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Distributed Set-Membership Fusion Filtering for
Nonlinear Two-Dimensional Systems Over Sensor
Networks: An Encoding-Decoding Scheme

Kaigqun Zhu, Zidong Wang, Qing-Long Han, and Guoliang Wei

Abstract—In this paper, the distributed set-membership fu- from grid sensor networks, sheet forming, stream heating, to
sion filtering problem is investigated for a class of nonlinear image processing [35], [36]. Moreover, the 2-D system theory

two-dimensional shift-varying systems subject to unknown-but- geyes as a theoretical basis for batch process control, iterative
bounded noises over sensor networks. The sensors are com-

municated with their neighbors according to a given topology learning control, and so on [38]. It is worth noting that the

through wireless networks of limited bandwidth. With the pur- System states in 2-D systems evolve along two independent
pose of relieving the communication burden as well as enhancing directions and, due to this distinguishing feature, existing

the transmission security, a logarithmic-type encoding-decoding theories for one-dimensional (1-D) systems may become in-

mechanism is introduced for each sensor node so as to encode th ; ; _ ; ;
transmitted data with a finite number of bits. A distributed set- eappllcable In the 2-D settings. Accordingly, a host of research

membership filter is designed to determine the local ellipsoidal set interest has been aroused in the dynamics analysis problem

that contains the system state by only utilizing the data from the for 2-D systems from both industry and academia, see, e.g.,
local sensor node and its neighbors, where the proposed filter [1], [14], [17], [18], [24], [33].

scheme s truly distributed with desirable scalability. Then, a  |n the past decades, sensor networks have played an increas-
new ellipsoid-based fusion rule is developed for the de5|gneding|y important role in a wide variety of practical situations,

set-membership filters in order to form the fused ellipsoidal for inst t t itori inf i I
set that has a globally smaller volume than all local ellipsoidal or Instance, remote system monitoring, Informaton collec-

sets. With the aid of the mathematical induction technique, tion, and target tracking [31], [41], [48]. A sensor network is
the set theory and the convex optimization approach, sufficient normally made up of a multitude of smart sensor nodes that

conditions are derived for the existence of the desired distributed are distributed spatially in a certain region via communicating
set-membership filters and the fusion weights. Then, the filter with their neighboring nodes over typically wireless networks,

parameters and the fusion weights are acquired by solving a d this kind of feat bri | advant
set of constrained optimization problems. Finally, an illustrative an IS KInd Of features brings several advantages, e.g., easy

example is given to demonstrate the effectiveness of the proposednstallation, satisfactory fault tolerance and self-organizing
fusion filtering algorithm. flexibility [20], [28]. It is well acknowledged that thelis-

Index Terms—Two-dimensional systems, sensor networks, dis- tributed fllterlpg/estlmgtlon issue is one of the fundamental
tributed set-membership filtering, fusion filtering, encoding- research topics for signal processing over sensor networks,
decoding mechanism. whose main concern is to improve the filtering performance
in a collaborative manner [15], [25].

In response to the popularity of sensor networks, the the-
ory of distributed filtering has recently undergone a rapid

Since Fornasini-Marchesini (F-M) model was proposed itlevelopment and the available results are centered on two
1976 by using the Nerode equivalence method, the twgeneral categories, namely, distributgaintwise filtering and
dimensional (2-D) systems have been gaining steadily growitite distributedset-membership filtering (SMF, also known as
research attention owing to their practical significance arms@t-valued filtering). For the former, each distributed filter
theoretical importance [8], [9]. Specifically, 2-D systems areomputes a point estimation of the system state at each
suitable for modeling a variety of practical processes rangiimgstant based on the neighboring sensors’ information or the

distributed fusion strategy, and some of the representative
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node by designing a suitable distributed set-membership filter the interval analysis technique, the nonlinear function in
structure [23], [40], [46]. Compared with the local ellipsoidal  the 2-D shift-varying system is tackled and the Lagrange
set, an adequatefysed ellipsoidal set contains the intersection ~ remainder is bounded by a minimized ellipsoidal set.
of all local ellipsoidal sets and could have a comparatively « A logarithmic-type EDM is, for the first time, proposed
small region that contains the system state, thereby ensuring for a class of nonlinear 2-D shift-varying systems over
better filtering performance. Unfortunately, such a seemingly sensor networks with aim to reduce the burden of network
interesting ellipsoid-baseflision filtering issue has received communication and strengthen the security of signal
very little attention for 2-D systems over sensor networks, let transmission, where the developed logarithmic-type EDM
alone the case where nonlinearities and shift-varying param- is dependent on the bidirectional evolution of the system
eters are also taken into account, and this situation motivates dynamics.
our current investigation. o A truly distributed set-membership filter is constructed
When it comes to the applications of sensor networks, two for nonlinear 2-D systems over sensor networks, where
challenges we have to face are the communication constraints the proposed distributed filter scheme is scalable as it
and the transmission security that are unavoidable due to the only uses the information from the local sensor and its
inherently limited communication capacity and the nowadays neighboring sensors.
increasing demands on cybersecurity. These two challenges, An ellipsoid-based fusion scheme is proposed for the
if not handled appropriately in the sensor networks, would filtering problem in the 2-D setting, and the fused filtering
inevitably deteriorate the system performance [4], [5], [11], performance is shown to be better than that of any local
[16], [19], [26], [43]. Fortunately, the so-calledncoding- sensor by means of matrix trace.
decoding mechanism (EDM) provides a rather promising The rest of this paper is organized as follows. In Section
countermeasure to the challenges. A typical EDM considisthe distributed set-membership filter is formulated for non-
of two parts, namely, the encoder and the decoder, whéifgear 2-D shift-varying systems over sensor networks under
the encoder is capable of encrypting the system signals gngtposely introduced EDMs. In Section Ill, both the distribut-
then mapping them into codewords with finite bits befored SMF algorithm and the ellipsoid-based fusion filtering rule
transmission, and the decoder can reconstruct the codewaigts developed, and the filter parameters and the fusion weights
into the original data as accurately as possible accordingdee then obtained by solving a set of optimization problems.
certain rules. Section IV utilizes an illustrative example to demonstrate
Recently, the EDM has become a prevailing research topie effectiveness of the proposed fusion filtering algorithm.
from both signal processing and control communities [29Gonclusions are drawn in Section V.
[32], [37], [45]. For example, an EDM-based iterative learning Notations: R” and R™*™ denote, respectively, the-
control strategy has been designed in [32] to investigate thignensional Euclidean space and the set ofnalk n real
tracking control problem for linear discrete-time systemsnatrices. For a symmetric matriX, X > 0 means thafl is a
Moreover, the recursive filtering issue has been studied in [3sitive definite matrix{X; ;}; ;cj0,7] denotes the set of ma-
for 1-D nonlinear systems with a coding scheme. Neverthgices {X;. ;. |0 < i* < 7,0 < j* < T}. [X],, represents

less, to the best of the authors’ knowledge, Ei@M-based the (k, 1) element of the matriX . col{w1, z2, ...,z } means
distributed set-membership fusion filtering (SMFF) probler{blT .. I}HT andcoly{-} is a column vector with

has not been fully examined yet, not to mention the sks plocks. diag{-} stands for a block-diagonal matrix and
multaneous consideration of the 2-D shift-varying systemgiag, {-} is a block-diagonal matrix with\/ blocks. In
sensor networks and nonlinearities, and this constitutes anot§gihmetric block matrices, “*” is used as an ellipsis for terms
motivation of our current research. ~induced by symmetryl and0 denote the identity matrix and
In connection with the discussions made so far, in thifero matrix with appropriate dimensions, respectively. The

paper, our focus is on the EDM-based distributed SMFyperscript T” stands for the transpose of a matrix.
problem for nonlinear 2-D shift-varying systems over sensor

networks. Theresearch questions we are confronted with are ~ |l. PROBLEM FORMULATION AND PRELIMINARIES
summarized as follows: 1) how to cope with the nonlinea. System Model

functions in 2-D shift-varying systems over sensor networks consider a nonlinear 2-D shift-varying system described by
in the framework of distributed SMF? 2) how to construct age general F-M second model:

appropriate EDM for each sensor node under the 2-D setting

_ r1 2
with a focus on the inherent characteristics of information Titl,j+1 = f( )(xm“rl) + f( )(xi+1,j)
propagation along with two independent directions? and 3) +Bi(.1j)+1wi-,j+1 + Bi(i)ljwiﬂ-,j (1)

how to develop a distributed SMFF mechanism under the 2§/|vqwere o : . .

: : - o : i,j € [0,7] are horizontal and vertical coordinates
setting to achieve the efficient distributed processing of systerr} ) o £(1)
information gathered from sensor nodes? The main objectiyan 7 € N @i; € R is the state vectorf'"(z;,)

. ga | ) nd £ (z; ;) are known continuously differentiable nonlinear
of this paper is, therefore, to answer the above questions by “J

ions: BV (2) i i i

initializing a systematic investigation. fu.nct|ons, BM anq B are .known shﬁt—xarymg matrices
The maincontributions of this paper can be highlighted agVith @ppropriate dimensions; and; ; € R™ is the UBB

follows. process noise that is confined to the following ellipsoidal set:

« With the help of the Taylor series expansion formula and &(0,Wij) & {wij |w W, w ; <1} 2)
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quantizery) is characterized by

2(¢1)
2(C2)
a2 |~ ©
‘Q(Cnc)
where, forh = 1,2,...,n¢,
t-th Sensor
............... é,{ g’{
e, ST
Commnctmn E Q (C h) é O, Cﬁ — O (7)
-s—th Encoder -3 th Decoder -s-lh Filter
— 3 —2(—Ch); <0

with the set of quantization levels being

U = {+l, |, = p"lo, s =0,+1, 42, ... £R}U{0}. (8)

Fig. 1. Block diagram for 2-D systems with EDM

. . y . . A 1- : "
with W, ; being a known positive definite matrix. Here,7 = 72,0 < p < 1, {p > 0, andR is a positive

In this paper, the sensor network hassensor nodes whose!"€ger. _
topology is represented by a directed graph= (V,E, A). Decoding: S
Here, V. = {1,2,...,M} is the set of sensing nodes; The decoding rule for thath filter is given as
E g V x V is the set o_f ed_gesA = [a_st]MxM is the y((f]) _ yl(so) —0, Vi,jeN
weighted adjacency matrix witlv,, > 0 if (s,t) € E; ) S) (5,1) (s) (5,2) (s)
and the set of neighbors for node € V is denoted by %7 0;; Vi s + T8 GYi-1j +—'” 1Yi,j-1
N; ={t eV |(s,t) € E}.

The measurement of theh sensor node is described as

)

wherey V(S) € R™ is the output of the decoder.
By denotlng the decoding error aé) = gl‘? yf‘? we
M (3) have

els) 2 (s (s)
1j =Y .7 —Y;, .J

s s,1) (s s5,2) (s s
- 1/]()+-l§ 1)]1)1]+-l§g )1y13)1 yz(])

) = O+ DS, s =1,2

0,7 z]? 3Lyt

where yf? € R™ is the measurement output of th#h
sensor nodeg; ; () and D(S are known shift-varying matrices

with approprlate dlmenS|ons am{ 7) R™ is the UBB 7{53{ (yf? ES}LXESQ i "IESJQ)IXZ(S]) 1) }
measurement noise that is confined to the following eII|p30|daI " ’ ’ ’
set. 1 s (s,1) (s 5,2) (s
) ) (1T ) . (5) 6(5) (y( . 7, 1)7y1( )1 g —IE_] )lyz(,j) 1) }
g(ov‘/zj)i{7,]|(v,7) (‘/7,7_]) <1} (4)
R o - S>{n{ (59—, L) )
with V;; being a known positive definite matrix. 5
s (s,1) (s 5,2) (s
6 (yz(,_]) i— 1,)7 z( )1 Ni —Iz(’,j—)lyz(,j)—l) }

B. Encoding-Decoding Mechanism

. . . 5(S)q(s) (10)
During data transmissions, the signals are processed by the 53 1

logarithmic-type EDM as shown in Fig. 1, where the maipyere, *) is the quantization error and satisfies the following

principles are described as follows. condition:
Encoding: (qz(sj)) (qfsj) - 27'((5)) <0 (11)
The encoding rule for theth sensor node is given by
where

(s) _ (s) _ - 1
Xo; = Xi0 =0, Vi,jeN (s) & (=) _q(=1) 5o) (5,2) -(s)

OJ s()) (5) 5,1) (5,2) _(s) Sij = 5(8) (y” LSEIar —Iivjflyi-rj*l) '
ij_6 ’[Z) +—Izlxz 1J+T’L] 1X131 “J

1 Remark 1: For 1-D systems]ogarithmic-type EDM has
w(s) =0 ( —l(s 1) —l(s 2) _ (s) b . . e . .
3.7 = Wi i—1,5X 1 1] i,j—1Xi -1 een quite popular in analog-digital signal conversion. The
0;. 5 EDM characterized in (5)—(9) is, to the best of the authors’
h ) ¢ rix and o®) € R the internal (t)t knowledge, the first one of the kind fd-D systems that
where x;,j an w are the internal State i, yes into account two time-indexes representing bidirectional
and the output of the encoder respecnvé&, is the known  gynamics evolution. Note that the introduction of the 2-D
scaling parameter; anﬁ (:1) 7(5 ?) are known shift- -varying version of EDM (5)—(9) makes it possible to relieve the
matrices with appropnate dlmen5|ons Here, the logarithméommunication burden (because of the reduced data size) and
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enhance the communication security (because of the encodingbenoting the estimation error aésj) Y 5:5? we
encoding scheme) at the cost of dealing with added complexitigtain

in system analysis/synthesis. More specifically, such added _ ) e (s,1)
complexity stems from the strong coupling effects between "i+1.j+1 =%, i+l u+1 + +17 z+1a + i
the decoding errorz( ; and the system measurement output + rfi?j + ij)ﬂwz,jﬂ + Bf+)1 Wit
y” , the decoder outpLgIL , as well as the scaling parameter _ Kfs 1131 (Dz(S)-l—lvz(S)-l—l + ez(s)ﬂ)
51(?, and one of the technical challenge is therefore to handle (; 2) (SJ) (SJ) (57)
this coupling issue in the subsequent investigation. — K (Dia Vi s + €iv )
Remark 2: The proposed 2-D version of logarithmic-type =Y Gl @0, -2
EDM possesses the followingharacteristics: 1) it facilitates teN,
the distributed implementation and is therefore suitable for _ Z e G it12) (i)1 _:C(i)1 ) (14)
sensor networks; 2) the paramet&f) can be dynamically N i (T = P

adjusted, which provides extra flexrbrlrtres in the subsequen‘1ere

distributed filter design for a better performance; and 3) the

security of the transmitted data (ian) be furt(he)r improved due sz,(jfl) A \1/(.3731) _ gD o)
; . . 5,1 5,2 1, ! ! 7

to the introduction of coefficients;”"" and ;7. %Sj"z) 2 \11532) B KZ(S]Z)C;?

C. Distributed Set-Membership Filter Assumption 1: The initial conditions of (1) are given by

In this paper, a distributed encoding-decoding-based set-| %o,; € & (%J,Q ) {Io |h( ) (w0,5) < 1} (15)

membership filter is constructed for the nonlinear 2-D shift- 2 (209 o B(s) -
varying system over sensor networks as follows: Ti0 € ( 10 @i, ) - {Iw ‘ (i0) < }
~(s s s fors:1,2,...,M,Where
ng)ngrl_f()( gg)+1)+f(2(§+)lg) ()T () . ()
s AN ~(s
+ KZ(SJJlr)l z(sg)+1 Kl(ilg)g z(i)lj W) (0,5) = (w05 - 2oy) Qo)™ (wos — Bgy) <1
+ D aw G @~ #7) B (i) 2 (wi0 — 20) (@) @i —30) < 1
teENy

(5t.2) e with Q(S) and Q(S) being known positive definite matrices.

+ Z 048th+1 J z+1 g Tiga, g) (12) The main purpose of this paper is highlighted in threefold
teN, as follows.

« First, we aim to design distributed set-membership filter
gains Kfsjl) KZ(SJ2) fo’” and GE?’Q) such that, for
s=1,2,..., M, the system state; ; is confined to the
local ellipsoidal se'r.,@}”i(s.) as

where 2 A(S) € R™ is the local estimate of; ; on sensofrs,

K(Sjl) K > 2) G(ft 1) andG (s:2) are filter parameters to be
calculated and

V) & ) _ o),
i,J i,j g(?) A g( (S)’ (s)) {I’LJ ‘ 1) (Izg) < 1} (16)
. . . 2,7 1,7 @] ) )
By applying the Taylor series expansion formula, the non-

linear functionsf™ (z; ;) and £ (x; ;) are linearized as where

) ()2 (s FENT (OGN=1(,. __x(S)
f(l( ;)= f(l( ) \IJ(S 1)(%7], _ ())+T(S 1) (13a) R (wi5) = (@i, — ,7) (Qz,]) Y i,j )

N . . (s) . -, .. .
@ (z;.;) = f@ (ffi,-) \1,5 _2>(xm, _ ;6 )) + T( :2) (13b) with @, being the positive definite matrix.
« Second, based on the obtained results in the first step, we
where\I/( 1) \I/( 2) are Jacobian matrices: amﬁs , [32) shall determine the fusion weights such that
are hrgh order Lagrange remainders. Here, 1) @) (M) )
1 , (me Nz N2 ) S (17)
plon a O (s2) o 0f? 5 o |
BT O lees® T8I T T 9 | aea® where 27" is the fused ellipsoidal set with
1,7 i,J
s,1 1. ~(s an(l) ~(s f)A — - f .
T(J ) a Edlagﬂ,{{(iﬂi,j (,7)) } 522 z:p“)(xi’j - ;1:1(.,.7.)) 2 =& (xu ,Q ) = {xw | ) (2 ) < 1}
Q] g
(s2) a 1 (s P (s) h(f)(wij) 2 (w; — 3 TQI) M@y — 2)).
i,J 2 M J g R PR O R 1] ~(f) (f)
=Py, Here,2; is the fused estimate ar@,"; is the positive
pg? N ESJ) (- ,\ESJ)) 1(57) definite matrix.
(S) s (5,1) y(5,2) (5:12) « Third, we intend to establish a sufficient condition such
A dlag{/\ Al that

)\Ssjk) €0,1] (k=1,2,...,n.). Tr (Q(f)) < (Q(S)) s=1,2,...,M (18)

] ]
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and calculate the optimal values of the parameté@ {R(sfg)} Iy (Kf}(s}@))w B Kf’(sjg))_} >2
and the positive definite matn@” by solving a con- Yk d k k

strained optimization problem. 7—[59) (;@5_5]? + Xz(j)
. /H(Q) j;(s) + (S)
[1l. M AIN RESULTS Xi(j’g) d1ag {( X( NHTY 2 R ) l(j)
In this section, an encoding-decoding-based distributed @)/~ (5) )
SMFF scheme is designed for shift-varying nonlinear 2-D G +Xi,j)

systems over sensor networks. Sufficient conditions are es-y.(s) & [_Q(s? Q(s):|
tablished for the existence of the desired parameters which "’ AN
guarantee that the required performance constraints are sat-_(, ® T o) T
isfied. Then, the design parameters are obtained by solving=#7 — ( [Qz‘,j}u) ( [Qu]n,n,)
certain optimization problems.

Before proceeding further, the following lemmas are ra4ere, [R(S’Q)}kl and [Q; S)]kl are, respectively, thek,!)
called to facilitate the derivation of our main results. (s,g) (5,007

Lemma 1: (Two-dimensional mathematical induction [34])element of the matricest; and Q”'JF[R” ]k s the
Let S; ; denote a proposition with, j € N. Suppose that kth element of the veCtOR( =0, (Xl(d’g) and (X(S’Q)

1) (initial step) S;; is true for all (i, j) € {(i,j)|i,7 € denote the maximum and minimum values in the interval

>

N,i=0orj=0}; vector Xi(j’g), and Hkg)(-) is the Hessian matrix of the
2) (inductive step) if S;o jo is true for all(i°, j°) € A, ; £ nonlinear functionf ) (-) that is thekth entry of the vector
{(i —1,7),(i,5 — 1)}, thenS, ; is true. OO (k=1,2,...,n,).
Then,S; ; is true for alli, j € N. Proof: It follows from (20) that
Lemma 2: Consider the vectorejj) andgfz.) in (5) and (9). (T /() ®
Fors=1,2,..., M, we have (wiy — &) Q) wiy — 2,7) < 1. (22)
Xz(',j) = g(,sj) (19) Then, it is easy to verify that, for

Proof: This lemma is proved by two-dimensional math-
D conduc A 2 35 4 (= Dl

ematical induction, which is conducted via the following two 1,5 /0,50
steps. one obtains
1) Initial step. It is known from (5) and (9) thayz = 1‘?
is true for all(i,7) € {(4,))]i,j e N,i=0o0rj= O} (5) _ 2(NT ) () _ a(s)y < 23
2) Inductive step Suppose thaj;((.f?j<> = ggf,)jo is true for (hiy = 25) Qi) oy — ) < 1 3)
all (i°, ¢ = 1,j),(i,5 —1)}. Then, it remains  According to (23), we have
to prove thatxzj = y” is true. In fact, one has
() _ () o) e a2 =0l +al), o) +al)]. @4
X’L7J - y’L7J
S)'(/) s) +‘|15})77;ZS)1J + 7 SJ?)I sty) . Then, with the help of the interval analysis technique and
(s) (5) _ =(s:1) () " (s, 2)’ according to the high-order Lagrange remainde(rsjsl) and
5 ’l/) z 1 7Xz 1,5 1 i,J— lxz,] 1 (s,2) . . . ; .
(s, 1) (S) 52) 1 (s) ) r; ;- in (13), we obtain the following interval vector:
1z l,J(yz 1,5 Xz 17)+_iz_] 1(y17 1 Xz,] 1)
=0, ’Hg (i.(s)_’_)((s))
; (0) (5 5)
which ends the proof. n S(s.0) & ldiag [ Hy? (x ol 20
Lemma3 C)onS|der the high-order Lagrange remainders * %7 2 M b
s 1 5,2 o
andr in (13). Fors =1,2,..., M, suppose that Hn,( s) n X(s))
s s 25)
ee(29.QW). 20 _ (2
Yo ( 0 ”) (20) By recurnng to (25), the high-order Lagrange remainders
Then, we have (Sjl) andr; J’Q can be bounded by ellipsoidal sets (21) with
TES»’I) cs (O R@z”) a {rf.’l) h(TES»’l) - 1} minimized volume [7], which completes the p(rso?)f [ |
’ J J (21) Remark 3: The ellipsoidal sets é”(o R, ) and
(s,2) (5:2)) & [ (52) (s,2)
rij €8¢ (OvRi,j ) - {Ti,j h(rij™) < 1} & (0 R(S’z)) containing the high order Lagrange remainders
where, forp = 1,2, %! and r{** are determined in Lemma 3 by applying
h(r (s,g)) (T(sl,g))T(R(sjg))flr(sjg) the interval analysis technique. It should be noted that this
"id ” - J method represents one of the first few attempts to deal

|:R(s,g):| 2 Q[Rf J’Q)L, k=1 with the distributed set-membership filter design issue for
“dke o, k1 nonlinear 2-D shift-varying systems over sensor networks.
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A. Design of the Distributed Set-Membership Filter o & oSN, wCPER, 1 1 B,
To simplify notations, we denote (5:3) 2 [5(2) (5,1) (s) (5,2) (s)
@ 2 g 1.0.0.0.0.0.0.0.0.0.0 q)i°,j° - [Biﬂ,j _Ki,j-‘rlDi,j-i-l —Kz‘+1,jDi+1,j}
= 1ag{ , U, U, U, U, U, U, U, Uy Uy } q)(j,zl_l ry [_5(3) K-(S-’l) _5(5) -K-(S72)} ]
1) 2 diag {~1,1,0,0,0,0,0,0,0,0,0} i BT TR LG T Ly
182 2 diag {~1,0,1,0,0,0,0,0,0,0,0} Proof: This theorem is proved by two-dimensional math-
.30 e ematical induction, which is conducted via the following two
I5%) 2 diag {—1, 0,0,R{%},,0,0,0,0,0,0, 0} steps.
1) Initial step. It is known immediately from Assumption 1
(s,4) & - (s,2)
Hio’jo — dlag {_L 07 01 07 Ri+1,j’ O’ 0’ O’ 0’ O’ O} that
5,5 . - ~(s) ~(s) _
]‘_Iz('ozj<> édlag{_laovoaovoaWi,j+17070707070} Li,j €& (Ii:j’QiJ) » 8= 1’2""’M (27)
Hﬁi;ﬁi £ diag {—1,0,0,0,0,0,W;;1,,0,0,0,0} is true for all (i, j) € {(i,j)[i,j € N,i =0 or j = 0}.
&7 2 diag {—1, 0,0,0,0,0,0, V%), ,,0,0, 0} 2) Inductive step. Let
o ~(s) (s) _
1% 2 diag {—1,0,0,0,0,0,0,0, Vfi)l,j,O»O} Tie o €& (IJQJ> 8= 12 M (28)
0 %% be true for all(i®, j°) € Aip141 = {(i,5 + 1), (i + 1,5)}.
mE & sl 1w Then, it remains to prove that
0 0 0 NE s
. ) Tis1j41 €E (a:gjl}jH,Qng’Hl) L s=1,2,...,M (29)
(s,10) a
Mo jo" = [—r@?%iﬂ ]] is also true.
’ ’ First, it is easy to verify from (14) and (28) that there exist
(s;1) & (s,1,1) (s,1,2) s,1,3 (s) s s . s s
;= {Qi,j N Q@13 Di; O} 19§7]?+1 andz?l(ur)u (with ||191(;7-)+1H <1 andHﬂEJBLjH < 1) such
(5,2) A [(s.1,1 51,2 R (s that ; k
7 = {957 b0t ot ply 0} ) s )
Tij+1 = i1 T =41V 41
QUL & o) _ g 1) o Gz ) =) (o) (30)
4 A I d Tit1,j = Tipr; + Ei Vi

(s.13) & 5) & (5(9)-1
Q=270 0 0 0 0], 62

=(s) =(s) i i (s)
G D S0y ) 1) where 277, and Z;7, ; are factorizations of@; , and
irj Lt T Qz(‘i)lw respectively, i.e.,QfZlrl = ng]?+l(E§f]»)+l)T and
(i5°) € Dir g = (6,5 + 1), (i + 1,5)}- 0¥ —g® (@® T
i+1,5 — ~i+1,j(~i+1,j) :

The following theorem is given to provide a sufficient Letting
condition that guarantees that the system state satisfies the
performance constraint (16). €9, 2 [1 (fff:jl-z
Theorem 1. Consider the system (1), the logarithmic-type | ) )
EDM (5)-(9), and the distributed set-membership filter (121 View of (30), system (14) is rewritten as
For s = 1,2,...,M, let the sequences of positive def- () ) (s)
inite matrices {Q\*), ,}:jen and {Q!7) ;}ijen be given, it = Pie golie g (1)
The system stater;;; ;41 belongs to the local ellipsoidal where

Ty (T

i,5° i©,5° )

set & (iEfLHl,QEijH if there exist filter parameters ERY) U(S)H
(s_,l) .(5,2). (.s?t,l) (st,2)_ . (_5’0_) (s) l(’stQL)l (57)
K50, K, Gy and GiLs, positive scalarse;e’ ;o glel) 2 Vi1 o) a [ rl | eed) o Vit
(¢ = 1,2,...,10), and a positive definite matriQ?, o T [0 T e | 6
satisfying ) Wit1,j %L,j
—11:57 .0 *
<I>(;) 7 e ] <0 (26)  According to (2), (4), (21) and (30), the following conditions
i.3° L+l are satisfied:
where s s
. 190 <1, (0850 <1
F(s) & 0 (5,0) 17(s,0) s,1 s,1 s,2 s,2
00 2O 4+ 3 g0 RIS 0 rses (0731(;,7'+)1> T €S (07R§+1?j> (32)
=1
o 4 [q>(s71) o2 3 ¢(874)} wijr1 € &0, Wijpr), wir; €& (0, Wit ;)
107j<> - 7;0}]'0 i<>7j0 i<>7j0 7;0}]'0

”z(,sj)ﬂ €& (0’Vi§;)+1> ; Uz(i)l,j €& (0, Vz(ﬁj)
i1 (Ti o — i)

tEN which can be rearranged in terms@f)j<> as follows:

(st,2) (1 ~(t) ~(s)
- as Gy (T — 25 ;) E 5,0) (s ]
2 O € ERE <0, =128 @9

(A8Y]

3N 2 - ¥ 0,600 60, , -2l
107]0 S
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Next we proceed to cope with the decoding err@ﬁ%rl - ZE(S) (s) (s)) (
and eZ+1 in system (14). According to (10)—(11), we have J
S S S S (j
{ ( 1(7)+1) ez(’,j)-t-l 2755]4—1( i 7)+1)T§i(,j)+1 <0 (34) 4 (1) ) (C?;)]) ” (M)
A
(e z(+)1 7) €§+)1] - 27’51(431 J( z(+)17) §z(+)1 ; < 0 ff ﬂff ﬂ ﬂff ’
which, in terms of§ are expressed as Proof: First, for anyz; ;, it follows from Theorem 1 that
{(5(5) )Tnsg)g(s) <O l'i7j€>@pi5;)é£(lj,Q )7 521721--'7M (41)
(35) :
(s) Tyr(s 10) (s)
(&) H L& <. which means
By applying Schur Complement Lemma [3], it follows from T €22 ff(l) ﬂ ffl(f) ﬂ E ﬂ «ffl(fn (42)
26) that
(26) Next, combining (16; and (41) it is easy to see that there
~HE L+ (@8 DT, ) el ., <o. (36) exist positive scalars(® with 2, (*) = 1 such that the
It is deduced from (36) that following inequality hoIds
(@00 ) Q) T 0l e za@ roy — #NTQE) My — ) < 1. (43)
< (600 060 @) =

Then, by some straightforward algebraic manipulations, it

By further resorting taS-procedure [3], it can be derived frome"OWS from (43) that

(31), (33), (35) and (37) that

M
s s — s = s sIv—1 ~(s T _ _
(771(+)1 ]+1) (Q§+)1,j+1) 771(+)1 g1 =1 (38) (:CU - Ql(»f;) 1(7)(621(»7]»)) 1x§7j)) (Qz(f])) !
is true, which means that the system statel j+1 belongs S*IM
to the local ellipsoidal s&fg i1 J+1an+1 J+1) Therefore, % (fw _ Qz('fj) S)(Q(S)) s (,S,))
according to the principle of mathematical induction, the proof s=1
is now complete. [ |

i Z £ ENT Q)14
B. Design of the Fusion Rule for Ellipsoid-Based Filtering

f)
It follows from Theorem 1 that the system statg belongs ( ) (Q ) =1L (44)
to the intersection of all local ellipsoidal set%”ifj) (s = Substitutlng (39)—(40) into (44), we have
1,2,...,M). Obviously, the intersection set has a smaller () ) N
volume/region than all local ellipsoidal sets (see Fig. 2), (@i — --) (Q;; -) (wij —&;5) < (45)

thereby ensuring a better filtering performance. Based on thifjch implies that the following relationship is satisfied:
fact, we shall first determine a fused ellipsoidal %tf that

contains the intersection set. Then, we proceed to calculate T € f»}”ij) £ ( i ,Qz(f])) (46)

corresponding fusion parameters such that the fused ellipsoidal

set guarantees the satisfactory filtering performance. and, therefore, it is easy to deduce tlﬁtj - fz”;(f) The
Theorem 2: Consider the system (1), the logarithmic-typ@roof is now complete. ]

EDM (5)-(9), and the distributed set- membershlp filter (12). From Theorem 2, |t |s easily seen that the volume of the
Fors=1,2,.. M let the local estlmate( and the positive fused ellipsoidal se@ is dependent on parameteer,&f)
definite matrle be given. ThenZ; ; C ff () if the fused (5 = 1,2,...,M). In ofder to derive a fused ellipsoidal set

estimate”) and the positive definite matn@ 1) are given that has a smaller volume than all local ellipsoidal sefs’
as ' ’ (s=1,2,..., M) in the sense of matrix trace, we present the
following theorem.
f) A ZE(S) ~14(9) (39) Theorem 3: Consider the system (1), the logarithmic-type
“J EDM (5)-(9), and the distributed set- m(er)nbership filter (12).
Fors=1,2,.. M let the local estimate,”; and the positive
Q )& (1 ww)Q(f) (40) 5) (j b (s)
definite matnxQ be given. ThenTr(Q;/) < Tr(Q )
where (s = 1,2,. ) if there exist positive scalars ) with
M M (s) _ 1 t
5575]_) > 0’ ZEEZ) _ Zs 1 z 7 sa ISfyIng
s=1

Zéfj(@fj)—l > (- )(Q)7Y, t=1,2,..., M.
=1
(47)
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A Corollary 2: Consider the system (1), the logarithmic-type
I EDM (5)—(9), and the distributed set- membersh|p filter (12).
ﬁifjf ) Fors=1,2,..., M, letthe local estlmate ) and the positive

definite matrle(S) be given. Thenf’z’;J - ffm Tr(Q( ))

& Local Ellipsoidal Set Tr(Q( ), and the fused ellipsoidal sé) / is minimized in
= === Fused Ellipsoidal Set

the sense of matrix trace if there exist posmve scad%f;)ssuch
that the following optimization problerfOP 2) is feasible:

Fig. 2. The scheme for ellipsoid-based filtering fusion
OP2: min Tr (QO?)
e s=1,2,...M ’

Proof: It is evident that the following equivalences hold: M
subject to(47) and > _&{*) =1.  (50)

Ze“) T (- m)Q) !
For the purpose of numerical calculation, we describe the
filter design procedure in Algorithm 1, which is based on the

M
-1 (®)
= (1 -wiy) Za > (@) recursive linear matrix inequality (RLMI) approach.
=1
1 —( )
= —my) (@ ) (Q ) Algorithm 1: Encoding-decoding-based distributed SMFF
A Qz g = Qz FE t=1,2,..., M. (48) algorithm
We can conclude from (48) thafr(Qz(-fj)) < TY(QZ(-Z-)), Input: System initial conditions ;, z; 0, xésg, Aﬁ},
which completes the proof. [ ] 5 7(3 D 902 =12 M).

z 7! .
Remark 4: In accordance with Theorems 1-3, an ellipsoid- Output: K(S iy K s 257 Glst: 1) G(St 2,QW) &),
based fusion filtering scheme is, for the first time, formulated for j=1:7 do R

to handle the distributed SMFF problem for 2-D systems | for j=1:7 do
hartages. 1) the distriied SWE algortm proposed | | Compute the fter parametetsi; . €1

st,1) st,2)
Theorems 1 only utilizes the information from the local G( andG( by solving theOP lfrom
sensor node and its neighboring nodes, which avoids the Corollary L
computational complexity issue associated with the increaséd Compute the local estimate®) from sth sensor
number of sensor nodes; and 2) the ellipsoid-based fusion node by system (12); '
filtering rule proposed in Theorems 2-3 provides a better Compute the fused estima’ﬂé_fj) by Theorem 2
filtering performance than the local SMF algorithm in the and Corollary 2;
sense of matrix trace. B

6 return K(S 2 K 52) G(St 2 G(St 2 QW) 2.

7,7 ! z_]'

C. Optimization Problem

Theorems 1-3 outline the procedure of seeking filter pa-Remark 5: So far, the distributed SMFF problem has been
rameters and fusion parameters. It should be noted that tifived for the addressed nonlinear 2-D shift-varying sys-
procedure does not provide an optimal solution. In wham over sensor networks. Note that, in comparison to the
follows, some corollaries are presented to determine the filch body of existing literature on set-membership filtering
ter parameters and the fusion parameters via optimizing th@blems, our results exhibit the following distinguishing
constraint sets in the sense of matrix trace. features: 1) the addressed distributed SMFF problem is new

Corollary 1: Consider the system (1), the logarithmic-typghat represents one of the first few attempts to cope with
EDM (5)—(9), and the distributed set-membership filter (12)oth the distributed SMF and the fusion filtering problems for
Fors = 1, 2 ..., M, let the sequences of positive definiteyonlinear 2-D shift-varying systems over sensor networks; 2)
matrlces{Q”H} JeN and{QHl j}i.jen be given. The local the proposed logarithmic-type EDM is new, which is designed
ellipsoidal set,f'f+1 ;+1 Is minimized in the sense of matrixbased on the logarithmic-type zooming-in/out encoder and
trace if there exist filter galn§{(s 1 g2 a6t 404 decoder under the 2-D setting and is capable of dealing

7,7+1? 141,77 7,7+1
) with dynamics evolving along both horizontal and vertical
G5 such that the following optimization problef®P 1) y 9 9

ity T coordinates; and 3) the designed distributed SMFF algorithm
is feasible: is new, scalable, and efficient.

OP 1: min Tr (Ql(.i)l_jﬂ) Remark 6: This paper launches a systematic investigation
K&K, ' on the distributed SMFF issue for a class of nonlinear 2-
el D shift-varying systems over sensor networks in the con-

subject to(26). (49) text of networked systems with certain engineering-oriented

complexities (i.e., EDMs and UBB noises). By exploiting a
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combination of several up-to-date approaches such as set-

membership filtering method, interval analysis technique, twi

dimensional mathematical induction approach, and set theory,
the addressed problem has been thoroughly examined and

the desired parameters have been formulated in terms
the solutions to a set of optimization problems. Within th

established framework, it is not difficult to extend our results

to more general systems with more complicated dynamics w
more complex network-induced phenomena.

IV. I LLUSTRATIVE EXAMPLE

9

0_

of
e

ith

Fig. 3. The topology structure of the sensor networks

In this section, the effectiveness of the proposed encoding-

decoding-based distributed SMFF algorithm is verified by
simulation example. The system parameters are given as

0.3x} . +0.05sin(2? )
W (g ) = i, i,
ACE) [0 2527, + 0.1 cos(z) )

J
0. 45:10 ;+0. 151112:102)]43}

@) (g ) = 5
Fo@ig) [0 222 —|— 0.15sin a:llj
B _ '0.55+0.3e ] @ _ [ 0.45 ]

wi | 0.05 1] 0.1 cos(4)
0.8 0242, s =
11 0.254e77], s =
o _ :—0.1 o.5+sin(5j)}, s=3
2y

~0.15 0.35+sin(3))], s=14
0.25 — =% 0.75} : s=5
—0.85 —0.25+ e’QZ} . s=6

D) =065, D =03, DI =05
DY =045, D) =035 D) =0.55.

The process noise; ; and the measurement noiszgj) are
selected as

w; ; = 0.15sin(0.3(7 + j))
vl = 0.15in(0.25(i + )
<2) = 0.185in(0.5(i + ))
<3> = 0.05cos(0.4i), %) = 0.2cos(0.30)

) _

<5> = 0.35in(0.25), v% = 0.255in(0.25)

whose weighting matrices are chosen B5; = 0.031,
v, = 0021, v = 0031, v = 0.011, VP = 0.051,
V(5) =0.17 and V(6 = 0.11. The quantization density is set
asp =0.7. The scahng parameters are selected(é)s 0.9
and"l (=:1) "IEJ ) = 0.45I (s = 1,2,...,6). The topology

|
a ] [IState
[ Estimate

Fig. 4. The system state(;) and local estimat@fll]) of sensor node 1

initial conditions be given as

T

2 = 510)_ 2 1.5J . Yije02s]
i =il =[5 2] . vijep2]

r T
i) = 20 = |22 1.45}r , Vi je025]
i) =g = [1.9 1.9} ., Vi,j €025
r T
i) = @fg = |25 1.7J , Vi,je[025]

By =y = :2-8 2} . Vi,jelo25]

The simulation results are presented in Figs. 4-12. Among
them, Figs. 4-9 plot the system statg; and the local esti-

matesfgfj) of sensor nodes 1, 3, and 6, respectively. Fig. 10-11
depicts the system staig ; and the fused estimaﬁé;’;). The
trace evolution of matrice@gfj) andQl(.fj) (s=1,2,...,6)are
shown in Fig. 12, from which we can see that tﬂﬁQE?)

is the smallest of all. Thus, Figs. 4-12 show the effectiveness
of the proposed encoding-decoding-based distributed SMFF

structure of the sensor networks is shown in Fig. 3. Let tlagorithm.
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" [ State [ IState
[ [ Estimate [ Estimate
15 2
o= e=
= =
a H 05
05
[ -05-.
Fig. 5. The system state5; and local estimat@(l) of sensor node 1 Fig. 8. The system state;;; and local estimat@(l) of sensor node 6
9 Y 2] 2] 9 Y 1] (1]
State [IState
[0 Estimate [ Estimate
25 2
s8=" S=
| 1 x| 1
= =
o
R K
10 \\\\\ = ~" 20
18 T 187 o
20 T ° 207 T o e
2% 5 0 ,7 1 25 o .]
Fig. 6. The system state(;; and local estimaté:fll]) of sensor node 3 Fig. 9. The system state| and local estimaté:le]) of sensor node 6
- [ State
| [ Estimate
\ " [IState
’ [ Fused Estimate
— 15
==
K],

()]

Fig. 7. The system statej5) and local estimat@le]) of sensor node 3 Fig. 10. The system state;; and fused estimatém
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practical applications such as chemical process and the specific
applications are our future work.

[ State
Il Fused Estimate

REFERENCES

[1] A. Baniamerian, N. Meskin and K. Khorasani, Fault detection and

v@E isolation of two-dimensional (2D) systemSystems & Control Letters,
C vol. 99, pp. 25-32, 2017.
5 [2] M. V. Basin and M. Hernandez-Gonzalez, Discrete-tive,, filtering

for nonlinear polynomial systemdnternational Journal of Systems
Science, vol. 47, no. 9, pp. 2058-2066, 2016.

[3] S. Boyd, L. E. Ghaoui, E. Feron and V. Balakrishndmnear Matrix

s Inequalities in System and Control Theory. Philadelphia, PA, USA:

~ - SIAM, 1994.

Ll T [4] R. CaballeroAguila, A. Hermoso-Carazo and J. Linares-Pérez, Net-

0 < . worked fusion estimation with multiple uncertainties and time-correlated
channel noiselnformation Fusion, vol. 54, pp. 161-171, 2020.
[5] Z. Cao, Y. Niu, H.-K. Lam and J. Zhao, Sliding mode control of
Markovian jump fuzzy systems: A dynamic event-triggered method,

Fig. 11. The system state;y; and fused estimatégf IEEE Transactions on Fuzzy Systems, in press, DOI: 10.1109/TFUZ-
Z.2020.3009729.

[6] Y. Chen, Z. Wang, J. Hu and Q.-L. Han, Synchronization control
for discrete-time-delayed dynamical networks with switching topology
under actuator saturationksEE Transactions on Neural Networks and
Learning Systems, vol. 32, no. 5, pp. 2040-2053, 2021.

[7] F. L. ChernouskoSate Estimation for Dynamic Systems. CRC Press,
Boca Raton, Fla, USA, 1994.

[8] E. Fornasini and G. Marchesini, State-space realization theory of two-
dimensional filters|EEE Transactions on Automatic Control, vol. ac-21,
no. 4, pp. 484-492, 1976.

[9] K. Galkowski and E. Rogers, Control systems analysis for the Fornasini-
Marchesini 2D systems modelprogress after four decddesnational
Journal of Control, vol. 91, no. 12, pp. 2801-2822, 2018.

[10] X. Ge and Q.-L. Han, Distributed event-triggerétl., filtering over
sensor networks with communication delaysformation Sciences,
vol. 291, pp. 128-142, 2015.

[11] X. Ge, Q.-L. Han, X.-M. Zhang, L. Ding and F. Yang, Distributed event-
triggered estimation over sensor networks: A surVBE Transactions
on Cybernetics, vol. 50, no. 3, pp. 1306-1320, 2020.

[12] H. Geng, Z. Wang, F. E. Alsaadi, K. H. Alharbi and Y. Cheng,
Federated Tobit Kalman filtering fusion with dead-zone-like censoring
and dynamical bias under the Round-Robin protoldeEE Transactions

Fig. 12. The trace evolution ap*) and Q(*) (s=1,2,....6) ggzslg';nal and Information Processing over Networks, vol. 7, pp. 1-16,

[13] Z.Gu, P. Shi, D. Yue and Z. Ding, Decentralized adaptive event-triggered
H« filtering for a class of networked nonlinear interconnected systems,
|EEE Transactions on Cybernetics, vol. 49, no. 5, pp. 1570-1579, 2018.
V. CONCLUSION [14] L. V. Hien, H. Trinh and N. T. Lan-Huong, Delay-dependent energy-to-

This paper has addressed the distributed SMFE problem for Ppeak stability of 2-D time-delay Roesser systems with multiplicative
stochastic noiseslEEE Transactions on Automatic Control, vol. 64,

a glass of nonlinear 2-D shift-varying systems su_bject to UBB o 12, pp. 5066-5073, 2019.
noises over sensor networks. A new logarithmic-type EDMS5] J. Hu, Z. Wang, G.-P. Liu, H. Zhang and R. Navaratne, A prediction-

has been designed for 2-D systems where the zooming-in/out- based approach to distributed filtering with missing measurements and
’ communication delays through sensor netwotEEEE Transactions on

based epcoder and dlecoder hav.e. been utilizeq to .strengthen Systems, Man, and Cybernetics: Systems, in press, DOI: 10.1109/TSM-
communication security and efficiency. An ellipsoid-based C.2020.2966977.

fusion filtering rule has been developed for 2-D systent] J. Hu, H. Zhang, H. Liu and X. Yu, A survey on sliding mode control

K fi h f d for networked control systembiternational Journal of Systems Science,
over sensor networks to confine the system state to a fused g 52 no. 6, pp. 1129-1147, 2021.

ellipsoidal set in a global view. It has been shown that thg7] D. Li, J. Liang and F. Wang, Dissipative networked filtering for two-

fused filtering performance is better than the local filtering dimensional systems with_randomly occurring uncertainties and redun-
dant channelsNeurocomputing, vol. 369, pp. 1-10, 2019.

performance in the sense of matrix trace. By resorting to tﬁ%] X. Li and H. Gao, Robust finite frequendii ~ filtering for uncertain
two-dimensional mathematical induction approach and the set 2-D systems: The FM model casijtomatica, vol. 49, no. 8, pp. 2446
theory, the feasibility of the proposed fusion filtering algorith 2452, 2013. . o
. rgl% X. Li, F. Han, N. Hou, H. Dong and H. Liu, Set-membership filtering

has _been ex.amlned, _an_d the parameters 9an be cqmputg Yior piecewise linear systems with censored measurements under Round-
solving a series of optimization problems. Finally, a simulation  Robin protocol,International Journal of Systems Science, vol. 51, no. 9,
example has been provided to verify the usefulness of the PP- 1578-1588, 2020. o .

. . . J. Liu, C. Wu, Z. Wang and L. Wu, Reliable filter design for sensor net-
proposed fusion f'lte”ng scheme. Or_‘e of the fl_Jture_resea works using type-2 fuzzy frameworkEEE Transactions on Industrial
topics would be to extend the main results in this paper Informatics, vol. 13, no. 4, pp. 1742-1752, 2017.

to systems with network-induced phenomena [6], [12]’ [22q2’1] L. Liu, L. Ma, Y. Wang, J. Zhang and Y. Bo, Distributed set-membership

. L L filtering for time-varying systems under constrained measurements and
[44], [47]. It is worth mentioning that the proposed distributed replay_ attacks,Journal of the Franklin Institute, vol. 357, no. 8,

fusion filtering scheme in this paper can be applied to some pp. 4983-5003, 2020.

Trace




This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.
Citation information: DOI 10.1109/TCYB.2021.3110587, IEEE Transactions on Cybernetics
FINAL

12

[22] Q. Liu and Z. Wang, Moving-horizon estimation for linear dynamic netf44] K. Zhu, J. Hu, Y. Liu, N. D. Alotaibi and F. E. Alsaadi, Of:-{~

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

works with binary encoding schemd&EE Transactions on Automatic
Control, vol. 66, no. 4, pp. 1763-1770, 2021.

S. Liu, Z. Wang, L. Wang and G. Wei, Recursive set-membership state
estimation over a FlexRay netwollEEE Transactions on Systems, Man,  [45]
and Cybernetics: Systems, in press, DOI: 10.1109/TSMC.2021.3071390.

Y. Luo, Z. Wang, G. Wei and F. E. Alsaadi, Non-fragife-¢~, fault
estimation for Markovian jump 2-D systems with specified power
bounds |EEE Transactions on Systems, Man, and Cybernetics: Systems,  [46]
vol. 50, no. 5, pp. 1964-1975, 2020.

L. Ma, Z. Wang, Y. Chen and X. Yi, Probability-guaranteed distributed
filtering for nonlinear systems with innovation constraints over sens{47]
networks, IEEE Transactions on Control of Network Systems, vol. 8,
no. 2, pp. 951-963, 2021.

J. Mao, Y. Sun, X. Yi, H. Liu and D. Ding, Recursive filtering of
networked nonlinear systems: A survayternational Journal of Systems
Science, vol. 52, no. 6, pp. 1110-1128, 2021.

R. Olfati-Saber and J. S. Shamma, Consensus filters for sensor networks
and distributed sensor fusion, Proceedings of the 44th IEEE Confer-

ence on Decision and Control, pp. 6698-6703, 2005.

C. Peng, D. Yue and M.-R. Fei, A higher energy-efficient sampling
scheme for networked control systems over IEEE 802.15.4 wireless
networks, |EEE Transactions on Industrial Informatics, vol. 12, no. 5,

pp. 1766-1774, 2016.

V. N. Phat, J. Jiang, A. V. Savkin and I. R. Petersen, Robust stabilization
of linear uncertain discrete-time systems via a limited capacity commu-
nication channelSystems & Control Letters, vol. 53, no. 5, pp. 347-360,
2004.

W. Qian, W. Xing, and S. Feil{~, state estimation for neural networks
with general activation function and mixed time-varying delay<sEE
Transactions on Neural Networks and Learning Systems, in press, DOI:
10.1109/TNNLS.2020.3016120.

B. Shen, Z. Wang, H. Tan and H. Chen, Robust fusion filtering ove
multisensor systems with energy harvesting constraiAtgpmatica,

vol. 131, art. no. 109782, 2021.

D. Shen and C. Zhang, Zero-error tracking control under unifie
quantized iterative learning framework via encoding-decoding method$
IEEE Transactions on Cybernetics, in press, DOIl: 10.1109/TCY-
B.2020.3004187.

J. Song and Y. Niu, Co-design of 2-D event generator and sliding mode
controller for 2-D Roesser model via genetic algoritHBEE Transac-

tions on Cybernetics, in press, DOI: 10.1109/TCYB.2019.2959139.

R. Suarez, Difference equations and a principle of double induction,
Mathematics Magazine, vol. 62, no. 5, pp. 334-339, 1989.

M. B. Sumanasena and P. H. Bauer, Realization using the Fornasini-
Marchesini model for implementations in distributed grid sensor netjsl
works, IEEE Transactions on Circuits and Systems |: Regular Papers, :
vol. 58, no. 11, pp. 2708-2717, 2011.

F. Wang, Z. Wang, J. Liang and J. Yang, A survey on filtering issueg
for two-dimensional systems: Advances and challendjetgrnational -
Journal of Control, Automation and Systems, vol. 18, no. 3, pp. 629—
642, 2020.

L. Wang, Z. Wang, B. Shen and G. Wei, Recursive filtering with mea
surement fading: A multiple description coding schei#E£E Transac-
tions on Automatic Control, in press, DOI: 10.1109/TAC.2020.3034196.
Y. Wang, H. Zhang, S. Wei, D. H. Zhou and B. Huang, Control

(48]

output-feedback control scheduled by stochastic communication protocol
for two-dimensional switched systenisternational Journal of Systems
Science, in press, DOI: 10.1080/00207721.2021.1914768.

K. Zhu, Z. Wang, Y. Chen and G. Wei, Neural-network-based set-
membership fault estimation for 2-D systems under encoding-decoding
mechanism,|EEE Transactions on Neural Networks and Learning
Systems, in press, DOI: 10.1109/TNNLS.2021.3102127.

L. Zou, Z. Wang, H. Geng and X. Liu, Set-membership filtering subject
to impulsive measurement outliers: A recursive algoritHEEE/CAA
Journal of Automatica Snica, vol. 8, no. 2, pp. 377-388, 2021.

L. Zou, Z. Wang, Q.-L. Han and D. H. Zhou, Moving horizon estimation
of networked nonlinear systems with random access protd&fE
Transactions on Systems, Man, and Cybernetics: Systems, vol. 51, no. 5,

pp. 2937-2948, 2021.

L. Zou, Z. Wang, J. Hu, Y. Liu and X. Liu, Communication-protocol-
based analysis and synthesis of networked systems: Progress, prospects
and challengednternational Journal of Systems Science, in press, DOI:
10.1080/00207721.2021.1917721.

Kaiqun Zhu received the M.Sc. degree in control
science and engineering, in 2018, from University
of Shanghai for Science and Technology, Shanghai,
China, where he is currently pursuing the Ph.D. de-
gree. Since 2020, he has been a visiting Ph.D.
student with the Department of Computer Science,
Brunel University London, Uxbridge, U.K. His cur-
rent research interests include networked control
systems, set-membership filtering, model predictive
control, and neural networks.

i

vy

Zidong Wang (SM'03-F'14) was born in Jiang-
su, China, in 1966. He received the B.Sc. degree
in mathematics in 1986 from Suzhou University,
Suzhou, China, and the M.Sc. degree in applied
mathematics in 1990 and the Ph.D. degree in elec-
trical engineering in 1994, both from Nanjing Uni-
versity of Science and Technology, Nanjing, China.
He is currently Professor of Dynamical Systems
and Computing in the Department of Computer
Science, Brunel University London, U.K. From 1990
to 2002, he held teaching and research appointments

performance assessment for ILC-controlled batch processes in a 20piniversities in China, Germany and the UK. Prof. Wang's research interests

system framework]EEE Transactions on Systems Man Cybernetics:
Systems, vol. 48, no. 9, pp. 1493-1504, 2018.

include dynamical systems, signal processing, bioinformatics, control theory
and applications. He has published more than 600 papers in international

N. Xia, F. Yang and Q.-L. Han, Distributed networked set-membershigurnals. He is a holder of the Alexander von Humboldt Research Fellowship

filtering with ellipsoidal state estimations|nformation Sciences,

vol. 432, pp. 52-62, 2018.

of Germany, the JSPS Research Fellowship of Japan, William Mong Visiting
Research Fellowship of Hong Kong.

S. Xiao, X. Ge, Q.-L. Han, Y. Zhang and Z. Cao, Distributed guaranteed Prof- Wang serves (or has served) as the Editor-in-Chief riternational
two-target tracking over heterogeneous sensor networks under bound@fnal of Systems Science, the Editor-in-Chief for Neurocomputing, the

noises and adversarial attacksformation Sciences, vol. 535, pp. 187— Editor-in-Chief for Systems Science & Control Engineering, and an Asso-
203, 2020. ciate Editor for 12 international journals including IEEE Transactions on

Y. Xu, R. Lu, P. Shi, H. Li and S. Xie, Finite-time distributed stateAutomatic Control, IEEE Transactions on Control Systems Technology, IEEE
estimation over sensor networks with Round-Robin protocol and fadirqaansacnons on Neural Networks, IEEE Transactions on Signal Processing,

channels,|EEE Transactions on Cybernetics, vol. 48, no. 1, pp. 336— and IEEE Transactions on Systems, Man, and Cybernetics-Part C. He is a
345, 2018. Member of the Academia Europaea, a Member of the European Academy

H. Zhang, H. Yan, F. Yang and Q. Chen, Distributed average filterifgf Sciences and Arts, an Academician of the International Academy for
for sensor networks with sensor saturatidET Control Theory & ystems and Cybernetic Sciences, a Fellow of the IEEE, a Fellow of the Royal
Applications, vol. 7, no. 6, pp. 887—893, 2013. Statistical Society and a member of program committee for many international
Z. Zhao, Z. Wang, L. Zou and J. Guo, Set-membership filtering for tim&onferences.

varying complex networks with uniform quantisations over randomly

delayed redundant channelsternational Journal of Systems Science,

vol. 51, no. 16, pp. 3364-3377, 2020.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited

Citation information: DOI 10.1109/TCYB.2021.3110587, IEEE Transactions on Cybernetics
FINAL

Qing-Long Han (M'09-SM’13-F'19) received the
B.Sc. degree in Mathematics from Shandong Normal
University, Jinan, China, in 1983, and the M.Sc.
and Ph.D. degrees in Control Engineering from
East China University of Science and Technology,
Shanghai, China, in 1992 and 1997, respectively.

Professor Han is Pro Vice-Chancellor (Research
Quality) and a Distinguished Professor at Swinburne
University of Technology, Melbourne, Australia. He
held various academic and management positions at
Griffith University and Central Queensland Universi-
ty, Australia. His research interests include networked control systems, multi-
agent systems, time-delay systems, smart grids, unmanned surface vehicles,
and neural networks.

Professor Han is a Highly Cited Researcher according to Clarivate Analyt-
ics. He is a Fellow of The Institution of Engineers Australia. He is one of
Australia’s Top 5 Lifetime Achievers (Research Superstars) in the discipline
area of Engineering and Computer Science by The Australians 2020 Research
Magazine. He received The 2020 IEEE Systems, Man, and Cybernetics
Society Andrew P. Sage Best Transactions Paper Award, The 2020 IEEE
Industrial Electronics Society IEEE Transactions on Industrial Informatics
Outstanding Paper Award, and The 2019 IEEE IEEE Systems, Man, and
Cybernetics Society Andrew P. Sage Best Transactions Paper Award.

Professor Han is Co-Editor of Australian Journal of Electrical and Electron-
ic Engineering, an Associate Editor for 12 international journals, including the
IEEE TRANSACTIONS ON CYBERNETICS, the IEEE TRANSACTIONS
ON INDUSTRIAL INFORMATICS, IEEE INDUSTRIAL ELECTRONICS
MAGAZINE, the IEEE/CAA JOURNAL OF AUTOMATICA SINICA, Con-
trol Engineering Practice, and Information Sciences, and a Guest Editor for
13 Special Issues.

Guoliang Wei received the B.Sc. degree in math-
ematics from Henan Normal University, Xinxiang,
China, in 1997 and the M.Sc. degree in applied
mathematics and the Ph.D. degree in control en-
gineering, both from Donghua University, Shang-
hai, China, in 2005 and 2008, respectively. He is
currently a Professor with the College of Science,
University of Shanghai for Science and Technology,
Shanghai, China.

From March 2010 to May 2011, he was an
Alexander von Humboldt Research Fellow in the In-
stitute for Automatic Control and Complex Systems, University of Duisburg-
Essen, Germany. From March 2009 to February 2010, he was a post doctoral
research fellow in the Department of Information Systems and Computing,
Brunel University, Uxbridge, U.K., sponsored by the Leverhulme Trust of
the U.K.. From June to August 2007, he was a Research Assistant at the
University of Hong Kong. From March to May 2008, he was a Research
Assistant at the City University of Hong Kong.

His research interests include nonlinear systems, stochastic systems, and
bioinformatics. He has published more than 100 papers in refereed interna-
tional journals. He is a very active reviewer for many international journals.

. Content may change prior to final publication.

13





