(i,h)

The resulting N-covering Vy from the above algorithm
satisfies the following property [27]: every subsystem ¢ € V is
in the (N/2)-neighborhoods of i,, € Vy at least once and in
the 2N-neighborhoods of i,, € Vy at most (Dy(G))° times,
ie.,

1 < a < as < Dy(G) (10)
in which
A=Y XBin.ny2) (), (11
inlevN
ay = Y XB(in2n (), (12)
inlevN

and Dy(G) is the doubling constant in (8).

The set of all subsystems in Vy are referred to as leading
subsystems of a spatially distributed system. The importance
of leading subsystems will become more evident later in the
paper, e.g., see results of Theorems 7.1, 7.2 and 8.4, where
it is shown that global stability of a network can be inferred
by only verifying a set of localized sufficient conditions in
vicinity of leading subsystems.

The set of leading subsystems constructed through the above
procedure is neither unique nor optimal, see Figure 3 for an
illustrative example. Therefore, in our results, we can safely
employ any subset Vy C V that satisfies inequalities (10)
as the set of leading subsystems. The number of leading
subsystems in an N-covering decreases as N increases. This
may impose some trade-offs between the number of leading
subsystems and their minimal required on-board computational
capabilities: when the number of leading subsystems decreases,
they should, in turn, be equipped with more powerful com-
puters to enable them to verify stability conditions for larger
covering regions.

Definition 4.3: For a communication graph G = (V, £), its
counting measure pg has polynomial growth if there exist
positive constants D1(G) and d such that

pg(B(i, 7)) < Dy (G)(1+1)? (13)

forallz €V and r > 0.

For a spatially distributed network with communication
graph G, the smallest constants d and D;(G) for which the
inequality (13) holds are so called Beurling dimension and
density of that network, respectively [27]. For a spatially
distributed network whose subsystems are embedded on a d-
dimensional manifold and direct communication link between
two subsystems exists only if their spatial locations are within
a certain range', its Beurling dimension is the same as the
dimension of the manifold and its density is related to Ricci
curvature of the underlying manifold.

We remark that a doubling measure g has polynomial
growth,

,Mg(B(i, ’I“)) < Do(g) (1 + r)lng Do (9)

le.g., when every subsystem communicates by broadcasting a signal using
its on-board communication hardware modules.



for all ¢ € V and r > 0. However, the Beurling dimension d
of the graph G is usually much smaller than log, Do(G) in the
above estimate.

V. CENTRALIZED EXPONENTIAL STABILITY CONDITIONS

In this section, we present several equivalent versions of
the exponential stability condition (7) of a linear system on a
spatially distributed proximity graph, which will be used in the
next two sections to derive localized sufficient and necessary
stability conditions.

Theorem 5.1: Suppose that the state matrix A of the linear
system (5) is in B2. Then, its exponential stability (6) is
equivalent to each of the following statements:

(1) Spectrum of the state matrix A is strictly contained in
the open left-half complex plane, i.e.,

o(A)c {z€C|R(z) < -6} (14)
for some ¢ > 0.
(ii) 2I — A is invertible for all z € C* and
s A1 -1
Ag = Zlelr(lcf+ (21— A)" ||z > 0. (15)
(iii) There exists a positive constant Ag such that
[(zI— A)cll2 = Aolc]l (16)
and
[(zI— A%)ell2 = Aol[cll2 (7

for all z € C* and c € ¢2.
(iv) There exists a positive constant Ay such that

min { | Ad[}3, [A*d|3} = 43 + [d"And]?
+(max{0,d*A,d})” (18)
for all d € ¢ with ||d|2 = 1.

The equivalence among the first three statements of Theorem
5.1 can be easily established, while the last statement is
obtained from the third one by minimizing the left-hand
expression of (16) and (17) over all z € C¥. For the
completeness of this paper, a detailed proof of this theorem
is given in Appendix A.

The constant Ag in statements (ii), (iii), and (iv) of Theorem
5.1 can be chosen to be identical; in that case, we refer to A
as stability threshold of the linear system (5). Furthermore, it
can be proven that if the statement (ii) of Theorem 5.1 holds,
then the spectral set property (14) will also hold with 6 = Ay.
However, the converse is not true in general as constant Ag
in statement (ii) may depend on A and its dimension (if it
is finite-dimensional). For example, the square matrix A =
[a(i,7)] € R™ ™ that is defined by

1 ifj=i+1
a(i,j):{l if j=14
0 otherwise

has spectrum o(A) = {—1}, but the inverse matrix A~! =
[@(i,5)] € R™*™ has its B2-norm tending to infinity as n goes

to infinity, where

i, §) = -1 if1<i<j<n
a\nJ) = 0 otherwise.

For this reason, in order to investigate matrices with spectra
contained in the open left-half complex plane, we prefer to
use the bound estimate (15) instead of the spectral set property
(14).

As it is shown in the following illustrative example, the
stability threshold of a spatially invariant linear system can be
calculated explicitly.

Example 5.2: 1t is well-known [3] that a spatially invariant
linear system (5) with a Toeplitz state matrix

Ay = [p(l - ])] i,jEL
is exponentially stable if there exists do > 0 such that
R(B(£)) < —do
for all £ € R, where
&) =D _p()e WL
JEL
By direct computation, we have

|GX— Ag)ells > ((infle=p(©)] ) el (19)

and

1(z1 = Ag)clle

Y

(it —p(@) el @O

for all z € C* and ¢ € ¢2. From these inequalities, we can
calculate the following estimate for the stability threshold Ag
of the spatially invariant linear system

A= inf inf |z = ()], @1
that satisfies Ag > dg.

We finish this section with a remark on the connection
between exponential stability of a linear system and matrix
stability.

Remark 5.3: The notion of matrix stability for a matrix B €
B2, i.e., there exists a positive constant E' such that

|Be|l2 > E|lc|j2 for all ¢ € ¢

is one of fundamental tools in frame theory, sampling theory,
wavelet analysis and many other fields [32]-[37], where matrix
stability verification in a decentralized/distributed manner has
been studied in [27], [38]. By Theorem 5.1, exponential
stability of the linear system (5) with a state matrix A can
be understood as uniform stability of the family of matrices
21— A and 2I — A*, 2 € CT.

VI. DECENTRALIZED NECESSARY CONDITIONS

In this section, we utilize finite truncation techniques to
obtain several decentralized necessary conditions for exponen-
tial stability of the spatially distributed linear network (5). In



Section VII, it is shown that these conditions become also
sufficient for large value of V.

Definition 6.1: Suppose that the communication graph G =
(V,€) of a spatially distributed network satisfies Assumption
3.1. For every node ¢ € V and integer N > 0, the truncation
operator xN : 2 — (? is defined by

Xt le(@jev = [xBa.m () ()] ;e (22)

The truncation operator x¥ localizes a vector to the N-
neighborhood of the subsystem ¢ € V and its action can be
equivalently expressed by a diagonal matrix whose (7, j)-th
diagonal entry is equal to X p(;,n)(J) = X[o,11(p(i,5)/N) for
all j e V.

Theorem 6.2: Let G = (V,E) be the communication graph
of a spatially distributed network. Suppose that the state matrix
A of the linear system (5) belongs to B, N 32 for some integer
7 > 0 and the system is exponentially stable with stability
threshold Ag. Then, inequalities

(=1 — A)xNells > AollxNel» (23)

and

[(zI— A")xe|2 > Aollx el 24

hold for all vertices ¢ € V, positive integers N > 1, complex
numbers z € CT, and vectors ¢ € ¢2.

Proof: Conditions (23) and (24) are the localized version
of (16) and (17) in Theorem 5.1. Since inequalities (16) and
(17) hold for all c in the Hilbert space 2, they also hold for all
vectors in {xNc | ¢ € £2}, which is a subset of £2. Moreover,
the constant in (23) and (24) can be selected to be the same
as the one in (16) and (17). [ |

The necessary conditions (23) and (24) are spatially local-
ized and can be verified in a decentralized/distributed manner
by having access only to local information about the state
matrix A. However, they require evaluations over all complex
numbers z € CT. This burden can be resolved by taking
infimum of norm quantities in the left hand side of conditions
(23) and (24) over all z € C*.

Theorem 6.3: Let the communication graph G, stability
threshold Ay and state matrix A be as in Theorem 6.2. Then,
inequality

min {[|Ax]d|[3, [|A*xYd[3} > AF + @ (d)  (25)

hold for all N > 1,i € V, and d € ¢* with x'd = d and
IxNd||2 = 1, where

[d*xN A xNd]? + (max {0, d*xN Apx Y d})
I dll3
Proof: 1t is straightforward to verify that

inf [|(:T- ApMdl} = dxMATAxYd - @) (d)
ze

N (d) =

and

nf ([T = AN d|f = d"x M AATYYd - B (d).

These two expressions along with the conclusions in Theorem
6.2 completes the proof. ]

For i € YV and N > 1, let us define

Bu(i)= nf Jmin {JANdIE, AT dE) - @) (@)
(26)
Using the following relationship
fd [ de 2y © (Vd | de ) c e,
we have that
By (i) = Bn1(i) (27

for all N > 1 and ¢ € V. By Theorem 6.3, this sequence is
bounded below by Ay, i.e.,

Bn(i) > Ao

forall N > 1 and i € V. In fact, the sequence By (i) decreases
to Ap as N increases for every i € V, i.e.,

lim BN(Z) = AO

N—o0

by (27) and the fact that

U {xNd|dee?}

N>1

(28)

foralli € V (29)

is a dense subset of £2.

For a spatially invariant linear system with a Toeplitz state
matrix Ag = [p(i—j)], ; jez, the local stability threshold B ~N(7)
in (26) is independent Of the node index 4. If the state matrix
Ay is further assumed to have finite bandwidth 7, we can
obtain an estimate for the local stability threshold.

Example 6.4: [Continuation of Example 5.2]
N >r71,i€Zand c = [c(j)]jez € %, we have

For every

i+N+T

Z ‘sz —l)eny l)’

k=i—N—1 I€Z

11— Ag)xiel3 =

1+N
= Z ’sz 7l CNZ l)‘
k=i—N [€Z

i+N )
T Z ‘ZPZ(k*Z)CN,i(Z*QN—l)’

k=i+N—1+1 I€EZ

i—N+17—1 2
] > pa(k—Dena(l+2N +1)

LY

k=i—N l€Z

where z — p(§) = Zjezpz(J) e—2mvV=1i€ and Xz _
[en,i(d )L <y, Therefore, we get

1+N T

SN

k=i—N+1 IEZ

11— AoVl = Dew.i(l)|

i+N
3 ( S pa(k = D(enall = 2N = 1) + en(l))

k=i+N—-14+1 [€Z

’ 2

NN



i—N+7-—1

1 2
+5 | > palk = Dlewall + 2N +1) + en ()|
k=i—N  leZ
1 i+N i+ N 2
Z3 > ‘ > plk—Déna()|
k=i—N [|=i—N
where Cy,; = [éNZ(j)} jez is a periodic vector taking the

same values with x¥c on intervals [i — N,i + N]|. Thus,

infeezon+1) |2 — P(E)?
2
for all ¢ € ¢2. Using the same argument, we can show that
infecz/an 1) |27 — PE)[?
IT- Aplelp > —S=HETE el
for all ¢ € /2. As a result, we obtain the following estimate

for the local stability threshold of the spatially invariant linear
system (5),

(21— Ag)xiell3 > Ixi¥ell3

2
Bu() > Y2 it i
2 zeCt EGZ/(2N+1)

for all N > 7 and ¢ € Z. This together with (21) implies that

lz2=p(E)]  (30)

By (i) =2 —-Ao €2y

for all N > 7 and i € Z, where Ay is the stability threshold
of the spatially invariant linear system. To summarize the
above argument, the stability threshold Ay is obtained in a
centralized fashion using Theorem 5.1, while our estimate for
the local stability threshold can be calculated via spatially
localized conditions given in Theorem 6.2. By comparing (28)
and (31), one observes that our decentralized and localized sta-
bility conditions provide more loose estimate for the stability
threshold Ag. This is the price of going from centralized to
decentralized/distributed verification.

VII. DECENTRALIZED SUFFICIENT CONDITIONS

In this section, we introduce several decentralized sufficient
conditions to verify exponential stability of the linear system
(5) that is defined on a spatially distributed proximity graph.
Our proposed sufficient conditions are based on the limit prop-
erty (29) and the fact that the localized stability thresholds are
uniformly bounded below by the stability threshold, according
to (28).

Theorem 7.1: Let the communication graph G = (V,€)
of a spatially distributed network satisfy Assumption 3.1 and
its counting measure pg have the polynomial growth (13).
Suppose that the state matrix A belongs to B, N B2 for some
7 > 0. If there exists a positive integer Ny > 7 and a positive
number By, satisfying

ol _
By, > 474 /073 |Alls Nyt (32)
1

such that
||(ZI - A szCHQ 2 BNO ||szc||2 (33)

and

H(ZI - A* lec||2 > BNU HX'LMCHQ (34)

hold for all z € C*,c € ¢? and i,, € Vy, (the set of leading
subsystems according to Definition 4.2), then the linear system
(5) with state matrix A is exponentially stable and its stability
threshold Ag satisfies

1
Ay > 5By (| =L, (35)
2 s
in which
ap = l%fzz XB(im,No/2) (0); (36)
imEVNy
af = sup Z XB(im,2No) (1)- G7
ZGVZmEVNO

A detailed proof of Theorem 7.1 is included in Appendix B.
The sufficient conditions (33) and (34) in Theorem 7.1, in their
current form, require verification for all complex numbers z €
C™*. In the following result, we obtain an equivalent verifiable
condition by eliminating the complex variable and combining
these two conditions into one.

Theorem 7.2: Suppose that all assumptions of Theorem 7.1
hold. Then the linear system (5) with state matrix A € B,NB>
for some 7 > 1, is exponentially stable if there exist a positive
integer No > 7 and a constant By, satisfying (32) such that

min {[[AxY0d|3, A Nodl3} = B, + @M (@) (38)

for all i,, € Vn, and vectors d € ¢ with x)' d = d and
XN dl|z = 1, where (I)NO is defined in Theorem 6.3.

We omit a detailed proof of this theorem as it uses similar
arguments as in the proof of Theorem 6.3. The sufficient
conditions in Theorems 7.1 and 7.2 assert that exponential
stability can be only verified in neighborhoods of the leading
subsystems, i.e., one only needs to validate the condition (38)
for leading subsystems in Vy,, rather than checking them for
every single subsystem. This feature drastically reduces time-
complexity of the verification process and makes it attractive
for real-world applications. Our results also suggest an im-
portant design protocol: all leading subsystems of a spatially
distributed system should be equipped with high performance
computing and communication modules to allow them to verify
localized stability conditions more reliably and timely.

For the set of leading subsystems Vy, in Theorem 7.1,
the corresponding covering constants o, o in (11) and (12)
satisfy the following inequities according to (10):

1 <a; <ay < Di(G). 39

As a result, the right hand side of (32) tends to zero when
Ny — oo. This implies that the sufficient conditions (33) and
(34) for exponential stability of the linear dynamical network



(5) is also necessary, cf. Theorem 6.2. From Theorems 7.1 and
6.2, we conclude that exponential stability of the linear system
(5) can be verified via a decentralized/distributed manner.
Moreover, the global stability threshold Ag in (16) and (17)
and the local stability threshold By, in (33) and (34) are
comparable through the following inequalities

Ao < By, <24/22 4 (40)
aj

for those integers Ny satisfying (32).

The implication of small Ny in real-world applications is
that the leading subsystems can be equipped with less powerful
computers to verify stability conditions. The requirement (32)
on size of Ny is conservative, but it is almost optimal. In the
following example, it shows that a linear network may not be
exponentially stable even though conditions (33) and (34) are
met with some constant BY; that has the same order of Ny
as the lower bound in (32) for large enough V.

Example 7.3: Let us consider a spatially invariant system
whose state matrix is a bi-infinite Toeplitz matrix A; = [a1 (i—
J))i,jez with Fourier symbol

> an (ke YT < 1 g
keZ

6727“/715.

It is straightforward to check that A; is 1-band matrix with
[Ai]looc = 1 and property 0 € o(A;). Therefore, the linear
system (5) with state matrix A; is not exponentially stable. In
the following, we show that (33) and (34) hold for this system
with constant By, = 1N;'. For every z € C*,i € Z and
Nog > 1, we have

Lt GT- AxTel?
X; “Cll2=
= inf

2Ng+1
¥2N0F 4,2 =1

{ (2 + 1)da|? + |dano 1]

2No+1

+ D0 I+ 1d; —djaf?)
j=2
= inf lz+12+1
YN0t jdy2=1
2Nop+1
_ 23%{(z+1) 3 djdj,l}. (41)
=2

Let us write z = a + by/—1 € C*. Then, we get

2No+1

1P —2m{(+1) Y didy )
]:2 2Np+1
= (a+1)*- RS ad )
2Np+1 ]:2

w62 +205{ > didia )
j=2

2N0+1

> 1+2§R{ 2 d;d;_ 1} Z djd;— 1}
2Np+1 2N0+1
- (a3 )y | Y waf
2No+i - 2No+1
> (1- Z\dndﬂ) (Z|d||djl)
2No+1
= 1-2 Z |djlldj—1l, 42)

where all the inequalities hold because of
2No+1

> didi|
j=2

(”fld 2)Y (”fidj )"

< 1

IN

Therefore, it follows from (41) and (42) that
inf [|(2I - A1)x; °cl3

N
lIx; ©ell2=1
2No+1

2-2 > |djl|d; 1]
=2

2No+1

2—2 Z €i€j—1
Jj=2

= inf lea]? + lean 1/

2Ng+1
S2N0H e 2=1¢,€R

> inf
2Ng+1
Ej:? ld;|?=1

= inf

2Ng+1
T2 e 2=1,¢,€R

2Nop+1

+ D e el
=2
T 1
- > =Nt
ANg+4 — 270
for all z € CT,i € Z, and Ny > 1, where the last equality

follows from [39, Lemma 1 of Chapter 9]. Following a similar
argument, we have

inf (=1 - A])x; cl3

= 2sin

lIx; O clla=1
_ inf I+ 1+ D
SN 2= o
2N,
+> (z+1)d; — dj+1|2}
j=1

> 1Ngl
Thus, the conditions (33) and (34) hold with constant B’ =
(2Ng)~*! for all Ny > 1. On the other hand, we observe that
the underlying communication graph of this system with node
set V = Z has Beurling dimension 1, density 2, and the set of
leading subsystems Vy, = (No + 1)Z with covering constants
C7 = 1 and Cy = 4. Therefore, the lower bound for the



constant By, in (32) is QGNO_ 1. One observes that although
conditions (33) and (34) hold with some constant B;vo, whose
value is smaller than 26 N; ™! but vanishes with the same rate
of Ny ! the linear system is still not exponentially stable. This
explains the critical role and near-optimality of the sufficient
condition (32).

VIII. SYMMETRIC LINEAR SYSTEMS

In this section, we consider exponential stability of the
following linear system

d
S0 = B @)

with initial condition 1(0) € ¢, whose state matrix B is
Hermitian. For example, it is straightforward to check that the
linear system (5) with state matrix A and initial condition
1(0) € ¢? is exponentially stable if the linear system (43)
with state matrix B = 1(A + A*) and initial condition 1(0)
is exponentially stable. In the following, we present several
equivalent conditions for exponential stability of the symmetric
linear systems (43), which take more simpler forms than those
conditions in Theorem 5.1.

Theorem 8.1: The exponential stability of the linear system
(43) with a Hermitian state matrix B in B? is equivalent to
each of the following statements:

(1) B is strictly negative definite.
(i) There exists a positive constant Ag such that

I(zT = B)cflz > Ao||c[| (44)

for all z € C* and c € £2.
(iii) There exists a positive constant Ay such that

c*Bec <0 (45)
and
[Bell2 > Ao [[c[|2 (46)

hold for all ¢ € ¢2.

Condition (46) implies that constant Ag is equal to the
absolute value of the maximal eigenvalue of negative definite
matrix B.

Example 8.2: When the linear system (5) is spatially in-
variant with a Hermitian Toeplitz state matrix By = [p(z -
j)]ij ¢z its Fourier symbol p({) becomes real-valued and
takes negative values. According to (21), stability threshold
of the symmetric spatially invariant linear system is equal to

A = inf —p(§).
0 = Inf —p(¢)

Building upon Theorem 8.1, we propose the following

necessary conditions that can be verified by evaluating maxi-

mum or minimum eigenvalues of some localized matrices, cf.
Theorems 6.2 and 6.3.

Theorem 8.3: Let G = (V,£) be the communication graph
of a spatially distributed linear network (43). Suppose that
the symmetric linear system (43) is exponentially stable with

stability threshold Ay, whose state matrix B is a Hermitian
matrix in B, N B2 for some 7 > 0. Then, the following
localized inequalities

cYVBxNe <0 47
and
X B e > AflIxell3 (48)
hold for all N > 7, i € V, and ¢ € /2.

Proof: 1t is similar to the proof of Theorem 6.3. ]

Inequalities (47) and (48) are localized version of global
stability conditions (45) and (46) in Theorem 8.1. For sym-
metric linear systems, sufficient conditions for the exponential
stability take rather simple forms.

Theorem 8.4: Suppose that all assumptions of Theorem 7.1
hold and state matrix B € B, N B? is Hermitian for some
7 > 0. Then, the linear system (43) with state matrix B is
exponentially stable if there exists a positive integer Ny and a
positive number By, satisfying (32) such that

c*xf\SBxiYn?c <0 (49)
and
cXBAX e > BY, [Ixiell3 (50)
hold for all i,, € Vy, and c € ¢2.
Proof: For every z € C* and c € £2, by Theorem 8.1, it

suffices to prove the uniform stability for the family of matrices
zI - B, ie.,

B ol
IGT = Bjells = =7 [~ Jle]l2. (1)
)

From sufficient conditions (49) and (50), it follows that

N, N
Iz = B)xocl3 = |22 [|x}°

—2R(2) "By, %c + By ’c|?

m

N,
BY, Ixi el

cl3

\Y

for all ¢ € ¢? and 4, € V,. Applying the above estimate and
using similar argument used in the proof of Theorem 7.1, one
can conclude the inequality (51) for all z € C*. ]

For a given Hermitian matrix B = [b(i, j)]; jev in B, N B2,
the sufficient conditions (49) and (50) in Theorem 8.4 are
spatially localized in neighborhoods of each leading subsystem
im € Vn,. Where each leading subsystem has to only have
access to localized portions of state matrix B determined
by truncation operator Xf\f: In particular, the requirement
(49) holds if the largest eigenvalue of the spatially localized
principal submatrix [b(j, j')]; j eB(i,,,n) 1S non-positive for
every subsystem 4,, € Vp,. For a Hermitian matrix B, let
us define

B N (Z) = inf

IxNell2=1

IBx; c|2 (52)



in which N > 1 and i € V. The quantity By (7) is equal to the
square root of the smallest eigenvalue of the spatially localized
matrix

Xi'B*x) = >
kEB(G.TNB("7)

b(j, k)b(k, ") (33)
4,3/ €B(i,N)

that can be evaluated in a decentralized/distributed manner.
Then, the constant By, in (50) can be thought of as the
uniform stability threshold for small-scale systems with state
matrices X%’Bzxfﬁ for all 4, € Vy,.

Using a similar argument that leds to (29), one can verify
that {Bn(i)}%_, is a decreasing sequence that converges to
Ag for every i € V), i.e.,

lim By(i) = A (54)

N—o00
for all 7+ € V. Inequalities (40) and (51) imply that the global
stability threshold of a symmetric linear dynamical network
can be enhanced by improving the localized stability threshold
via adjusting components of properly localized portions of the
state matrix. The following section shows how this idea can
be implemented.

IX. DESIGN OF SPATIALLY DISTRIBUTED NETWORKS

In this section, we consider the problem of coupling weight
adjustment between a given pair of subsystems in an expo-
nentially stable symmetric linear dynamical network (43). The
coupling weight between subsystems k,! € V can be adjusted
in a localized manner via the following class of feedback
control laws

u(t) = wEkllﬂ(t) (55)
that modifies the dynamics of (43) as follows

d
Lt) = But) + ul) (56)
where w is a scalar feedback gain, Ej; = [e(, )] jev, and

.. 1 if (2,5 k1), (L k
e(i, ) :{ 0 otéergv)isi.{( b0

The conclusion of Theorem 8.4 plays a critical role in com-
puting an admissible range of values for the scalar w such that
the resulting closed-loop network

%w(t) = (B + wEy) (1) (57)

remains exponentially stable with stability threshold equal
or greater than the original network. From network design
perspective, when an existing coupling between subsystems &
and [ satisfies b(k,l) > 0 in the state matrix B = [b(4, j)]; jev,
local weight adjustment law (55) will strengthen the existing
coupling when w > 0 and weaken the existing coupling (and
possibly zero it out) whenever w < 0.

To state the following main result of this section, we let
B-(M) denote the set of all band matrices B € B, with
bounded entries |B||o, < M, where 7 € Z; and M € R,.

Theorem 9.1: Suppose that the communication graph G =
(V, €) of the linear control network (56) satisfies Assumption
3.1, its counting measure pg enjoys the polynomial growth
property (13), and the state matrix B is a strictly negative
definite matrix in B, (M) N B2. A positive integer Ny exists
such that

BNO = inf BNO (ivrz)

imEVNO

> AM |2 Di(G)T(r+ 14Nyt (58)

in which By (i) is defined by (52). For every pair of subsys-
tems k,I € V with p(k,l) < 7, let us define the following
quantities

e =  inf inf  R((P°c)*EuBPNc) (59)
p(k,im)<Ng PNO H =1 m m
oimy<Ng  NPiy, cll2=

and
_ No \* No

Bri = ksup<N Nsup %((Pim c) Eu,BP;° c),
Nimany P4 ell2=1

(60)

where Pfif is the projection matrix onto the eigenspace of

N

the localized matrix Xin?BzszX? corresponding to its smallest

eigenvalue, which is equal to (B, (im))z. Then, the following
design rules hold:

(i) When ny; > 0, there exists ¢y > 0 such that for all w in
(0, €g) the resulting closed-loop network (57) is exponentially
stable with the state matrix B + wEy; that still belongs to
B-(M).

(i) When B < 0, there exists ¢, > 0 such that for
all w in (—e1,0) the resulting closed-loop network (57) is
exponentially stable with the state matrix B 4+ wEy; that still
belongs to B, (M).

A detailed proof of the above theorem can be found in
Appendix C. Suppose that {efi‘: e ,eﬁ? } is an orthonormal
basis of the eigenspace corresﬁonding to the smallest eigen-
value of (53). Then, the projection matrix in Theorem 9.1 can
be explicitly represented by

k
N N No \T
P, = Z e, (e, )"
s=1
When the smallest eigenvalue is simple with normalized eigen-
vector qf\rl:, the project matrix is given by
N, No /N
Pi,: = qi,: (qz,f)*

In this case, the norm constraint ||Pf\£?c||2 = 1 implies

that Pg?c = qﬁf This gives us the following closed-form
solutions

inf  R((PNoc)* EyBPNc) = R ((qffg)* E.B qgj?)

No _
IPNoc|l=1
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Fig. 4: The red dots show spatial locations of 500 subsystems that
are randomly and uniformly distributed in a square-shape region of
size 100 x 100. The blue links represent the communication graph
among these subsystems as discussed in Section X.

and

sup %((Pﬁ‘:c)*ElePﬁ‘:c) =R ((qf\f:)* E; B qfi?)

N,
IPN0c]p=1

that are useful in calculating quantities 7x; and Sg;. Computa-
tion of quantities 7y, and SBy; only involve those entries b(i, j)
of state matrix B whose indices satisfy

i,j € B(k,2Ng +7) N B(l,2Ny + 7).

Therefore, the requirements 7;; > 0 and SB;; < 0 in Theorem
9.1 can be verified by utilizing localized information about the
state matrix B in neighborhoods of subsystems &, € V.

The design parameter Ny determines the size of neigh-
borhoods required to compute quantities 7y, and [;; using
localized matrices. Suppose that Ny and By, are chosen
properly to satisfy the inequality (58). According to (4), (32),
and (35), stability threshold of all networks with state matrices
in B.(M) is lower bounded by Ay, = 3Bn,\/of/cs.
Theorem 9.1 shows that state matrix of the resulting closed-
loop networks still belong to B (M), which implies that their
stability threshold is guaranteed to be greater than Ay, .

In summary, the result of Theorem 9.1 asserts that: a
properly chosen positive feedback gain w when ng; > 0, and a
properly chosen negative feedback gain w when Sy, < 0, will
both result in exponentially stable closed-loop networks with
guaranteed stability thresholds.

Remark 9.2: The conclusions of Theorem 9.1 will remain
true if matrix Ey; is replaced by rotation matrix R, (6) whose
(k,1)-th and (I, k)-th entries are sin 6, (k, k)-th entry is cos 6,

0 20 40 60 80 100

Fig. 5: A 2-covering of the communication graph in Figure 4.

and (I,1)-th entry is — cosf for some 0 < 6 < 7. Moreover,
one can establish similar results when the matrix Eg; in
Theorem 9.1 is replaced by L;; where L;; = e;e} +e; e; —E;;
and e;’s are the standard basis for ¢2. This is particularly useful
when the state matrix B is a graph Laplacian.

X. NUMERICAL SIMULATIONS

In this section, we interpret and illustrate some of the key
concepts that are described and utilized in previous sections.
We consider a linear dynamical network consisting of 500
subsystems which are randomly and uniformly distributed over
a square-shape region of size 100 x 100 square meter. Let us
denote spatial location of subsystem ¢ € {1,2,...,500} by
x; € [0,100] x [0,100]. The communication graph of this
network is denoted by G = (V,€) and defined as follows:
there is an undirected communication link between subsystems
iand j, i.e., {é,j} € &, only if the Euclidean distance between
subsystems ¢ and j, i.e., ||z; — x;||2, is less than or equal to
10 meter; otherwise, there is no communication link between
the two subsystems. Figure 4 depicts a sample communication
graph obtained according to the above procedure, and Figure
5 is a 2-covering of the underlying connected graph, where
the graph has diameter 18, Beurling dimension 2 and density
8.1389, and the number of leading subsystems is 62 (i.e., there
are 62 localized regions).

We assume that state variable of each subsystem is scalar,
ie, ©¥; € R forall i € {1,2,...,500}. We utilize shortest
path on communication graph G as geodesic distance p(i, )
to define state matrices of this class of linear networks. In our
simulations, the bandwidth is set to 7 = 1. We construct state
matrix A = [a(i,7)] € R599%590 of our linear networks using
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Fig. 6: Location of all 500 eigenvalues of the state matrix of the
linear dynamical network as discussed in Section X.

Cardinality of Vy,
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Fig. 7: Number of leading subsystems in No-covering decreases as
Ny increases.

the communication graph of Figure 4,

~1 if j=i

sgn(¢) 0.05 e—ellei=ail®if 0 < p(4,4) <7
0 if p(j,i) >,

a’(iaj) =

where decay parameters are « = 0.05 and 8 = 0.9. In order
to show that our methodology works for a broad class of
systems, sign of each entry (i, j) is chosen randomly using
sgn(¢), where sgn(-) is the sign function and ¢ is a random
variable drawn from the standard normal distribution. After
executing these steps, we adopted one sample matrix A for our
simulation purposes. The resulting linear dynamical network
is time-invariant, whose dynamics is governed by (5) with
state vector ¢» € R°%. The value of the Schur norm (3) of
the state matrix is ||A||s = 2.0057 and all eigenvalues of A
are located in the left-hand-side of the imaginary axis as it is
shown in Figure 6. The red-dashed line in Figure 6 corresponds
to{z € C|z=—Ag+&/—1 for all ¢ € R}, where the global
stability threshold Ag is equal to 0.7702.

In Figure 7, we show that the number of leading agents,
according to Definition 4.2, in a Ny-covering of the network
decreases as Ny increases. We applied the algorithm described
in Definition 4.2 in order to find Ny-coverings. This algorithm
may not be optimal, but it works well for both finite and infinite

Lower Bound for By,

Ny

Fig. 8: The lower bound for B N, decreases as Ny increases.

graphs. The following table shows our data for a sample
execution of this algorithm on G:

Ny 1 35 7 9 11 13 15 17 18
#Vn, 500 55 23 14 9 7 6 3 3 1

We note that the number of leading subsystems is equal to the
network size when Ny = 1, and it is equal to 1 when Nj is
equal to the graph diameter.

The parameter By, in the inequality (33) and (34) can be
interpreted as an estimate for the global stability threshold Ag;
cf. with inequalities (23) and (24). Figure 8 depicts that the
quantity in the right hand side of the inequality (32), which is
a lower bound for the localized stability threshold By, , decays
rapidly as radius of Ny-covering increases. The following table
gives the corresponding By,, which has been rounded up to
fit in our table, for a sample simulation:

No 1 3 5 7 9 11 13 15 17 18
The lower bound for By, 66.6 167 7.7 43 27 19 15 092 081 045

We observe that for Ny = 18, the lower bound for By, is
around 0.45. This is compatible with the estimate in (40) as
0.45 is a lower bound for the localized stability threshold.
The inequality (35) shows the relationship between the
global stability threshold Ay and localized stability threshold
By, and how one should choose a proper value for Ny in
Theorem 7.1. Figure 9 illustrates how the lower bound in
inequality (35) decays as Ny increases. The red-dashed line
marks the value of Ag = 0.7702. In computing this lower
bound, the value of By, is assumed to be equal to the lower
bound of (32). According to Figure 9 and the following table,
Ny should be chosen any integer number between 5 and 18.

No 1 3 5 6 7 9 11 13 15 17 18
Ay 401 134 080 0.67 057 045 037 031 027 024 022

In Theorem 7.1, parameters o and o3 play a crucial role
in having a proper estimate of the localized stability threshold
By,. Figure 10 depicts quantitative behavior of these two
parameters. The numerical values for a3 is given in the
following table.
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Fig. 10: Behavior of af and o3 as size of covering Ny increases.

XI. DiscuUSSION AND CONCLUSION

This work proposes a decentralized algorithm to verify
exponential stability of linear dynamical network that are
defined over spatial proximity communication graphs. Several
necessary and sufficient conditions have been formulated that
can be utilized to check exponential stability of a large class
of finite- and infinite-dimensional linear systems. There are
several related problems and areas that can benefit from our
proposed methodology in this paper:

Stability of Partial Differential Equations (PDE): There has
been continued interested in characterizing stability conditions
of dynamical systems with PDE models [2], where the main
focus has been on obtaining centralized conditions. Stability
of linear PDEs with spatially-invariant coefficients can be
characterized in terms of spectrum of the corresponding linear
operators [2], [3], where similar spectral methods cannot be
applied to check stability of linear PDEs with spatially varying
coefficients>. Some linear PDEs with spatially invariant or
varying coefficients can be discretized over their underlying
spatial domain at certain scale and they be approximated by
the resulting counterparts, which results in infinite-dimensional

2This can be compared to the more familiar case of finite-dimensional
linear time-invariant (LTI) systems versus linear time-varying systems (LTV).
Stability of an LTI system can be inferred from location of eigenvalues of
its state matrix, while stability of a LTV system cannot be deduced from
eigenvalues of its time-varying state matrix.

No 1 3 5 7 9 11 13 15 17 18
af 69 43 25 12 9 7 5 3 3 1

linear systems similar to (5). Whenever the resulting state
matrix is banded for some small 7 > 0, our proposed
methodology can be applied to verify stability of the linear
PDEs using spatially localized certificates.

Stability of Spatially Distributed Nonlinear Systems: Our
methodology can be extended to check stability of equilibria
of spatially distributed systems with nonlinear dynamics. Let
us consider a nonlinear system of the form

d
%¢=F(¢), t=>0, (61)

where (t) = [;(t)]icy € €2 and F : 02 — (2. It is
assumed that a suitable notion of a solution exists for this
system. Following Definition 3.3, we say that the nonlin-
ear system (61) is 7-banded over the communication graph
G = (V&) if F(¢) = [F;(¥;)];ey for some continuously
differentiable functions F; on C?, where ¢ = #(B(i,7) NV)
and ¥; = [¢;]jeB(,r)ny for all i € V. Let us define the
gradient A(¢*) = VF(¢*) (with respect to ¢ at working
point ©*) of the nonlinear system (61) with (7, j)-th entry
a(i, j) given by

OF; * : -
[ BB i i) <7
o) ={ g0 ST

where p is a geodesic distance on G. By assuming that ¥* is
a hyperbolic equilibrium and the initial state ¢(0) is close to
1*, our proposed localized stability certificates can be applied
to the nonlinear dynamic system (61) with the linearized state
matrix A (1*) to infer stability in a spatially localized manner.

Stability of Spatially Distributed Systems on £>°: Let us
consider the following control system

d
() = Av(H) +E(0) (©)

with initial condition (0) € ¢°°, that is driven by a
time-dependent bounded control or exogenous noise £(t) =
[€:(t)]icy. Suppose that the control system is exponentially
stable on £°°, i.e., there exist strictly positive constants C' and
o such that

€29 (0)[le < Ce™*[4(0) oo (63)
for all ¢ > 0, then we have

t
@l < / AT (5)ds + eAl(0)
0 oo
t
< Ce o p(0) oo + C / =9 (5)]| s
0
<

Ce [ (0)]|os +Ca™" sup [|€(s)[loo-
0<t<s

This implies that control system (62) with bounded input has



bounded state ¢ (t) for all ¢ > 0. It is proven in [29] that if
the linear system (62) is exponentially stable on /2, i.e., the
inequality (6) holds, then it is also exponential stable on £°°,
i.e., the inequality (63) holds. When the state matrix A belongs
to B, N B2, we have that the constant C' in (63) will depend
only on the constants E, . given in (6), Beurling dimension
d, Beurling density D;(G) and doubling constant Dy(G) of
the graph G, bandwidth 7, and the value of ||A||oo. From this
argument, we conclude that our proposed methodology in this
paper can be applied to the control system (62) driven by input
(which can be a feedback control law or exogenous noise) to
infer global stability in a decentralized manner.

APPENDIX
PROOF OF THEOREMS

A. Proof of Theorem 5.1
We divide the proof into the following three implications
(1) <= (ii) < (iii) <= (iv)
and prove them one by one. First, we start with (i)<=-(ii).
The sufficiency follows as the quantity [[(2I — A)™!||z2 is

continuous about z with f(z) > 0 and it tends to zero as
|z| = +oo. For the necessity, we have

Y (alw ) - A) )
e (64)

for all w € C with R(w) > —Ay, where ¢ = min{0, R(w)}.
The Neumann series expansion in (64) holds as

lalll((w = a)T = A) g2 < |al /Ao < 1.

(wI — A)™' = ((w—a)T— A)

Therefore,
o(A) Cc{ze€C, R(z) <—-Ap}, (65)

which proves statement (i) with 6 = Ay.

Next, we show (ii)<=>(iii). The sufficiency holds as matri-
ces zI — A and 2I — A*, where R(z) > 0, have uniformly
bounded inverses. To prove the necessity, let us pick a z € C
with $(z) > 0. By the ¢-stability property (16), it suffices
to prove that the range of zI — A is the entire ¢? space. Let
us suppose, on the contrary, that orthogonal complement of
the range is nontrivial, i.e., there exists 0 # d € ¢? such that
d*(2I—A)c = 0 for all ¢ € ¢2. Thus, (21— A*)d = 0, which
together with the ¢2-stability property (16) for ZI— A* implies
that d = 0. This is a contradiction, which proves our claim.

Finally, we prove (iii)<=>(iv). The implication follows from
the following:

f I- 2
Lt T Al
= inf |z]%c*c—Zc*A*c— zc*Ac+c*A*Ac
R(2)>0
* 2 * 2
' A*Ac |c*Aqncl® + (max(0, c*Ayc))

i3

and

%(1;§>0 ||(Z )CHQ
lc*Agpcl? + (max(0,c*Ayc))?

= c"AA%c—
lell3

for all ¢ € ¢2.

B. Proof of Theorem 7.1

Let us pick z € C* and c € £2. By Theorem 5.1, it suffices
to prove the uniform stability for matrices z2I— A and z2I— A",
ie.,

BNO

I(z:1 = A)cllz > || 2 (66)

and
. Bn, |1
11— A%)ell = == [ —llc]- ©7)
(&%)
For every subsystem ¢ € V and integer N > 0, we define
operator UV : (2 — (2 by

VY s [eli)]jev — [olp(i, 5)/N)e()] e,
in which v is the trapezoid function given by

if [t <1/2
if 1/2<t|<1
if |t] > 1.

1
Yo(t) = { 2 —2Jt|
0

Similar to the truncation operator ¥ in (22), the operator
WH localizes a vector to the N-neighborhood of subsystem i,
Wthh can be represented as a diagonal matrix whose diagonal
entries are o (p(4, j) /N) for all j € V, and it can be thought
of as a smooth version of the truncation operator x¥ : 2 — (2
in (22). By the local stability assumption (33), we have

(21— A)¥Noc|ly > By, ¥}l (68)

forall c € ¢? and i,, € Vn,- Let us denote A =
Then, for every ¢ = [c(j)] ey we obtain

> laviy -

[a(i, j)]ijev-

T A)el

inLEVNO

= Z (AT — TN A)x?Noc||3
im €V,
< z{ S Jalis )| x0i 250y () €]
lnLEVNO % 7.7)<T

o (52) - (42

.o 2
<03 S 5 10 im0}

im€VNy 1€V p(4,5)<T
4N PlAlE D IxYels
i7nEVN0

< AT2NG P asl|AllE [lell3, (69)




in which the second inequality follows from the Lipschitz
property for the trapezoid function vy and the third one holds
by the second inequality in (4). By combining (68) and (69),
we get

1/2
Vaz (GT= Al = (Y0 w01 A)el3)
z‘meVNO
1/2
> (3 N1 A)pw3)
imEVNO

1/2
= (0 IAawde -l A)e|3)

im €VN,

1/2
5 c||2) “ayarr Ny Alslells

zBNO< >

im €V,
> (B, var - 2vaz No *Alls) llele:

This together with (32) proves (66). By applying similar
arguments, we can establish the lower bound estimate in (67).

C. Proof of Theorem 9.1

According to our assumptions, the state matrix B is a strictly
negative definite matrix in B,(M) N B2. By Theorem 8.4, it
suffices to find proper positive or negative weight adjustment
w such that

¢ X (B+ wEg) x)°c <0 (70)
and
H(B + UJEkl)sz C||2 = (BNO) Hsz C||2 1)

hold for all 7,, € Vn, and c € 72, where B N, 18 the constant
in (50) for the matrix B.

The proof of part (i) of the theorem is as follows. Since B €
B, (M) and p(k,l) < T, we have |b(k,[)| < M. Hence,

B + wEy € B,(M)
if

lw] < M —|b(k,1)]. (72)

We observe that (32) holds according to (4), (58), and the
assumption B € B, (M). Therefore, B is strictly negative
definite by Theorem 7.1. Moreover, it follows from (66) and
(58) that

By, [Co
< _ 0 ~0 2
< 5/ g llelB

—2M Dy (G) (1 +1)¢
for all ¢ € ¢2. Direct calculations reveal that

’c*Eklc’ < lc||z forall ce /2

c*Be

A

Nytlel3  (73)

This together with (73) implies that B + wEy; is negative
definite matrices and, as a result, inequality (70) holds for all

w satisfying
lw| < 2M D1 (G) (1 + 1) Ny *. (74)

Now, suppose that i, € Vy, such that k,l € B(iy,, Ny),
where k£ and [ are 1ndlces of E;;. From the definition of the
projection matrix P, 7: it follows that there exists C’NO (tm) >
Bn, (i) such that

IBx: el > B, (im)® [P, <l
+ On(im)” Ixite = Py cll3 (75)

for all ¢ E 2, In fact, the second smallest eigenvalue of the
matrix x; ° No B2 v, if it exists, can be employed as the constant
C’No(zm) in (75). Let us choose ¢c; = P;_cand c; = X?Z’c
P, c for ¢ € (2. Then,

Ixieels = lledlls + llezl3.
For any positive weight w, we obtain
I(B + wEx)x; cll3
=c* NfBz N"c+2w§R(c* é\::EleXNO )+w2||Ele ocl2
> ¢ X °B2y ¢ + 2w R(c*x) " EpnBx;  c)
> By (im)? eills + Cng(im)? 2l + 2wR(ciEwBe)
— 2w |[Eges |2 Bx; clla — 2w |Exer 2 |Bez|

> (Bro(im)* + 20mu) Jleal}
+ (Cwy(im)? = 20MD(G)(0 +1)?) [leall
— 4wMDy(G)( + 1) [ler]l2 e
> B (im)? D0l + (Cnalim)® = Bra(im)?) lle2ll}

Di(G)(o +1)?

ij

— 2wMD,(G)(o + 1)* ( +1) leal

in which the second inequality holds according to (75) and the
third inequality follows from (4) and the observation
|Exricll2 < |c|]2 for all ¢ € ¢2.

Hence, the inequality (71) holds when

Nkl (éNo (irn)2 - BNo (im)z)
2MD1(G) (o + 1)d(MD1(g)(U + 1) + 77kl)
This together with (72) and (74) proves the first conclusion
with €y given by

€ = min{M b(k,1)|, 2M D1 (G)o (o + 1)*Ny ™,

nij(C’No(im)Z - BNo(im)2) }
2MD;(G)(0 + 1)4(MDy(G)(0 + 1) + 1) J°

0<w< (76)

The proof of part (ii) of the theorem is as follows. Similar to
the arguments used in proof of part (i), for negative weight w,
one can obtain

I(B +wE)xi cll3 > (B (im)? + 2whu) leall3



+ (Cny (im)? + 20M D1 (G) (0 + 1)%) 22
+4wMD1(G)(o + 1)¢ Jler]2 ezl
> B, (im)? [e1l3 + Cng (im)? lle2l3

o d
2wl Dy (G) (o 4 1) (1 . D(gg*”) leal2.

Therefore, the second conclusion holds by letting
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