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Abstract

In this paper, the problem of H., filtering for a class of discrete-time Markovian
jump linear systems (MJLS) with partly unknown transition probabilities is investi-
gated. The considered systems are more general, which cover the MJLS with com-
pletely known and completely unknown transition probabilities as two special cases. A
mode-dependent full-order filter is constructed and the bounded real lemma (BRL) for
the resulting filtering error system is derived via LMI formulation. Then, an improved
version of the BRL is further given by introducing additional slack matrix variables to
eliminate the cross coupling between system matrices and Lyapunov matrices among
different operation modes. Finally, the existence criterion of the desired filter is ob-
tained such that the corresponding filtering error system is stochastically stable with
a guaranteed Ho, performance index. A numerical example is presented to illustrate
the effectiveness and potential of the developed theoretical results.

Key Words: Markovian jump linear systems, H., filtering, partly unknown transi-
tion probabilities, linear matrix inequality (LMI).

Résumé

Dans cet article, le probleme de filtrage de la classe des systemes discrets a sauts
markoviens avec des connaissances limitées des probabilités de transitions est considéré.
Cette classe de systemes est une généralisation de ce qui a été fait a date sur le sujet.
Une nouvelle structure de filtre est proposée ainsi qu’un algorithme pour déterminer les
parametres de ce filtre. Un exemple numérique est présenté pour montrer 'efficacité
des résultats proposés.

Mots clés : Systemes discrets a sauts markoviens, filtrage, probabilités de transition
partiellement connues, inégalités matricielles linéaires
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1 Introduction

As a class of stochastic hybrid systems, Markovian jump systems have been extensively
studied in past decades, see for example, [1, 5, 9]. By stochastic hybrid feature, we mean
that the considered systems contain continuous and discrete dynamics, which are described
respectively by classical differential (or difference) equations and Markov stochastic process
(or Markov chain). As a crucial factor, the transition probabilities in the jumping process
determine the system behavior, and many issues on Markovian jump system have been
investigated assuming the complete knowledge of the transition probabilities. A recent
extension is to consider the systems with uncertain transition probabilities, in which the
robust methodologies are adopted to cope with the norm-bounded or polytopic types of
uncertainties in the transition probabilities matrix, see for example, [2, 8]. However, in
these references, the structure and “nominal” terms of the uncertain transition probabilities
are still assumed to be known a priori.

The ideal assumptions on the transition probabilities facilitate the treatment of consid-
ered problems, but the applicability of the obtained results is inevitably limited. A typical
example could be found in Networked control systems (NCS). It is well-known that the
time-varying delays induced by communication channels can be modeled as Markov chains,
and accordingly the resulting closed-loop system can be studied by means of jump linear
systems theory, see for example, [3, 12]. However, the variation of delays in all kinds of
communication networks (especially Internet) can be vague and random, all or part of the
elements in the expected transition probabilities matrix are probably hard or expensive to
obtain. Consequently, the resulting NCS modeled by jump systems with completely known
transition probabilities is actually questionable. Therefore, either in theory or in practice,
it is necessary and significant to further consider more general jump systems with partly
unknown transition probabilities.

On another research front line, state estimation is an important research issue in con-
trol field and has found many practical applications. Many useful results on estimation
and filtering for all kinds of dynamic systems have been reported, and H., filtering has
been recognized to be one of the most popular approaches to deal with external noise
sources with unknown statistics [6, 9, 10, 11]. Considering Markovian jump systems with
completely known or completely unknown transition probabilities, the mode-dependent
and mode-independent filter design approaches have been developed, respectively, see for
example, [1, 2, 4, 7]. However, it seems more practicable and challenging to design fil-
ters, especially mode-dependent filters, for the underlying systems with partly unknown
transition probabilities, which inspires us for this study.

In this paper, the H, filtering problem for a class of discrete-time Markovian jump
linear system (MJLS) with partly unknown transition probabilities is investigated. The
considered systems are more general than the systems with completely known or completely
unknown transition probabilities, which can be viewed as two special cases of the ones
tackled here. A mode-dependent full-order filter is constructed and the bounded real
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lemma (BRL) for the resulting filtering error system is derived in terms of LMI. Also,
an improved version of the BRL is given by introducing additional slack matrix variables
to eliminate the cross coupling between system matrices and Lyapunov matrices among
different operation modes. Furthermore, the existence condition of the desired filter is
obtained such that the corresponding filtering error system is stochastically stable and has
a guaranteed H., performance index. A numerical example is presented to illustrate the
effectiveness and potential of the developed theoretical results.

Notation: The notation used in this paper is fairly standard. The superscript “T” stands
for matrix transposition, R™ denotes the n dimensional Euclidean space, the notation ||
refers to the Euclidean vector norm. [3]0,00) is the space of square summable infinite

sequence and for w = {w(k)} € l2[0,00), its norm is given by [|w|y = /D rep lw(k)]?.
For notation (€2, F,P), Q represents the sample space, F is the o-algebra of subsets of the

sample space and P is the probability measure on F. F [-] stands for the mathematical ex-
pectation and for sequence e = {e(k)} € la ((2, F,P),[0,00)) , its norm is given by |le[| 5, =

\/ E [ZZO:O \e(k)ﬂ. In addition, in symmetric block matrices or long matrix expressions,

we use * as an ellipsis for the terms that are introduced by symmetry and diag{- - - } stands
for a block-diagonal matrix. Matrices, if their dimensions are not explicitly stated, are as-
sumed to be compatible for algebraic operations. The notation P > 0 (> 0) means P is
real symmetric positive (semi-positive) definite. I and 0 represent respectively, identity
matrix and zero matrix.

2 Problem Formulation and Preliminaries

Fix the probability space (€2, F, P) and consider the following class of discrete-time Marko-
vian jump linear systems:

w(k+1) = A(rp)z(k) + B(ri)w(k)
y(k) = Clri)a(k) + D(ri)w(k)
z(k) = H(rp)x(k) + L(rr)w(k) (1)

where z(k) € R” is the state vector, w(k) € R! is the disturbance input which belongs to
12]0,00), y(k) € R™ is the measurement output and z(k) € RY is the objective signal to be
attenuated. {r, k > 0} is a discrete-time homogeneous Markov chain, which takes values
in a finite set 7 = {1,..., N} with a transition probabilities matrix A = {m;;} namely, for
ry =1,Tk+1 = J, one has

Pr(r;.H_l = ]|T‘k = Z) = Tij
where 7;; >0V 4, j € Z, and Zjvzl mi; = 1. The set Z contains N modes of system (1) and

for r, = 1 € Z, the system matrices of the ith mode are denoted by A;, B;, C;, D;, H; and
L;, which are considered here to be real known with appropriate dimensions.
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In addition, the transition probabilities of the jumping process {ry, & > 0} in this
paper are assumed to be partly accessed, i.e., some elements in matrix A are unknown.
For instance, for system (1) with 5 operation modes, the transition probabilities matrix
may be as:

i 7 m3 7 T
? ? ? T4 T25
m31 T3 w33 ! 7
? ? T43  T44 ?

? 592 ? 54 ?

where “?” represents the unaccessible elements. For notation clarity, Vi € Z, we denote
that ‘ '
T £ {j : m;j is known}, iy £ {j : mi; is unknown}, (2)

Also, we denote 7T;C = jeti Tij throughout the paper.

Remark 1 The accessibility of the jumping process {r, k > 0} in the existing literature
is commonly assumed to be completely accessible (sz{,c =0, I,ic = ) or completely un-
accessible (Z}C = 0, szﬂc = 7). Note that the transition probabilities with polytopic or
norm-bounded uncertainties can still be viewed as accessible in the sense of this paper.
Therefore, our transition probabilities matriz considered in the sequel is a more natural
assumption to the Markovian jump systems and hence covers the previous two cases.

Here, we are interested in designing a mode-dependent full-order filter of the form:

rp(k+1) = Ap(ri)zr(k) + Br(re)y(k)
zr(k) = Cp(ri)rr(k) + Dp(r)y(k) (3)
where Ap(ry), Bp(ri), Cr(ry) and Dp(rg), Vr € Z are filter gains to be determined. The

filter with the above structure is assumed to jump synchronously with the modes in system
(1), which is hereby mode-dependent.

Augmenting the model of (1) to include the states of the filter, we obtain the following
dynamics:

z(k+1) =

e(k) =

N
2
—

k)
)2 (k)

fl(rk + B(rk)w(k)
C(ry + D(r)w(k) (4)

where,
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Bn) = | ? o |

r(r
(re) = [ H(r F(re)C(ry) —Cr(ry) |,
(re) = L(rg) Dp(rk)D(rk).

Obviously, the resulting system (4) is also a Markovian jump linear system with partly
unknown transition probabilities (2). Now, to present the main objective of this paper
more precisely, we also introduce the following definitions for the filtering error system (4),
which are essential for the later development.

Definition 1 System (4) is said to be stochastically stable if for w(k) = 0 and every initial
condition Zog € R™ and ro € Z, the following holds:

E {ZZO:O Hj(k’)Hz |1i'0,7“0} < 00

Definition 2 Given a scalar v > 0, system (4) is said to be stochastically stable and has
an Hy noise attenuation performance index v if it is stochastically stable and under zero
initial condition, ||e|| g, < v ||wlly holds for all nonzero w(k) € I2[0, c0).

Thus, the objective of this paper is to design a mode-dependent full-order filter with
the form (3) such that the filtering error system (4) is stochastically stable and has a
guaranteed H., noise attenuation performance.

3 Main Results
3.1 H, Filtering Analysis:

Let us first discuss H, filtering analysis for the filtering error system (4) under given filter
gains in (3). The following lemma presents a bounded H, performance criterion (i.e., the
so-called bounded real lemma (BRL)) for system (4) with the partly unknown transition
probabilities (2).

Lemma 1 Consider system (4) with partly unknown transition probabilities (2) and let
v > 0 be a given constant. If there exist matrix P; > 0, Vi € T such that

* —7T,Z'CI 7T,CC' F’CD . ;
. . —np 0 < 0,Vj eI (5)
* * * —miy?I
-P;, 0 PjA; PB; ]
x =21 |
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where P = Z]—Ez’ic mi;Pj, then the filtering error system (4) is stochastically stable with
an Hy performance index ~y.

Proof. Construct a stochastic Lyapunov function as
V(& k) = EL P, Vrp =i €T (7)
where P; satisfy (5) and (6). Then, for ry = 4,7t41 = j, one has
E[AV(&x, k)] & B[V (Zk41, k + g, 1) — V(Tk, k)]

~T

~ =T
= Tpi1 TigPjTri1 — T

JET
E i+ E o omi | BT
|: jeTi. i €T\ 2]:| Lk
T Z -
=2 P+ E C omiiP| T
k+1|: JETL LY GET g+ ] +
28> > :
‘ [ ez " 2jegy, ™ } ’
_ T i E P A
= ‘Tk‘-i-l |:7)/C + jEIZZ;”C 7Tz_7P]:| Th+1
~T ) ~
—I 7TP'—|—E  om BT
k |: cLi jEIzinc gL k
~T i~ i ~T 1 ~
= Zp 1 Pk — mic Ty, Pidg
~T ~ ~T 15 ~
+ E o Ty [$k+1pjl‘k+1 — Ty szk]
J€L e
~T T ; ; ~
= Ty, [Aj PxAi — mcPi] @,
Z T 1 AT ~
I€Lx

On the other hand, if (5) and (6) hold, we know from some basic matrix manipulations
that

~PL PLA; o
- T
—P; PiA; o

|: % _R < 07 J € IZ/IICv

Furthermore, by Schur complement, we have

ATPLA; —micP < 0, j €I, 9)
ATP A, — P, < 0, €T (10)
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Therefore, if (9) and (10) hold, we know from (8) that
EAV] < —Amin |~ (AT PRA; — 71 P)] 7 3
~Amin [— (A] PjA; — P)] 71 &y,
< = (B4 Bo) Tk = — (B + B2) 12wl (11)

where 81 =inf {)\min [— (AfP,%Ai — W’ZCR)] RS I} and [ =inf {)\min [— (AZ-TPJ-AZ- — H)] ,
i € I'}t. From (11), setting 8 = (1 + (2, we obtain that for any 7' > 1,

{E[V(20,0)] — E[V(Zr+1, T + 1)]}

which implies that
T 1 ~
E{Z _ kaw} < BE[V(JJO,O)] < 0.

Thus, the system is stochastically stable from Definition 1.

Now, to establish the H., performance for the system, consider the following perfor-
mance index: -
TEE{3" [T E)elk) — w” (k)] |
under zero initial condition, V(Z(k), ) |k=o= 0, and we have
E {Zkzo [e” (k)e(k) — 7w (k)w(k) + AV] }

= > T RDiC(R)

J

IN

where ((k) = [ #7(k) w” (k) ]T and

D,

ATPA; — P+ CI'C, ATP,B; + CT D,
* —*I + Bl P;B; + DI D;

P, & Z .7T"P'—|-Z . F"P':Pi—l-z i P
i jeri "t jeTi, 9 K jezi, It

Note that ®; < 0 is equivalent to:

>
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- |: DZT :| (_I 1) [ i
1
By Schur complement, one has
-1 G D;
* A?ﬁiAi - B A?ﬁng <0
* * —21 + BZT'PZBZ
Likewise, the above inequality is equivalent to:
-1 ¢ D
x* =P 0
* * =20
0
— | AP | (=P7Y) [0 P4, PiB;
BI'P;
By Schur complement again, we have
=5 = . . _P 0 <0
* * x =2
Note that (12) can be rewritten as
[ — Z Wiij * * *
JETL
= - ~ €Tk
- > mgAlp Y mCl = X mh *
JET} JETL JET}
> miBf Py Y Dl 0 - ( > Wij) v
e JETL JET}
-P; 0 PjA; P;B;
+Zjezli/{)C v * * _PZ 0
* * * =20
P o Tk P
o * —F}CI W}CCZ 7TZ'DZ'
o * * —mi P 0
* * * —kazf
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Therefore, inequalities (5) and (6) guarantee Z; < 0, i.e., J < 0 which means that ||e| p, <
v [Jwl|5 , this completes the proof. O

Remark 2 Note that it is hard to use Lemma 1 to design the desired filter due to the cross
coupling of matriz product terms among different system operation modes, as shown in (5)
and (6). To overcome this difficulty, the technique using slack matriz developed in [11] can
be adopted here to obtain the following improved BRL for system (4).

Lemma 2 Consider system (4) with partly unknown transition probabilities (2) and let
v > 0 be a given constant. If there exist matriz P; > 0, and R;, Vi € T such that
Y;—Ri—R' 0 RiA; RiB

. . _P 0 <0 (13)
* * * —~21
where A L '
YT = Pk, Vi eIy
{ o Uk (14)
Tj = Pj Vj e IZ/{IC

and P,ic is denoted in Lemma 1, then the filtering error system (4) is stochastically stable
with an Hy, performance index ~y.

Proof. First of all, by Lemma 1, we conclude that system (4) is stochastically stable with
an H., performance index + if the inequalities (5) and (6) hold. Notice that (5) can be
rewritten as:

1 i 1pi 4. 1 pin.

LG Di | <. (15)
* * —-PF; 0
* * * —72[

From the other side, for an arbitrary matrix R;,Vi € Z, we have the following facts:

-1

v
L

1 i pAT Lz
(ﬂ_i PIC Rl) <7T,Z'C,PIC>

1 .
(= Pk — Ri)
K Tx

(Pj— R)"P7 N (P — Ri) > 0,
then by using (14), one has
Y;— R — R >—-R/Y;'R,
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Furthermore, from (13), we can obtain that

—RIY;'R; 0 RiA; RiB
* I 0
* * * —'721

<0

Performing now a congruence transformation using diag{R; lTj,I I, I} yields (15) and
(6) for j € Tj and j € I}, respectively (note that R; is invertible if it satisfies (13)). This
completes the proof. O

Remark 3 Note that in Lemmas 1 and 2, the stochastic stability for the underlying system
is actually guaranteed by the two aspects, i.e., efficiently utilizing the partly known transi-
tion probabilities (see (9)) together with the requirements that Vj(Zp41, k+1)—V; (2, k) <0,
Vj € I}, on the latent Lyapunov function Vi(Zg, k) = &1 P&y, Vi € T (see (10), where if
J # 1, the time k will be the mode switching times).

3.2 H, Filter Design:

The following theorem presents sufficient conditions for the existence of an admissible
mode-dependent Hy, filter with the form (3).

Theorem 1 Consider system (1) with partly unknown transition probabilities (2) and let
v > 0 be a given constant. If there exist matrices Pi; > 0, and P3; > 0,Vi € Z, and
matrices P3;, X;, Y;, Zi, Ay, Byi, Criy Dy, Vi € T, such that

YT — X — XZ-T * * * % x
T
(ng—Y;-—ZiT) ng—YZ-—YiT * * * *
0 0 -1 * * * <0
(XZAZ + BfiCi)T (ZZAZ + BfiCi)T (Hz - DfiCi)T —Py; * *
A?Z . A?@ . —CJJC; . —Pgi _P3i *
| (X;B;+ ByiD;)"  (Z;B;+ By;D;)"  (L; — Dy;D;) 0 0 —9%I |
(16)
where
Yy, = ip,lc’ = i EjeI}'C i P
Ty = ip% = i Yjeri miih YV j eIy (17)
Yy £ Py .
Yo £ Py Vi€ (18)

Y3 = Py
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Then, there exists a mode-dependent full-order filter such that the resulting filtering error
system (4) is stochastically stable with an Hs performance under the Markovian Chain
with partly unknown transition probabilities (2). Moreover, if the LMIs (16) have a feasible
solution, the gains of an admissible filter in the form (3) are given by

Ap; =Y Ay, By =Y, 'By;,
CFi = Cfi, DFi = Dfi, 1 €7. (19)

Proof. Consider filtering error system (4) and assume the matrices P;, R; in Lemma 2 to
have the following forms:

o | P P | X
pe| T R

&

then we have
i A .. P.
P - Z]EI]ZC 7TZ.7P.]
=S | P P e Py PR
jEI]iC Y * P3j * P%
Further define matrix variables

Ay = Y;Api, By =Y;Bp;, Cp;i = Cpi, Dy = Dpy

o | Yy Yy
T] o |: * ng

where Y1, Yo; and Y3; are denoted in (17) and (18) for j € Zi- and j € I}/, respectively,
one can readily obtain (16) replacing A;, B;, C;, D;, Y, P; and R; into (13), namely, if (16)
hold, the filtering error system (4) will be stochastically stable with an H., performance
under the Markovian Chain with partly unknown transition probabilities (2). Meanwhile,
if a solution of (16) exists, the parameters of admissible filter are given by (19). This
completes the proof. O

Remark 4 By setting 6 = v* and minimizing § subject to (16), we can obtain the optimal
H,, noise attenuation performance index vy (v = V/6) and the corresponding filter gains as
well. Also, it can be deduced from (16) that, given different degree of unknown elements
in the transition probabilities matriz, the optimal v achieved for system (4) and the corre-
sponding filter gains solved for system (2) should be different, which we will illustrate via
a numerical example in next section.
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Table 1: Different transition probabilities matrices

Completely known Partly unknown (case I)
1 2 3 4 1 2 3 4
1(103102]01]04 1103102]01]04
2103]02]03]0.2 2| 7 ?7 10302
3101]01]05]0.3 3101{01]05]0.3
4102]102(01]05 4102 7 ? ?
Partly unknown (case II) Completely unknown
1 2 3 4 11213]4
1(103102]01]04 1?21?2177
2 ?7 10302 20717177
3| 7 [01] 7 |03 3|77
41021 ? ? ? 417170717

4 Numerical Example

Consider the MJLS (1) with four operation modes and the following data:

1 0  —0.4050 o 0  —0.2673
L'~ | 08100 08100 |° “27 | 0.8100 1.1340 |’

A, :[ 0 —0.8100]7 A4:[ 0 —0.1863}7
0.8100  0.9720 0.8100  0.8910

Bl = 32:33:34—{065 8},

Ci = Co=C3=Cy=[1 0],

Dy Dy=D3=Dy=H =Hy=Hs=Hy;=[0 1],

Ly = Ly=L3=Lsy=[0 0].

The four cases for the transition probabilities matrix will be considered in this example as
shown in Table 1.

Our purpose here is to design a mode-dependent full-order H filter in the form of (3)
such that the resulting filtering error system is stochastically stable and has a guaranteed
H, performance. By solving (16), the optimal H, performance indices are obtained for
the four different transition probabilities cases. The corresponding computation results are
listed in Table 2.

From Table 2, it is easily seen that the more transition probabilities knowledge the
system has, the smaller performance index the system can achieve. Therefore, by means of
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Table 2: Minimum ~* for different transition probabilities cases.

Transition = Completely Partly Partly Completely

probabilities known unknown unknown  unknown
(Case I)  (Case II)
y* 1.8556 3.8215 4.2793 4.4624

our ideas and approaches, a tradeoff can be easily built in practice between the complexity
to obtain transition probabilities and the system performance benefits.

The desired filter corresponding to the optimal H,, performance index can be also
solved using (16), for brevity, the gains are omitted here. Applying the obtained filters
and giving two possible time sequences of the mode jumps, we obtain the error response
of the resulting filtering error systems in Figures 1-2 for given initial condition x = [—1.2
0.6 0 0]7 and noise signal

w(k) = 0.7exp(—0.1k) sin(0.0017k)
~ | 0.5exp(—0.1k)sin(0.017k)

It is clearly observed from the simulation curves that for the above energy bounded distur-
bance w(k), the filtering error system is stable against different partly unknown transition
probabilities, which implies that our designed filter is feasible and effective.

5 Conclusions

The H filtering problem for the discrete-time MJLS with partly unknown transition prob-
abilities is investigated in this paper. The systems under consideration are more general
than the MJLS with completely known or completely unknown transition probabilities as
two special cases. The LMI-based BRL for the underlying filtering error system is derived
and its improved version is further given by means of additional slack matrix variables
to eliminate the cross coupling between the Lyapunov positive matrices and system ma-
trices. Despite the partly unknown elements in the transition probabilities matrix, the
mode-dependent full-order filter is designed and the existence conditions of the desired
filter are obtained such that the resulting filtering error system is stochastically stable and
has a guaranteed H., performance index. A numerical example is given to illustrate the
effectiveness and potential of the developed theoretical results.



Les Cahiers du GERAD G-2007-73 13

case |
— —casell
0.8 |
0.6 —
0.4 —
[o]
2 _
o
o
)
o
S
5
2
8 i
E I
I
| al
o4l . i
g
I g 3
5§
-06F g 2f -
2]
Wl
081 0 20 40 60 80 00
Time in samples
-1 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
Time in samples
Figure 1: Filtering Error Response for Mode Evolution r,ﬁ
References

1]
2]

3]

Boukas, E. K. (2005). Stochastic switching systems: analysis and design. Basel, Berlin:
Birkhauser.

De Souza, C. E., Trofino, A., & Barbosa, K. A. (2006). Mode-independent H, filters for
Markovian jump linear systems. IEEE Trans. Automat. Control, 51(11), 1837-1841.
Krtolica, R., Ozguner, U., Chan, H., Goktas, H., Winkelman, J., & Liubakka, M. (1994).
Stability of linear feedback systems with random communication delays. Int. J. Control, 59(4),
925-953.

Liu, H., Sun, F., He, K., & Sun, Z. (2004). Design of reduced-order H, filter for markovian
jumping systems with time delay. IEEE Trans. Circuits and Systems (II), 51(11), 607-612.
Shi, P., Boukas, E. K., & Agarwal, R. K. (1999). Kalman filtering for continuous-time uncertain
systems with Markovian jumping parameters. IEEE Trans. Automat. Control, 44(8), 1592—
1597.

Wang, Z., Lam, J., & Liu, X. H. (2004). Exponential filtering for uncertain Markovian jump

time-delay systems with nonlinear disturbances. IEEE Trans. Circuits and Systems (II), 51,
262-268.



14

G-2007-73 Les Cahiers du GERAD

case |
—-—casell

0.8 .

04— =

[}
17}
2 ,
<}
o
0
o
=
o
5]
=)
£
g |
Lt |
I
! 4+
-0.4~ ° ,
8
| g 3
5
-06F g 2f -
3
1L
-0.8— 0 20 40 60 80 100 N
Time in samples
-1 | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

Time in samples

Figure 2: Filtering Error Response for Mode Evolution r,%

Wang, Z., Lam, J., & Liu, X. H. (2004). Robust filtering for discrete-time markovian jump
delay systems. IEEE Signal Processing Letters, 11(8), 659-662.

Xiong, J. L., Lam, J., Gao, H. J., & Daniel, W. C. (2005). On robust stabilization of markovian
jump systems with uncertain switching probabilities. Automatica, 41(5), 897-903.

Xu, S., Chen, T., & Lam, J. (2003). Robust H., filtering for uncertain Markovian jump
systems with mode-dependent time-delays. IEEE Trans. Automat. Control, 48(5), 900-907.
Zhang, L., Boukas, E. K., & Shi, P. (2007). Exponential H., filtering for uncertain discrete-
time switched linear systems with average dwell time: A p-dependent approach. Int. J. Robust
& Nonlinear Control, to appear.

Zhang, L., Shi, P., Wang, C., & Gao, H. (2006). Robust H., filtering for switched linear
discrete-time systems with polytopic uncertainties. Int. J. Adaptive Control € Signal Process-
ing, 20(6), 291-304.

Zhang, L., Shi, Y., Chen, T., & Huang, B. (2005). A new method for stabilization of networked
control systems with random delays. IEEE Trans. Automat. Control, 50(8), 1177-118]1.



