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This paper is concerned with the problem of designing 7, filters for a class of two-dimensional (2D) Markov jump systems
under asynchronous switching. The problem under consideration is primarily motivated by a realistic situation that the switching
of candidate filters may have a lag to the switching of system modes. Different from conventional techniques, by a suitable
augmentation, the jumping process of the error system is represented by a two-component Markov chain. Then, the extended
transition probabilities are provided for the error system. A stochastic Lyapunov function approach is proposed for the design of
desired filters that ensure a prescribed %, performance for admissible asynchronous switching. Finally, a numerical example is
given to illustrate the effectiveness of the developed method.

1. Introduction

Networked systems have been an active topic that has
attracted increasing attention of researchers [1-3]. Recently,
2D systems have gained substantial research interests due
to their potential applications in many engineering fields,
especially in the areas of linear iterative circuit networks,
which have been extensively studied in encoding, decoding
networks for linear codes, and image processing, and so
forth, [4]. The challenges associated with 2D systems are their
structural and dynamical complexities, and thus numerous
methods have been conducted for the analysis and synthesis
of such systems [5-7]. In the context of state estimation,
various filtering problems for 2D systems have been widely
investigated. According to the types of noise signals and
performance criteria, many important filtering approaches
have been proposed in the literature including the minimum
mean-square state estimation [8, 9], # , filtering [10-17], and
L, - I, filtering [17].

As is well known, Markov jump linear systems, which
were first introduced in [18], have the ability to capture
the abrupt changes that appear in the system structure or

its parameters. Markov jump systems can be regarded as a
kind of multimodal systems in which the transitions among
different modes are governed by a Markov chain taking
values in a finite set. The past few decades have witnessed
a significant progress on various aspects of Markov jump
systems. The practical motivations as well as theoretical
results on analysis and design for such systems can be found
in several references, for example, in [19-22] for 1D case and
[7,13] for 2D case.

In particular, a lot of efforts have been focused on the
filtering problem of Markov jump systems because of its
importance in theory and practice [13, 22, 23]. The existing
results can be broadly classified into two categories: mode-
dependent and mode-independent filtering. With an adap-
tation sense, the mode-dependent filter design has gained
popularity owing to its less conservatism. However, most
of the mode-dependent results are based on the critical
assumption that the switches of filters are strictly synchro-
nized with those of the system modes. In practical case, it
is inevitable that operations related to identifying the system
modes and specifying the matched filter will take time, and
thus mismatch of the modes between the filter and the system



generally exists. Most recently, research results concerning
asynchronous filtering problems have been derived [16, 24].
In spite of these developments, the problems of asynchronous
filtering for 2D Markov jump systems are not fully resolved.

In this paper, we focus on 2D systems described by the
Roesser model subject to Markovian jump parameters. We
address the issue of designing filters such that an upper bound
on # ., norm of the estimation error system for admis-
sible asynchronous switching is minimized. By a suitable
augmentation, a novel approach is adopted to model the
jumping process of the error system. The 7, analysis result
is derived, followed by a stochastic parameter-dependent
approach. The asynchronous filter is then designed such that
the error system is mean-square asymptotically stable and has
a prescribed # ., performance level. It is shown from the
derived results that the effect of the asynchronous behavior
in reality can be comprehensively understood for 2D Markov
jump systems.

Notations. The notation used throughout the paper is fairly
standard. The superscript T stands for matrix transposition,
R" denotes the n dimensional Euclidean space, and P > 0
means that P is real symmetrical and positive definite. E{-}
stands for the expectation operation. /,{[0, 00), [0, 00)} is the
space of square summable sequences on {[0, 00), [0, 00)}. In
symmetrical block matrices expressions, we use an asterisk
() to represent a term that is induced by symmetry and
stand diag{---} for a block diagonal matrix. Matrices, if
their dimensions are not explicitly stated, are assumed to be
compatible for algebraic operations.

2. Problem Formulation

Consider the following class of 2D Markov jump systems:
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where xf‘j € R™, x;; € R™ represent the horizontal and

vertical states, respectively, y; ; € R™ is the measured output,
z;; € RP is the objective signal to be estimated, and w; ; € R*
is the noise signal which belongs to [,{[0, 00), [0, c0)}. A(r; j),
B(ri,j), C(ri,j), D(ri,j), H(ri,j), and L(ri’j) are appropriately
dimensioned real valued system matrices. These matrices
are functions of r; ;, which is a discrete-time, discrete-state
Markov chain taking values in a finite set 7 = {1,2,...,g}
with transition probabilities

Pmn = Pr {Ti+1,j =nlr;= m}
(2)

=Pr {ri)jﬂ =n| 1= m},
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where p,,, > 0and Y9_ p,.. =1, forallm € 7. To simplify
the notation, the system matrices are denoted by &, = (A,,,
B, Cy> Dy Hyyps Ly,), whenry ; =m e T

For the asynchronous phenomenon under consideration,
that is, the switches of filter gains may not coincide precisely
with those of system modes, we are interested in estimating
the objective signal z; ; by a filter with the structure as follows:

h ~h
XisL X
L E mApr (-m) Ag] |
X j+1 ij
+ [Tkaz +(1-1) Bfm] Yijo .
_ %)
Zi,j = [chfz + (1 - Tk) Cfm] —

ij
+ [Tksz +(1-1) Dfm] Yijo
where 3?5‘ ;€ R™, X}, € R™ are the filter states, Z; ; € R? is
the estimation of z; ;, #,, = (A (., By, C s D) and F , =
(Ag,, By, Cgy, Dyp,) are the filter gains corresponding to the

current and previous stage, respectively, for allm,z € 7, and
T, is a Bernoulli distributed white sequence specified by

Prir. =1} =E{z} = ¢,

(4)
Prir; =0} =1-E{r} =1-¢.
In addition, 7; and r; ; are mutually independent.
In view of (1) and (3), the estimation error z; =% zZ; ;
can be represented by the following model:
x; x;
SN - il =
—y = Aml | _ + Bm,lwi,j’
Xij+1 Xij
, (5)
= M| =
Zz] = Cm,l —y + Dm,lwi,j’

where Ef‘l = [xffjr EZ?]T, x; = [x;');r. 9?:’?] and
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(6)

Accordingly, the jumping process {&,,, %} in the error

system (5) forms a two-component Markov chain 7;; on



Mathematical Problems in Engineering

T xT w1th the extended transition probabilities p,, .., =

Pr{S,, F, | §.» F,} given by
P> u=nu=1I
— ¢pmn’ uFEn, u= l
Ponpynuy = B )
(1_¢)Pmn’ u=n, u#l
0, u#n, u#l

Remark 1. An important feature of the augmented system
(5) lies in the fact that a two-component Markov chain
with g* modes is considered for the jumping process, which
constitutes the most significant distinction from previous
results on asynchronous switching. The scalar ¢ in extended
transition probabilities (7) indicates the mismatch degree of
the modes between the filter and the system.

The following definitions are needed in formulating the
considered problem. For more details refer to [13] and the
references therein.

Definition 2. The system (5) is said to be mean-square
asymptotically stable if for w; ; = 0 and bounded boundary
conditions, the following holds:

lim [E{“x " }
i+j— 0o ij (8)
T

where X, ; [xff]r xZJT.] .

Definition 3. Given a scalar y > 0, the system in (5) is said
to be mean-square asymptotically stable with an 7, distur-
bance attenuation level p, if it is mean-square asymptotically
stable, and under zero initial conditions satisfies

[zl < vlewil. ©)

for all nonzero w; ;, where

[=..1
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E12 2 [
' (10)
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Then, the estimation problem of interest is stated as
follows: given y > 0, design a filter of the form in (3) such that
the error system in (5) with extended transition probabilities
(7) is mean-square asymptotically stable and has a prescribed
I ., disturbance attenuation level y.

3. Main Results

In this section, we will show the procedure to design the asyn-
chronous 7, filter, which guarantees that the error system
is mean-square asymptotically stable and has a prescribed
X ., disturbance attenuation level y. We first provide a new
analysis result to check if the %, norm of the error system
is bounded by the asynchronous filter. The corresponding
analysis result is formulated in the following theorem.

Theorem 4. Consider the system (5) with extended transition
probabilities (7), and let y > 0 be a given constant. If there exist

matrices P,,; = diag{P", P} > 0, for all (m,]) € T x T,

m,
such that
~Prs 0 PiAint PoB
* L G D | o ()
* * T, 0
* * * —yZI
where P, = Y nuyea <7 Pom)nuy Pnwo then the system in ()

is mean-square asymptotically stable and has a prescribed Z
performance index y.

Proof. First, we handle the stochastic stability of the system
in (5) with w; ; = 0. Construct the following index:

—hT h —h —vT V(= —v
Zj= [E{ Xip1, ;P ("z+1;) Xip1,j + X ju P (ri,j+1)xi,j+1
X P ()% 1 %7 = (m,]
=X PArij) Xij | X 75 = m,D)t,
(12)

where P(r; ) = diag{Ph (r; j), P'(r; j)}, which is represented as

P, whent, r = (m,]). Then, along the evolution of the system
(5) with w;; =0, it follows that

_r |=T _
Zij= Xij {Am,l Z p(ml)(nu P uAm,l - Pm,l} Xij-

(nu)eT XTI
(13)
By Schur’s complement, (11) guarantees &Z;; < 0, which
implies that
lim E {“xlj" } (14)

i+j— 00

Thus, the system is mean-square asymptotically stable; see
[13] for more details.

Next, to establish the 7, performance for the system, we
consider the following index:

—hT h (= —h —vT v (= —v
Jij=E {xi+1,jp (”z+11) Xiv1,j T %i ]+1P (ri,j+1) X j+1

T _
- xi,jP (ri,]) X+ z z y | (15)

X7 = (ml) ).

It is inferred from (15) that
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—T
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+ T m,l ml] [ 0 YI]

m,l



Applying Schur’s complement again, (11) yields 7 ;

which means that ||z; JII < Ylw; Hence, the system
is mean-square asymptotically stable and has a prescribed
I ., disturbance attenuation performance. The proof is
completed. O

1]"

Remark 5. It is worth stressing that the two-component
Markov chain adopted in (5) makes the analysis criterion
more concise and clear. It is shown that only condition (11)
is necessary to test whether the system (5) has a prescribed
disturbance attenuation level in the %, sense for a given
asynchronous filter. The analysis result can be used to clarify
the relationship between the asynchronous switching and the
I o, performance level.

The developments, in the above, lead to the asynchronous
filter design result in the next theorem.

Theorem 6. The system in (5) with extended transition prob-
abilities (7) is mean-square asymptotically stable and has a
prescribed o performance indexy > 0, if there exist matrices

Py = dlag{lel, Pt > 0, Py = dlag{ st Pt > 05
Py, = diag{P}, , P}, }, X}, S, Uy, and Ay, B, C Dy, for
all (im,1) € T x T, such that

1 2 4 T 2]
ot Zmp O Zpy Xi By + BpDy,
3 5 T )
* Zm’l 0 Zm,l Sl Bm + Blem
« % -13, L,-DyD, |[<0 (8
*oOX ZZn,l 0
* * * % —yZI
where
1 b T
Z0= Z Pongynan Prau — X1 — X5
(nu)eT XTI
2 — T
X = Z PinnouyPon =Ur = Sp>

(nu)eT XTI

3
X = z Pty Pana -Uf -U,

(nu)eIT xT

=[x/A,, +B,C,, Ay,

ml -
s =[S A, +BsC, Agl,

ml_

[H,,-DuC,, -Cyl,

27 _ [_le,l _P2m,l:| )

ml * “3m,l

(19)
In this case, the admissible filter gains are given by

Afl = U;TZfl, Bfl = UliTEﬂ, Cfl = Efl’ Dfl = Bfl

(20)
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Proof. First, for amatrix Gl, foralll € 7, itisverified from the
fact (G, - 9’,1),4) (L) (Gl P,.) = 0that 2, —G, —Gl >
—GIT(QJW)_IGI. Then, we know that

r T Tx TTH 1
‘@n,u - Gl - Gl 0 Gl Am,l Gl Bm,l
* —I Em,l Bm’l
<0 (21)
* * _Pm,l 0
L * * * —yzl ]

leads to (11). Thus, consider the system in (5), and assume that
the matrices P" , P* ,, G, in (21) have the following forms:

m,l> *m,?
h h
" lel P2ml " PI/ml PZle
Pm,l - h > Pm,l = " >
* P3mz * P3ml (22)
G, G X; S
G = 1 21]) [ il 11] =1, .4
: [G41 G Uy Uy
Notice that
P P X, S
QP QT [ 1m,l 2ml], QGZQTZ [ 1 l:|’
P3rn,l Ul Ul
. [XIAn+BC, Ay
QG A, Q0 = . . e
S;A, + BﬂCm Afl
= 23
— X/B,, +B;D,, (23)
QGZ Bml = >
) T _
S/ B, + Blem
_ T _ _
Cm,lQ = [Hm - DﬂCm - Cfl] 5
Bm,l = Lm —Blem.
Furthermore, define matrix variables as
X T o T
Afl:Ul Afl’ Bfl:Ul Bfl’
_ o (24)
Cflchl’ Dflszl‘

It is obvious from the inequality in (18) that (11) in Theorem 4
is satisfied with the filter matrices as in (24) and 4,,;, B,
Cynp» D,y in (5). Hence, it follows from Theorem 4 that
the system (5) with extended transition probabilities (7)
is mean-square asymptotically stable and has a prescribed
X ., performance. Meanwhile, the filter gains in (20) follow
immediately from (24). This completes the proof. O

Remark 7. Theorem 6 provides a sufficient condition for
designing an admissible %, filter of the form in (3) for
the system (1) under asynchronous switching. Compared
with the well-known 7, filtering results of 1D Markov
jump systems, such as [23], the structure of matrix variables
in Theorem 6 is slightly involved due to the structural
complexity of the 2D system (1).
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Remark 8. By solving the convex problem formulated in
Theorem 6, the 7 performance y can be optimized in terms
of the feasibility of the corresponding condition. The result in
Theorem 6 indicates that the different ¢ in (7) brings about
the different optimal y achieved for the system (5). Thus,
the effect of asynchronous switching can be readily known
by comparing the # ., performance indexes, which will be
shown in the next section.

4. A Numerical Example

In this section, an example is provided to demonstrate the
merits of our main result. Consider a 2D Markov jump system
with three operation modes as follows:

02 0 08 0
Al‘[1 QJ’ Aﬂ‘[l &J’
05 0
A3 = [ 1 09] > Cl = [02 l] 5
C,=1[08 1], C,=[05 1], (25)
10
Bimhm s [o 0]’
D, =D,=D;=[0 1],
H,=H,=H, =0 1].
The transition probability matrix is given by
P11 P12 P13 0.5 0.3 0.2
pP=1|Pn Pn P»|=106 01 03]. (26)
P31 P32 P33 0.1 0.2 0.7

Moreover, ¢ is set as 0.35.

For this system, the optimized # ., performance level
is 2.8202 via the method in [16]. By using the filter design
method in Theorem 6, the minimum %, cost is obtained
y" = 2.1694 as well as the resulting filter gain matrices

A - [04496 —0.2009 B, - [~0:2001
17104245 0.0413 |° f171-0.1126|"

Cyy = [-0.1020 -0.8002],
A - [0:3607 0.0281 B [0:0999
27 10.8642 -0.0670 | 27 1-0.6389|°

(27)

Cy, = [-0.0442 -0.9759]
A [02914 0.0082 B.. - [01127
f3710.5848 -0.0314 |’ 37 1-0.8919 |

Cjy = [-0.0234 -1.0341].

FIGURE : Filtering error z; ; in Case L.

FIGURE 2: Filtering error z; ; in Case II.

In addition, let the system initial condition xZO =08,0<i<
15, and select the following noise signals:

0.1, 1<i,j<5
Case Tw; ; = J,
2 0, otherwise,
—0.25] . . .
Case I 0.5¢ sin (0.57j), 1<i<10,j>1,
ase [Lw, ; =
b 0, otherwise.

(28)

By applying the obtained filter, the filtering errors are depicted
in Figures 1 and 2, respectively, from which we can see that
z; ; converge to zero. The effectiveness of the designed filter is
apparent.

Figure 3 shows the minimum y versus ¢ for the design
method in Theorem 6. It is observed from the curve’s trend of
the asynchronous design that the lower the probability ¢ is,
the better the performance y is. In this sense, the proposed
method reveals a compromise between the asynchronous
switching and the performance benefit. Thus, by compar-
ing the # ., performance indexes achieved in Figure 3,
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FIGURE 3: Optimized # , performance.

the effect of the asynchronous switching can be comprehen-
sively understood just as mentioned before.

5. Conclusion

This paper is dedicated to the problem of # ., estimation
for a class of 2D Markov jump systems under asynchronous
switching. A novel method has been proposed to model the
process of the error system. The existence condition of asyn-
chronous 7, filters has been derived to ensure the stochastic
stability and 7, disturbance attenuation level of the error
system. It is also shown from the obtained conditions that the
effect of the asynchronous phenomenon can be easily known
for 2D Markov jump systems. A numerical example is given
to demonstrate the validity and the merits of the proposed
theoretical results.
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