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Synchronization in large-scale nonlinear

network systems with uncertain links

Amit Diwadkar Umesh Vaidya

Abstract

In this paper, we study the problem of synchronization with stochastic interaction among net-
work components. The network components dynamics is nonlinear and modeled in Lure form with
linear stochastic interaction among network components. To study this problem we first prove the
stochastic version of Positive Real Lemma (PRL). The stochastic PRL result is then used to provide
sufficient condition for synchronization of stochastic network system. The sufficiency condition for
synchronization, is a function of nominal (mean coupling) Laplacian eigenvalues and the statistics of
link uncertainty in the form of coefficient of dispersion (CoD). Contrary to the existing literature on
network synchronization, our results indicate that both the largest and the second smallest eigenvalue
of the nominal Laplacian play an important role in synchronization of stochastic networks. Robust
control-based small-gain interpretation is provided for the derived sufficiency condition which allow
us to define the margin of synchronization. The margin of synchronization is used to understand the
important tradeoff between the component dynamics, network topology, and uncertainty characteristics.
For a special class of network system connected over torus topology we provide an analytical expression
for the tradeoff between the number of neighbors and the dimension of the torus. Similarly, by exploiting
the identical nature of component dynamics computationally efficient sufficient condition independent of

network size is provided for general class of network system. Simulation results for network of coupled
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oscillators with stochastic link uncertainty are presented to verify the developed theoretical framework.

I. INTRODUCTION

The study of network control systems is a topic that has received lots of attention among the
research community lately. There is extensive literature on this topic involving both deterministic
and stochastic network systems. Among various problems, the problem of characterizing the
stability of estimator and controller design for linear time invariant (LTI) network systems in
the presence of channel uncertainty is studied in [1]], [2]. A similar problem involving nonlinear
and linear time varying dynamics is studied in [3], [4], [S], [6]. The results in these papers
discover fundamental limitations that arise in the design of stabilizing controller and estimator
in the presence of channel uncertainty.

Another important problem in the study of network systems is that of synchronization of
the individual systems interacting over a network with stochastic interactions among network
components. Passivity-based tools are used to study the stability problem for deterministic net-
work systems in [7]], [8]]. Synchronization of interconnected systems from input-output approach
has been studied in [9] and shown to have applications in biological networks. These tools
provide a systematic procedure for the analysis and synthesis of deterministic network systems.
Synchronization of identical nonlinear systems over networks with stochastic link failures was
previously studied by the authors in [10]. Master stability function was used to obtain stochastic
variational stability in [[11]]. Without assumptions on nonlinearity, the authors were able to provide
a necessary condition based on individual system characteristics like Lyapunov exponents and
variance of link uncertainty. In this paper, under passivity assumptions on the system dynamics
and nonlinearity, we aim to provide a sufficiency condition for synchronization of nonlinear
systems over a network with stochastic links. Stability analysis using passivity-based tools

for analysis of stochastic systems with additive uncertainty models is studied in [12], [13].



Robustness of synchronized and consensus states to deterministic or stochastic uncertainty has
been studied in [14], [15], [16], [17], [18]]

In this paper, we combine techniques from passivity theory and stochastic systems to provide a
sufficient condition for the synchronization of stochastic network systems. Stochastic uncertainty
is assumed to enter both multiplicative and additive in system dynamics. We first prove a
stochastic version of the Positive Real Lemma (PRL) and provide an Linear Matrix Inequality
(LMI)-based verifiable sufficient condition for the mean square exponential stability of stochastic
system. An important feature of the stochastic PRL is that the uncertainty enters multiplicatively
in the system dynamics. This sufficient condition is then applied to study the problem of synchro-
nization in network of Lur’e systems with linear but stochastic interactions among the network
subsystems. The derived sufficient condition is function of individual component dynamics,
network topology captured by the eigenvaues of the nominal Laplacian, and characteristics
of stochastic uncertainty captured by coefficient of dispersion (CoD). The CoD is defined as
a ratio of variance to mean of a random variable and it indicates the amount of clustering
behavior in the random variable. A distinguishing feature of the derived sufficient condition is
that both the largest and the second smallest (Fiedler eigenvalue) eigenvalues of the nominal
Laplacian play a crucial role. The Fielder eigenvalue is well-known in graph theory literature as
an indicator of algebraic connectivity of a graph and has been shown to play an important role
for problem involving consensus and synchronization in literature. However, to the authors best
knowledge, this is the first theoretical demonstration of the role played by the largest eigenvalue
of the nominal Laplacian on synchronization, where this eigenvalue plays a role because of the
stochastic nature of the network dynamics. Similar influence of the largest eignevalue of the
Laplacian is shown computationally in [19]. The largest eigenvalue of the nominal Laplacian
captures the number of hub nodes and with larger number of hub nodes in the network uncertainty
can propagate faster making it difficult to synchronize. We will elaborate on the significance of

the largest eigenvalue of the nominal Laplacian on synchronization in section Using the



results from robust control theory, small gain theorem-based interpretation is provided for the
derived sufficiency condition. The small gain theorem-based interpretation is used to define the
margin for synchronization. We provide LMI-based condition for computing the synchronization
margin. The synchronization margin play an important role to understand tradeoff between the
network component dynamics, network topology, and CoD. In particular for network system
with nearest neighbour topology we show that there exists a optimal number of neighbors for
which the synchronization margin is largest. This signifies the fact that for network system
with uncertainty having too many neighbours is as detrimental to synchronization as having too
little neighbours. Furthermore for a special class of torus network [17], we provide analytical
expression to understand the tradeoff between the number of neighbours and the dimension of
the torus. Similar results involving limitations and tradeoff for torus networks are derived in
[17], [18], [20], [21] for the case of linear time invariant network systems. By exploiting the
identical nature of component dynamics we also provide sufficient condition independent of
network size for synchronization thereby making the condition attractive from the point of view
of computational.

The rest of the paper is structured as follows. In section we formulate the general
problem of stabilization of Lur’e systems with parametric uncertainty and prove the main
results on the stochastic variant of Positive Real Lemma. The problem of synchronization is
formulated and solved using the stochastic variant of PRL in section In sections and
we discuss synchronization problem on torus networks and provide computationally efficient
sufficient condition for synchronization respectively. Simulation results are presented in section

followed by conclusions in section |VII

II. STABILIZATION OF UNCERTAIN LUR’E SYSTEMS

In this section, we first present the problem of stochastic stability of a Lur’e system with

parametric uncertainty. The uncertainty is modeled as an independent identically distributed



(1.1.d.) random processes. The main result of this section proves the stochastic version of the

Positive Real Lemma.

A. Problem Formulation

We consider a Lur’e system, which has parametric uncertainty in the linear system dynamics.

The uncertain system dynamics are described as follows:

Ty = A(E(L)) 2 — Bo(ye, t) + vy, Y = Cuy (D

where, © € R”, and y € R™, ¢(y,t) € R™ is a nonlinear function, and, v; € R™ is zeros mean
additive noise vector with covariance R,. B € R™*™ and C' € R™*" are the input and output
matrices. The state matrix A (2(¢)) € R™ ™ is uncertain, and the uncertainty is characterized
by Z(t) = [&1(t), . . - Ear(8)]F, where &(t)’s for i € {1,..., M} are i.i.d. random processes with
zero mean and variance o2, i.e., E[§(t)] = 0, E[(t)?] = o2, and E[&(t)&;(t)] = 0 for i # j.

The schematic of the system is depicted in Fig. [l We make the following assumptions on the

| X1 = AE(t))x, —Bu,
Vi = CX[

#(yo1)

Fig. 1: Schematic of the system with parametric uncertainty.
nonlinearity ¢(y;, t)
Assumption 1: The nonlinearity ¢(y;,t) is a monotonic non-decreasing function of y; such
that, ¢ (4, t) (s — Dp(ys, 1)) > 0.
The system, described by (), encompasses a broad class of problems like stabilization under
parametric uncertainty, control and observation of Lur’e system over uncertain channel [22],

and network synchronization of Lur’e systems over uncertain links. Next, we state and prove



a stochastic version of the Positive Real Lemma and successively use the result for network
synchronization. The stochastic notion of stability that we use is the mean square exponential
stability [23] and is defined as follows:

Definition 2: The system in Eq. is mean square exponentially stable if 3 K > 0, and 0 <

[ <1, and L > 0, such that
Bz || 2 |P< KB" || w0 ||? +LR,, ¥ xo€R™ 2)

where, x; evolves according to (1).
Remark 3: The above definition of mean square exponential stability holds for systems with
additive noise. In case the additive noise is absent, the above definitions will reduce to the more

familiar definition of mean square exponential stability [23], [22], [3], where L = 0.

B. Main Results

The following theorem is the stochastic version of the Positive Real Lemma providing sufficient

condition for the mean square exponential stability of the stochastic Lur’e system, described by

(D).
Theorem 4: Let ¥ = D+ D" and Ap(Z(t)) = A(Z(t)) — BXIC. Then the uncertain Lur’e

system in (I)) is mean square exponentially stable if -

1) there exist symmetric positive definite matrices P and Rp such that ¥ — BT PB > 0 and,
P =E=q) [A7(E(t))PAr(E(t) + AZ(E(t))PB(X — BT PB) 'BT PAr(Z(t))]

+CTY7'C + Rp 3)

2) there exist symmetric positive definite matrices  and R such that ¥ — CQCT > 0 and,
Q =E=( [Ar(E(t))QA7(E(t)) + Ar(E(1))QCT (£ — CQCT)T'CQAL(E(1))]

+Ro+B'S'B )

Proof: Please refer to the Appendix section for the proof. [ ]



The generalized version of stochastic Positive Real Lemma, as given by Theorem M is now
specialized to the case of structured uncertainties. In particular, the structured uncertainties are
assumed to be of the form A(Z) = A+ M ¢ A,, where {£;}}, are zero mean i.i.d. random
variables, the mean value having been incorporated in the deterministic part of the matrix given

by A. The state and output equation for uncertain system becomes,

M
Tiy1 = (A + ZfiAi> Ty — B¢(?Jt, t) + U, Yy = Cuxy ©)
i=1

The matrices A;, adjoining to the uncertainties, could be pre-determined or could be designed
depending on the problem. For instance, the results developed in [22] are for the scenario, where
the matrix A; is controller gain. The following Lemma simplifies the generalized stochastic PRL
to study the mean square exponential stability of system described by (3).

Lemma 5: The system, described in (3, would be mean square exponentially stable if there

exists a symmetric matrix P > 0, such that > — B"PB > 0 and,
P=A]PAy+ AJPB(X — B"PB) 'B"PA, +C"S7'C + Rp

M
+Y 0} (A PA; + Al PB(S — B'PB)'B" PA;) (6)

i=1

for some symmetric matrix Rp > 0 and Ay := A — BX!C.
Proof: We substitute A(Z) = A + Zf‘il &A; in the (3) and utilize the fact &;’s are zero
mean i.i.d. random variables with variance o?. We also Ap(Z) = A+ SV §A, — BY'C ==

A + Zf\i L &iAi. Hence we get,
M
Bz [A7(E(t))PAr(E(t))] = A PAy+ Y 0P AT PA; )

i=1

Also we get,
E= [A7(E(t)) ' PB(X — B'PB) 'B'PA(E(t))] = A PB(X — B"PB)"'B" P4,
M
+Y 07A] PB(X — B'PB)"'B' PA;

=1

®)



Combining equations (7) and (8] and substituting in (3) we get the desired result. [ |
Corollary 6: The system, described in (3, would be mean square exponentially stable if there

exists a symmetric matrix @ > 0, such that ¥ — CQC'" > 0 and,
Q = AQA; + AQCT (X —CQCT)'CQA) + B'S'B+ Ry

M
+ 302 (AQAT + AQCT(S — CQCT)CQAT) )

=1

for some symmetric matrix R > 0 and A4y := A — BX~'C.

Proof: Corollary [0] follows from Theorem [, Lemma [5] and duality. n

III. SYNCHRONIZATION OF LUR’E SYSTEMS WITH UNCERTAIN LINKS

In this section, we apply the results developed in the previous section, in analyzing the
problem of synchronization of Lur’e systems, coupled through uncertain links. We consider
a set of linearly coupled systems in Lur’e form, where the interconnections between these
systems, are uncertain in nature. In the subsequent section we derive a sufficiency condition
for synchronization over a network, expressed in terms of uncertainty statistics and properties
of the mean network, in particular the second smallest and largest eigenvalue of the nominal
interconnection Laplacian. The condition could be used to judge whether the coupled system
with uncertainty could retain its synchronizability if the links binding the individual subsystems

start to fail. Synchronization is achieved if the uncertainty variance satisfies prescribed bounds.

A. Formulation of Synchronization Problem

We consider a network of inter-connected systems in Lur’e form. The individual subsystems
are described as follows:,
k k k
x = Axi — Bo(y/,t
Sk — t+1 t ( t ) (10)
gyt = CaF k=1,... )N
where, 2* € R", and y* € R™ are the states and the output of k%" subsystem. The ¢(y,,n) € R!

is a nonlinear function. The state matrix A € R™ " is the state matrix for k" subsystem.
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Fig. 2: Schematic of the interconnected system with uncertain links.

B € R™™ and C' € R™™ are the input and output matrices of the k" subsystem. The inter-
connected systems interacting with uncertainty through a network are depicted in Fig. 2] The
non-linearity satisfies the following assumption,

Assumption 7: The nonlinearity ¢y (yF,t) € R is globally Lipschitz monotonically nonde-
creasing function and C' function of y¢ € R that satisfies Assumption m Furthermore, it also

satisfies the following condition,

(& () = ()" ((WF =) — D () — 3()) >0,

for any two systems S, and S; and some »; = D + DlT > 0.
The aforementioned assumption is essential for the synchronization of the network. Next, we
consider coupled subsystems described by equation (10), that are linearly coupled, and analyze

their synchronizability. The coupled system satisfies the following equation,

N—-1
viy = At — Bo (yf) + > Gyl —yf) v, yf=Caj, k=1,....N (D)
j=1

where, 1;; € R represent the coupling link between subsystems S; and S;, g, = 0 and
G ¢ R™™,

Remark 8: The coupled system as described by is the most general form of interaction
possible between subsystems. The coupling between subsystems could be either in form of

output feedback or state feedback. As the output and states of individual subsystems are related



linearly so the form of coupling, as described by includes both the output feedback and
state feedback.
Next, we define the graph Laplacian L, := [I;;] € RY*" as following,
Lij=pij, i £4, li=—Y py i=1,.N. (12)
Jyi#]
Next, all the states of the subsystems are combined to create the states of the coupled system.

Finally the coupled system can be rewritten as,
Fopr = Al — Bo (i) — (Ly @ GO) &y + v, G = Ciy, (13)

where, ® is the Kronecker product, 7,, is an n x n Identity matrix and,

A0 --- 0
- oA - 0
A=IyR A=

0O 0 --- A

We similarly define B := Iy ® B, C:= Iy ® C, Dy := Iy ® Dy and 1 := Dy + D] > 0. We

also define & = [(«})" ... (x)"]", G =[(v) " ()], de=1(81)7 .. (o).

B. Modeling Uncertain Links

We are now ready to study the problem of synchronization where the links of the graph are

uncertain ( i.e. entries of the Laplacian matrix are uncertain). Let
Ey = {(i,7)|the link (7, j) is uncertain, ¢ > j}

be the collection of uncertain links in the network. Hence, for links (i,j) € FEy, we have
lij = pij + &j, © # j, where §;; are zero mean i.i.d. random variables with variance 02-2]-. If
(i,7) ¢ Ey when we have l;; = pu;j, @ # j to be purely deterministic as in the previous

subsection. This framework allows us to study synchronization for Lur’e type systems with a



deterministic weighted Laplacian as a special case. Let = = {&;;}(; j)er,. Then, the uncertain
graph Laplacian L,(=) will be given as,

LyE) =L+ Y &Ly (14)
(

/LJ)EEU

where L is the nominal part of the uncertain graph Laplacian L (=), which may be written as
L = Lq+ L,, where Lg is the part of the Laplacian constructed from i;; for purely deterministic
edges (i,j) ¢ Ey, while L, is constructed from the mean weights y;; for the uncertain edges
(i,4) € Ey. We may also write L;; = (;;¢]; where (;; := [(;;(1),...,4;;(N)]" € RV is a column

vector given by

0 ifk#£i#j
Ci(k)=4 1 if k=i
~1  ifk=j

We are interested in finding a sufficiency condition involving afj for (i,j) € Ey, which would
guarantee the mean square exponential synchronization. The coupled network of Lur’e system

can be written as,

fi = (A= (L(2) © GC)) i — Bé @) + v, G = Ci 1)

We would analyze the stochastic synchronization of system, described by (15). We start with
following definition of mean square exponential synchronization.
Definition 9: The system, described by is mean square exponentially synchronizing if

there exists a 5 < 1, K (&) > 0, and, L > 0 such that,
B || of — 2] [|P< K(é0)B" || w§ — af) |* +LRy, Vk,j€[1,N] (16)

where, &, is function of difference || ¢ — ¢ ||? for i, € [1, N] and K(0) = K for some constant
K.
We now apply change of coordinates to decompose the system dynamics on and off the

synchronization subspace. The synchronization subspace is given by 1 = [1,...,1]". We show



that the dynamics on the synchronization subspace is decoupled from the dynamics off the
manifold and is essentially described by the dynamics of the individual system. The dynamics on
the synchronization subspace itself could be stable, oscillatory, or complex. Let L,, = VmAmVnI
where V,,, i1s an orthonormal set of vectors given by V,,, = [\/LN Um} ,1=101--- 1]T and U, is
orthonormal set of vectors also orthonormal to 1. Let 2, = (VTI ® ]n) Z¢. Multiplying from

the left by V.! ® I,, we get
Breq = (21 — (VT LBV @ GC)) % — B () + 0, (17)

where W, = C%, i, = (Vir @ 1I,,) 6 (4;), and v; = (Vin ® I,) v;. We can now write

T ~ T
ét:{xj 2;} ) 1/)t:[gb; @/}j} (18)
where
Tm i, = Lixk 2= (U, ®1,) & (19)
VN N &= e
_ 1 - 1 al k - T T~
O = —=0 (i) = —= > _ o), = (U, ®L) (i) (20)

Substituting in we get
Ty = ATy — B (i) + 0
@H:<A—@ggex%®0@>z—éﬁ@g+& 1)

where 1w, = C%, A:i=Iy 1 ® A, B:=Iy_1®B, C:=1Iy_1®C, and Dy := Ix_1 ® D;. We
now show that for the synchronization of system ((15]), we only need to stabilize Z; dynamics. The
stability of the system with state Z;, implies the synchronization of the actual coupled system.
This feature is exploited to derive sufficiency condition for stochastic synchronization of the
coupled system. In the following Lemma we show the connection between the stability of the
described by to the synchronization of the system described by (I3).

Lemma 10: Mean square exponential stability of system described by implies mean

square exponential synchronization of the system (13)) as given by Definition [0



Please refer to the Appendix section of this paper for the proof. In the following subsection
we will provide sufficiency conditions for the mean square exponential synchronization of
by proving sufficiency conditions for mean square exponential stability of (21]). But first, we
rewrite the equation in a more suitable format. We note that L,(Z) = L,, + > By SiiLijs

and L,, = VmAmVnI where V,,, = [\/Lﬁ Um]. Hence we have

UnLg(E)Un = U LnUn + Y &Up LijUn = Ay + > €050
Ey Ey

where L;; = 0;;0] fij — U t;; and A,, := U] L,,U,, such that

ij>
0 0 0 0
0 UlLyUp 0 Ay
Let Z = {a;},, M = | Ey| be an indexing on uncertain edges in Ey. If index oy, corresponds
to edge (i,7) € Ey then let A,, := U, L;;U,, ® GC = !ZJKZ ® GC'. Thus we can write equation
as

@1:(A—Am®GC—§:@MhJ2,<&MwQ+& (22)

ap€el
C. Sufficiency Condition for Synchronization with Uncertain Links

In previous subsection, we have shown that mean square exponential stability of (22) guar-
antees the mean square exponential synchronization of the coupled network of Lur’e system
as given by (I5). In the preceeding section, we have derived sufficiency condition for mean
square exponential stability of Lur’e system. In this subsection, we combine these two results to
obtain sufficiency condition for mean square exponential synchronization of the network of Lur’e
systems. The following Lemma provides the sufficiency condition for mean square exponential
synchronization.

Theorem 11: The system described by i1s mean square exponential synchronizing if there



exists a symmetric positive definite matrix P € R(N=Unx(N=1)n quch that,
(A A To(i_ A 2 4T
P=(Ag— A ®GC) " P(A= A, ® GC)+ ) 07, AL PA,,
z

o o ~ [ ~ ~ ~\ —1 . ~ ~
+ (A - A, 2 GO PB (21 . BTPB) BTP(Ay — A, ® GO)
_ /A ~ ~\ 1 .
+3 02 Al PB (21 _ BTPB) BTPA, +R (23)
A

and f]l — BTPB > 0 for some symmetric matrix R > 0 and AO = A— Bf]l_lé =1Iy_1® Ao,
Ay=A—BY['C.

Proof: The proof follows from (13), (22), Lemma [I0| and Theorem {] u

D. Small Gain Theorem Based Interpretation

In this subsection, we provide a Small Gain Theorem based interpretation of the sufficient
condition for mean square exponential synchronization, as provided in Theorem [[1] In Theorem
[[1, we have derived the sufficient condition for mean square exponential synchronization of
coupled n-dimensional Lur’e systems with multiple link uncertainties. To provide the Small Gain
based interpretation for the derived sufficiency condition we will make following assumption on
the uncertainty statistics

Assumption 12: We assume that the all the stochastic interaction uncertainties have identical
variance i.e., E[¢(t)] = o? for i = 1,..., m. Furthermore, we assume that the additive noise
term v; = 0.

Using assumption [I2] we can rewrite the sufficiency condition as follows:
P >(Ay— A @ GO)P(A= A, @ GO) +0* Y " A PA,,
A
. . L/ PN BN A .
+ (Ao — A ® GO)TPB (21 - BTPB) BTP(Ay — A, @ GO)

+0* > ALPE (3 - BTPB) T BTPA, (24)
A



The system given by Eq. (24), can further be written in the following input-ouput form,

Bpeq = (AO A, ® GC) 5, — T ® Gi + Bi, (25)
Wy =C%, @& =7"'®C%, (26)
Dy = Sy — (i), 7 = iy, 27)

where = = diag{¢,,...,&u}, El&] = 0% and T =[0; 0y ---ly].

This can be represented in a schematic diagram as shown in Fig. [3] We will now try to
interpret the mean square exponential synchronization condition in Eq. (24)), as a loop gain
stability condition for the mean deterministic part and the stochastic uncertainty from output
to input wy, as shown in Fig. [3] This is similar to the Small Gain interpretation in robust control
theory [24] or stochastic robust control theory [2]. We now present a theorem which illustrates

the Small Gain like nature of the sufficient condition.

1 1
! Zt ?o e YVt |
Z Ve LV M !
”3 1 1
v Po | ! 5 |
B | :
1 1
1 1
V7 Xepq = Axg :
7 Xty1 = Axt | | = i h Ve = Cxt i
- ye = Cx; ' :
| G |
G | —x :
1 1
N 1 1
1 1
1
£ Ie i |
Wt YVt

Fig. 3: Schematic digram of system with stochastic uncertainty feedback loop and nonlinearity feedback loop

Theorem 13: The input-output system described in Eq. is mean square exponentially



stable if
1> o?p(M)?, (28)

where,
M = : ; (29)

S=p-1_ BfJIIET, and, T=P-— C’Tf]flé.
Proof: Defining S =P BiIIBT, and, T = P — C’Tf]flé, and applying Matrix
Inversion Lemma to Eq. (24), we obtain,

T>A)S " Ag+ 0" Al ST A,,. (30)
A

Since S and T — Ag S—1A, are positive definite matrices, the can be written as a square of

positive definite matrices S~2 and (7'— AJ S~'Ay) "z, respectively. Hence, from (30) we obtain,

N

>3 (T AT A)) F AL S A, (T - AJSA) . G1)
T
Defining M as given in and substituting in (31)), we obtain,
I>a?MTM. (32)
A sufficient condition for is given by
1> o?p(M)?, (33)

where, p(M) is the singular value of the matrix M. [

Remark 14: We observe the condition (28) provided in Theorem [13] is similar to the small
gain condition for stochastic stability, where p(M)?, can be considered as the mean square gain
of the mean deterministic system. The system norm can be computed using an iterative solving

of the Riccati for mean square exponential stability given in (24) by writing it as an LML



The above sufficiency condition is very difficult to verify for large size networks due to
computational complexity associated with solving the Riccati equation. In particular the matrix

P is of size (N —1)nx (N —1)n having (N71)2"22+(N71)" variables to be determined. The number

of variables increases quadratically with change in system dimension or size of network. In the
following we will discuss two different scenarios which will allow us to reduce the computational
complexity. In particular, in section [[V|we study the case where the nonlinear component dynam-
ics is connected over torus network. The analytical formula for the eigenvalues of the nominal
Laplacian with torus geometry will substantially reduce the computational complexity. In section
we exploit the identical nature of system dynamics to provide more conservative sufficient
condition but with substantially reduced computational efforts. The sufficiency condition is based
upon a single representative dynamical system modified using network characteristics, thereby

making it independent of network size.

IV. SPATIALLY PERIODIC NONLINEAR NETWORKS

In this subsection we study synchronization of Lure system connected over spatially periodic
networks. Spatially periodic networks or torus networks are studied in the context of linear
time invariant system. Issues related to fundamental limitations for coherency in consensus
network were addressed in [17]. Similarly the problem of consensus over torus network with
stochastic interaction uncertainty with LTI dynamics is studied in [18]], [20]. One of the important
characteristics of torus network which helps in simplifying their analysis is that their topological
properties like the nominal Laplacian eigenvalues has an analytical expression. A simplest torus
network is given by a nearest neighbor network, where each agent is connected to adjacent
two neighbors. A higher dimensional torus network can be constructed by adding identical
nearest neighbor networks along each dimension. Consider a nearest neighbor network with
d dimensions, and N agents with k nearest neighbors in each dimension, having a Laplacian

matrix given by Ly j 4. If a d+1 dimensional N-neighbor network is constructed with Laplacian



L k.a+1 then we have,

d—1
Lypa=In® Lypa-t + Lvjs ® Iyiot = 3 Iyoo1is @ Livges @ Iy (34)

=0

where ® denotes the Kronecker product of matrices. Using the eigenvalue property of Kronecker

products of matrices, we obtain

d
MLy d) = Z M (LN je1) (35)

=1

where Ay, (Lng1) are the eigenvalues of the 1-d torus with Laplacian Ly, for all k; €
{1,2,..., N}. Suppose the smallest non-zero eigenvalue of Ly is \» and largest eigenvalue
is Ay, then the smallest non-zero eigenvalue of Ly ;4 is given by 5\2 = Ao(Lnka) = Ao, and
the largest eigenvalue of Ly 4 is given by Ay =\ N(Lnga) = dA\n. We will use these results
to prove the results in this section.

We now consider a system (I5)) on a d-torus with N agents and k neighbors along each
dimension of the torus network. We also assume that all the links in the network are uncertain
and all the links have identical weight ;4 and are affected by the same zero mean uncertainty &

with variance 2. This allows us to write (I5]) as follows
fin = (A= (48 (Lypa® GCO)) = Bo () +v,  §e=Ci  (36)

Let the eigenvectors of Ly q be given by V and the diagonal matrix of eigenvalues be given
by Ay k4. Hence we obtain V:q’L NkdVy = AN k.q. Applying the transformation V' ® I, to Z;, we

obtain,

B = (A= (04O Ak ®GO)) = Bo () + 5, G =C5 (37)
Rewriting the mean dynamics separately as Z;, from (37)) we obtain,

Tii1 = AZy — Bo(y) + v, y, = Oy (38)

fn = (A= (6 (Avpa®GC) ) 2= Bo @) + 0, 5i=C2:  (39)



We invoke Lemma [T1] to obtain the stability condition for the system Z; as given in (38]). Using
Lemma |1 1| we can provide the following lemma for the mean square exponential stability of ;.

Lemma 15: The system of agents interacting over a d-dimensional torus network as given in
(36), is mean square exponentially synchronizing if there exist positive definite matrices P; > 0

for i € {2,3,..., N4}, such that ¥, — B’P,B > 0 for all 4, and
P; > (Ag — phiGC) Pi(Ag — phiGO) + (Ag — phiGC) BB (3, — B'P,B) " B'P,(Ay — nphGC)
o2\2 (C’G’BGC’ +C'G'BB (S, — BPB)™" B’P,GC’) WeooNel (40)

where Ay = A — BX'C. Furthermore, the condition (@0) exists if the follwoing linear matrix

inequality (LMI) is satisfied for all ~; > 0,

| P (Ag — p\GCY P, o NC'G'P; (Ay — p\GC)' P,B o;\i(J’G’P,-B-
Pi(Ag — pAiGC) P, 0 0 0
o\ P,GC 0 P, 0 0 >0
B'Py(Ay — p)GC) 0 0 ¥, — B'P,B 0
| oAMB'RGC 0 0 0 %1 — B'PB|

(4D

Proof: The proof follows from Lemma 11| and the fact that 2 is a set of uncertain decoupled

equations. [ |

The above LMI in (1)) or Riccati equation in {0) is difficult to solve for higher dimensional

systems as you have to solve that for and n x n matrix FP; for all possible eigenvalues. In the

following theorem we study the above condition for simple scalar systems with the assumptions
A=a,B=1,C=1and D= ¢ with dynamics similar to (36) given by,

Ty = (ol — (W +E)gLnka) Te — ¢ (Te) + vr. (42)

Hence for scalar agents in teracting over torus networks, the condition for mean square expo-

nential stability is given by the following theorem.



Theorem 16: The system of scalar agents interacting over a d-dimensional torus network as
given in (42)), is mean square exponentially synschronizing if there exist positive definite scalars

§>p;>0fori€ {2,3,..., N, such that § > p; for all i, and

— uig)%op; 26p; 1
_ (a0 = prig)*op gopi , 1 43)

+ \o?
0 —p; 7

where ag = a — . The conditions in are satisfied if and only if

2
(1 _ %) > max{aZ, a2}, (44)

where a2 := (ag— phig)? +02X2¢?, for all i € {2,..., N%}. Therefore, we can define the margin

of synchronization for a given variance of uncertainty as

A2 g2
pont = 1— o i 45)
(1=4)" = (a0 — 1A
where Ay, = arg maxy, 5 a?.
Proof: From Lemma [I5| we know there exists scalars § > p; > 0 such that

— 1Ng)2pi <o 5 9%pi 1 O . . 1
;> (a0 = #hig)7op + Afo2—g P + = > p <(a0 — pAig)* + A?0292> + = (46)

0= pi O—pi 0 d—p 0

We can rewrite Eq. (46) as

(pi — %) (% - %) > af, (47)

where we define o2 := (ag — u\ig)? + A202g% Now using the AM-GM inequality we can write

N (11 _, PEAR I
pl (5 pl 5 - p’l pz 5 627

<1 2+1
5 6%

2
< (1 — %) . (48)

Now using in (47), we obtain a sufficient condition for given by

1 2
<1 — 5) > a3, (49)



for all i € {2,..., N9}. Now suppose ([@9) is true then there exists ¢; > 0 such that,

1\? €?
1—>) —af=2—"1—. 50
( 5) “ L+¢ G0

Taking p; = 1 + ¢; we obtain

1\? 2
1—=] — & =1-
0 ]-+€z

1 1 1
-G

Substituting (51)) in (50) we obtain

1 1 1 9 €2 9
;— = ) =24+ s a2 52
(r=3) G5) et i > 5
Hence combining and (52), we obtain an equivalent condition for (47)
1\ 2
<1 — 5) > a7, (53)

for all «;. As the Right Hand Side of the Eq. (53) is identical for all o;, an equivalent condition
for and (53) is

1 2
(1—5) > max o’ (54)

)\ZG{AQ 7777 >‘Nd}
As a; = (p? + 02)g? 2 — 2aopug; + a2 is a quadratic in )\; with a positive corfficient for the
quadratic term, the maximum over an interval can be achieved only at the end points of the

interval. Hence we must have

max =~ = max a. (55)
>\i6{>\2 ..... /\Nd} >\2’)‘Nd
Hence, the equivalent condition for based on Egs. and (53) is given by
1) )
1— 5 > max «;. (56)

A2, A nd



This gives the sufficient condition for mean square exponential synchronization for the system
(#2). Using the condition provided in (56), we can define a margin of synchronization for a
given uncertainty variance o2, which will quantify how vulnerable the system is to additional
uncertainty leading to a desynchronized state. This margin of synchronization can be defined

based on (50) as,
N2 2
)\supg
1)2 3 2|7
(1 - 3) - (ao - ,UJ)‘supg>

where \,,, = argmaxy, 5 7. [}
N

2

psyi=1—o0 (57)

V. COMPUTATIONALLY EFFICIENT SUFFICIENT CONDITION FOR SYNCHRONIZATION

In this section, we exploit the identical nature of network component dynamics to derive
more conservative sufficient condition that the one derived in Section The derived sufficient
condition is computationally efficient and is independent of network size. The new sufficient
condition is also very insightful as it allows us to understand the tradeoff and interplay of role
played by the network property, in particular the second smallest and largest eigenvalues of the
nominal interconnection Laplacian, and the statistics of uncertainty in network synchronization.
We start with the following definition of coefficient of dispersion.

Definition 17 (Coefficient of Dispersion): Let £ € R be a random variable with mean p > 0

and variance o > 0. Then, the coefficient of dispersion - is defined as

V=
W

To utilize the above definition in subsequent results we make an assumption on the system
Assumption 18: For all edges (i,7) in the network, the mean weights assigned are positive,
i.e. p;; > 0 for all (7, 7). Furthermore, the coefficient of dispersion of each link is given by
o2,
ij

Vij = - and = maxy(; jy{7s; }. This assumption simply states that the network connections

are positively enforcing the coupling.



The following theorem provides a sufficiency condition for synchronization of the coupled
systems based on the stability of a single modified system.
Theorem 19: The coupled system is mean square exponentially synchronized if there

exists a symmetric positive definite matrix P > 0 such that ¥, — B PB > 0 and
P = (Ay — AapGC) " P(Ag — XsupGC) + (Ag — MsupGC) ' PB(X; — B"PB) ' BT P(Ay — Ay GC)
29T Asup (CTGTPGC + CTG"PB(S, — B'PB)'BTPGC) +C'E['C + R (58)

for R >0, Ay = A— BX['C and Asup € {A2, A}, where Ay is the largest eigenvalue and A,

. . . . . A .
is the Fiedler eigenvalue, of the nominal Laplacian. Furthermore, 7 := Y. 113\2 , where Ay, is
u d

the largest eigenvalue of the Laplacian for the purely uncertain graph L, and )9, is the second
smallest eigenvalue of the purely deterministic Laplacian L.

Proof: Please refer to the Appendix section of this paper for the proof. [ ]

A. Significance of T

In Theorem , the factor 7 := /\Niji“hd captures the effect of location and number of uncertain
links, whereas 7 captures the effect of intensity of the randomness in the links. It is clear that
0 < 7 < 1. If the number of uncertain links (|Ey|) is sufficiently large, the graph formed by
purely deterministic edge set may become disconnected. This will imply Ay, = 0, and, 7 = 1.
Hence, for large number of uncertain links, Ay, is large while Ay, is small. In contrast, if a
single link is uncertain, say Fy = {ey}, then 7 = %;fﬁka\gd Hence, for a single uncertain link,
the weight of the link has a degrading effect on the synchronization margin. The location of
such an uncertain link will determine the value of Ay, < Ay, thus degrading the synchronization
margin. Based upon this observation, we can rank order individual links within a graph, with

respect to their degradation of the synchronization margin, on the basis of location (\z,), mean

connectivity weight (1), and the intensity of randomness given by CoD .



B. Significance of Laplacian Eigenvalues

The condition for synchronization in Theorem [I9]is provided in terms of both the second and
the largest eigenvalues of the mean Laplacian. While the significance of the second smallest
eigenvalue of the Laplacian in terms of graph connectivity is well-known in the literature, the
significance of the largest eigenvalue of the Laplacian is not well documented. The second small-
est eigenvalue, A\ > 0, of the graph Laplacian indicates algebraic connectivity of the graph. We
observe from Theorem [19] as equation (24)) is a quadratic in ), there exist critical values of Ao(Ay)
for the given system parameters and CoD, below(above) which synchronization is not guaranteed,
respectively. Hence, critical A\, indicates we require a minimum degree of connectivity within
the network to accomplish synchronization. To understand the significance of Ay, we look at the
complement of the graph on the same set of nodes. We know from [235]], sum of largest Laplacian
eigenvalue of a graph and second smallest Laplacian eigenvalue of its complemet is constant.
Thus, if Ay is large the complementary graph has low algebraic connectivity. Thus, if we have
hub nodes with high connectivity, then these nodes are sparsely connected in the complementary
graph. Thus we interpret a high Ay indicates a high presence of densely connected hub nodes.
Therefore we conclude strong robustness property in synchronization is guaranteed for close to

average connectivity of nodes as compared to isolated highly connected hub nodes.

VI. SIMULATION RESULTS

In this section we provide simulations for nonlinear system synchronization based on our

results presented in this paper.



A. Network of Chua’s Circuit Systems

We consider network of coupled Chua’s circuit systems with linear coupling and stochastic

uncertainty in their interactions. The dynamics of the individual systems is given by

0 75 0 7.5

t=11 -1 1|lz—1 0 [ o), yZ(l 0 o)x
0 —15 0 0

€y lyl <1

(e = mg+ mqy)y + (mog — mq)sgn(y) |y| > 1
The above system is then discretized using a zero order hold. We assume that the nonlinearity
and the network interaction change only at discrete intervals and are constant during an interval.
We choose the sampling time to be 7' = 0.01 seconds. In 4] we show the x-dynamics above and
below the critical 7. = 1.118 below which the system should synchronize. We observe that at

v = 0.9 < 7, the system is synchronized. At ¥ = 1.3 > 7, the system is de synchronized.

x10*

20l . . . . 4

3,
10 "

BTV L
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(@) (b)

Fig. 4: (a) X-dynamics for ¥ = 0.9, (b) X-dynamics for 7 = 1.3



B. Spatially Periodic Systems

We consider a simple spatially periodic system with linear dynamics a = 1.05, 0 = 8, g = 0.01,
i = 1 and 0* = 0.01. We take spatially periodic networks with N = 50 agents on each
dimension. We choose the number of neighbors per dimension to vary between 1 to 25, and the
dimensions to vary between 1 to 10. We now plot the results for the synchronization margin as

given by Theorem [16]

1 -
83 25
207 08 5, 08
0.6 c
0.5 2
04 T 15}t 0.6
03 2
01 g 10 0.4
QO
5
. 245 Z 5 0.2
% 4 5 10152025 1 0
2 4 6 8 10
m Dimension

(@) (b)
Fig. 5: (a) 3-dimensional plot in d—m— pg s space with torus-dimension (d) on x-axis, neighbors per dimension (m)
on y-axis and synchronization margin pgas on z-axis, (b) 2-dimensional plot in d —m space with torus-dimension

(d) on x-axis and neighbors per dimension (m). Color indicates synhcronization margin.

We observe in Fig. [5(a) we plot the d —m — pgys space which shows the possible synchroniza-
tion margin for each value of dimension (d) and neighbors (m). One observes, as the number
of neighbors are increased for small number of dimensions, the synchronization margin goes
up. The better the connectivity, the better the margin of synchronization for smaller dimensions.
As the dimension of the torus is increased, the number of optimal neighbors starts to decrease.
Thus for higher dimension, it is better not to have a high number of neighbors in order to have

high synchronization margin.



VII. CONCLUSIONS

In this paper we study the problem of synchronization of Lur’e systems over an uncertain
network. This problem is presented as a special case of the problem of stabilization of Lur’e
system with parametric uncertainty. Other special case of this problem include control of Lur’e
system over an uncertain network which have been previously studied by the authors. These
results are used to obtain some insightful results for the problem of synchronization over uncertain
networks. We conclude that the sufficient condition for mean square exponential syncronization,
of the coupled dynamics, is governed by mean square exponential stability of a representative
system, with multiplicative parametric uncertainty in the state matrix. This uncertainty multiplies
an output feedback based on the coupling matrix, that modifies the system dynamics. The
uncertainty in the reprenstative system, has a CoD twice that of the maximum CoD in the
network links and its mean is a function of the eigenvalue, of the mean network Laplacian.

As the sufficient condition is based on a single representative system, it is attractive from the
point of view of computational complexity for large scale networks. This sufficient condition
is solved as an LMI using Schur complement, similar to deterministic Positive Real Lemma.
Furthermore, these results can be used to determine the maximum amount of dispersion tolerable
within the network links. As expected we conclude that, if the randomness in the network links is
highly clustered then it will be more difficult to synchronize the system. Another point of interest
is that the synchronization of complex nonlinear systems, depends on the largest mean Laplacian
eigenvalue along with the Fiedler eigenvalue, as opposed to just one for stable or marginally
stable systems achieving consensus. This indicates that while, a certain minimum connectivity
needs to be present to achieve synchronization, a high density of connections among nodes might

be too much information for complex nonlinear system to synchronize under uncertainty.



VIII. ACKNOWLEDGEMENTS

The authors acknowledge the support from the NSF grants ECCS 1002053, ECCS 1150405,

CNS-1329915 towards this work.

(1]

(2]
(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

REFERENCES

L. Schenato, B. Sinopoli, M. Franceschitti, K. Poolla and S. Sastry, “Foundations of control and estimation over Lossy
networks,” Proceedings of IEEE, vol. 95, no. 1, pp. 163-187, 2007.

N. Elia, “Remote stabilization over fading channels,” Systems and Control Letters, vol. 54, pp. 237-249, 2005.

A. Diwadkar and U. Vaidya, “Limitation on nonlinear observation over erasure channel,” IEEE Transactions on Automatic
Control, vol. 58, no. 2, pp. 454-459, 2013.

A. Diwadkar and U. Vaidya, “Stabilization of linear time varying systems over uncertain channel,” International Journal
of Robust and Nonlinear Control, vol. 24, no. 7, pp. 1205-1220, 2014.

U. Vaidya and N. Elia, “Limitation on nonlinear stabilization over packet-drop channels: Scalar case,” Systems and Control
Letters, 2012.

U. Vaidya and N. Elia, “Limitation on nonlinear stabilization over erasure channel,” in Proceedings of IEEE Control and
Decision Conference, Atlanta, GA, 2010, pp. 7551-7556.

G. B. Stan, A. Hamadeh, R. Sepulchre, and J. Gonalves, “Output synchronization in networks of cyclic biochemical
oscillators,” in American Control Conference, 2007, pp. 3973-3978.

J. Yao, H. O. Wang, Z. H. Guan, and W. Xu, “Passive stability and synchronization of complex spatio-temporal switching
networks with time delays,” Automatica, vol. 45, no. 7, pp. 1721 — 1728, 2009.

L. Scardovi, M. Arcak, and E. Sontag, “Synchronization of interconnected systems with applications to biochemical
networks: An input-output approach,” Automatic Control, IEEE Transactions on, vol. 55, no. 6, pp. 1367-1379, 2010.

A. Diwadkar and U. Vaidya, “Robust synchronization in network systems with link failure uncertainty,” in Proceedings of
IEEE Control and Decision Conference, Orlando, FL, 2011, pp. 6325-6330.

M. Porfiri, “A master stability function for stochastically coupled chaotic maps,” Europhysics Letters, vol. 6, p. 40014,
2011.

P. Florchinger, “A passive system approach to feedback stabilization of nonlinear control stochastic systems,” in Proceedings
of the 38th IEEE Conference on Decision and Control, vol. 4, 1999, pp. 3168-3173.

W. Lin and T. Shen, “Robust passivity and feedback design for minimum-phase nonlinear systems with structureal
uncertainty,” Automatica, vol. 35, no. 1, pp. 35 — 47, 1999.

H. Trentelman, K. Takaba, and N. Monshizadeh, “Robust synchronization of uncertain linear multi-agent systems,” IEEE

Transactions in Automatic Control, vol. 58, no. 6, pp. 1511-1523, 2013.



[15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]
(27]

R. Carli, A. Chiuso, L. Schenato, and S. Zampieri, “Consensus of multi-agent systems and synchronization of complex
networks: A unified point of view,” IEEE Transactions in Automatic Control, vol. 56, no. 5, pp. 1146-1152, 2011.

H. Kim, H. Shim, and J. Seo, “Output consensus of heterogeneous uncertain multi-agent systems,” /IEEE Transactions in
Automatic Control, vol. 56, no. 1, pp. 200-206, 2011.

B. Bameih, M. Jovanovic, P. Mitra, and S. Patterson, “Coherence in large-scale networks: Dimension-dependent limitations
of local feedback,” IEEE Transactions in Automatic Control, vol. 57, no. 9, pp. 2235-2249, 2012.

J. Wang and N. Elia, “Mitigation of complex behavior over networked systems: Analysis of spatially invariant structures,”
Automatica, vol. 49, no. 6, pp. 1626-1638, 2013.

L. Pecora and T. Carroll, “Master stability functions for synchronized coupled systems,” Physics Review Letters, vol. 80,
pp. 2109-2112, 1998.

X. Ma and N. Elia, “Mean square performance analysis for torus-networked distributed consensus under stochastic
distribution,” in Proceedings on IEEE Control and Decision Conference, 2013, pp. 7241-7246.

——, “Mean square performance and robust yet fragile nature of torus networked average consensus,” IEEE Transactions
in Network Control Systems, vol. PP, no. 99, p. 1, 2015.

A. Diwadkar, S. Dasgupta, and U. Vaidya, “Stabilization of system in lure form over uncertain channels,” in American
Control Conference, 2012, pp. 62 —67.

R. Z. Has’minskii, Stability of differential equations. Germantown ,MD: Sijthoff & Noordhoff, 1980.

G. E. Dullerud and F. Paganini, A Course in Robust Control Theory. Springer-Verlag, New York, 1999.

R. Merris, “Laplacian matrices of graphs: a survey,” Linear Algebra and its Applications, vol. 197-198, no. 0, pp. 143 —
176, 1994.

P. Lancater and L. Rodman, Algebraic Riccati Equations. Oxford: Oxford Science Publications, 1995.

W. Haddad and D. Bernstein, “Explicit construction of quadratic Lyapunov functions for the small gain theorem, positivity,
circle and Popov theorems and their application to robust stability. Part II: Discrete-time theory,” International Journal of

Robust and Nonlinear Control, vol. 4, pp. 249-265, 1994.

IX. APPENDIX

In the appendix we provide proofs for some of the important results we prove in the paper.

Theorem 4 We show the conditions in Theorem ] are indeed sufficient by constructing an

appropriate Lyapunov function that guarantees mean square exponential stability. We will prove

the result in Theorem [] for Case 1 and prove Case 2 as its dual. First, note that (3] holds if and



only if
P=E=z [(AT(E@1)PB-C")(X - B'PB)"'(C — B'PA(E(t)))]
+ Bz [AT(E(1)PA(E(1))] + Rp (59)

The equivalence of the two equations (3]) and (59) is observed based on [26] (Proposition 12.1,1).
Now consider the Lyapunov function V(x;) = z,/ Px,. Then, the condition for the system to be

mean square exponentially stable is given by
Bz [V(2141) = V(a)] =2, (BE= [A"(E)PA(E)] = P) x, + 2z, E=[A"(Z) BP](ys, t)
+ &' (i, t)B" PBo(ys, ) (60)

Substituting from (59) in (60) and applying algebraic manipulations as adopted in [27], we get

EE(t) [V($t+1)] - V(CEt) = - CEtTRPJCt [Ct Ct] - 2¢ (yta ) (yt - D¢(yt> t))
where (; = (BTPA(E( ) —C)ay— Eégb(yt,t) and Xp = (X — B PB). From condition
given in Assumption [1| we get ¢ (y,t) (y: — Do (ys, t)) > 0, which gives us,
Ez[V(zi11)) — V(zy)] < —x] Rz, < 0

This implies mean square exponential stability of z; and hence Case 1 is proved. Case 2 is now
the dual to Case 1 by a simple argument as shown in [22]. [ ]

Lemma [10; From (19) we have

|2 I°P=% (Un®1L) (U)®1L,) i =% (UsU,), ®1,) (61)
Applying U,,UT = V,,V.T — %ﬁ% = Iy — £117 in @) we get

. ) 1 L 1 1 .



Now, mean square exponential stability of (2I)) implies there exists K > 0 and 0 < 3 < 1 such

that

E=| 2 P < KB"| % |,

N N
Ez) | 2f — ] ||2<K6tz Z 25 — 5 117,
k=1 j#k,j=1 k=1 j#k,j=1
N ' N N '
2‘2 Y Bellaf—al IP<KEBY > (lag—ag I,
k=1 j#k,j=1 k=1 j#k,j=1

This gives us the result,

Ez || oy —ay ||°< K(80) 8" || 25 — o [ -

where K (&) := K (1 + Elii H%”_;ﬁ;”%_mo“ ) u

Theorem [I9: We know mean square exponential synchronization is guaranteed by con-
ditions in Lemma [I1] Consider P = Iy_; ® P where P > 0 is a symmetric positive definite
matrix that satisfies ¥; — B' PB > 0. This gives us >, —BTPB>0. Using this we write (23))

as

I @ P> (Ag— Ay ® GO) (Inoy @ PY(A— Ay ® GC)+ > 02 Al (In—1 ® P)Aq,
T
-1

+ (Ay — Ay ® GO)T(In_1 @ P)B (21 B Iy, ® P)B) BT (In_1 ® P)(Ay — A ® GO)
+ ZaakAT (In.1® P)B (21 — B (Iy1 ® P)B>1 B (In-1 ® P)Aq,
+ Iy, @CTEC (62)
Since A,, = é”[lg ® GC we can write as

INnoy @ P > [Ag— N\GC) (In_1 ® P) [Ag — \;GC) + Iy, @ CTE7HC

-1

+[Ag — \GC]T (IN_1 ® (PB (S, — BPB) TP)) [Ag — \,GC
+ 302 (o, @ GO (Iny @ (PB (%1~ B'PB) ™ BT P)) (la, 0], © GC)
T

+Y 02 (Lo, ), ® GO) (Iy_1 ® P)(lo, L}, ® GC) (63)
A



where [Ay — \,GC] = (Ay — A, ® GO). Inequality (63) can be further simplified as
Iy1® P> [Ag = NGO (Ino1 @ P)[Ag = NGO +2> 02 lo L) @ CTGTPGC
T
+ Ay — NGO (IN_1 ® (PB (S, — B'PB) ™ BTP)) [Ag — \,GC]
akFay

+23 02 0o ], @ (CTGTPB (S, - B'PB) " BTPGC) + Iy @ CT5;'C
T

(64)
We know that

A A T

We know that L,, = L, + Lg. Thus if there exists 7 < 1 such that L, < 7L, then we must

1 _
( T) Av, < Aoy,
-

where Ay, is the largest eigenvalue of the Laplacian L,, and )\, , is the second smallest eigenvalue

have 1=2L, < Lg. This is true if

of the Laplacian L;. We now choose 7 = /\Ni%\zd and applying L, < 7L,, to (65) we obtain,
Z Ug&kéo‘kégk = :VU;E (TLin)Up, = ;YT]\m (66)
I

Now, substituting (66) in a sufficient condition for inequality to hold is given by
In1® P >[Ag— NGO (In_1 ® P)[Ag — \,GC) + Iy, ® CTE[IC
+[Ag — \GC]T <IN_1 ® (PB (2, — B'PB)™ BTP)) [Ag — \,GC]
+297hn @ (CTGT (P+ PB (S - B'PB) ™ B'P) GC) (67)

Equation is essentially a block diagonal equation which gives the sufficient condition for

mean square exponential synchronization to be
P> (Ag — \GO)TP(Ay — \;GC) + (Ag — \;GC)TPB (S, — BTPB) ™ BT P(A, — \,GC)

+297\,CTGTPGC +297A,CTGTPB (£, — BTPB) " BTPGC+CTS['C (68)



for all non-zero eigenvalues A; of A,,. Since (68) is a quadratic in the eigenavlues \;, it is
sufficienct to study is the equations holds true for the extreme values of the set given by A, and
An. This is easily seen by the following argument. Using Schur complement we can equivalently

write for a given \; and C; = /277C as an LMI given by

My +AjM; >0 (69)
where
[ po c'y'c AP AJPB 0 0 _
PAy P 0 0 0
M, = BTPA, 0 X-B'"PB 0 0|,
0 0 0 0 0
I 0 0 0 0 0 ]
i 0 -C'G"P -C'G"PBC/G"P C/G"PB ]
—PGC 0 0 0 0
My, = | -BTPGC 0 0 0 0
PGCy 0 0 P 0
| BTPGC, 0 0 0 X -B'PB
Since this is a convex constraint in ), if it is satisfied for any values of X\;, \; € {\2, ..., An},

then (69) is true for any A = s\; + (1 — s)A; for all s € [0,1]. Thus if we require (68) to hold
for all eigenvalues of the mean Laplacian matrix, then it must hold for the extreme points of

the set, i.e. Agyp € {A2, An}. This proves the result. [ |
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