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Abstract—This paper is concerned with the distributed #.o
filtering problem for a class of discrete time-varying stochastic
parameter systems with error variance constraints over a sensor
network where the sensor outputs are subject to successive miss-
ing measurements. The phenomenon of the successive missing
measurements for each sensor is modeled via a sequence of
mutually independent random variables obeying the Bernoulli
binary distribution law. To reduce the frequency of unnecessary
data transmission and alleviate the communication burden, an
event-triggered mechanism is introduced for the sensor node
such that only some vitally important data is transmitted to
its neighboring sensors when specific events occur. The objective
of the problem addressed is to design a time-varying filter such
that both the 7/ requirements and the variance constraints
are guaranteed over a given finite-horizon against the random
parameter matrices, successive missing measurements and s-
tochastic noises. By recurring to stochastic analysis techniques,
sufficient conditions are established to ensure the existence of
the time-varying filters whose gain matrices are then explicitly
characterized in term of the solutions to a series of recursive
matrix inequalities. A numerical simulation example is provided
to illustrate the effectiveness of the developed event-triggered
distributed filter design strategy.

Index Terms—Distributed 7{., filtering, error variance con-
straints, event-triggered mechanism, random parameter matri-
ces, successive missing measurements, recursive matrix inequal-
ities.

I. INTRODUCTION

In the past few decades, the stochastic parameter systems
have found applications in a variety of engineering domains
such as digital control of chemical processes, radar control,
missile track estimation and economic systems, see e.g. [3],
[51, [71, [25], [37], [41]. On the other hand, the problem
of filtering or state estimation for has long been a focus of
research due to its engineering insights in many branches
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such as target tracking, orbit determination, image processing,
fault diagnosis and biomedicine, see e.g. [2], [12], [42].
Many filter design approaches have been available in the
literature such as [9], [10], [21], [23], [33], [35], [39], [40],
among which the renowned Kalman filter and the H, filter
have proven to be most effective in dealing with Gaussian
noises and energy-bounded noises, respectively. In systems
with additive Gaussian noises, it is quite common that the
performance requirements are described as the upper bounds
on the filtering error variances, where the estimation error
variance is no longer required to be the minimum as long
as the engineering requirements are met [26]. In this case,
the variance-constrained filters offer much design freedom
that would facilitate the multi-objective design in order to
reconcile between the performances of steady-state and tran-
sient behaviors, accuracy, robustness and disturbance rejection
attenuation, etc.

Recent years have seen the widespread deployment of
wireless sensor networks (WSNs) as a new generation of
distributed embedded systems with a broad range of real-
time applications [1], [13], [16], [29], [32], [36]. In the
context of filtering or state estimation through a WSN, the
measurement outputs are often collected through a network
of smart sensing components installed in a spatial region of
interest, where the individual sensor node can share the local
information with its neighbors in the WSN. As one of the
central issues in WSNs, the distributed filters aim to fuse the
information not only from the individual sensor but also from
its neighboring ones according to the given topology. So far, a
number of distributed filtering algorithms have been proposed
under various conditions on the target plant and the network
topology, see e.g. [8], [27], [31], where most reported results
have been concerned with time-invariant systems with fully
available measurements. However, virtually almost all real-
world systems are time-varying and, for in networked systems,
the measurement signals may be missing during the network
transmission resulting mainly from the limited bandwidth [19],
[34], [44]. It is noted that the distributed filtering problem for
time-varying systems with successive missing measurements
has not received adequate attention yet despite its engineering
importance.

For WSNs, the bandwidth of the wireless channels is
typically limited and the capability of persistent power supply
of each individual sensor is quite restrictive. As such, the
scarcity of resources for WSNs has become a major con-
cern and much attention has been devoted for the energy
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saving purposes. It has been revealed that frequent data
communications inevitably lead to a substantial proportion
of energy consumption and, as compared to the traditional
time-triggered communication protocols, the so-called event-
triggered communication strategy would offer the possibility to
avoid unnecessary waste of limited recourses [6], [11], [14],
[18], [28], [45], [46]. The main idea of the event-triggered
strategy is to transmit vitally important information only when
certain event triggering condition is violated. Recently, a
growing number of research results have been reported in
the literature concerning event-triggered transmission schemes
that have been applied in a variety of engineering systems, see

2. [18], [30].

Summarizing the above discussions, a seemingly natural
idea is to investigate the event-triggered distributed filter
design problem for time-varying systems with mixed H, and
variance constraints subject to stochastic parameters and miss-
ing measurements. This appears to be a new yet challenging
task because of the essential difficulties in 1) dealing with
the asynchronous triggering of each individual sensor under
a unified framework because each sensor is equipped with an
event generator with separated triggering rate; 2) developing
appropriate techniques to examine the impacts from the ran-
dom parameter matrices onto the desired H., performance
requirement and the filtering error variance constraint; and 3)
designing a set of easy-to-implement distributed filters that
are insensitive to the randomly occurring successive missing
measurements. We endeavor to handle the three identified
difficulties in the present research.

In this paper, our research efforts are devoted to the problem
of event-triggered distributed H., filtering for a class of
stochastic parameter systems with error variance constraints
over a sensor network, where the underlying system is subject
to successive missing measurements. The main contributions
of this paper are highlighted as follows: 1) the system model
under consideration is quite general that covers time-varying
parameters, random parameter perturbations and successive
missing measurements, hence reflecting the reality more close-
ly; 2) an event-triggering communication protocol is proposed
to alleviate the network burden caused by the limited network
bandwidth; 3) the mixed H., performance index and error
variance constraints are investigated, for the first time, for
a class of time-varying systems; and 4) a novel filtering ap-
proach is developed in the form of recursive matrix inequalities
that are suitable for online applications.

The rest of this paper is organized as follows. In Section II,
the target plant described by a discrete time-varying stochastic
system with a network of N sensors is introduced and the
problem under consideration is formulated. In Section III, the
analysis and synthesis for the addressed event-based distribut-
ed filtering problem are investigated and a simulation example
is given in IV to demonstrate the effectiveness of the main
results. Finally, we conclude the paper in Section V.

Notation. The notations are quite standard. Throughout this
paper, ZT, R® and R™*™ denote, respectively, the positive
integer space, the n-dimensional Euclidean space and the set of
all n x m real matrices. A’ represents the transpose of A. The
notation X > Y (respectively, X > Y) where X and Y are

symmetric matrices, means that X —Y is positive semi-definite
(respectively, positive definite). diagy{A;} stands for the
block-diagonal matrix diag{A4;, Az, -+, Ax}, and vecy{z;}
denotes [x1 xo---xn]. I is the n-order identity matrix.
E{z} stands for the expectation of stochastic variable x, and
Cov{z, y} indicates the covariance of stochastic variables
x and y. ||z| describes the Euclidean norm of a vector z,
and Apax(A) (Amin(A)) refers to the maximum eigenvalue
(minimum eigenvalue) of matrix A.

II. PROBLEM FORMULATION

For the WSN under consideration in this paper, the sensor
nodes are distributed in space according to a fixed network
topology represented by a directed graph &4 = (¥, &, <) of
order N with the set of nodes (sensors) ¥ = {1,2,... N}, set
of edges & C ¥ x ¥, and an adjacency matrix &/ = [a;;]|Nx N
with nonnegative adjacency elements a;;. The edge (i, ) € &,
if and only if, a;; > 0, which represents that the ith node can
receive the information from the jth node, otherwise, a;; = 0.
Furthermore, self-loops are not allowed here, i.e., a;; = 0, for
i=1,2,---,N. The set of neighbors of node 7 is denoted by
N ={j € V|(i,]) € £}.

Consider the target plant described by the following discrete
time-varying system:

Trp+1 = AxTy + Brwe, 0
2k = Myxy
where x; € R"™ is the state vector of the target plant which
is not directly available, zj is the signal to be estimated, and
wr € RP denotes a zero mean Gaussian white noise sequence
with covariance Sy, > 0. A, € R™*" is the random parameter
matrix to be defined later, and By, M}, are known time-varying
matrices with appropriate dimensions.
The measurement output from the ith sensor is given by

Y = Vi(Ciay + Diwr) + (1 —~v5)yh 4 )

where y; € R™ is the measurement output of the ith sensor
node. The random variable sequence 7j characterizes the
probability nature of the occurrence of successive missing
measurements for each sensor and obeys the Bernoulli dis-
tribution with mathematical expectation &' and variance o?.
Ci € R™*" is a random parameter matrix and D?, is a known
time-varying matrix with appropriate dimensions.

As in [7], the mutually independent random matrices Ay,

i, which are also uncorrected with %, have the following
statistical properties:

]E{Ak} = Ak, Cov{ak aﬁ} = Ta@ k

gro [ (3)
; i ik ik
E{C}} = C, Covi{cy )’} = Tc;;fccgk

ik
ok o are known scalars. ¢ and ¢%” are
C ar ]T‘

ir Cis

the (j,7)-th entries of matrices Ay, and C},, which can also be
denoted as [Ay](;, and [C}](;.., respectively.

Remark 1: With the increasing complexity of real-time
systems especially in process engineering, it is generally
acknowledged that certain system parameters are subject to
unavoidable perturbations that might result from changes in

where Tx ,» and T
ir@ls ¢
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the interconnections of subsystems and modification of the
operating point of a linearized model of a nonlinear system.
In a networked environment, it is quite common that such
parameter perturbations occur in a random manner due prob-
ably to random fluctuations of the network loads, random
failures and repairs of the components as well as sudden
environment changes, where the statistical properties of such
random parameter perturbations could be acquired through
statistical tests. This kind of systems is often referred to as the
stochastic parameter systems as modeled in (1)-(2), where the
probabilistic successive missing measurements are also taken
into account. Both the stochastic parameters and the missing
measurements, whose probability distribution laws could be
obtained through statistical tests, are mainly caused by abrupt
environmental changes in many engineering applications such
as networked control systems, digital control of chemical
processes as well as mobile robot localization systems.

For presentation convenience, we denote the estimation of
xy, as & for sensor i. As discussed previously, for a sensor
node i, the aim of the distributed filtering technique is to fuse
the useful information not only from the local sensor ¢ itself
but also from its neighbors. In order to mitigate unnecessary
data transmissions between the adjacent sensor nodes, an
event-triggered communication mechanism is employed to
determine whether the current estimated states need to be
delivered to its neighbors or not. To this end, we define the
event generator functions as follows:

0

so(i.;cﬂ‘%;gfve]z) é ("L'k 91 AT ~4

LT T < 0.

“)
Here, k! denotes the latest triggering instant for sensor i,
the term &) — 21, is the difference of the ith sensor’s
estimation between the latest triggering instant and current
sampling instant, and 6 is a positive adjustable threshold.
The event generators are triggered as long as the condition
(4) is violated. Therefore, the sequence of event triggering
instants kY =0 < k} < k? < - <kl < k™' < ... can be
iteratively computed by

— ) (@, — ) -

kit =min{k € NIk > ki, (@}, &, 6;) > 0. (5)
For system (1), the following distributed filter is adopted:
Ejpr = Apiy + Ky — a'Cpi})

+ > (i

JEN;

- ‘%2::)7 (6)

2= Myl

where 2; € R™ is the estimated output of the ith filter and
K;, is the filter parameter to be determined

= “Yk:
configuration matrix %ﬂ [h”} NxN With h;; = ay; (for
i # j) and h;; = — ZZV 1intg B Let the filtering error and
the output error be e}, £ zy—32% and 7 £ 2 — 21, respectively.

Define p}, = &l -t ot C‘ —a&'C} and the coupling

Then, substituting (2) into (6) results in
By, = Agdl+ K,g{aic,ge;; +Cleh 4+ C
+ &' Djwr, + (7 — @i) ok + (1= a)yi_,

i, 1} Zhka Zhwpkv

- (-

2 = M.
] ) @)
Letting A, £ A, — A;, the error system can be easily
obtained from (1) and (7) as follows:
62_,'_1 = Akez + Akez + Aki‘;ﬁ + Bkwk
~ Ki{a'Cie}, + Ci, e}, + CL, &, + 6" Djwy

+W#@ﬂéw+ﬂf&wil

— (v — a')yj— 1} Z hij&}, + Z hijPhs
2,2 = Mke};.
(8)
For notation convenience, we set
Ck *VeCN{ek JRETES VeCN{xk b ouk = VeCN{yk |3
2 =veey {2}, pr = veen{pil }, Ki = diagy (K},
a =diagy{a'l}, Ay = Iy @ A, Ay = Iy ® Ay,
Bj, =1 ® By, My, = Iy ® My, Cx = diagy{C}},
Cr =diagy{C}}, Ci = diagy{C}} = Ci — Ci,
Dy =vech{Di'}, 0, = diagn{0i1,},
N; fdlag{O 0 I, 0- 0},
171 N 7
eim =vect{0---0 1 0---0},
S~—— SN~
i—1 n—i
Ein —VecN{O -0 I, 0- O}
ifl N—i
)

where “1” is a column vector with each element of one.

_ By using the matrix Kronecker product and considering
Ci, = (v — @)C}f +~,.Cyf, we have the following filtering
error system directly from (8)

ekl = Ghex + iy, + Hyp_1 + Brwy, + A pr, (10)
& = Myeg
where
—_ ~ — N . . —
o, = A + A, — aKiCr, — Z(% — a")KpNiCi,
=1
N . ~
— > KNG,
i=1
~ ~ N . . —_ N . ~
= Ap, — Z(%@ —a") KNGy, — ZV;@’Ckok —H
i=1 =1
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N
By, = By, — aKyDy, — Z(”y}c — a"\KiN; Dy,
=1
Nooo (11)
He=3 (1 — &CRN; — (Inn — @)K,
=1
H = HD1,.

Remark 2: It is worth mentioning that a frequently used
approach to deal with the filtering issues with missing mea-
surements is to augment the system states, filter states and
measurement outputs in a compact form, see e.g. [7]. Such
an augmentation approach will inevitably lead to a high
dimension, thereby imposing extra load of computation. Here,
instead of state augmentation, we examine the error dynamics
directly and, as will be shown later, the computation cost is
reduced via a recursive algorithm.

To facilitate the further development, let us introduce a
useful lemma as follows.

Lemma 1: [38] Let Zy(s), Z1(s),- - -, Zp(s) be quadratic
functions of s € R" and Z,(s) = s7Q;s (i = 0,1,--+,p) with
Q; = QT . If there exist positive scalars €1, €, -+, €, > 0 such
that

p
Zo(s) = > €iZi(s) <0, (12)
i=1

then the implication

ZI(S) S O7Z2(5) S Oa t '7Zp(8) S 0= ZO(S) S 0

holds.
The filtering error covariance matrix governed by (10) is
defined as

X, 2 E{epel}. (13)

In this paper, our purpose is to design a set of event-based
distributed filters in form of (6) such that the filtering error
system (10) satisfies the following two constraints simultane-
ously over a finite horizon [0, L].

(R1) Given the disturbance attenuation level -, matrix W >
0 and initial error eg, the H, performance constraint

L L
1 _
= DB <92 B {Jlwnl®} +2E {ef Weo}
k=0 k=0
(14)

is satisfied in mean square subject to random parameter
matrices and successive missing measurements.

(R2) At each sampling instant k, the error covariance of the
filtering error system (10) satisfies

Xk = E{ekeg} < Qg

where @) is a sequence of positive definite matrices that are
prespecified according to the engineering requirements.

Vk € [0, L] (15)

III. MAIN RESULTS
A. Hoo Performance Analysis

Let us start with the ., performance analysis for the
filtering error system (10). By using the stochastic analysis

techniques, a sufficient condition is presented in the following
theorem under which the H., performance index is satisfied.

Theorem 1: Consider the discrete-time stochastic parameter
system (1). Let the distributed filter parameters {K} }o<r<r.
the initial positive definite matrix W > 0 and a prescribed
disturbance attenuation level y be given. The filtering error
system (10) achieves the H ., performance constraint (14) for
all nonzero wy, if there exist some families of positive scalars
{Meto<k<rs {0} o<k<r+1, {€k}1<k<r41, and positive ma-
trices { Py }1<r<r+1 satisfying the following recursive matrix
inequalities:

II, = Hg +$]€T'Pk+1$k + ///]?'Pk+1///k

N
+ > (M Poir M+ B PriaZy) < 0,(16a)
i=1
N
> NI KL Pyt KeNi = i <0, (16b)
i=1
Pry1 — exp1dnn <0 (16¢)
for all 0 < k < L with initial condition
E{egpoeo} + po + 19 < yzE{egWeo} a7
where
Hgl * * * *
Hg?’ ng * * *
o = 0 0 * * ,
0 0 0 -4’ *
0 0 0 0 —Aidnn
% =10,0,0, B, — akyDy, 0],
Zi = 10,0,0, —0;KpNiDg, 0]

[
[0, ) i
My, = [Ar — aKyCh, =2, —(Inn — @)Kpyr—1,0, 5],
M= [~0iKpNiCr, —0i KeNiCrik, 0iKkNiyr—1,0,0],
1

It = NMng — Pr + €k+10ak + 0nkOck,
Snie = dlagn {6110}, fil = pht1 — [y Pk = Vki1 — Vi,
92 = fig + M\t Opin + epp187 Oaniin

+ 31 61Ok,

03 ST T ST T A
I” = ekt18% Og + Onk Ty Opgy, Ouk = IN ® O,

Ok = diagN{éik}a éak = Z’Ei’kv

i=1

A i 0 0
ck = E 721‘,1“ M = Vi =
Jj=1

k+1 k+1
(18)
with pg and vy being given positive scalars. Here, T,ix €
R™"™ and TC’J » € R™™ are two symmetric matrices with the
(r, s)-th entries Tr .« and Tci,rkc/;',gk, respectively.
Proof: First, we define a positive real-value function Jy =
ef?’kek + pr + vi. By noticing the uncorrelatedness between
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vi, Ay, Ci and wy, we have from (10) that

Te £ EB{Jp1 — Ji}

= E{(ehey, + Sy + Hiyr—1 + Brwr + i) P
x (dher + Godn + Hiye-1 + Brwr, + A pr)
— e}kaek + fig + U}

= E{ef o Pryrher, + it i Pesr e + yi_1 Ky
X Pri1Hyk—1 + Wi BEPri1 Brwr
+ pE AT P Hipr + 26F AT Py iy
+ 2e A Py Hyn—1 + 2ei ) Proyr Hopy,
+ 22 AL P Hayr—1 + 28F AL Prsr K
+ kaTflJi/kT’PkJrlf%%cpk - €£Pk€k + fu + Ok}
= E{e] [AL Prs1 As, + (@KiCr) T Prosr (K1 Cr)
+ @7, Pry1®1p — 241 Pry1aKiCr — Piler,
+ 27 @1, Pri1 ®1p + AT Py )iy + yi [®, Pria
X Bap + (Inn — A)Kk) " Prgr(Inn — @)Kilye—1
+ wi (B, — aKDi)" Pry1(Be — @y Dy)
+ DL @, Pry1 Pox Di|wi + pf AT Pry1 7 py,
+ 2 [~ (Ay, — aKCr) " Pri1 0 + @1, Pry1®ixlds,
+ 2¢f [~ (Ax — @KiCh) T Prog1(Inn — @)K,
— 1 Prp1®or]yn—1 + 2ef (Ap — akyCh) T Pri1 7 pi
+ 28} [AT Prgr(Inn — @)Ky — @1, Pr1Por]ye—1
— 28 AT Pr1 A pr — 2yf K (Inn — @) Prgr #py,

+ (en + &) AL Py Ar(en + &1) + fu + Dr} (19)
where B15, = &1y + 07, Bop = 310, (v —a KN, Bl =
301 () — a)KeNCr, and 83, = 377, YL KeNiC

Next, by applying the property of matrix covariance, we
obtain from (3) and (16c¢) that

E{(ex + jk)TA£Pk+1jlk(6k + 3}
< 5k+1E{(€k + QASk)TA{Ak(ek + ik)}

= epr1(er + 1) Our(er + ).

(20)

On the other hand, it can infer from the definitions of ®; (k),
®4(k) and (16b) that

E{®{},Prr1®ux}
=E{®1} Prr1®i), + 1 Pra1 %y}

N
= Z oCENT KL Prsa KkNiC
im1

N 21
+ E{ Z diCNI{MTICng_,_lICkMék}
=1
N
S Z UzzégMTICng+1]CkMék + 5nk@cka
i=1
B{®7} Pry1Por} = E{P1] Pry1Pos}
(22)

N
= Z o7 CL N KR Pria KN,

i=1

N
]E{<I>2Tk77k+1¢’2k} = Z U?MT’CgkarlKk-/\[i- (23)

i=1

Consequently, based on (20)-(23), adding the zero term
1 - 1 -
SE{IZ)1*} = E{llon |} | SE{I1Z*} — Y*E{llwrl*}
N N
to the right-hand side of (19) leads to

_ 1
A <E{ge) - B{ Llal - lal?} @9

where
gk = [ez 11 WI{ Pz]T, ﬂk = 1:[2—’_1:[]1@;
1:‘[0 = Hg - dlag{07 Akigakikv 07 Oa _AkINn}7

Iy = L Pri1 Ly + M Prosr My, (25)

N N
+ Z NI P N+ Z«%’iTPkH%)/i-
=1 =1

Meanwhile, by considering the event-triggering condition (4),

one obtains that
Pk pr — & Ordi < 0. (26)

Thus, according to Lemma 1, it can be readily seen from (24)
that

T < B{ETTILE, — M (i pr — 34 Or) }
1
~E{ Glal? - al?}
1,
— Bl — E{ gl - 2nl? )

It follows from (16a) and (27) that

27

1.
B} - BUA) + E{ il 2l | <0. 9

Subsequently, summing up (28) from 0 to L with respect to
k yields

L L

1 .

N D E{IEIPY < Y A E{llwl*Y +E{ed Poeo} + o+ vo.
k=0

k=0
(29)
The H performance is satisfied for (10) by substituting
(17) into (29), and the proof of this theorem is now complete.
|

B. Variance Analysis

Having discussed the #H., performance analysis for the
addressed filtering error system (10), we will now focus our
attention on the variance analysis.

Theorem 2: Consider system (1) and let the filter parameter
in (6) be given. We have X, < Qp for 1 < k < L+1, if there
exists a family of positive definite matrices {Qx}1<k<r+1
satisfying the following matrix inequalities:

V(Qk) < Qk+1 (30)
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with initial condition Qg = X,. Here

U(Qr) = A0y, + APy, + AS ), + 4T, + 42,
+ AU, + AV + A Gy a ) AT
+4(Inp — @)Kkyr—1yi_1 (Inn — @)
X Ki)T + 4%y, + Wi + ASp AT

€2y

where
O = (Ak — akCr) Qi (Ay, — aliCr) ™,
P = ZU?(/CkMék)Qk(/CkJ\/;ék)T7
i=1
N
D = Y 0} (KiNiCh) it (KeNiCr)T,
=1
N
K =Y o (KN)yk—1yi 1 (KeN3)T,
i=1
T = KOk, T = BikiOuKE .
W, = (Bk — d’Cka)Sk(Bk — @Kka)T
N
+ 37 o (KN D) Sk (KN D),
=1
(Tl = T = E{AQV AT,
[%][T 9= %" = E{Ax(@ne]) "V ALY,
[ k [l m] = Z Taﬁ ak ezn ranesneWu
,j=1
2 m) = Z uba¥,_ CinCrn kT Esnin,
1,j=1

Ek = 2 0kZhs Mk = Amax{Qk}
ﬁk = )\max{a}ki'g}v eck = diagN{@i@ik}

and Q") (r,s =1,---,N) is the (r,s)-th block element of
matrix Q, O, = >, Toiw: T € R™XM s a symmetric
matrix with the (s, )-th entry T ;. i.x.

Proof: Noticing the filtering sérrgr system (10), the corre-
sponding evolution of X}, is governed by

X1 = Edeptrets}

= B{(her + Snir + Hiyp—1 + Brwi + i)
X (Ser, + Syiy + Hpys—1 + Brwi + Hpy)"}

=E{ e} o] + Apipif A + K1yt A
+ By Sp B + A prpt AT + erit Al
+ dhirel A + eyt 1 + Hyr-ref !
+ derpt T + Hppel A! + iyt T
+ Hnyp 13t A A Aippt AT+ At A
+ Hyr-1pp AT+ A pryi1 ]} 32

Then, substituting (11) into (32) and applying the property of
conditional expectation as well as the elementary inequality,

one has

X1 < B{ahere] o] + udndi o] + Hyp1yi 15"
+ BiuSRBE + A pupt T + it Al
+ dherel Syl + Hlp-1Yp 1K + Dreer
+ Hprpp AT + deel AT + il ol
+ HhrYp 1 KL+ il gl + A prpr AT

+ HYp—1Yp_1 0+ A prp AT}

= E{ddherel AT + dcpinit ! + 40y 1yi,

X "+ BruSy B+ A prpi AT Y

= 40y + 4P + AB{ A} + 4B{ T} + 4.2,
+ AR{ W} + AB{ .} + 452t AT + AT,
+ 4(Inp — O Keyk—19p—1 ((Inn — @)Ki)"

+ W + 4 prpt AT

where

é’k = (Ak — @Kkék))?k(/_lk — o?leC_k)T

N

Py, = ZU?(ICkMC_k)Xk(/CkMC_k)T,
i=1

S = Z@Z(]Ckok)Xk(Kkok)Ta
i=1

T = A Xp AL, U, = Apigal AT

N
Th= Y a' (KpNiCr)and ] (KaNiCr)"

i=1

(33)

)

(34)

Furthermore, by some straightforward computations, it follows
from the statistical properties of the random matrices in (3)

that

E{%} = T [T = F = B{AX" AT,

[ZQ(T %) [l m) Z T ’C ’C ez;l rnXk:esnegny

3,7=1

E{%.} = U, [%k][ns] = @/k(T’S) E{A(&y

)rs AT}

(rs z : AT 5
[% [l m] T« .ak 6zn6rn(xkxk )63"6j”'

U‘lt mj
7,7=1

(35)

On the other hand, by using the properties of matrix
operations, one can infer from the inequality (26) that the

following inequality can always be guaranteed:
okt < Exlnn

where Ek = i{&kfyk

(36)

Based on the above discussions, it can be found from (33)-

(36) that

Xk+1 < 45)k + 4<¢k -+ 4E{jk} + 4% + 42,

+ AU + AB{ N} + A 22t AT
+4(Inn — A)Kryr—1yf—1 (Inn —
+ ARy + Wi, + AZ AT

— (X,

a)ky)" (37
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Now we are ready to deal with the rest of the proof by
ir}duction. First, it is obvious that Xy < @)g. Then, assuming
X < Qp, it is not difficult to show that

N
E{S} = ]E{ Z&i(lckMék)Xk(’Ck/\/iék)T}

i=1

{Z (KK NiCr) Qk(KkNCk)T}

i=1

(38)

| A\

N
{Zéz /CkNCk /CkNCk)T}

:yk:a

N
E{%} = ]E{ Zai(’CkMék)i'ki'g(lckMék)T}
=1
ol (39)
< 5kE{ Z (KiNiCr) (K NiCr) ™ }

:/%f'

Accordingly, it can be readily concluded that

Xit1 < U(Xg) < U(Qk) < Qp1,

which completes the proof. ]

Remark 3: 1t should be pointed out that, from (31), we can
see that 27 > 0 in U (Qy), and therefore the upper bound
of error covariance increases as = increases. In other words,
the upper bound will increase as the threshold 6} increases.
In practical engineering, the event-triggering strategy reveals
that the larger triggering threshold would lead to fewer data
transmitted over the networks. Consequently, the threshold
0 serves as an important factor on the tradeoff between
the filtering performance and data transmission rate over the
networks.

After establishing the analysis results for the addressed
problem, we now proceed to present the design scheme of
the finite-horizon distributed H ., filter for the discrete time-
varying system (1).

For later presentation convenience, here ©7, and é:k are
denoted, respectively, as the factorizations of ©,; and éck,
ie.

Oak = 92% akr  Ock = 9’&?

Theorem 3: Let the disturbance attenuation level v > 0,
initial positive definite matrix W = W7 > 0 and a series of
prespecified variance upper bounds {3 }o<r<r+1 be given.
The filtering error system (10) satisfies the H ., performance
(R1) and the error variance constraint requirement (R2) si-
multaneously if there exist successions of positive definite
matrices {Ng}t1<p<r+1, {@k}i<k<r+1, a set of matrices
{Kk}Yo<r<r = diagy{K} }o<r<r and some families of posi-
tive scalars {\x }o<k<r, {€k = sgl}lgkgLH under the initial
condition (17) and Qo < Xy, such that the following recursive

linear matrix inequalities (LMIs):

1:[11 % *
M= | oy Tlp * <0, (40a)
| 151 0 Il
ﬂu * ]
M= | Iy Iy = | <0, (40b)
M3 0 Il |
611, * .
\/@*]ZK,Q T R | S0 ., N,(40c)
Epprd < Npyq, (40d)
Qi1 — 241 <0 (40e)

are satisfied for all 0 < k < L. Moreover, the parameters are
updated by

Pri1 =N jy (4D
where
~ Al *
A A‘i‘lk
Alyy, = diag{II)" 1192, 7, =72 I, —AeInn},

A%lk = [gk ‘fk ///k] )

Aty = — diag{&r1Inn, Ner1, Rey1 ),
! = %M{Mk — P, T2 = fig, + N}, O,
G = [O54, ©51,2x,0,0,0], Ty = [T 1",
Mo = [ 0], M= vecl (MY, T = [ 0),

By, = vech {RLY, Mgy = —diag{Npy1,Rei1},
Is51 = (6,60, 0nk© 2%, 0,0,0], g3 =

Rpr1 = In @ Ner1, N1 = Ivpme © Npp1,

_5nk7

S T! *
I, = [ Sk ],
The The
Yip= — Quer + 4% + 4%, Y3y = Y31 Tkl

1
- Zdlag{ka 1, 17INn74Sk74IN ® S}C}a
Ty = (Ax — akiCr)Qx,
T = [dn, (Inn — @)Kiyr—1, vV EH),
T%:{)k = B, — dICka, T?éllk = VeCN{Ui/CkMDkSk},
= [ka T21k ka] T21k = [Télk 0]7
T%lk = VeCN{Ji’Ck/\/icka}a T21k = [Tglk 0],
T%m = vec%{aile/\/iCki:k}, Tglk = [Tgm 0],
_ . 1.
151 = veey{oiliNige}, oy = —diag{Qk, Iv, In},
31 = [T31, T31)", Qr = In ® Qy,
TBlk = [\/ﬁk(a ’CT 0], 31k =[VB @ ICT 0],
1.
53 = — Zdlag{INm; INm}.
(42)
Proof: Tt follows from the Schur Complement Lemma
that (16a) can be guaranteed if (40a) is satisfied. Moreover,

we can see that inequality (40c) ensures that (16b) holds,
and (40d) is equivalent to (16c). Also, it can be easily
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concluded from (40b) that (30) is true, and the rest of the
proof follows directly from Theorem 1 and Theorem 2. To this
end, the performance constraints (R1) and (R2) are achieved
simultaneously and the proof of this theorem is complete. M

Remark 4: In order to cope with the difficulty arising from
the time-varying parameters for H .. filtering/control problem-
s, some up-to-date techniques have recently been developed
in the literature that include the differential/difference linear
matrix inequality (DLMI) and recursive linear matrix inequal-
ity (RLMI) methods, see e.g. [10], [34]. In this paper, based
on the RLMI approach, both the currently estimated states
and previously obtained measurements have been exploited to
obtain the filter parameters recursively, and therefore a better
filtering performance is expected since more information is
utilized.

Notice that the inequalities (40a)-(40c) in Theorem 3 are
linear with respect to all unknown variables, which can be
solved by the existing semi-definite programming method. In
the following, according to Theorem 3, we summarize the
event-based distributed H . filtering algorithm as follows:

Algorithm 1: Event-Based Distributed Recursive Filter De-
sign Algorithm.

Step 1. Given the H, performance index ~y and the positive
definite matrix 1. Let the initial values be generated randomly
according to the uniform distribution over [—0.2, 0.2]. Select
the initial values for matrices and scalars {Py, Qo, po, Yo}
which satisfy the initial conditions (17) and Qg < ¥, then
set k= 0.

Step 2. Obtain the values of matrices and scalars
{Rks1, Qrs1, Mk+1, Vi), the desired filter parameters K,
for the time step k by solving the LMIs (40a)-(40c).

Step 3. Set k = k + 1 and obtain Py, according to the
parameter update formula (41).

Step 4. If k = L, then stop, else go to Step 2.

Remark 5: In Theorem 3, sufficient conditions for the exis-
tence and the derivation of the desired filters are provided,
respectively. It is observed that all the system parameters,
the information about the network topology and the statistic
characteristics of the random sources (random parameters,
random noises and random occurrence of the missing mea-
surements) are reflected in the main results. The obtained
time-varying filters are capable of, at each sampling time
instant, guaranteeing prescribed variance upper bounds and
also achieving prespecified H., performance requirements.
Furthermore, the proposed event-based distributed filter design
algorithm is of a recursive form that would facilitate online
applications.

IV. NUMERICAL SIMULATION

In this section, a numerical example is provided to illus-
trate the effectiveness of the developed distributed recursive
filter design algorithm for the discrete time-varying stochas-
tic systems with random parameters and successive missing
measurements through sensor networks.

We consider the target plant as the model of (1), where
wy, 1s a zero-mean Gaussian white sequence with covariance
Sk = 1, and the other corresponding system parameters are

given as follows:

Ak = Ak + Ak
[ 0.25+0.02sin(k) 0.4 e 01 0
- 0.38 0.3 Lo 0.2 |
0.05 0.4
B’C_{o.%}’ My = [ —0.6]

where (j, is a zero-mean scalar Gaussian white sequence with
variance 1.

The topology of the sensor network is reflected by a graph
¢ = (V,8, ) with the set of nodes ¥ = {1,2,3}, set of
edges & = {(1,2),(2,3),(3,1)}, the adjacency elements with
regard to the edges of the graph are a;; = 0.2. The dynamics
of each sensor node subject to successive missing measure-
ments is constructed as (2) with the following parameters:

Cl=C}+CL=100.920.93] +¢t[0.1 0], DL =0.2,
C2 =C? +C? =10.92 0.94] + ¢2[0.1 0], D? =0.2,
C¥=CP +C¥ =1[0.91 0.95] +¢2[0.1 0], D =0.2

where <} (i = 1,2,3) are mutually independent zero mean
Gaussian white sequences with unity variances.

In this simulation, the missing probabilities for the three
sensor nodes at every sampling constant are taken, respective-
ly, as 0.15, 0.1 and 0.15, and therefore a' = 0.85, a? =
0.9, a* = 0.85. The thresholds #i(i = 1,2,3) are all
chosen as 0.1. The H., performance index, positive matrix
W and {¥;}1<k<r+1 are given as v = 0.5, diagg{20} and
diags{0.1}, respectively. The parameters’ initial values are
chosen as Py = diagg{0.3} and puo = vp = 0.5 to satisfy
conditions (17) and @y < X,. By implementing Algorithm
1 and using Matlab (with the YALMIP 3.0), the LMIs in
Theorem 3 can be solved recursively and some of the desired
filter parameters are obtained as shown in Table 1.

The corresponding simulation results are displayed in
Figs. 1-5, where Figs. 1-2 show the trajectories for the actual
states and their estimations, Figs. 3-4 depict the estimation
error variances and their upper bounds for the first and
second elements of the system state, respectively. Moreover,
the estimation error zi (i = 1,2,3) is plotted in Fig. 5.
From the above simulation results, we can clearly see that the
designed filters have a satisfactory performance as expected
and therefore the effectiveness of the proposed distributed
filtering algorithm in this paper is well confirmed.

V. CONCLUSION

In this paper, we have dealt with the event-based distributed
Hoo filtering problem for the discrete time-varying system
over a finite-horizon, where the stochastic noises, successive
missing measurements and random parameter matrices have
all been taken into account in order to better reflect the
practical situations. The successive missing measurement phe-
nomenon has been governed by a set of Bernoulli distributed
white sequences. The event-triggered mechanism has been
introduced in the process of filter analysis and design to ease
the heavy burden on the communication channels. By utilizing
the stochastic analysis techniques, some sufficient conditions
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Fig. 5. Estimated output errors } (i = 1, 2, 3).

have been obtained to guarantee both the H., performance
and variance constraint requirements. Moreover, by means of
the feasibility of a series of RLMIs, the filter parameters
have been explicitly expressed. A numerical simulation has
been carried out to demonstrate the validity of the proposed
filter design strategy. Further research topics would include the
investigation on the distributed filtering problem over sensor
networks subject to network-induced quantization effects [17],
[20], [43] as well as the extension of our main results to
the state estimation problems of neural networks [22], [24],
Boolean networks [4] and genetic regulatory networks [15].
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