FINAL VERSION

H, State Estimation for Discrete-Time Complex
Networks with Randomly Occurring Sensor
Saturations and Randomly Varying Sensor Delays

Derui Ding, Zidong Wang,

Abstract—In this paper, the state estimation problem is in-
vestigated for a class of discrete time-delay nonlinear complex
networks with randomly occurring phenomena from the sensor
measurements. The randomly occurring phenomena include ran-
domly occurring sensor saturations (ROSSs) and randomly vary-
ing sensor delays (RVSDs) that result typically from networked
environments. A novel sensor model is proposed to describe the
ROSSs and the RVSDs within a unified framework via two
sets of Bernoulli distributed white sequences with known con-
ditional probabilities. Rather than the commonly used Lipschitz-
type function, a more general sector-like nonlinear function is
employed to describe the nonlinearities existing in the network.
The purpose of the addressed problem is to design a state
estimator to estimate the network states through available output
measurements such that, for all probabilistic sensor saturations
and sensor delays, the dynamics of the estimation error is
guaranteed to be exponentially mean-square stable and the effect
from the exogenous disturbances to the estimation accuracy is
attenuated at a given level by means of an H..-norm. In terms
of a novel Lyapunov-Krasovskii functional and the Kronecker
product, sufficient conditions are established under which the
addressed state estimation problem is recast as solving a convex
optimization problem via the semi-definite programme method.
A simulation example is provided to show the usefulness of the
proposed state estimation conditions.

Index Terms—Complex networks; state estimation; randomly
occurring sensor saturations; randomly varying sensor delays

I. INTRODUCTION

Complex networks are everywhere. Many phenomena in
nature can be modeled as coupled networks such as brain
structures, protein-protein interactions, social interactions, the
Internet and the World Wide Web. All such networks can be
represented in terms of nodes, edges and coupling strengths
indicating complex connections between the nodes. Typical
complex networks that have been thoroughly investigated
include communication networks, social networks, electrical
power grids, cellular and metabolic networks and the internet.
Random graphs are known to be able to describe the large-
scale networks with no explicit design principles, so the early
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study on complex networks has been the territory of graph
theory since the seminal work in [6], [7]. Recently, due to
the discovery of the “small-world” and “scale-free” properties
[3], [30], the dynamical behaviors of complex networks have
attracted an ever increasing research interest from a variety of
communities such as mathematicians, statisticians, computer
scientists and control engineers. As a result, a number of
dynamics analysis issues have been extensively investigated
for complex networks such as the stability and stabilization,
synchronization, pinning control and spread mechanism, see
e.g. [11, [2], [4], [8], [10], [12], [14], [17], [18], [20], [21],
[23]-[26], [29], [31], [34], [35] and the references therein.

In the past decade, special attention has been focused on the
stability and synchronization problems of various complex net-
works. Generally speaking, there are mainly two approaches
that shed insightful lights on the stability and synchronization
phenomenon in various real-world complex networks. The first
one is the matrix eigenvalue analysis method that has been
widely applied (see e.g. [14], [20], [21], [25], [26], [34]) for
pinning control or impulsive control problems. For example,
in [14], the important concept of virtual control has been pro-
posed to show, in a nice way, that the pinned nodes “virtually”
control other dynamical nodes through coupling and eventually
lead to the synchronization of the whole network. The other
approach is the linear matrix inequality (LMI) technology that
has recently been adopted (see e.g. [5], [8], [10], [13], [16],
[17], [35]) for complex networks with or without time-delays.
For instance, in [5], the relationship between the stability
of the whole network and the stability of its corresponding
subsystems has been discussed, and the special decentralized
control strategy has been employed to derive some necessary
and sufficient conditions for the stability and stabilizability
for linear networks. Furthermore, in [16], one of the first
few attempts has been made to address the synchronization
problem for stochastic discrete-time complex networks with
time delays.

The vast literature on stability and synchronization problems
of complex networks has implicitly assumed that the states of
the complex networks under investigation are fully accessible.
This is, unfortunately, not always the case in practice. For
example, as a typical example of complex networks, the
wireless sensor networks exhibit complicated coupling be-
tween the sensor nodes as well as network-induced phenomena
such as random packet dropouts, random sensor saturations
and random sensor communication delays. These phenomena,
together with the large scale of the networks, often give rise
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to the unavailability of part of the sensors, i.e., only partial
information from the sensor measurements is available. In
this case, it becomes necessary to estimate the states of the
nodes through partial but available measurements, and then
use the estimated node states to carry out specified tasks such
as dynamics analysis and synchronization control. The state
estimation problem for various complex networks has recently
drawn particular research attention, see e.g. [11], [16], [22].
For instance, in [16], by using a novel Lyapunov-Krasovskii
functional and the Kronecker product, the state estimation
problem has been studied for an array of discrete-time complex
networks with the simultaneous presence of both the discrete
and distributed time delays. Very recently, the state estimation
problem over a finite-horizon has been investigated in [22]
for a class of time-varying complex networks in terms of a
new concept called H..-synchronization, and the estimator
gain has been obtained by utilizing the recursive linear matrix
inequalities (RLMIs).

For the purpose of estimating the network states in reality,
the available measurement outputs are collected from all
sensor that are then processed to minimize the effects from
the possible noise and various kinds of incomplete information
such as the missing measurement and communication delays.
It is now well known that sensors cannot provide signals of
unlimited amplitude due primarily to the physical or tech-
nological constraints. This phenomenon is referred to as the
sensor saturation. Saturation brings in nonlinear characteristics
that can severely restrict the application of traditional estimator
design schemes. Specifically, this kind of characteristics not
only degrades the estimation performance that can be achieved
without saturation, it may also lead to undesirable oscillatory
or even unstable behavior. Because of the practical importance
of sensor saturations, much attention has been focused on
the filtering and control problems for systems with sensor
saturation [9], [32]. In most existing literature, the saturation
is actually assumed to occur definitely. Such an assumption is,
however, not always true. For example, in a network environ-
ment, the sensor saturations may occur in a probabilistic way
and the saturation level may be randomly changeable as well.
This is mainly due to the random occurrence of networked-
induced phenomena such as random sensor failures leading to
intermittent saturation, sensor aging resulting in changeable
saturation level, sudden environment changes, etc. Such a
phenomenon of sensor saturation, namely, randomly occurring
sensor saturation (ROSS), has been largely overlooked in the
area due probably to the difficulty in mathematical analysis.
The main motivation of the present research is, therefore,
to investigate how the ROSS phenomenon influences the
performance of state estimation for complex networks.

In addition to the appearance of ROSSs, the sensor measure-
ment delay serves another common phenomenon that occurs
in a random way especially when the sensors are connected
via communication networks. Sensor delays may be induced
by a variety of reasons such as an asynchronous time-division-
multiplexed network, intermittent sensor failures, and random
congestion of packet transmissions, etc. Such a phenomenon
is customarily referred to as the randomly varying sensor
delays (RVSDs), see [33] and [27] for more details. In many

cases, the RVSDs are a source of instability and performance
deterioration of a complex network equipped with a large
number of sensors. One of the most popular ways to describe
the RVSDs is to use a Bernoulli distributed (binary switch-
ing) white sequence specified by a conditional probability
distribution in the sensor output. This approach has first been
proposed in [19] to deal with the optimal recursive estimation
problem. Recently, it has been utilized in [27] for filtering
problems and in [15] for control designs. Obviously, to reflect
the network reality, it makes practical sense to consider both
the ROSSs and RVSDs where their occurrence probabilities
can be estimated via statistical tests. Up to now, to the best of
the authors’ knowledge, the estimation problem for complex
networks with both the ROSSs and RVSDs remains an open
yet challenging issue, and the main purpose of this paper to
shorten such a gap. It is worth pointing out that the main
difficulty lies in how to establish a unified framework to
account for the two phenomena of ROSSs and RVSDs.

Summarizing the above discussions, the focus of this paper
is on the state estimation problem for a class of discrete time-
delay complex networks with randomly occurring phenom-
ena including ROSSs and RVSDs that result typically from
networked environments. Two sets of Bernoulli distributed
white sequences with known conditional probabilities are
introduced to describe the ROSSs and the RVSDs within a
unified framework. A general sector-like nonlinear function
is employed to describe the inherently nonlinear nature of
the complex networks. By employing the Lyapunov stability
theory combined with the stochastic analysis approach, a
delay-dependent criterion is established that guarantees the
existence of the desired estimator gains, and then the explicit
expression of such estimator gains is characterized in terms of
the solution to a convex optimization problem via the semi-
definite programme method. Moreover, a simulation example
is provided to show the effectiveness of the proposed estimator
design scheme. The main contribution of this paper is mainly
twofold: 1) A novel sensor model is established to account for
both the ROSSs and RVSDs in a unified framework; and 2)
based on this sensor model, the estimator design approach is
proposed to ensure that the error dynamics is exponentially
mean-square stable and the H., performance constraint is
satisfied.

The rest of this paper is organized as follows. In Section II, a
class of discrete time-delayed complex networks with both the
ROSSs and RVSDs are presented. In Section III, by employing
the Lyapunov stability theory, some sufficient conditions are
established in the form of LMI and then the explicit expression
of the estimator gains is given. In Section IV, an example
is presented to demonstrate the effectiveness of the results
obtained. Finally, conclusions are drawn in Section V.

Notation The notation used here is fairly standard except
where otherwise stated. R™ and R™*™ denote, respectively,
the n dimensional Euclidean space and the set of all n x m
real matrices. The set of all positive integers is denoted by N.
12([0, 00); R™) is the space of square-summable n-dimensional
vector functions over [0, 00). I denotes the identity matrix of
compatible dimension. The notation X > Y (respectively,
X > Y) where X and Y are symmetric matrices, means
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that X — Y is positive semi-definite (respectively, positive
definite). M7 represents the transpose of M. Sym{A} denotes
the symmetric matrix A + AT, For a matrix A € R"*n
Amax(A) and Apin(A) denote the maximum and minimum
eigenvalue of A, respectively. E{x} stands for the expectation
of stochastic variable x. ||x|| describes the Euclidean norm of
a vector x. The shorthand diag{M;, Ma,--- , M, } denotes a
block diagonal matrix with diagonal blocks being the matrices
My, ..., M,. The symbol ® denotes the Kronecker product. In
symmetric block matrices, the symbol * is used as an ellipsis
for terms induced by symmetry.

II. PROBLEM FORMULATION AND PRELIMINARIES

Consider the following array of discrete time-delayed com-
plex networks consisting of N coupled nodes:

zi(k +1) =f(zi(k)) + g(zi(k — 7(k)))
N
—i—ZwUI‘mJ(k) -‘rLZ"Ul(k), 0

Zz(k) :MLL‘Z(]C)7
zi(s) =i(s),Vs € [-Tar, 0], =1,2,--- N,

where z;(k) € R™ is the state vector of the ith node, z;(k) €
R" is the output of the ith node, and vy (k) is the disturbance
input belonging to I5([0,00);R?). T = diag{ry,r2, - ,rn}
is the matrix linking the jth state variable if r; # 0, and
W = (w;j)nxn is the coupled configuration matrix of the
network with w;; > 0 (¢ # j) but not all zero. L; and M are
constant matrices with appropriate dimensions, and ¥;(s) is a
given initial condition sequence.

The positive integer 7(k) describes the known time-varying
delay satisfying 0 < 7,,, < 7(k) < Tas, where 7, and Tas
are known positive integers representing the minimum and
maximum delays, respectively. The nonlinear vector-valued
functions f and g : R"® +— R™ are assumed to be continuous
and satisfy f(0) = 0, g(0) = 0 and the following sector-
bounded conditions

[f(2) = f(y) — ¢f (@ — ) [f(z) = fly) — b5 (x — )] <O,

[9(z) — g(y) — ¢S (z — )| [g(x) — g(y) — $3(x — )] < 0(,2)

for all z,y € R™, where ¢/, (;Sg , ¢ and ¢ are real matrices
of appropriate dimensions.

In this paper, the NV sensors with both saturations and delays
are modeled by

yi(k) =6;(k)|ei(k)o(Cxi(k)) + (1 — a;(k))C; (k)]
+ (1 = Bi(k))[ai(k)o(Cx;(k — d)) 3)
+ (1 — a;(k))Cxi(k — d)] + Giva(k),

22172a"'7N7

where y;(k) € R™ is the measurement output of the node i,
va(k) is the disturbance input which belongs to I5([0, 00); RP),
the sensor delay d is a scalar satisfying 0 < d < 75y, and
G, C are known matrices with appropriate dimensions. The
saturation function o : R™ — R™ is defined as

o@) = [ o(z1) ofxs) o@n) 1", @

where z; is the ith element of the vector z and p(x;) =
sign(z;)min{1, |z;|}. Here, the notation of “sign” denotes
the signum function. Later, we will slightly abuse the no-
tation by using o to denote both the scalar valued and the
vector valued saturation functions. Note that, without loss of
generality, the saturation level is taken as unity. The variables
a;(k) and B;(k) (i = 1,2,---,N) are Bernoulli distributed
white sequences taking values on 0 and 1 with the following
Prob{f; =1} = 3

probabilities:
and ;
{ Prob{f;, =0} =1-§;

Prob{a} =1} = a;
{ Prob{ai =0} =1—

where «;, 3; € [0,1] are known constants. Throughout the
paper, the stochastic variables «;(k) and (3;(k) are mutually
independent in all <.

Remark 1: As is well known, in an abstract model for
complex networks, the nodes in the same cluster usually
possess the same attributes or properties. For example, in a
homogeneous sensor network, the sensor nodes are typically
identical in terms of battery energy and hardware complexity.
An interesting topic for complex networks is to examine how
the nodes interact each other to form rich dynamics through
links according to a given topology dynamics. Therefore, it is
reasonable to assume that the nodes’ information is collected
by means of the same type of measurements. Moreover, with-
out loss of generality, the disturbances in measurements are
set to be same. In the case of different kinds of disturbances,
similar results can be obtained readily by using an augmented
method.

Remark 2: Note that, the zero-row-sum property of the
configuration matrix W is quite important for many traditional
methods to deal with the dynamics analysis issues of com-
plex networks. By assuming the zero-row-sum property, the
eigenvalue-based matrix analysis methods could be employed
to construct the difference of signals, see e.g [14], [16], [20]-
[23], [25], [26], [34] for more details. These methods, however,
are no longer valid for the problem addressed in this paper
because of the sensor saturation phenomenon. One of the main
contributions of this paper would be the development of a new
methodology to deal with the phenomenon of both ROSSs and
RVSDs without requiring the zero-row-sum property.

Remark 3: The measurement model proposed in (3) pro-
vides a novel unified framework to account for the phe-
nomenon of both ROSSs and RVSDs. The stochastic variable
a;(k) characterizes the random nature of sensor saturation
while the stochastic variable 3;(k) is used to describe the phe-
nomenon of the probabilistic sensor delay. By combining these
two stochastic variables, model (3) represents the following
four different phenomena: a) when §;(k) =1 and «;(k) =0,
sensor ¢ works normally; b) when 5;(k) = 1 and «;(k) = 1,
model (3) is reduced to y;(k) = o(Cz;(k)) which means that
the measurements received by sensor ¢ are saturated; c) when
Bi(k) = 0 and a;(k) = 0, it can be seen from model (3) that
the measurements at previous d time-instant are employed by
estimator ¢ instead of the one at current time-instant; and d)
when ;(k) = 0 and «;(k) = 1, model (3) implies that the
measurements are not only delayed but also saturated before
they enter into the estimator ¢. In addition, it is easy to observe
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that the time-delay in the measurements takes random values
as “0” when §;(k) = 1 and “d” when f;(k) = 0. Such kind

augmented system

Wﬂ?k + Wai— d+ fr+ Gn -

of phenomenon is referred to as the randomly varying delays. k1 =
; +HA G(CSny) + H™ Q(OS?]k )
Based on the measurement y; (k), we construct the following I Z (% — &)Gidl ¢ Sne)
state estimator for node i: FIA Lk P
Z +Zz 1( lzc ﬁz)gzcsnk
+ Zz (8}, = 0:)Gi0(CSny—a) D
Ti(k+1) =f(Zi(k)) + g(&i(k — 7(k))) + 35N (9% — 0)GiCSnk—a + Loy,
+ Ki(yi(k) — Czi(k)), s Zr= Mg,
2,(k) =M, (k) ) m= | 1T(i)aT¢2T( i), i (0), 01 (0), 93 (0),
’ , Vi € [—7ar, 0
fcl(s) =0, Vse [-ﬂw, 0],2':1,27... N, wN(Z)] ? [ ™ ]
where
- fT T 2 1 4T T 1T
where %;(k) € R" is the estimate of the state x;(k), 2;(k) € fo=1 ") i ~]i o Ge=19g () o T
R" is the estimate of the output z;(k), and K; € R™*™ is the aj, = a;(k)Bi(k), 0} = ai(k)(1 - Bi(k)),
estimator gain matrix to be designed. ﬁk = (1 —ay(k))Bi(k), Nfc =(1- ai(k))(l — Bi(k)),
For the purpose of simplicity, we introduce the following & = a;f;, &" =diag{aI,aol, - ,anl},
notations: Bl = B’L(l - ai)? ﬂA = dlag{61]7 ﬂ217 e 731\71}’
0 = oi(1 =), 0" = diag{t1I,0o1,---,0NnI},
ap = [ zf (k) a3 (k) ay (k) 17, b= (1—a;)(1—B;), 9" =diag{OrI,o1, -, InI},
iy =[ af (k) 23 (k) &N k) 17, H=[0 —-KT T, G =[0 —ETKT T,
s=[ k) Ak - k)T M=l0 8], S=[T 0],
G=lH®) ZE) - SRR Z= = W{ wer 0~}
we=[of (k) F k) ) Te=T(h), e =, Ll wer+k(I-pne -ke
Flak) =[ [ (@a(k)  f7 (@a(k)) Fran®) 17y, 0 0 L0
T T T T 2 ~K9*C 0 |’ L —-KG |-’
glar) =[ 9" (x1(k)) g7 (z2(k)) g (zn (k) 7, )
3(Cxy) = [ o (Cxi(k)) 0T (Cxa(k)) o (Cxy(k)) 1%, As analyzed in [32], [36], the saturation function g(C'Sny,)
fe = fai) = f@x), G = glaw) — (@), satisfies ) ) ) )
K =diag{K|, K, - , Ky}, C=I®C, [8(CSn) — (1@ A)CS"[g(CSn) — CSn) <0, (8)
L=[LT LY L', L=[L -KG], where A = diag{61,60, - ,0,,} and 0 < A < I. Also, it
G=[GI G¥ G% 7 M=I®M follows from (2) that
Ei:diag{ov '7031703"'70}' [ff;_(l(@(p{)nk ]T[ﬁ_(1®¢§)nk}§07 (9)
i—1 N—i [ Gk — (I® ¢£17)7]k ]T[ Gr — (I® d)g)nk' ] <0.

By using the Kronecker product, the error dynamics of
the state estimation can be obtained from (1), (3) and (5) as
follows:

eri1 = fu+Grr —KCep+(WaT +KC)xy,
- N -
MwK<;m%M®WM&m
+ ;(1 — (k) 8i (k) E;Cxy,
+ 32 k)1~ (k) Eid(Ca-)
+ ivjl(l — Oz,(kﬁ))(l — 61(]€))E1C~'!L‘k_d> 5
Ek = Mek

(6)

Then, by setting n, = [ 2% el |7, we have the following

Definition 1: [28] The augmented system (7) with vy = 0
is said to be exponentially mean-square stable if there exist
constants € > 0 and 0 < & < 1 such that

E{|lm} < et _max | E{lml?), k€N,

max
—TM,

The purpose of this paper is to design a set of state
estimators of form (5) for the complex networks (1) with the
sensor model (3) containing both ROSSs and RVSDs. More
specifically, we are interested in looking for the parameters
K; (i = 1,2,--- ,N) such that the following requirements
are met simultaneously:

a) The zero-solution of the augmented system (7) with v, =
0 is exponentially mean-square stable.

b) Under the zero-initial condition, for a given disturbance
attenuation level v > 0 and all nonzero vy, the output error
Z), satisfies

(10)

1 S > 112 2 S 2
5 BP9 Y ol
k=0 k=0
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Remark 4: In terms of (6) and (10), it can be seen that the
value of E{||Z.||?} would become larger as the number of
the nodes increases. Theoretically, the disturbance attenuation
level ~ for the overall network should account for the average
disturbance rejection performance that is insensitive to the
change of the number of the nodes in the estimator design.
For this purpose, the term of 1/N is used to accommodate the
average H, index over the complex network so that the scalar
v reflects the practical significance of the H,, disturbance
rejection level.

III. MAIN RESULTS

In this section, the stability and the H., performance are
analyzed for the augmented system (7). A sufficient condi-
tion is given to guarantee that the augmented system (7) is
exponentially mean-square stable and the H,, performance
is achieved for all probabilistic sensor saturations and sensor
delays. Then, the explicit expression of the desired estimator
gains is proposed in terms of the solution to certain matrix
inequalities derived according to the obtained condition.

Theorem 1: Let the estimator parameters K; (i =
1,2,---,N) and the diagonal matrix A be given. The zero-
solution of the augmented system (7) with vy = 0 is ex-
ponentially mean-square stable if there exist positive defi-
nite matrices ; (¢ = 1,2,---,6) and positive scalars )\,

(j =1,2,---,4) satisfying
[ 2 WP, 0 E14
* 522 0 W2TP1
k * Eg3 0
I, = * * * =
* * k *
k * * *
* * * %
T = T ~A 7 1D
Wl P1 =16 W1 PlHU
w3 P WiPHa" Eo7
P 0 0
Py PyHAA PrHDA <0,
Ess PrHAA PyHOA
* Ees Ee7
* E77
where
Br =Bi(1 — )1 — Bi(1 — )],
07 =1 —a;)(1 = Bi)[1 — (1 — o) (1 = B)],
0 =i (1= Bi)[1 — (1 = B)], &f = aifBi(1 — aifs),
X =X = @il — aq) (1 = By),
X =i (1 - ), X = 61— 00 (1= ),

=a;(1 —ay)(1 - B3)?
of =1 (¢] +¢})/2,

50 =a2B;(1 - B), X"
1
of =9 Sym{5o{" 0]},

>

1
Y =1 ® sym{§¢>§’T¢§}, o) =I® (6] +¢9)/2,
Py =diag{I ® Q, I ® Q2}, E33=—P3— \a®{,

Py :dlag{I X Qg, I® Q4}7 Zg =P — M1

P; =diag{I ® Q5, I ® Qg}, Zs5 =P1 — A2l
En =WIPOW, — Py + Py + (Tar — T + 1) Ps
— M0 —ASTCT (I @ AN)CS
N 2 2~ 2.9 ~ ~
B X X X STCTGI PG Cs,

Sy =WEP + 0007 e = aMHT PR,
Z16 =W PTHE + X\3STCT (T @ A+ 1)/2,
E2o =W2T PW,y — Py = M STCT (T2 N)CS

+Z 19*+X2

Eor :W2 le +MSTCT (T A+1))2,
Ee6 =a " THT PyHaN — N3T

P 4\ TNSTETGT PiGiCS,

N > ~
+ (@ + x0T+ x20Gl PG,
Srr =0 MTHT PyHON — I

N ~ =
+) (0 X+ )G PG

Proof: Construct the following Lyapunov function for
system (7):

V (k) = Vi(k) 4 Va(k) + Va(k), (12)
where
k-1
Vi(k) = mePuk + Y, niPami,
i=k—d
k—Tm
Z niPsni,  Va(k) = Z Zmpsm
i=k—Tg j=k—Tpm+11i=]

Calculating the difference of V;(k) along the trajectory
of system (7) with vy = 0 and taking the mathematical
expectation, we have
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E{AV3(k )}—E{Va(kJrl) Va(k)}

k—Tm+1 k—Tm
E{AVi(k)} = E{Vi(k + 1) = Vi(k)} =Eq X SulPm— % mPgm}
= E{met1Prgkr1 — ne P + e Pane — Mk—aPank—a}t . Z_:MJF% L e ;M:rl =~
= E {nf W[ POy, + nf_ W3 POWany_a =E > >, niPani— > Z ni 37%} as)
- _, o j=k—Tn+11i=75+1 i=k—Trm+1 i=
+ nglfk + g B Y —. ’ k—‘T’iZ ’ N J
(C’Snk) ATYT pHEN Q(CSnk) =K kZ 1(77kp377k —n;P3n;)
j=k—Tm+
+ 0 (C’Snk a)0 ATHTleU Q(Csnk_d) k—7,
~* 5 = E ™ — ’fm P — ,LP i .
+ Z T CS??k)nglng(CSUk) ( M )77k 3Nk i:k§k1+177 37
« T T AT T A
+ Z Bini STCTGI PG, CS From the elementary inequality 2a”b < a”a + b7, it is
n Z C (CSnie_a) Q PG 8. Sii—a) straightforward to see that
. - g T .
+ Zizl ﬂfnk_dsTch? PyGiCSip—a ~25"(CS)GT PLGiIC Sy,

<" (CSm)G! P1G:d(CSni) + i TG PLG:CSni, (16)
—20"(CSn) G} PLGia(CSnr—a)
<" (CSm)G] P1Gig(CSny)

+ ET(ésnk—d)ggplgiﬁ(éSnk,d), (17)
25" (CSn)GI PLGiCSny—a
<" (CSm.)G] P1G:a(CSny,)

+ 20FWE PoWon—a + 20E WE P f,

+ 20fWE P Gro . + 20 WE PyHG™ 5(CSny)

+ 20FWE Py HE  6(CSni—a) + 20F_ WI Py f,

+ 200 W3 PG, + 20f_ W3 PYHE §(CSmy)
+ 208 WI PyHE 8(CSnt—a) + 2f PG,
+2fi PYH&" §(CSny) + 2 PrHE" §(C Sy —a)

B + i gSTCTGI PLGiCSya, (18)
+ 20k, PrHA" 0(CSni) o TSTETGT PG 5(C
T A A 2n, §TCTG; P1Gio(CSny—a)
+ 20, PrHO™ 0(CSn—a) T T AT T N
T/ A ~ATA,T A A <ne ST CG; PG, CSny,
+20 (CSny)a™ H' PPHO" 0(CSnk—q) o~ . o~
o + 0 (CSnk—a)Gi P1G:ia(CSny—a), (19)
- QZ (CSn)GE PG C Sy, oI STETGT PG CSy—a
—QZZ_ X3P (CSn)GE PiGid(CSny—a) S”I{STéTgiiplgiéS”{
o . + 0i—aS" CTGI PG CSny (20)
- 22 X3 T (CSm)G! PLGiCSie—a Py T i
v ) ) —20" (CSnr-q)G; P1GiCSMi—a
-2 Zztl X UngSTCTgiTplgig(CSnk*d) <" (CSnk-a)GF P1Gi0(CSni—a)
_9 ZN X@ﬁ TSTC«TgiTplgiC'Snk_d + Ug_dSTCTgiTPlgiCST]k_d. 21
— QZ ‘”9 o ( C’Snk )G PiG;CSni—a Furthermore, in terms of (13)-(21), we can obtain
— kP11 + 1k Pork = Nk —aPang—a} - - E{AV (1)} *E{V(k +1) = V(k)}
(22)
Similarly, we can derive = ZE{AV )} < E{&fﬂlék}
E{AVa(k)} = E{Va(k + 1) — Va(k)}
k E_1 where
= E{ > mibPami— X 77iP3"7i} .
S &= [ nf nla . 7
= kL3Nk — Nk—7, 3Tk —7 . ~ ~ T
k-1 ' 1 } Go—r, 0T (CSni) 0T (CSmi—a) | .
+ - > 1171-P3m - 42 17hP37h En= W{PWi— P+ P+ (T — T + 1) P
i=k—Tr41+ i=k—Tr+ L (14) ) +Z£\i1(ﬁ: +X?B+X1U +Xzﬁl9)STCTg,LTP1grLCS7
=E P — Mk —r, P3nie—7 + kZ ) i P31 S22 = Wg}?\}w‘{ - P 5 B sder A .
. i L R0 e+ )STETGI RGOS,
+ > niPsni — > miPsm; =66 = & 7]_[\[ PHa i N -
i=k—Tpp1+1 i=k—Ty+1 + 3N (@ 4+ X3 X3+ XENGT PG,

5 n.P377,} Zrr= MHTPHON
K2 3

<ES mePank — Mk, Patli—r, + 22 N R
" R - + Zfil(v;—‘ + X8 + X+ X6 PG,
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21 WrPpw, o wWrp
* EQQ 0 W2TP1
~ * * —P3 0
II; = * * * P
* * * *
* * * *
L * * * *
wip WlPHa" W[ PrHo?
wipP wipPHa" Wi PrHo
0 0 0
P PyHAA PyHOA
P PyHaA PyHOA
s Ze6 aATHT PyHON
* * é77 i

Subsequently, from (8) and (9), it follows that

E{AV (nx)}
<B{el & — Mlfi - (L@ o)l (i — (I @ ¢h)mi]

— X2 [Gr—rp — (1 ® ¢)0h—r ) [Gomre — (I ® ) i—17,]

— X3[@(CSni) — (I ® A)CSni] " [G(CSni,) — CSmy]

— M[3(CSn—a) — (I @ N)CSnye—a)”

x[0(CSn—a) — ésnkfd]}
<E{& L&}

(23)

Since II; < 0, there must exist a sufficiently small scalar
€o > 0 such that
IT; 4 eodiag{I, 0} < 0. (24)

Then, it is easy to see from (23) and (24) that the following
inequality holds:
E{AV ()} < —eoB{||nk][*}- (25)

On the other hand, according to the definition of V' (k), one
derives

k—1
E(V(k)} <piB{|lnel*} +p2 D> E{llmll*}
i=k—Tp
k—1 (26)
+ps Y E{llmll*)
i=k—Tn

where p1 = Amax(P1), p2 = Amax(P2) and p3 = (Tas — T +
D Amax(Ps).

For any scalar ;4 > 1, together with (12), the above
inequality implies that

PRV (R + 1)} = p"E{V (k)}
PHE{AV (k)} + p (= DE{V ()}

< [(n = 1)pr — peol B |nk|*}

+ (=12 +p3) Y WE{lIml*}

i=k—Tm

27

Then, along the similar line of proof of Theorem 1 in [26],
we can achieve

k—1
PFE{V (k)} < E{V(0)} + (w1 (1) +wa(n)) ZﬂiE{an‘HZ}

() Y E{llmlP)

—7m <1<0

(28)

where wi (1) = (n — 1)p1 — peo, wa(p) = Tap™ (b — 1)
(p2 + ps3)-

Let po = Amin(P1) and p = max{p1, p2, p3}. It is obvious
from (12) that

E{V(k)} > poB{||mx|1*}- (29)
Meanwhile, it follows easily from (26) that
E{V(0)} < p(27ar +1) max_ E{|ln;|[*}.  (30)
—Tm <i<0

In addition, it can be verified that there exists a scalar po > 1
such that

w1 (ko) + wa2(po) = 0. 3D

Therefore,it is not difficult to see from (28), (30), (31) that

WEBLV ()} < p(27ar +1)_max_ E{lni P}

Y E{llmllP,

— A <i<0

+ wa(fo) 52)

And then, it is obvious from (29) and (32) that

E{|ln]1*}

- ( 1 >’“ P27 + 1) + Tagwa(pio)

Ho

max  E{||n;|*}.
Po *‘T'ME%iSO {Hn H }
(33)

According to Definition 1, the augmented system (7) with
v, = 0 is exponentially mean-square stable, which completes
the proof. [ ]

Now, let us consider the H., performance of the overall
estimation process. In the following theorem, a sufficient con-
dition is obtained that guarantees both the exponential mean-
square stability and the H., performance for the augmented
system (7).

Theorem 2: Let the disturbance attenuation level v > 0,
the estimator parameters K; (¢ = 1,2,---,N), and the
diagonal matrix A be given. Then the augmented system (7) is
exponentially stable in the mean square sense for vy = 0 and,
under the zero initial condition, satisfies the H., performance
constraint (10) for all nonzero vy, if there exist positive definite
matrices @); > 0 (¢ = 1,2,---,6) and positive scalars \;
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(i=1,2,---,4) satisfying
[ =3, W’iTP1W2 0 =14 W1TP1
* 522 0 W2TP1 W2TP1
* * 533 0 )\Q(I)gT
HQ _ * * * E44 fl
* * * * =55
* * * * *
* * * * *
| * * * * *
=16 W{FPle;A W?Plﬁ
W2TP1’H&A Zo7 WgPlﬁ
0 0 0
PyH& PyHoA PiL
~A ~A <0,
PlHOé PlH’U Plﬁ
Z66 Ze7 aMHT P L
* E77 lN)AHTPLC
* * LTPL—~T |
(34)
where

5 =WIPOW, — Py + Py + (Tar — T + 1) Ps

— M0 — \STCT (I @ A)CS + %MTM
N s ~ ~~
+ D0+ + x)STCTGE PGiCS
i=1
and other parameters are defined as in Theorem 1.

Proof: According to Theorem 1, it is easily shown that the
zero-solution of the system (7) with v = 0 is exponentially
stable in the mean square since the inequality (11) is implied
by (34). It remains to show that, under zero-initial condition,
the output error zj satisfies the H,, performance constraint
(10).

Choosing the Lyapunov function similar to one in the proof
of Theorem 1, we can calculate as follows:

E{AV(K)}
< E{glznlgk + Q'Ug,CTPlWlT)k

+ 20F LT PO g + 208 LT Py fi, (35)

+ 208 LT Pige—r, + 20F LT PHAEM 5(C Sy,

+ 208 LT PyHOM §(CSnye—a) + vE LT Py Loy}
where &, and II; are defined previously.

Setting &, = [ £ v} 17, inequality (35) can be rewritten
as
oL L7 ] ;
< T 1

where E = [ ETP1W1 ETP1W2 0 ﬁTpl ETP1

L£rPHa® LT PHON
In order to analyze the H, performance of the system (7),
we introduce

s 1
7) =B 3 { Il = Pl }
k=0

where s is nonnegative integer.

(37)

Under the zero initial condition, one has

7)Y { g llal?
k=0
Pl + AV}~ BV (s + 1)}

S 1 )
<E {NHZ/«I2 — 7 Jvk]|? +AV(k)}
k=0

<E i: {5}:112&} < 0.
k=0

(38)

Letting s — oo, it follows from the above inequality that

1 o0 ~ oo
NZE{H%IIQ} <7 llowll,
k=0 k=0

and the proof is now complete. [ ]

Up to now, the analysis problem of estimator performance
has been solved. Finally, we are in a position to consider the
H, estimator design problem for the complex network (1).
The following result can be easily accessible from Theorem
2, and the proof is therefore omitted.

Theorem 3: Let the disturbance attenuation level v > 0
and the diagonal matrix A be given. For the discrete time-
delayed complex networks (1) with the sensor model (3)
containing both ROSSs and RVSDs, the augmented system
(7) is exponentially stable in the mean square sense for
v = 0 and satisfies the H,, performance constraint (10)
under the zero initial condition for all nonzero vy, if there exist
positive definite matrices @; > 0 (i = 1,2,---,6), matrices
Y; (i=1,2,---,N) and positive scalars \; (i =1,2,--- ,4)
satisfying

i rR' FT Fl El FT

*  —Q9 0 0 0 0

* * * — Q9 0 0 <0, (39
* * * * — Qs 0

* * * * * —Qs
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where
[ I; Mo Mz 0 0
* H22 0 0 0
* * H33 0 0
* * *  IIyy O
= * * * x 55
= * * * * *
* * * * *
* k k * *
ES % * * *
L * * * * *
Mg Iz s My Iligo |
H26 H27 0 0 1_[2,10
II3¢ IIz37 0 IIzg II319
0 0 0 0 0
0 1157, 0 0 0
Mg 7 Ilgs Ilgg g0 |’
¥ Ilpr Ilzg Ilzg 1749
* Igs 0 Ig10
* * *  Ilgg Ilg 10
* * * x  Ilip10 |
Y = diag{Yy,Ys, -, Yn}, Q2=1®Q;
Zy = [ (VB YT (VE,YT Y ENYT )T,
Z2 = [ fgz)El?T Egz)EQVT Eg\%)ENY;T ]T,
Zy = [ (B YT (I EYT (Y ENYT T,
Zy=[ 8B YT (VEYT D ENYT 1T,
Fi=[Z(I®C) 0 0000000 0]
FB=[0 0 ZIsC) 0 0 0000 0],
F=[0000000 Z 0 0],
F,=[0 0000000 Z 0],
R=[YI-pMI®C) -YI®C) -Yi'IoC)

0000 —Yat
6D = B 2@ 17 P,

69 = /97 433 4307 3,

~Yor 0 Y@ ],

69 = Vap 437 4 x5 433,

(49 = \fog 4 x5 4P X7,

I, = (W'W) @ (T(Q1 + Q2)T) — A3l @ (CTAC),
+ Sym{(W @ I)TY (I — M (I @ C)}
~I1®(Q1— Qs — (Tar — T + 1)Q5) — M @]

M= —-WeDYIeC),

= —(WeD) Y (IeC),

M= [ W ® (0Q1) + A ®f"

WT®(IQ2) + (I®C)T(I—pMYT ],

My = [ W'® (TQ1)
W@ (TQz) + (1@ C)' (I - fYYT |,
s =—WT@D)YTar + \sI @ CT(A +1)/2,
My =— (W' oD)YToh,
M0 =[ W7 ® (T(Q1 + Q)L+ (I @ C)T(I = FMYTL
~-WeDTYQ |,
Hyo = -1 ®(Q2 — Qu— (T — T + 1)Qs)
]+ (@ (M),
My =[ 0 (I@C)TYT +\@f" |,
My =[0 (IoC)TYT ],
Moo= —-(I®C)TYTL 0],
I35 =— I ® Q3 — Al ® (CTAC),
M3 =Il37 =[ 0 —(I®C)TIYT |,
M9 =M\ @ CT(A+1)/2,

310 =] —-I®C)TIAYTL 0], Ty=-1®Qu,
M55 = — diag{I ® Q5,1 © Q¢} — 2o®Y, Tl5r = X\p®3",
Hge =diag{/ ® Q1,1 ® Q2} — M1,
g7 =diag{l ® Q1,1 ® Q2},

s =Il7s =[ 0 —aAy?T |7,
Igo =Il7g =[ 0 —oAY7T |7,
77 =diag{I ® Q1,1 ® Q2} — X1,

Mgs = — A3l, Tlgy0=[ —aAYTL 0],
Mog = — M\yI, Tlgq0=[ —AYTL 0],
(I®Q@2)L 0
g 10 =117 10 = 2
6,10 7,10 [ I®Q)L —YG |’
LT(1 L—-~2I —-LTYG
Mo 10 = [ I®@+QL-71 -ITG],

and other parameters are defined as in Theorem 1. Moreover,
if the above inequality is feasible, the desired state estimator
gains can be determined by

Ki=Q;'Y; (40)

Remark 5: At present, a large number of results on complex
networks have been available in the literature that require the
symmetry and the zero-row-sum properties for the configura-
tion matrix WW. However, these results cannot be applied to the
state estimation problem with sensor saturations considered in
this paper. Our main results in Theorems 1-3 are applicable
to a wide class of complex networks including both directed
and undirected networks, and the measurement model in
this paper is quite comprehensive that encompasses network-
induced phenomena including both the randomly occurring
sensor saturations and the randomly varying sensor delays.
Comparing with existing literature, our results are obtained
on a new state estimation problem for a more general model
using in-depth stochastic analysis tools.

Remark 6: A general form of sector-like nonlinear function,
instead of the commonly used Lipschitz-type function, is em-
ployed to describe the nonlinearities existing in the network.
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The main results established contain all the information of the
complex networks including the physical parameters, lower
and upper bounds of the network state delay, the sensor delays,
the H, disturbance rejection attenuation level as well as the
occurrence probabilities of the sensor saturations and sensor
delays. Notice that the system governing the error dynamics
involves both the fixed and varying time-delays. To reduce the
possible design conservatism, a novel Lyapunov-Krasovskii
functional is proposed in which the first component V; (k) is
used to account for the fixed time-delay and other components
are constructed to cater for the varying time-delays. In the
next section, a simulation example is provided to show the
usefulness of the proposed design procedure for the desired
state estimators.

Remark 7: Note that, for the standard LMI system, the al-
gorithm has a polynomial-time complexity. That is, the number
N (g) of flops needed to compute an e-accurate solution is
bounded by O(MAN?3log(V/e)), where M is the total row
size of the LMI system, A is the total number of scalar
decision variables, V is a data-dependent scaling factor, and
¢ is relative accuracy set for algorithm. Let us now look at
the H,, state estimation problem for the complex network
(1) with the measurements (3), where the network size is N
and the variable dimensions can be seen from z;(k) € R",
yi(k) € R™, z;(k) € R", &;(k) € R (i = 1,2,---,N),
vi(k) € R? and ve(k) € RP. From Theorem 3, we have
M =8N +2mN +rN and N = 3n? + 3n + m2N + 4.
Therefore, the computational complexity of the LMIs-based
H,, state estimation algorithm can be represented as O(n” N +
m7N#*). Similarly, the computational complexity of the pro-
posed condition in Theorem 1 is also O(n”N). Obviously,
the computational complexity of the LMI-based algorithms
depends polynomially on the network size and the variable
dimensions. In order to reduce the computation burden, a
possible way is to obtain the estimator gains node by node
and then the computational complexity can be represented as
O(n"N). Fortunately, research on LMI optimization is a very
active area in the applied mathematics, optimization and the
operations research community, and substantial speed-ups can
be expected in the future.

IV. NUMERICAL EXAMPLES

Consider a discrete time-delayed complex network (1) with
three nodes. The coupling configuration matrix is assumed to
be W = (wij)MxM with

—06 06 0
W=| 06 -11 05 |,
0 05 -05

and the inner-coupling matrix is given as I = diag{0.1,0.1}.

The disturbance matrices and the output matrix are as follows
Li=[004 003]", Ly=[ —0.02 004 ],
Ly=1[002 —003]", M=[0.70 0.65].

The nonlinear vector-valued functions f(z;(k)) and

g(z;(k)) are chosen as

_ —0.6$i1(]€) + 0.3x; (k) + t nh(O.Sxi (k))
Flai(k)) = [ 0.60ms(k) — anh(0.2.9(k) ] :
0.02z1 (k) + 0.062:2 (k)
g(wi(k)) = [ —O.O3xi1(k)+0.t)2xi2(k) —|—ta?1h(0.01$i1(k)) }

Then, it is easy to see that the constraint (2) can be met

with
7y _| —06 0.3 ;| —03 03
o1 = [ 0 04 |’ ¢ = 0 0.6 |’
59 = 0.02 0.06 5 = 0.02 0.06
=1 —0.03 0.02 |’ 27| —0.02 0.02 |-

Consider the sensors with both the ROSSs and RVSDs
described by (3) with the following parameters:

—0.03 —0.02
Gl_[ 0.02 ] G2_[ 0.04 ]
0.06 08 0.6
Cs = [ —0.02 ] ¢= [ 09 —0.4 ]

In this example, the probabilities are taken as «; =
0.88, as = 0.85, a3 = 0.87 and 51 = 0.91, B = 0.92, B3 =
0.9, the delay parameters are chosen as 7,, = 1, Ty = 3, the
disturbance attenuation level is v = 0.92, and the diagonal
matrix is A = diag{0.7, 0.7}. By using the Matlab (with
YALMIP 3.0 and SeDuMi 1.1), we solve LMI (39) and obtain
a set of feasible solutions as follows:

6.6408
2.5172

5.4508
1.9621

A = 14.6065, Qi = {

Ao = 53.3398, Qs = {

2.5172
1.3932

1.9621
3.0666

|\
|\

ja—vaozt Q= | SEE RN
T I eyl
05 = [ 0.5182 —0.1538 ]
>~ | —0.1538 0.0527 |’
[ 04129 —0.1257
Qe = [ —0.1257  0.0975 ] ’
v, = [ —0.0023 —0.3538 ]
| 0.3023  —0.0403 |’
Y, = [ 0.0467 —0.3267 }
0.3426  —0.0630 |’
¥, — [ —0.0162 —0.3243 |
0.2813  —0.0882 |

Then, according to (40), the desired estimator parameters can

be designed as

K — | 00466 —0.0782 |
"7 | 01284 0.0369 |°
s, _ | —0-0411 —0.0682
>~ 01380 0.0231 |’
% —0.0468 —0.0638
7| 01216 0.0121 |
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In the simulation, the exogenous disturbance inputs are
selected as
~ 6cos(0.8k)
o k+1
The discrete time-varying delay 7(k) satisfies 7(k) = 2 +
sin(mk/2), and the constant delay is selected as d = 1. The
initial values ;(k) (: = 1,2,3; k = —3,-2,—1,0) are
generated that obey uniform distribution over [—1.4, 1.4].
Simulation results are shown in Figs. 1-4, where Fig. 1-
3 plot the actual measurements and ideal measurements for
sensors 1-3, respectively, and Fig. 4 depicts the output errors.
The simulation results have confirmed that the designed H,
estimator performs very well.

v1(k) = 5exp(—0.2k)sin(k), wva(k)

V. CONCLUSIONS

In this paper, we have investigated the H, state estimation
problem for a class of complex networks with time-varying
delay and incomplete information. The considered incomplete
information includes both the ROSSs and RVSDs. In order to
take both the ROSSs and RVSDs into account in a unified way,
a novel sensor model has been proposed by using two sets
of Bernoulli distributed white sequences with known condi-
tional probabilities. Then, some estimators have been designed
such that the augmented system is exponentially mean-square
stable and the estimation error satisfies the specified H,
performance requirement. Finally, the developed estimation
approach has been demonstrated by a numerical simulation
example. Further research topics include the extension of
our results to more general complex networks with varying
time-delays in measurements, and also to the network control
systems with both ROSSs and RVSDs.

T T T
—— Actual measurements y;
X —« — Ideal measurements y;

1 Actual measurements y;2

—— Ideal measurements ;5

Sensor 1

-0.6 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Time (k)

Fig. 1. Measurements from sensor 1
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