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Abstract The fusion estimation issue of sensor networks is
investigated for nonlinear time-varying systems with energy
constraints, time-delays as well as packet loss. For the ad-
dressed problem, some local estimations are first obtained
by using the designed Luenberger-type local estimator and
then transmitted to a fusion center (FC) to generate a de-
sired fusion value, where two classes of channels, whose
schedules are governed by a diagonal matrix, are utilized
to perform the information transmission. With the help of
the Lyapunov stability theory, sufficient conditions are es-
tablished to ensure the predetermined local and fused Hw.
performances over a finite horizon. Furthermore, by virtue
of the well-known Schur complement lemma, the desired
gains of local estimators and the suboptimal fusion weight
matrices are obtained in light of the solution of linear ma-
trix inequalities. It should be pointed out that the develope-
d scheme is a two-step process under which the design of
fusion weight matrices is based on the obtained estimator
gains. Finally, a simulation example for sensor networks is
performed to check the effectiveness of the proposed fusion
scheme.
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1 Introduction

With the rapid development and increasing maturity of com-
munication technologies, sensor networks composed of many
micro-sensors with limited computing power and communi-
cation capacity have been widely used in various engineer-
ing fields such as target tracking, traffic control, environ-
mental monitoring, industrial automation, counter-terrorism
and disaster prevention [1-6]. In contrast to a single sensor,
sensor networks, whose main function is to perform infor-
mation collection, have more advantages, such as informa-
tion redundancy, complementarity and so on. Furthermore,
the collected information is usually fused on a fusion center
(FC) in a centralized way or a distributed one. It should be
pointed out that the basic goal of information fusion is to
derive more effective information by optimizing and com-
bining the obtained data. In other words, the effectiveness
of multiple sensor systems can be dramatically improved by
taking advantage of the common or joint operation of multi-
ple sensors. In practical engineering, a considerable chal-
lenge is how to design a feasible algorithm to obtain the
optimal or sub-optimal fusion weights. To this end, many
interesting results on information fusion under networked s-
cenarios have been reported in the literature, see [1,7-11]
and the references therein. It should be pointed out that typi-
cal algorithms based on minimum variance technique or lin-
ear matrix inequality techniques can be roughly divided in-
to centralized fusion algorithms, decentralized fusion algo-
rithm [12] as well as distributed ones [11, 13]. Furthermore,
the communication burden of distributed fusion estimation
is great reduced although the accuracy is lower than that of
the centralized one.

Although bringing a series of advantages, the resultant
exploited communication network inevitably leads to vari-
ous network-induced phenomena and plenty of energy con-
sumption, especially for wireless sensor nodes, which re-
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duces the service time of multiple sensor systems. On one
hand, network congestion and packet loss will inevitably
occur due to the limitation of communication resources or
transmission power. Such phenomena could degrade the fu-
sion performance if they are not handled rightly [11, 14-17,
38]. On the other hand, sensor nodes, usually powered by
small batteries, are endowed with the low power constrain-
t and limited communication and computation capabilities.
Because of the difficulty of obtaining energy from the out-
side in a relatively harsh environment, reducing data trans-
mission is undoubtedly an effective approach to achieve the
energy constraint requirement. There is no doubt that the
power constraint and the fusion performance usually need
to achieve a balance. Up to date, some theory research on
energy-constrained communication networks has focused on
the design and optimization of transmission schemes [18—
24]. For instance, optimal strategies of tradeoffs between
bandwidth and power have been discussed in [20] to min-
imize the bit energy required for reliable transmission in
broadband transmission methods. The best modulation s-
trategy has been established in [18] to minimize the total
energy consumption required to send a given number of bit-
s. Furthermore, in [25], the total sensor transmission ener-
gy has been minimized by determining the optimal trans-
mit power levels while ensuring the target mean squared
error requirements. However, the precondition of develop-
ing these results is that the considered system must be a
simple linear one. That is to say, the adopted methods in
the above literature are unapplicable for complex dynami-
cal systems including nonlinear terms, time-delays, or time-
varying parameters. It is worth noting that, besides commu-
nication scheduling [9,26], another typical strategy of ener-
gy management is the utilization of low-energy channels for
information transmission while adopting suitable informa-
tion compensation techniques to alleviate the negative effect
from missing data [27], which constitutes one of the moti-
vations for this investigation.

Time-delayed phenomena are ubiquitous in various ac-
tual engineering systems and usually aroused by material
transmission and signal transmission. For example, commu-
nication delays may occur during data transmission over com-
munication channels due to the limitation of communication
bandwidth of sensor networks. There is no doubt that the
existence of time delays usually degrades the fusion perfor-
mance of multi-sensor systems if they cannot be adequately
taken into consideration in the design process of the fusion
algorithm. For the fusion based on Kalman filtering, time-
delays can be effectively handled by the reorganized innova-
tion [13,28-30], which, unfortunately, results in the increase
of variable dimensions. Furthermore, the induced challenge
for performance analysis and parameter design can also be
handled by the analytical convenience of Lyapunov stabili-
ty theory combined with linear matrix inequalities, see [31]

for examples. Specially, the delay-dependent result can be
established to reduce the conservatism of performance anal-
ysis and gain design for time-varying systems. On the other
hand, the nonlinear characteristic of engineering systems is
always regarded as an important source of complex dynam-
ical behavior. As such, the fusion estimation with nonlinear
or time-delayed influences has received ever-increasing re-
search attention, see [26,31-37] and the references therein.
For instance, general nonlinear systems are first linearized
as time-varying systems, and then an ingenious approach
has been provided to find an upper bound of fusion esti-
mation error while achieving the proposed weighting fusion
criterion in [32]. A novel fusion framework has been de-
veloped in [31] to deal with the state estimation issue sub-
ject to partial-nodes-based measurements with the help of
constructed Lyapunov-Krasovskii functionals. Note that the
fusion estimation of nonlinear time-delayed systems with
time-varying parameters still lies in an infant stage, not to
mention the case that information transmission is enslaved
to the limitation of energy. As such, the purpose of this paper
is to attempt to fill in such a gap.

Inspired by the previous discussion, we begin to cope
with the fusion estimation issue of the nonlinear time-delayed
systems with energy constraints. Such an issue is nontrivial
and appears some unavoidable challenges identified as fol-
lows: 1) how to evaluate the local estimation performance
and the fusion estimation performance for time-varying sys-
tems with time delays in a finite horizon? and 2) how to ob-
tain the desired fusion weights for complex dynamical sys-
tems where two kinds of channels named as reliable chan-
nels and general channels are employed to transmit infor-
mation. As such, we devote to handle these two challenges
and the main contributions of this paper are highlighted as
follows: 1) a synthesis contributing to the complexity of net-
worked systems is investigated within a unified framework
that evaluates the influence from energy constraints based
on channel scheduling, nonlinear terms, time-delays as well
as time-varying parameters; 2) by means of Lyapunov sta-
bility analysis, sufficient conditions are derived to guaran-
tee the predetermined fusion performance with a form of Ho
index in a finite horizon; and 3) in light of established suf-
ficient conditions, the desired local estimator gains and the
suboptimal fusion weight matrices are obtained by using the
solution of linear matrix inequalities.

Notation The notations used here are fairly standard ex-
cept where otherwise stated. R" denote the n dimensional
Euclidean space. The superscripts “7T”” and “—1” denote, re-
spectively, the transpose operation of matrices and the in-
verse of matrices. The symbols / and O denote an identity
matrix and a zero matrix with appropriate dimensions, re-
spectively. The notations diag; {-} and col.{-} represent a
diagonal matrix and a column vector formed by L same el-
ements. In symmetric block matrices, an asterisk (i.e. *) s-
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tands for a term induced by symmetry. The probability of
the event A is represented by P{A}.

2 Problem Formulation and Preliminaries

In this paper, the considered sensor network, consisting of
L nodes, monitors a class of discrete time-varying nonlinear
targets over a finite time-horizon [0, N]

A(t)x(t) + F(1)x(t — 7)
+B(1)g(x(1)) + I (1)w(z), (1
yi(t): i(t)x(t)+Dl(t) (t)’ i=12- L

x(t+1) =

where x(z) € R" is the state of interesting targets that can-
not be observed directly, y;(t) € R™ is the measured out-
put from the sink node i, and w(¢) and v;(¢) are, respective-
ly, the process noise and the measurement noise satisfying
w(t) € ([0,N];R?) and v;(¢) € ([0,N];R?). The positive inte-
ger T describes the known time delay. A(¢), B(z), G(¢), F(t),
I'(t), Ci(t) and D;(t) are time-varying matrices with com-
patible dimensions.

In the above system, the nonlinear function g(x(z)) is
supposed to be continuous and satisfies both g(0) = 0 and
the bounded condition

(8(x) —g(y) — of (x—y))"

2
— ¢ (x—y)) <0,¥x,y eR™ @

where ¢7 and ¢F are two known matrices.

By resorting to the measurement y;(¢), the local state es-
timation (LSE) £;(¢) is obtained via the following estimator
on the ith node

= A()%(1) + F(0)%(t — 1) + B(1)g(&:(1))
+Ki(1) (yi(t) — Ci()%i(1)), 3)

)?,'(l‘—l— 1)

where K;(t) is the ith estimator gain to be designed.

As we all know, the information fusion has the capabili-
ty of compensating the shortage of the local estimation per-
formance. In order to execute the information fusion, LSE
needs to be transmitted to FC, which leads to high data rates
in communication. Furthermore, the lifetime of sensor nodes
powered by an embedded battery with limited energy is also
a considerable concern from the viewpoint of practical ap-
plications. As such, to reduce the energy consumption and
improve the communication burden, two kinds of channels
are exploited to properly facilitate data transmission. These
two kinds of channels are, respectively, named as reliable
channels owning the merit of high reliability and general
channels subject to packet loss, see [27] for more details. For
the convenience of mathematical analysis, a set of Bernoulli-
distributed white sequences f;(¢) are employed to describe

the phenomenon of packet loss and their statistical charac-
teristics are assumed to be satisfied as follows
P(Bi(t) = 1) =B, P(Bi(r) =0) =1-B,

where [ is a known positive scalar. Furthermore, let us in-
troduce a binary variable ;;(r) € {0,1} (j=1,2,--- ,n) to
describe whether or not the j-th component of LSE £;(¢) is
scheduled to access the reliable channel and thereby the cor-
responding scheduling matrix, essentially a diagonal matrix,
can be defined as
H;(r) = diag{xi1 (1), xi2(t), -+, Xin (1) }, )
where variables y;;(t) (j=1,2,---,
ri(@e{l,2,---,L}).

According to the above engineering scenario of sensor
networks, the received LSE £, (¢) is denoted by

Hi()%i(t) + Bi(t) (I — Hi(1))%i(2). (5)

n) satisfy Y7 xi;(t) =

ﬁri(t) =

In light of the received LSE, we construct the following typ-
ical fusion estimator

L
&(r) =} (1), (1), ©)

where Q;(¢) satisfying the constraint Y% | Q;(t) = I, is the
weighting matrix to be designed.

In what follows, for the sake of performance analysis
and parameter design, let us introduce the local estimation
error (LEE) and the fusion error (FE):

ei(t) 2 x(t) — %i(t), er(t) = x(t) — £(t).
Then, denoting g (e;(r)) = g(x(¢)) —
th estimation error dynamics

g(%i(¢)), one has the i-

ei(t+1)=(A@t) — Ki(t)Ci(t))ei(t) + F(t)ei(t — T) o
+B(t)g: (ei(t)) +I'(t)w(t) — Ki(t)Dj(t)vi(t).

Furthermore, denoting

£(0) = collx()1(0)-- en().

p(t) = col{0,v1(2),v2(t), - ,ve ()}, w(t) = colpy1{w(t)}

)=
8(§(1)) = col{g(x(t)), g (e ())7 s &i(en(r))}

from (1), (5), (6) and (7), one has the following fusion error
dynamics

E(+1)=A& () +FE(r—1)+Bi&(E(1))
+I;w(t) +Dw(t), 3)

er(t) =¥ & (1),
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where

A, = diag{A(t),A(r) — K1 (1)C1 (1), ,A(t) —
F, = diag; , ({F (1)}, B, = diag; , | {B(1)},
I; = diag; , {I'()}, D, = diag{0, X, },

X, = diag{—K,(t)D1(t),-- ,—K.(t)DL(t)},

Yor:

Ki(1)CL(1)},

%z = [lp()xta 'P()lz’ %217 Ty

with

L
Y (1= Bi(1)i(t) (I — H;(1)),

i=1

Foir = £24(t)

Foxr =
Hi(t) + Bi(0)2u(6) (I — Hy(1)), 1 <i < L.

Taking the constraint on £2;(¢) into account, one further has

= (1- ZQ ) ) Hu()+Bur) (1~ ZQ )) (= Hy (1),

Based on a set of predetermined scheduling matrices
H;(t), the goals of this paper are to design K;(¢) in (3) and the
weighting matrices Q;(f) (i = 1,---,L) in (6) under energy
constraints to satisfy the following requirements:

R1) Thelocal error dynamics (7) satisfies the following finite-

horizon H. index on [0, N]

B{ LI} <7 ¥ (Iw) P+ I O)F)
+y2E{

+1 max el (s)De;(s )}

—1<s<0

0)21¢;(0) ©)

for the given disturbance attenuation level ¥; and the weight-

ed matrices 2 and 2,, which are symmetrically posi-
tive definite;

R2) The fusion error dynamics (8) satisfies the following
finite-horizon H.. index on [0, N]

E{ione;v( ’} < J%Z (o) + 7))

R[0T (O
T max f(s )Q_4ep(s)}

for the given disturbance attenuation level y» and the
weighted matrices 23 and 24, which are symmetrically
positive definite.

Remark 1 In this paper, general channels subject to pack-
et loss are employed to carry out the information transmis-
sion with the purpose of increasing the service life of the
battery. Furthermore, the fusion estimation issue facing the
complexity of networked systems is investigated within a

unified framework that evaluates the influence from ener-
gy constraint based on channel scheduling, nonlinear terms,
time-delays as well as time-varying parameters. In compari-
son with existing results focusing on the optimization of en-
ergy cost, the main idea used in this paper is that, according
to predetermined energy utilization schemes, a set of fusion
weights for sensor networks are designed to achieve the de-
sired local and fused H.. performance in a finite horizon.

3 Main Results

In this section, the H., performance is analyzed to the dy-
namics of LEE (7) and the dynamics of FE (8) with the de-
signed estimator. Then, the desired estimator gains are pro-
posed in terms of the solution to certain matrix inequalities
derived according to the obtained condition. First, let us give
the following lemma that will be used in the proof of our
main results in this paper.

Lemma 1l [39] Let 4, £, and 3 be constant matrices

where Q= Q7 and 0 < Q) = QT , then Q)+ Q7 Q' Q3 <
0 if and only if

0 S?g —£ Q3

{93 —£) <0, Qf @ <0

For the simplify of the presentation, denote A;; = A(t) —
Ki(t)Ci(t), ;=F(t),B,=B(t),I; =I'(t),and D;; =

Theorem 1 Let the gains matrices K;(t) , the fusion weight-
ed matrices Q;(t), and weighted matrices 9; (i = 1,2,3,4),
and disturbance attenuation levels yr and v; (i=1,2,--- L)
be given. The dynamics of LEE (7) and the dynamics of FE
(8) satisfy, respectively, the desired H. performance con-
straints (9) and (10), if there exist positive scalars A;(i =
0,1,---,L) and positive definite matrices (B, Qs, R, Ty)
(t € [0, N]) with the initial conditions

P <vD, Qi< 11D,
Ro< D5, T, <11} 94
fors=—-1,—7+1,--

Y
12)

,—1 such that the following inequal-

ities
T ALP L F Tis,  AlP I ALP Dy,
* 1o ETB+1BtF Pz+1FF P1Dj
I, = | = * Y3  BI'PI; BIP Dy | <O,
* * * Yy LTPyDy
* * * * 155,
(13)
and
Oy, ATR 1 F, R E 1‘§,TRz+|1;_z %tTRtJrlD:t
* O ETRtJrlBl lffTRHll_? I}TRHl?z
Ih = | * * ©s3 Bl Rl B{R1D; | <0
* * * Ouy LTR 1D,
* * * * Oss,

—Ki(t)D;(1).
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(14)

hold, where

Yii =ALP Ay — P+ Q — A ®f +1,

Yiy = AP B+ 40, Loy =F Py F— Qs
Yy = BIPiBi— Al Yaw = TP I — 21,

Yss; = Dy Prp1Diy — Y21, Orz = AT Ry 1By + Aoy 5,
Orir = Al Ri1Ar — R+ T, — Aoy + Xor,s

O = FTR;+1Fz ~T—z, O3 =BIR 1B, — Ao/,
Ouy = LT Rl =1, Oss, = DI Ry Dy — 11

¢f:I®Sym{*¢1gT¢§}a D5 =1 (9§ +¢5})/2

xor = P For + (1B Z‘f’ol;'f’om
By = [T o, o - o),
B = j_ziu BRI~ (1))
><1—j_219j<r>><1—HL<r>>,

T = 040 PO A0 1 i<
%L,=<I—ZQ +ﬁI—ZQ 1~ Hi(0)
i = [%Mw%n 0 0],
B — G- 10, 12i<L
Gy = — Q)1 ~Hi1), 1<i<L.
%ﬁ,=a—] 119,0)(1 (1),

L

) —H(1)).

lINfJLt = Z

Proof The proof will be divided into two parts: the first one
is the analysis of finite-horizon H. performance of LEEs
and the other is the H.. performance analysis of FE. Now, let
us deal with the first part. To this end, we first construct the
following Lyapunov function for the ith dynamics of LEE
7):

Vi) =V (t) + Vi), (15)

where
-1

a(t) =e (DReit), Vip(t) = Y., e (5)Qseils).

Calculating the differences of V/|(t) and Vi, (¢) along
with the evolution of LEE (7), and then taking their mathe-
matical expectation, one has

E{AV, (1)}

=E{Ve) (r+1) = Vi (1)}

=E{e] (t+ 1)Pyiei(t+1) —e] (t)Prei(t)}
:]E{(A,-,e,-(t)—&-F;ei(t )+ Bigi(eilt)) + Lw(t)
-|-D,~,v,-(t))TPt+1( Ajei(t) + Frei(t — ) + Bygi(ei(t))
+ () + Dii(0)) — el (1)Pei(1) }
- ]E{e-T(t)AiTtB+1Ai,ei(t) +el ()AL P Feilt — 1)
e (ALP11B,gi(ei(1)) +ef (1)AFP 1 Lw(t)
el (AL P1Divi(t) + ] (t — 1) Pry1Aiei(t)
e (t = T)F PiiFei(t — ) +ef (1 = 0)F Py 1Bigi(eilt))
el (t =T)F P w(1) +ef (1 = 1) F Pr1Divil1)
+a (ei(t)B] Pry1Auei(r) + g (ei(1)B] Pry1Frei(t — 1)
+8/ (ei(1))B Pr1Bugi(ei(1)) + g/ (ei(t)) B P Liw(r)
+ g7 (ei(t))BI Py 1Dyvi(t) +w! (1) [T Py 1Apei(t)
+wl (O Pyt Fei(t — ) +w! (0L P Bgi(ei(r))
Wl (OLT PaLw(t) +w' (0L Py Dirvi(1)
vl (1)D}, Pi1Aiei(t) +v] (1) D} Pry1 Frei(t — 7)
vl (1)D} Py 1Bigi(eit)) +vi (1)D} Py 1 Lw(7)
v (0D} Pa Davi(t)} =] (Pe(0) (16)
and
E{AV), (1)}
=E{V,(1+1)-V5H(1)}

(T 00l - ZL§“<>Q&<>}

—E{ ] ()0ei) + X0, el (5)Qsei(s)
—Zi;;He?(s)Qsexs)—ef (1= )0 <ot — 1)}

=E{e] (1)Qsei(t) —ef (t — 1) Qs—zei(t — 7)}. (17)

Denoting 1;(r) = [¢] (1) e[ (t = T) g/ (ei(t)) w (1) v/ ()]
and then combining with (16) and (17) result in
E{AV, (1)} = E{V/(t +1) = V; (1)}
= E{AV, (1) + AVpy(1)} (18)

= E{n/ (0)ITm:(1)},
where
Evi = ALP 1Ay — P+ 01, By =F P F,— 0,
~11tA Pt+1FtA PBy AIP I ATP Dy

_ * Exu  F'PiB, F'PI; FTPy Dy
In, = * * B[TPI+IBZ BI'P.\I; BIP, Dy
* * * L'PL TP Dy
* * * * D P 1Dt
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In what follows, to disclose the finite-horizon H., perfor-
mance of (9), let us introduce the cost function

Ji(1) = el (t+1)Prei(t+1) —ef (1)Pei(t)

X el (D0ei(s) ~ el (5)Qsei(s):
On the other hand, it follows from (2) that

[e:(eit)) — (T2 ¢f)ei(1)]" [g:(ei(t)) — (I © 95)es(t)] <O

Taking such a constraint into account, one has

)} < E{n] () Imi(e) — Aulge (ei(?))
— (I @ ¢7)ei(t)] [gi(ei(t)) — (1@ 95F)ei(t)] }

Then, adding the zero term

O =7 (IwOI + v )1?) = (e
=7 (w1 +[Ivi(1)]?)) }

into the right side of the above inequality leads to
E{1(0)} < B{n/ ()Tmi(r) — Aalg:(ei(r))
— (12 68)ei(0)] gi(eil1) — (12 65)ei(0)
eI = R (Uwe) |2+ i) ) }
~E{ llei(t) I2 = 7 (Iwe) |2+ i) ) }
= E{n/ M) } ~E{Jles(r) |
— R (IO +v()]?) }, (19)

which means

E{J, (t

E{He,

N N
L E((0) = LE(AVI0)} = E{V/(V+ )} - B{V/(0)}
<ZE{nl () mi(e) - ZE{Hez 2
~ R (W@ I+ )1 }- (20)

Noting the conditions (11) and (13), one cannot difficult-
ly obtain from the above inequality that

ELY, (eI =7 (Il + 1vi(r) 1) )

=0
—y-z(e-T(O)Q_Wi( )+ 1 maxoe T(5)Daei(s ))}
<E{V/(0)} —E{Vi(N+1)} = ZE{] (0
+7 maxoe T'(5)Dsei(s )}

Qlel

§IE{ 0)Pye;(0) + Z e; (5)0sei(s }

—’)/ZIE{E c@le, +T maer ( )9261( )}

<0, 21

which implies the considered performance (9) is satisfied.

Up to now, we have analyzed the dynamical performance
of LEEs, thereby lying in the position to deal with fusion
performance. Similarly, let us employ the following Lya-
punov function:

Vi(t) =

where

Vii(t) = ETORE(®), V) =Y} _ET(9)T&E(s).

Calculating the differences of Vfi.] (t) and V}z(t) along
with the evolution of FE (8), and then taking their mathe-
matical expectation, one has

E{AV/1 (1)}

=E{Vp(t+1)=Vu(t)}

= E{ET(t+ DR &1+ 1)~ ET (R E())

= E{ (A& (1) + F&(— )+ Bigi (£ (1) + Lol
+Di0(1)) Rt (A& (1) + FE(t — 1) +Bg(E(1))

+Ew(e) + Do) - ET(ORE() |

= E{ET(OAT R 1A (1) + €T (VAT R FE(r — 1)

ET (Al Riy1Bi& (6 (1) + &7 ()A] R I (1)

EN()AT R Do(t) + ET (t — 1) F R A (1)

£7(

£

V(1) +Vpa(1), (22)

+ +

Tt —1) 'R FE(—1)+ET (1 —
t =) F R Lw(t) + €7 (1 —

_|_

! 1) Ri1D,v(1)

+

+2[ (§(1))B R A& (1) + 8] (§(1))B] Riy 1 FiE(1—7)

+8z [(E@)BIR1Big(E(1)) + &/ (E(1))B] R r I (r)
gl (&()B] R\ Do (1) +w' ()L R 1A (1)

T

+WT(I)1? R FE(t— ) +w! (0L Ri1Bigi(§(1))

AW (OLT R Lw(t) +w" ()T R Div ()

+ 7" ()Df R A& (1) + 7" (1)Df R 1 B (1 — 7)

+ 7" (6)Df Ri1B,8,(§(1)) + 0" (1)Df R L (1)

+ 7 (0D R D)} — &7 (VRE (1) }, @3)
and

E{Asz(l)}
=E{Vi(t+1)=Vp()}

—E{Zs i Té <s>T€<s>—Zi’3 LT
7E{ +Zs =t+1— 1 é( )
—Ziziﬂ,fé ()18 () &7 (z—r)mé(r—r)}

T)F Ri11B,&1(E(t))
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— E{ET()TE() — (-

Denoting

Mo(r) = [&7 () &7 (r =) & (1) W' () ¥ (1) )"

and then synthesizing (23) and (24) lead to

E{AVy (1)} = E{Vy(t+1) = Vy(1)}
=E{AV}1 (1) +AVp (1)} (25)
=E{ng ()himo(1)},

O£t 1)} 24)

where
O = ATR A —R +T,, Oy = ETR 1 F, — T,
O A,T&HF? ARy 1By ATR, 1\ I; ATR, 1D,

~ * @ F'Ri1Bi FT'RI; ETR 1Dy
I = * * EtTRH—IEt BtTRH-lI_; BtTRH-lDt
* * * I_;TRH—IE I_;TR,_HD,
* * * * l_)tTR,_,_lD,

Similarly, one has the nonliner constraint

Ao (8 (8(1)) — (T2 9,)E(1)] [ (£ (1)) — (12 95)E ()] <0,

and therefore further has the following condition

)} < E{nd (1)[Iymo(t) — A& (E())
—(I@¢5H)EM] (&) — T2 95)E(N)]}
< E{ng (1)ITymo(1)} (26)

In what follows, the cost function of H,, index can be rewrit-
ten by

E{AV/(t

D(t) = e (t+1)Risrep(t+1) — e (1) Reer (1)
Yk () Toer(s) = X e (5)Toer(s).
It is not difficult to derive that
N N
;)]E{Jz(t)} = ;]]E{AVf(t)}
:E{Vf N+1 }*E{Vf }
N
{Zno o0}~ E{ 1 (ler (0]
~ (@I + 1501 ) }

~

and
E{ller (1112} = B{ (#0& (1)) %& (1)}
E{&" 0w wew }
E{e () (%
+B(1-B) Y T H e}

i=1

~

Noting the conditions (12) and (14), one cannot difficult-
ly obtain that

N
B{ ¥ (ler I =7 (19(0) 1+ 170)1%))
— 77 (eF(0) Zser ( )+Tirrr1<as)iOeF( )Q_4ep(s))}
N
<E{ Y nJ ()TTamo(t) } +E{ef (0)Roer (0)
t=0
—1
+ ¥ F@Ter(s } % (eF(0) Zs¢r(0)
7 max ef (s) aer (s ))}
<0, 27

which means that the finite-horizon H., performance of fu-
sion error is satisfied. The proof is complete.

In the above theorem, the finite-horizon H., performance
of both LEEs (7) and FE (8) has been handled with the help
of the Lyapunov stability theorem. It should be pointed out
that the developed conditions can only be utilized to perfor-
m the performance analysis and cannot be adopted to obtain
the desired estimator gains and the fusion weights of sensor
networks. Therefore, the subsequent issue core is to devel-
op a suitable approach to obtain desired matrix parameter-
s from the viewpoint of engineering applications of sensor
networks.

Lemma 2 Let parameters y; >0 (i =1,---,L) and weight-
ed matrices 21 and 2, be given. The local dynamics of
LEE (7) satisfies the Hw performance constraint (9) for all
nonzero w(t) and v;(t), if there exist positive definite matri-
ces P, >0, Q, > 0, matrices Ky and positive scalars X (i €
{1,2,---,L}) satisfying (11) and

=P My My Ma M5 Mie

x My 0 @ 00
* x —Qr ¢ 0 0 0
0 28
* * * —Aid O 0 < (28)
* * * * —)/1-21 0
* * * * * —yizl
where
%22t:Qt_Pt_lit¢ig+Iv
My = PiAlt) — Ky Ci(t), M3 =P F,
My =Pi\By, M5, =PI;, Me=—KiDi(2).

When the above inequality holds, the estimator gain K;(t) is
can be determined by

K,’(l)zpilkit. (29)
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Proof According to the primary matrix operation, the in-
equality (13) is equivalent to

A 0 2@ 00
* —Qr ¢ 0 0 0
« %« —Md 0 0 |+E[PLE, <O
* * * —}/1-21 0
* * * * —)/1-21

where El[ = [AII E Bl I; Dil]'
According to the Schur complement lemma, the above
inequality holds if and only if

—Py1 B1Ay Bl BBy PI; Py Dy

x My 0 L@ 00
* x —Qr ¢ 0 0 0

0 (30
* * * Al 0O 0 < (30)
* * * * —)/,.2[ 0
* * * * * —}/1-21

is true. Denoting Kj; = P4 1K;(t), the inequality (30) can
transform into

P My My My Ms Mis

x My 0 @ 00
* * —Qr ¢ 0 0 0
0.
* * * —Aid O 0 <
* * * * —yizl 0
* * * * * —7/,.2[

Therefore, it can be drawn that this inequality will be right,
if there exists a matrix Kj, such that the inequality (28) holds.
This completes the proof.

Lemma 3 Let parameters Yr > 0 and weighted matrices
93 and 2y be given. The dynamics of FE (8) satisfies the
desired Ho performance constraint (10) for all nonzero w(r)
and ¥(t), if there exist positive definite matrices R, > 0, T; >
0 and positive scalars Ay > 0 and matrices ;(t)(i=1,--- ,L)
such that the condition (12) and the following linear matrix
inequality hold:

A1y 0 Az O 0 0 0 7

¥ =Ry Aoz Asay Mose Aoer Aom

¥ % Ay 0 A@ 00

* * x =T O 0 0 <0

* * * *  —Aol O 0

* * * * * —y%l 0
K * * * * * —y%l ]

(31)

where

Avy=—1, Ay =[Ey - Ey -+ E3 Wy]"
Ey = /B(1—-B)¥» Ex = /B(1—B)E;
Es = /B(1—B)¥Hy,, Aszy =T, — Ry — 20 Pf
Aozt = Rip1Ay, Aogs = Rii Fr, Aosi = Ry By,
Agsy = Rip1I], Ay =Ry Dy

Table 1 the desired fusion estimation £(¢)

Algorithm 1

Step 1. Given Y and 7; and a group of variables
xij(t)i=1,---,Liand j=1,--- ,n);

Step 2. Calculate the estimator gains K;(¢t) (i=1,---,L)
such that the inequality (28) holds;

Step 3. Calculate the weighted matrices €;(f) (i=1,---,L)
such that the inequality (31) holds;

Step 4. Estimate LSEs £;(r)(i=1,---,L) by
substituting (29) into (3);

Step 5. Collect the received LSEs £, (r)(i = 1,--- ,L) by (5);

Step 6. Calculate the fusion estimation £(¢) by (6).

Proof Similar to Lemma 2, the inequality (14) is equivalent
to

M0 @ 0 0

x —T,_r 0 0 0

x« o« —Ad 0 0 |[+EIREN<0 (32
x % * —y,%l 0

x % * * —7/1%1

Where E2t: [At F}Btl:;Dt} andJ%:E—Rt—ﬂotGD‘lg—i-

Xor-
Applying the Schur complement lemma again, the above

inequality holds if and only if
—Riy1 Riy1A; Rip B R By R I R Dy

M0 A 0 0

* x —Ti_r O 0 0

* * * —Aol O 0 <0-33)
* * * * —}/I%I 0

* * * * * —Y%I

Noting that .4; includes Y, we adopt the Schur complement
lemma again to conclude that the above inequality is true
when the inequality (31) holds, which completes the proof.

Theorem 2 Let parameters Yg > 0 and ¥ (i=1,2,--- L)
and weighted matrices 2; (i = 1,2,3,4) be given. The dy-
namics of LEE (7) and the dynamics of FE (8) satisfy, re-
spectively, the desired H. performance constraint (9) and
(10), if there exist positive definite matrices P, Qy, Ry, T; and
positive scalars Ay (i=0,1,--- L) and K;; (i=1,--- ,L) and
matrices ;(t) (i =1,---,L) such that the conditions (11)
and (12) in Theorem 1 and the linear matrix inequalities
(28) and (31) in Lemmas 2 and 3 hold.

Up to now, based on Theorem 2, the desired fusion esti-
mation £(¢) can be calculated by Algorithm 1.

Remark 2 Tt is worth noting that a set of analytical condi-
tions on the predetermined finite-horizon H.. performance
for the dynamics of both LEEs (7) and FE (8) is established
in Theorem 1 with the help of constructed Lyapunov func-
tions. Obviously, these conditions in this theorem is nonlin-
ear on the filter gains K;(t), fusion weighted matrices €;(z),
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and free matrices F;. In other words, these matrix inequal-

ities cannot be solved via existing tools, and hence the de-

sired matrices K;(z) and €;(¢) cannot be obtained reliably.

To overcome this shortage, the nonlinear conditions are trans-
formed into linear matrix inequalities by resorting to the

element matrix transformation combined with the famous

Schur complement lemma, which gives rise to Lemma 2 and

Lemma 3. In light of these two lemmas, Theorem 2 definite-

ly provides a set of applicable conditions to perform the gain

and weight design.

Remark 3 Note that Theorem 2 and the corresponding algo-
rithm disclose that the established design scheme is a two-
step process. Specifically, the condition (31) reflected the lo-
cal H.. performance is independent of the fusion weight ma-
trices of sensor networks, and therefore can be independent-
ly solved to catch the desired local estimator gain of each
node. Such a feature avoids the coupling of gain matrices
and weight matrices. The developed fusion scheme has the
capability of deal with time-delays and energy constraints,
reducing energy cost when communicating with FC, and
therefore satisfies the requirement of practical engineering.
Furthermore, the computation cost of the developed design
scheme is related with linear matrix inequalities (LMIs) (28)
and (31), and decision variables P, Oy, R;, Ty, ;(t), A and
K;;. Note that the standard LMI system has a polynomial-
time complexity O(M.#3), where M is the total row size of
LMIs and .4 is the total number of scalar decision variables.
Similar to the analysis in [40], the computational complex-
ity of the developed design scheme in Theorem 2 can be
represented as O(Nn'L’).

Remark 4 In the past few years, some interesting fusion al-
gorithms have been developed in [7,11-13] based on Kalman
filtering techniques for linear networked systems and in [1,
9,14,32] based on LMISs for linear/nonlinear networked sys-
tems. In comparison with these existing results, the novelty
of this paper lies in that a unified framework of fusion es-
timation is established to effectively handle the complexity
coming from energy constraints based on channel schedul-
ing, nonlinear terms, time-delays as well as time-varying pa-
rameters. All information about the above factors are reflect-
ed in the developed matrix inequalities to affect their solv-
ability.

4 Numerical Examples

In this section, a numerical example of sensor networks is p-
resented to verify the effectiveness of the proposed method-
s. Consider the discrete time-varying nonlinear system with

parameters

0.7240.1sin(z) 0.1 0.2 0.2

B 0.2 0.35 0.8 —0.1cos(r) —0.1
A=125+ 0.1 0 0.1 05"
—0.1 0 0.2 0.8
and
01003 0 0.1 0 02 0
e_ | 0010 0 | |01010 0
= 102020001’ ] 0020101]"
0.1 0 0 001 0.1 0 0.10.1
010 0 0
0 0 0.10.1
F=10010 0
0 0 001

The nonlinear vector-valued functions g(x(z)) is taken as

—0.4x1(¢) +0.3x2(7) 4+ tanh(0.3x; (7))
—0.1x2(1) +0.2x3()
O.lxl(t) —|—0.2X3(Z‘)
0.2x; (I) +0.1XQ(I) + O.Z)C4<l‘) — tanh(0.1x4(t))

g(x(1)) =

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

—04 03 0 0 02 03 0 0
¢ | 0 —01020]| . | 0 —01020
=101 0020”01 0 020
02 01 0 0.1 02 0.1 002

There are three sink nodes, and suppose that each sink n-
ode has sufficient processing capability to compute the LSE
%;(¢) in this example. The measurement matrices are

075 0 0 0.75 065065 0 O

Ci=1075 0 075 0 |,G=| 0 0 065065
0 075 0 0.75 0 065 0 0.65
0707 0 0
C;=1070070 ],
0.7 0 0 0.7

and the measured noise matrices are

0101 0 0 010 0 O
Di=|001001|,D,=|001001],
0 0 0.10.1 0 0 0.10.1
001 0 O
Ds= 1001 0 0.1
0 0 0.10.1
The disturbance inputs are chosen as
exp(—0.1¢) sin(7) cos(0.2t) /1
_ exp(—0.2t) sin(z) N cos(0.2t) /1
w(t) =0.1 exp(—0.1¢) cos(t) vilt) =0.1 cos(0.2t)/t
exp(—0.1¢) sin(z) cos(0.2¢) /¢

)
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Table 2 Estimator parameters.

Table 3 Weight matrix parameters.

t \ 1 2 t \ 1 2
[ 0.7266 0.5841 —0.28887 [ 0.6004 0.4736 —0.1145] [0.3337 0 0 0 7][03330 o0 0 0
(1) —0.9551 1.3186 0.7077 | | —1.0054 1.3938 0.7148 ) 0 03339 0 0 0 03334 0 0
W —0.4607 0.4347 —0.3180 | | —0.4797 0.3484 —0.2272 ! 0 0 03321 0 0 0 03346 0
0.3952 —0.3261 0.6355 0.4628 —0.1959 0.4188 0 0 0 0.3346 0 0 0 033
[ 1.2090 0.5953 —0.6608 [ 1.0912 0.6169 —0.6055 ] [0.3335 0 0 0 1[03331 o0 0 0
K1) 0.9507 1.1842 —0.8627 | | 0.9548 1.1602 —0.8731 ) 0 03393 0 0 0 03340 0 0
0.3688 —0.0774 —0.6718 | | 0.3650 —0.1232 —0.6524 0 0 03373 0 0 0 03332 0
—0.4129 0.5661 0.6540 | | —0.4176 0.5792 0.6425 0 0 0 03321 0 0 0 033
[ 04156 0.4427 04918 |[ 0.2956 0.4312 0.4637 ]| [0.3328 0 0 0 1[03338 0 0 0
K5(0) 0.0433 1.1624 —0.5564 | | 0.1846 1.1740 —0.6159 00) 0 03268 0 0 0 03326 0 0
3 0.3550 0.3308 —0.7909 | | 0.2320 0.3570 —0.7466 3 0 0 03307 0 0 0 0332 0
—0.7293 —0.0858 1.0289 | | —0.5100 —0.1334 0.9546 0 0 0 03332 0 0 0 03327
ro 3 r | 3
[ 0.5324 0.4297 —0.0726] (03333 0 0 0 ]
(1) —0.9435 1.3341 0.6598 ) 0 03335 0 0
! —0.4908 0.3674 —0.2201 ! 0 0 03330 0
0.4911 —0.1987 0.3984 0 0 0 03348
[ 0.9573 0.5945 —0.5311] [0.3335 0 0 0
(1) 0.9429 1.1360 —0.8622 ) 0 03332 0 0
2 0.3551 —0.1326 —0.6178 2 0 0 03346 0
—0.3800 0.6007 0.6016 0 0 0 0.3330
[ 0.2337 0.3839 0.4327 | [0.3332 0 0 0
K5(0) 0.2271 1.1301 —0.6139 0) 0 03333 0 0
3 0.2415 0.3419 —0.7341 3 0 0 03324 0
—0.4952 —0.1305 0.9529 0 0 0 03321

Owing to the energy constraint, only one element of the
LSE £;(¢) is admitted to be transmitted to FC via a reli-
able channel and others are transmitted via a general chan-
nel with data missing probability 1 — B = 0.1. The selection
matrices H;(t) (i = 1,2,3,4) are taken as

H;(t) = diag{ V1, %2, 03}, s =mod(t —i,4) + 1

for any time instant ¢.

In the simulation, the delay parameter is taken as 7 = 2.
When the disturbance attenuation levels are chosen as y; =5
(i=1,2,3), using the LMI toolbox in MATLAB software
(with the YALMIP 3.0, Version No. R20100813) to solve
the linear matrix inequality (28), the estimator gain matrices
Ki(t) i=1,---,L) are shown in Table 2. When the distur-
bance attenuation level is chosen as Y= = 5, using the LMI
toolbox in MATLAB to solve the linear matrix inequality
(31), the suboptimal weighting matrices ;(¢) (i=1,---,L)
are shown in Table 3.

The trajectories of state x(¢), received LSE £, (¢) and fu-
sion estimation £(¢) are plotted in Fig. 1 by resorting to the
developed results in Theorem 1 and Theorem 2. It is not
difficult to see from these four subgraphs that the state tra-
jectories of the target dynamics can be well tracked in an
ideal communication scenario, but emerge some fluctuations
when general channels are subject to packet losses. Further-
more, fluctuation amplitudes of estimated states via local fil-
ters are obviously larger than that of fused states via the pro-

posed fusion algorithm, which is further verified by Fig. 2
on estimation errors ¢;; and fusion error ef,. For the conve-
nience of comparison analysis, the fused trajectories via the
obtained algorithm are further drawn in Fig. 4 for the cases
with and without packet loss, and the instants of packet loss
are plotted in Fig. 3. According to the above four figures,
we can conclude that the performance of suboptimal fusion
estimation is better than that of received LSE although they
are degraded by the phenomenon of packet loss.

5 Conclusion

In this paper, the fusion estimation problem of sensor net-
works has been investigated for nonlinear time-varying sys-
tems with energy constraints, time-delays as well as pack-
et loss. In this problem, because of the low energy cost in
comparison with the case of reliable channels, general chan-
nels subject to packet loss have been employed to carry out
the information transmission with the purpose of increasing
the service life of the battery. It should be pointed out that
the traditional fusion algorithm based on Kalman filtering
techniques is difficult to effectively deal with the challenges
brought by energy constraints, time-delays as well as non-
linear functions. Therefore, some local estimations are first
obtained by using the designed Luenberger-type local esti-
mator and then transmitted to a FC to obtain a desired fusion
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Fig. 3 Packet loss times.

value. With the help of the Lyapunov stability theory, suffi-
cient conditions are established to guarantee the predeter-
mined local and fused H. performances over a finite hori-
zon. Furthermore, based on the established conditions, by
means of the Schur complement lemma, the desired gains of
local estimators and the suboptimal fusion weight matrices
are obtained in light of the solution of linear matrix inequal-
ities.
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