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ABSTRACT

The problem of the mean square exponential stability for a class of discrete-time linear stochastic
systems subject to independent random perturbations and Markovian switching is investigated. The
case of the linear systems whose coefficients depend both to present state and the previous state of
the Markov chain is considered. Three different definitions of the concept of exponential stability in
mean square are introduced and it is shown that they are not always equivalent. One definition of
the concept of mean square exponential stability is done in terms of the exponential stability of the
evolution defined by a sequence of linear positive operators on an ordered Hilbert space. The other
two definitions are given in terms of different types of exponential behavior of the trajectories of the
considered system. In our approach the Markov chain is not prefixed. The only available information
about the Markov chain is the sequence of probability transition matrices and the set of its states. In
this way one obtains that if the system is affected by Markovian jumping the property of exponential
stability is independent of the initial distribution of the Markov chain.

The definition expressed in terms of exponential stability of the evolution generated by a sequence of
linear positive operators, allows us to characterize the mean square exponential stability based on the
existence of some quadratic Lyapunov functions.

The results developed in this paper may be used to derive some procedures for designing stabilizing
controllers for the considered class of discrete-time linear stochastic systems in the presence of a delay
in the transmission of the date.

Keywords: discrete-time linear stochastic systems, independent random perturbations, Markov
chains, mean square exponential stability, Lyapunov operators, delay in transmission of the date.

1 INTRODUCTION

Stability is one of the main tasks in the analysis and synthesis of a controller in many control problems
such as: linear quadratic regulator, Ho optimal control, H,.-control and other robust control problems
(see e.g. [9, 15, 25] for the continuous time case or [1, 4, 5, 14] for the discrete time case and references
therein).

*This work was partially supported by Grant no. 2-CEx06-11-18 / 2006, of the Romanian Ministry of Education and
Research.



For linear stochastic systems there are various types of stability. However one of the most popular
among them is ” exponential stability in mean square” (ESMS). This is due to the existence of
some efficient algorithms to check this property.

In the literature, the problem of ESMS of discrete-time linear stochastic systems was investigated
separately for the linear systems subject to independent random perturbations and for linear systems
affected by perturbations described by a Markov chain. For the readers’ convenience we refer to [21, 22,
26] for the case of discrete time linear stochastic systems with independent random perturbations and
to [2, 3, 11, 12, 13, 14, 16, 17, 18, 19, 20, 23] for the case of discrete time linear stochastic systems with
Markovian jumps perturbations. The majority of the works where the problem of ESMS of discrete
time linear systems with Markovian switching is investigated, deals with the so called time invariant
case. That is the case of discrete time linear systems with the matrix coefficients not depending upon
time and the Markov chain being a homogeneous one. There are papers [18, 20, 23] where the matrix
coefficients of the system are time dependent and the Markov chain is homogeneous. There are also
papers [11, 16] where the matrix coefficients of the discrete time system do not depend upon time but
the Markov chain is an inhomogeneous one.

In [8] was considered the general situation of the discrete-time time-varying linear stochastic systems
corrupted by independent random perturbations and by jump Markov perturbations. Four different
definitions of the concept of ESMS were introduced and it was shown that they are not always equiv-
alent. The general case of discrete-time time-varying linear systems with Markovian switching was
investigated in [10].

The aim of the present paper is to extend the results of [8] to the case of discrete-time time-varying
linear stochastic systems whose coefficients depend both to the present state 7; and the previous
state 1;—1 of the Markov chain. We assume that the matrix coefficients may depend upon time and
the Markov chain is not necessarily a homogeneous one. Such systems arise in connection with the
problem of designing of a stabilizing feedback gain in the presence of some delay in transmission of
the date either on the channel from the sensors to controller or between controller and actuators. For
this class of systems we introduce three different definitions of the concept of exponential stability
in mean square. One of these definitions characterizes the concept of exponential stability in mean
square in terms of exponential stability of the evolution generated by a suitable sequence of linear
positive operators associated to the considered stochastic system. This type of exponential stability in
mean square which we will called ”strong exponential stability in mean square” (SESMS) is equivalent
to the existence of a quadratic Lyapunov function; meaning that it is equivalent to the solvability of
some systems of linear matrix equations or linear matrix inequations.

Other two types of exponential stability in mean square are stated in terms of exponential behavior
of the state space trajectories of the considered stochastic systems.

We show that the three definitions of the exponential stability in mean square are not always equivalent.
Also, we prove that under some additional assumptions a part of types of exponential stability in
mean square become equivalent. In the case of discrete-time linear stochastic systems with periodic
coefficients all these three types of exponential stability in mean square introduced in the paper become
equivalent.

It must be remarked that in our approach the Markov chain is not prefixed. The only available
information about the Markov chain consists of the sequence of transition probability matrices { P; }+>0
and the set D of its states. The initial distributions of the Markov chain do not play any role in
defining and characterizing the exponential stability in mean square. However, under some additional
assumptions (see Theorem 3.4, Theorem 3.7) it is sufficient to have exponentially stable behavior of the
state space trajectories of the considered stochastic system corresponding to a suitable Markov chain
(for example the Markov chain with initial distribution mg = (%, ..., 7)) in order to have exponentially
stable evolution of state space trajectories of the stochastic system corresponding to any Markov chain
having the same sequence of transition probability matrix {P;}+>0 and the same set of the states D.

The outline of the paper is the follows:



Section 2 contains the description of the mathematical model of the systems under consideration
together with the definitions of the three types of exponential stability in mean square.

In Section 3 we investigate the relations existing between the types of exponential stability in mean
square introduced before. One shows that in the absence of some additional assumptions they are not
equivalent.

Section 4 contains several Lyapunov type criteria for ESMS while in Section 5 we show how a part of
the results of [8] can be recovered from the results proved in this paper.

In Section 6 we illustrate the applicability of the methodology developed in this paper to the problem
of designing of the stabilizing static output feedback in the presence of some delays in the transmission
of the data. Finally, in Section 7 we provide the proof of a representation theorem stated in Section
2. This proof was moved at the end of the paper due to its strong probabilistic character.

2 THE PROBLEM

2.1 Description of the systems

Let us consider discrete-time linear stochastic systems of the form:

2t +1) = [Ao(t, 06, 1) + ZT: A (t; 15 me—1 ) wr ()] 2(2) (2.1)
k=1

t >1,t € Z;, where x € R™ and {n:}+>0 is a Markov chain defined on a given probability space
(Q, F,P) with the state space the finite set D = {1, 2, ..., N} and the sequence of transition probability
matrices { P, };>0. This means that for ¢ > 0, P, are stochastic matrices of size N, with the property:

Pi{m+1 =7 | Gt} = pe(me, 5) (2.2)

forallj € D,t>0,t¢€ Zy, where G, = o[no, M, ..., n] is the o-algebra generated by the random vari-

*

ables 15,0 < s <t, {w(t)}+>0 is a sequence of independent random vectors, w(t) = (wi(t), ..., wr(t))*.

It can be seen that if P{n; =i} > 0 then

P{ner =3 [ e =i} = pe(i, J) (2.3)

pi(i,7) being the entries of the transition probability matrix P,. For more details concerning the
properties of Markov chains and of the sequences {P;};>0 of stochastic matrices we refer to [6].

If P, = P for all £ > 0 then the Markov chain is known as a homogeneous Markov chain.

In this paper we investigate several aspects of the issue of exponential stability in mean square of
the solution = = 0 of the system (2.1). Our aim is to relieve some difficulties which are due to the
fact that the coefficients of the system are time varying and 7 is an inhomogeneous Markov chain.
A motivation to study the problem of exponential stability in mean square for the case of stochastic
systems of type (2.1) is provided in Section 6 from below.

In [8] a detailed investigation of the problem of exponential stability in mean square for the following
special case of (2.1)

2(t+1) = Ho(tom) + 3 Axtn)uwn ()] (t) (2.4)
k=1

t>0,t e Z, was made. In that paper was shown that there are several ways to introduce the concept
of the exponential stability in mean square in the case of systems of type (2.4). Also was proved that
those different definitions of exponential stability in mean square are not always equivalent. In Section



5 from below we shall show that part of the results from [8] can be recovered as special cases of the
results proved in the present paper.

Throughout this paper we assume that the following assumptions are fulfilled:

H;) The processes {n:}+>0 and {w(t)}+>0 are independent stochastic processes.

H,) E[w(t)] =0,t >0, Elw(t)w” (t)] = I, t > 0, I, being the identity matrix of size r.

Set m = (m¢(1), m(2), ..., m(N)) the distribution of the random variable 7;. That is m¢(i) = P{n = i}.

It can be verified that the sequence {m;};>0 solves:

Tt4+1 = TI'tPt, t 2 0. (25)

Remark 2.1 a) From (2.5) it follows that it is possible that m(i) = 0 for some ¢ > 1, i € D even
if mo(j) > 0, 1 < j < N. This is specific for the discrete-time case. It is known (see [6]) that in the
continuous time case m(i) > 0 for all t > 0 and i € D, if mp(j) > 0 for all 1 < j < N.

b) The only available information concerning the system (2.1) is the set D and the sequences {P; };ez, ,
{Ak(t,4,5) }+>1,0 < k < r,4,j € D. The initial distributions of the Markov chain are not prefixed.
Hence, throughout the paper by a Markov chain we will understand any triple {{n:}+>0, {P:}+>0, D}
where D is a fixed set D = {1,2,..., N}, { P }+>0 is a given sequence of stochastic matrices and {n; }+>0
is an arbitrary sequence of random variables taking values in D and satisfying (2.2).

Remark 2.1 a) allows us to define the following subsets of the set D:
Dy = {i € D|ms(i) > 0} (2.6)

for each integer s > 0.

Set A(t) = Ao(t,me,me—1) + Yoreq Ak(t,ne, m—1)wi(t),t > 1 and define O(¢,s) as follows: O(t,s) =
At — 1At —2)...A(s) if t > s+ 1 and O(¢t,s) =1, if t = 5,5 > 1.

Any solution x(t) of (2.1) verifies
z(t) = O(t, s)z(s)

©(t, s) will be called the fundamental (random) matrix solution of (2.1).

2.2 Lyapunov type operators

Let S,, € R™™ be linear subspace of symmetric matrices. Set STJ,JV =85,985,P..5S,. One can see
that SY is a real ordered Hilbert space (see [7], Example 2.5(iii)). The usual inner product on SY is

N
(X,Y) = ETT(Y(Z‘)X(Z’)) (2.7)

for all X = (X(1),..., X(N)) and Y = (Y(1),...,Y(N)) from SY.
Consider the sequences {A(t,4,7)}e>1, Ak(t,i,5) € R0 < k < r, 4,5 € D, {P}i>0, P =
(p(i, 7)) € RV,

Based on these sequences we construct the linear operators Ty : S — SV, 1.8 = (1,5(1), ..., Y1 S(N))
with

r N

TtS(Z) = Z Zpt—l(j7i)Ak(t7i7j)S(j)Ag(t7i)j) (28)
k=0j=1

t>1,5¢ecSN.

If Ay (t,i,7),pe(i, ) are related to the system (2.1) then the operators T; are called the Lyapunov type
operators associated to the system (2.1).



By direct calculation based on the definition of the adjoint operator with respect to the inner product
(2.7) one obtains that ;S = (Y;S(1),..., T;S(N)) with

r N

k=0j=1
t>1,5¢ecSN.

Let R(t,s) be the linear evolution operator defined on SY by the sequence {Y;};>1. Hence R(t,s) =
Yio1Y 2. Vs ift > s+ 1 and R(t,s) = Isy ift=s>1

If X (t) is a solution of discrete time linear equation on SY:
X1 = Te X, (2.10)

then X; = R(t,s)X; for all t > s > 1.

The next result provides a relationship between the operators R*(t,s) and the fundamental matrix
solution ©(t, s) of the system (2.1).

Theorem 2.2 Under the assumption Hy, Hs the following equality holds:
(R*(t,5)H)(i) = B[O (t, ) H(m-1)O(t, 5) 151 = 1] (2.11)
for all H= (H(1),...,H(N)) € SNt >s>1,i € Dy_;.

Proof: see section 7.

2.3 Definitions of mean square exponential stability

Now we are in position to state the concept of exponential stability in mean square of the zero state
equilibrium of the system (2.1).

In this subsection we introduce three different definitions of the concept of exponential stability in
mean square. The first definition introduces the exponential stability in mean square for the system
(2.1) in terms of the exponential stability of the evolution defined by the deterministic discrete time
equation (2.10). The other two definitions are expressed in terms of exponentially stable behavior of
the state space trajectories of the system (2.1).

Definition 2.1 a) We say that the zero state equilibrium of the system (2.1) is strongly exponentially
stable in mean square (SESMS) if there exist § > 1,¢ € (0,1) such that

IR, 5)]| < Bg" (2.12)
forall t > s > 1.

Since SY is a finite dimensional linear space, in (2.12) one can take any norm from B(S).

Definition 2.2 We say that the zero state equilibrium of the system (2.1) is exponentially stable in
mean square with conditioning (ESMS-C) if there exist § > 1,q € (0,1) such that for any sequence of
independent random vectors {w(t)}+>1 and for any Markov chain ({n:}+>0, {P:}+>0, D) which satisfy
H{, Hs we have:

E[|O(t, s)z|?|ne—1 = i] < Bg"*|a/? (2.13)
forallt>s>1,z € R", i€ Ds_;.

Definition 2.3 We say that the zero state equilibrium of the system (2.1) is exponentially stable in
mean square (ESMS) if there exist § > 1,q € (0, 1) such that for any sequence of independent random
vectors {w(t)}+>1 and for any Markov chain ({n: }+>0, { P }+>0, D) which satisfy H;, Hy we have:

E(le(t, s)z’] < B¢'~*|zf? (2.14)



forallt>s>1,x € R™

It can be seen that the concept of strong exponential stability in mean square introduced by the
Definition 2.1 does not depend upon the initial distribution of the Markov chain. It depends only on the
sequences { Ak (t,7,7) }+>0, {P:}+>0. Also it must be remarked that in the definitions of the exponential
stability in mean square in terms of the state space trajectories, the sequences {w(t)}+>0, {n:}+>0 are
not prefixed. We shall see later (see Theorem 3.4 and Theorem 3.7) that under some additional
assumptions the exponentially stable behavior of the trajectories of the system (2.1) for a suitable
pair ({w(t)}+>0, {nt}+>0) is enough to guarantee the exponentially stable behavior of the trajectories
of the system (2.1) for all pairs ({w(t)}+>0, {m }+>0) which verify Hq, Ha.

3 EXPONENTIAL STABILITY IN MEAN SQUARE

In this section we establish the relations between the concepts of exponential stability in mean square
introduced in Definition 2.1 -Definition 2.3. Firstly we shall show that in the general case of the time
varying system 2.1 these definitions are not, in general,equivalent. Finally we show that in the case
of systems 2.1 with periodic coefficients these definitions become equivalent.

3.1 The general case

On the space S2 one introduced the norm | - |; by:
| X |1 = maxiep| X ()] (3.1)

where | X ()| is the spectral norm of the matrix X (i). Together with the norm | - |2 induced by the
inner product (2.7), the norm | - |; will play an important role in the characterization of the strong
exponential stability (SESMS).

If T:SY — SN is a linear operator then ||T||; is the operator norm induced by | - |, k = 1,2.

We recall that (see Proposition 2.2 in [7]) if T is a linear and positive operator on S/¥ then
1Tl =TT (3.2)

where J = (I, ..., I,,) € SV.

Since ||R(t, s)|| and ||R*(¢,s)||1 are equivalent, from (2.12) it follows that [|[R*(t + 1,t)|1 < f1,t > 0,
hence by using (3.2) and (2.9) one obtains:

Corollary 3.1 If the zero state equilibrium of the system 2.1 is (SESMS) then {\/pt—1(i,7)Ak(t, j, i) }>1,4,5 €
D,0 <k <r, are bounded sequences.

Now we prove:

Theorem 3.2 Under the assumptions Hy, Hy we have:

(2) If the zero state equilibrium of the system (2.1) is SESMS then it is ESMS-C.
(ii) If the zero state equilibrium of the system (2.1) is ESMS-C' then it is ESMS.
The proof of (i) follows immediately from (2.11). (i¢) follows from the inequality

Bllos)e’l < Y E[lO(t, s)z’ns-—1 = ).
1€Ds_1

As we can see in Example 3.5 and Example 3.6 from below the validity of the converse implications
from the above theorem is not true in the absence of some additional assumptions.

Definition 3.3 We say that a stochastic matrix P, € RY*VN is a non-degenerate stochastic matriz if
for any j € D there exists i € D such that p.(i,j) > 0.



We remark that if P;,¢ > 0 are nondegenerate stochastic matrices then from (2.5) it follows that
(i) > 0,t > 1,1 € D if mp(i) > 0 for all s € D.

Now we have:

Theorem 3.4 If for all t > 0, P, are nondegenerate stochastic matrices then the following are equiv-
alent;

(i) The zero state equilibrium of the system (2.1) is SESMS.
(ii) The zero state equilibrium of the system (2.1) is ESMS-C.
(1ii) There exist a sequence of independent random wvectors {w(t)}s>1 and a Markov chain
{ne}e=0, {P:}e>0, D) with P(no = 1) > 0,7 € D satisfying Hi, Hy such that
E(0(t. )2l =] < g’ Jaf? (33

forallt>s>1,i € D,z € R" where > 1,q € (0,1).

Proof (i) — (i¢) follows from Theorem 3.2 and (i) — (4i7) is obvious. It remains to prove im-
plication (#i7) — (7). Applying Theorem 2.2 for H = J = (I, ..., I,) one obtains from (3.3) that
oF[R*(t,8)J)(i)x0 < Bg5|z0)|? for all t > s > 1, i € D, z9 € R™.

This allows us to conclude that |[R*(t,s)J](i)| < Bq'™® for all t > s > 1, i € D. Based on (3.1) one
gets |R*(t,s)J|1 < B¢'~* for all t > s. Finally from (3.2) it follows that |R*(t,s)|1 < B¢t — s) for all
t > s> 1. Thus the proof is complete, since ||R(t, s)| and [|R(t,s)*||1 are equivalent.

The next two examples show that the converse implication in Theorem 3.2 are not always true.

Example 3.5 Consider the system (2.1) in the particular case n = 1, N = 2 described by:
T
ﬂl’(t + 1) = [GO(ta N, 77t71) + Z ak(t7 Nts Wtfl)wk(t)]l’(t) (34)
k=1

where ay(t,i,§) = 0,i,j € {1,2},¢ > 1,1 < k < r,a0(t,i,1) = 0,a0(t,i,2) = 25 ,t > 1,i € {1,2}.
The transition probability matrix is

1—_1_ _1_
p=(tTaE ) s (35)

1- FT fEFTL
We have )
1 t=1
pi-1(2,1)ap(t,1,2) = (1 — 5)22 5.

Hence the sequence {\/pi—1(2,1)ao(t,1,2)}+>1 is unbounded. Then we deduce via Corollary 3.1 that
the zero state equilibrium of the system (3.4) is not SESMS. On the other hand one sees that the
transition probability matrix (3.5) is a non-degenerate stochastic matrix. Thus, via Theorem 3.4, we
deduce that the zero state equilibrium of (3.4) cannot be ESMS-C.

We show now that the zero state equilibrium of (3.4) is ESMS. We write

E|®(t,s)2|*] = 22 Elad(t — 1, ne—1, m—2)ad (t — 2, -2, Mt—3) a3 (5,15, Ns—1)] =

2 2 2
x?Z ‘Z ....Z ad(t —1,ip1,02)ad(t —2,i_2,0¢_3)...a8(s,is,55_1)

i 1=1ira=1 is_1=1
P{ne—1 =it-1,M-2 = 1t-2, .., Ms—1 = ls-1} =
2P (15-1 = 2)ag(s,2,2).-a5(t — 2,2,2)ps—1(2,2)ps(2,2).-pe—3(2, 2)
[ad(t —1,1,2)ps-2(2,1) + ap(t — 1,2,2)p;—2(2,2)] <

. _ 1 _ (t+5-3)(t—s) 1

4sFs+14.t—2 2 2(t+s—2)(t—s—1)



if t > s 4 2. Finally one obtains that
1

2 2
E[’@(t7 8)$| ] S T \/§t2_82_3t_5+4

(3.6)

ift>s+2.

Fort > s+ 2 we have t2 — 4t — s2 +4 = (t—2)2—32 > (0. This means that t2 —s2 —3t—s+4 >t —s.
From (3.6) one obtains that

1 2
\/Qtfs (3.7)

E[|®(t, s)z|?] < 2*

for all t > s+ 2,s > 1. Further we compute
EH@(S +1, S):U|2] = $2E[a3(57775a77s—1)] = x2a3(57 L, 2)7){773—1 =2,ns = 1}+

ag(s, 2,2)P{ns—1=2,ns =2} < 93225_173{773,1 = 2}[ps—1(2,1) + ps—1(2,2)].
Thus we get

E[|O(s + 1,s)z?] < 22257 'P{n,_1 =2}, (V)s> 1. (3.8)

Take s > 2 and write

E[|l©(s+1, s)x\Q] < x22571[77{775—2 = 1}ps—2(1,2) + P{ns—2 = 2}ps—2(2,2)] < 2228

451
which leads to

E[|©(s+1,s)z}] < 22, Vs> 2. (3.9)
Further

E(|6(2,1)z[*] = Blag(L,m, m))a? = «?[P{no = 2,m = 1} + P{no = 2,m = 2}] = 2°P{ny = 2} i.e.

E[|©(2,1)z]?] < 2*. (3.10)
Finally

E[|O(s, s)z|*] = 2% (3.11)
Combining (3.7),(3.9),(3.10),(3.11) we conclude that

§)z[? b
E[l6(t, s)z|"] < \f?ﬁt,s

for all t > s > 1,2 € R and thus one obtains that the zero state equilibrium of (3.4) is ESMS.

Example 3.6 Consider the system (2.1) in the particular case N = 2, Ay(t,4,1) = O € R™*", Ay(¢,1,2) =
itly,i € {1,2},t > 1 and Ag(t,i,j) = O € R"™ " k > 1,i,j € {1,2},t > 1. The transition probability
10

matrix is P = 1o ) We have

p(2,1)Ap(t,1,2) =11,

thus one obtains via Corollary 3.1 that the zero state equilibrium of the considered system cannot be
SESMS.

On the other hand we have P{n; = 2} = 0 a.s. for all ¢ > 1. This leads to n: = la.s.,t > 1. Hence
O(t,s) = Oa.s. if t > max{3,s+ 1}, s > 1 for any Markov chain ({n:}:+>0, P, {1,2}). This shows that
in this particular case the zero state equilibrium of the considered system is both ESMS-C, as well as
ESMS.



3.2 The periodic case

In this subsection we show that under the periodicity assumption the concepts of exponential stability
introduced by Definitions 2.1, 2.2, 2.3 become equivalent.

Firstly we introduce:

Definition 3.1 We say that the zero state equilibrium of the system (2.1) is asymptotically stable in
mean square (ASMS) if for any sequence of independent random vectors {w(t) };>1 and for any Markov
chain ({n¢}+>0, { P }+>0, D) which satisfy Hy, Hy we have:

lim B[O, Dz*] =0,Vz € R".

Now we are in position to state:

Theorem 3.7 Assume that there exists an integer @ > 1 such that Ag(t+0,14,j) = Ak(t,1,7),0 < k <
ryi,5 € D, Pirg = P, t > 0. Under these conditions the following are equivalent:

(i) The zero state equilibrium of the system (2.1) is (SESMS).
(i) The zero state equilibrium of the system (2.1) is (ESMS-C).
(ii7) The zero state equilibrium of the system (2.1) is (ESMS).
(iv) The zero state equilibrium of the system (2.1) is (ASMS).
(

v) There ezist a sequence of independent random vectors {w(t) }s>1 and a Markov chain ({n:}+>0, {P:}t>0, D)
with P(no = 1) > 0,1 € D satisfying Hy, Hy such that

Jlim E[|O(0t, Dz’ =0 (3.12)
for all x € R™.

(vi) p[R(0+1,1)] < 1 where p[] is the spectral radius.

Proof. The implications (i) — (ii) — (i7i) follows from Theorem 3.2. The implications (iii) —
(tv) — (v) are straightforward. Now we prove the implication (v) — (vi).

From (3.12) together with the equality:
E[|©(6t,1)z)?] Zwo E[|0(6t, 1)z|*|no = 1]

we deduce that
Jlim E[O(0t, 1)z [*|no = i] = 0,i € D. (3.13)
Based on (2.11) and (3.13) one gets
lim «7[(R*(0t,1).)(i)]x = 0. (3.14)

t—o0

If we take into account the definition of the norm | - |; we may write
lim [R*(0¢,1).J], =0
t—o0

or equivalently

Jim | R*(0t,1)||1 = 0. (3.15)
Since || - |1, || - |l2 are equivalent norms on S)¥ and ||R*(6t,1)||2 = |R(0t,1)||2 one obtains from (3.15)

that lim; o ||R(6%,1)||1 = 0. Using the fact that R(6t + 1,1) = Yo, R(6t,1) = YyR(Ot,1) we deduce
that

Tim [[R(6t+1,1)]1 =0. (3.16)



Based on periodicity of the coefficients, one shows inductively that R(6t+1,1) = (R(6+ 1,1))" for all
t > 1. Thus (3.16) may be rewritten lim;—o [|[(R(6 + 1),1)!|l; = 0.

From the definition of the spectral radius we conclude that (3.16) is equivalent to p[R(6 + 1,1)] < 1.
This shows that (vi) holds. If (vi) is true then there exist 8 > 1,¢ € (0,1) such that [|[(R(0+1,1))!||; <
Bq*. Further one shows in a standard way that there exists 3; > (3 such that ||R(t,s)||; < B1q*=*) for
all ¢ > s > 1 (for more details one can see the proof of implication (vi) — (i) in Theorem 4.1 in [8] ).
Thus we obtained that the implication (vi) — (i) holds and the proof is complete.

Definition 3.2 We say that the system (2.1) is in the time invariant case if Ag(t,4,j) = Ag(i,j) for
allt>1,9,7€D,0<k<rand P,=Pforallt>0.

In this case we have T; = T, for all ¢ > 1. One sees that the system (2.1) is in the time invariant case
if and only if it is periodic with period § = 1. Hence, the equivalences from the above theorem hold
in the time invariant case too. In this case, the statement (vi) becomes p(T) < 1.

4 LYAPUNOV TYPE CRITERIA

In this section we present several conditions for exponential stability in mean square expressed in
terms of solvability of some suitable systems of linear matrix equations or linear matrix inequations.
The results of this section are special cases of those stated in a more general framework in [7]. That
is why we present them here without proofs.

4.1 The general case

In the light of Theorem 3.2 it follows that the Lyapunov type criteria are necessary and sufficient con-
ditions for SESMS but they are only sufficient conditions for ESMS. Direct from the above Definition
2.1 and Theorem 3.4 in [7] applied to Lyapunov type operators T; we obtain:

Theorem 4.1 Under the assumptions Hy, Ha the following are equivalent:
(i) The zero state equilibrium of the system (2.1) is SESMS.

(ii) The system of backward linear equations

r N

Xt(z) = Z Zpt—l(inj)Az(taja i)Xt—i-l(j)Ak(t’j’ Z) + In (41)
k=o0j=1

t > 1,14 €D has a bounded solution X; = (X¢(1), ..., X¢e(N)) with X (i) > L, t > 1.

(iii) There exist a bounded sequence {Y;}i>1 € SY and scalars a > 0, § > 0 such that

r N
k=0j=1

Yi(i) > 61, t > 1, i € D.

Remark 4.2 Even the system (4.1),((4.2)respectively) consist of an infinite number of equations (in-
equations respectively) the criteria derived in Theorem 4.1 may be useful to obtain sufficient conditions
for ESMS in the general time varying case. This can be illustrated by the next simple example.

Example 4.3 Consider the system (2.1) in the special case n =1 :

w(t+1) = [ao(t, ne, me—1) + Z ak(t, ne, ne—1)wg(t)]z(t) (4.3)
k=1
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t > 1, where ax(t,7,j) € R are such that

r N
sup > > peo1(i, fag(t, 4,i) < 1. (4.4)

21 k=0 =1

Under this condition the zero state equilibrium of (4.3) is SESMS.

Indeed if (4.4) holds then the corresponding system (4.2) associated to (4.3) is fulfilled for Y;(i) =
1,t>1,i€D.

4.2 The periodic case

From Theorem 3.5 in [7] one obtains that if the coefficients of (4.1) are periodic with period 6, the
unique bounded and positive solution of (4.1) is periodic with the same period 6. Also, if the system
of inequalities (4.2) has a bounded and uniform positive solution then it has a periodic solution. This
allows us to obtain the following specialized version of Theorem 4.1.

Theorem 4.4 Under the assumptions of Theorem 3.7, with 8 > 2, the following are equivalent:
(i) The zero state equilibrium of (2.1) is ESMS.

(ii) The system of linear matriz equations

r N
k=0j=1

r N
k=0 j=1
i € D has a solution Xy = (X¢(1),..., X¢(N)) with X¢(i) > 0.

(ii7) There exist positive definite matrices Yy(i),1 < t < 0,1 € D, which solve the following system of
LMI’s:

r N
o> e (6 )AL (85,0 Yo () Ar (8, 5,7) = V(i) <0, 1<t<6-1
k=0 j=1
r N
k=0 j=1

1€D.

It is easy to see that under the conditions of Theorem 3.7 the sequence Y; can be extended in a
natural way by periodicity, to the whole set of integers Z. In this case we may use Theorem 3.7 (i7)
and Theorem 3.9 from [7] to obtain:

Theorem 4.5 Under the assumptions of Theorem 3.7 with 6 > 2 the following are equivalent:
(1) The zero state equilibrium of the system (2.1) is ESMS.

(ii) The system of linear matriz equations

r N
Xi1(8) =D o1 (G ) ARty i, )Xo (AL (83, 5) + I, 1<t<0—1 (4.7)
k=0j=1

r N
X1(8) =D po-1(4, 1) Ak(9,4,5) Xo(§) AL (0,1, 5) + I
k=0j=1

i € D has a solution Xy = (X¢(1),..., X¢(N)) such that X;(i) > 0,7 € D.
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(ii7) There exist positive definite matrices Y;(i),1 < t < 60,1 € D, which solve the following system of
LMI’s:

r N
SO 1 G ) Akl i, Vi) AL (1,7) — Vi () <0 1<t<0-1 (4.8)
k=0 j=1
r N
SN o105 1) AR(0, 4, §)Ya(5) AR (0,4, 5) — Yi(i) < 0
k—0j=1
1€D.
Remark 4.6 The system of linear equations (4.5), (4.7) and the system of linear inequations (4.6),
(4.8) have i scalar equations (inequations respectively), with 7 scalar unknowns, where i = %N 0.

4.3 The time invariant case

Using Theorem 3.5 (iii), Theorem 3.7 (7i7) and Theorem 3.9 in [7] one obtains the following Lyapunov
type criteria for exponential stability in mean square for the system (2.1) in the time invariant case.
Corollary 4.7 If the system is in the time invariant case, the following are equivalent:

(i) The zero state equilibrium of the system (2.1) is ESMS.

(ii) The system of linear equations

r N
X(©0) =Y " p(i, )AL (G, 1) X () Ar(4,9) + In (4.9)
k=0 j=1

i € D, has a solution X = (X (1), ..., X(N)) with X (i) > 0,i € D.
(ii7) There exist positive definite matrices Y (i),i € D, which solve the following system of LMI’s:

r N
SN pli )AL (G, 1)Y () Ar(d,8) — Y (i) <0 (4.10)
k=0j=1

1 €D.
Corollary 4.8 Under the conditions of Corollary 4.7 the following are equivalent:
(i) The zero state equilibrium of the system (2.1) is ESMS.

(i) The system of linear matriz equations

r N
X0 =" p(5,i)Ax(i, )X ()AL (4, 5) + In (4.11)
k=0j=1

i € D has a solution X = (X (1),..., X(N)) with X (i) > 0,i € D.
(7i1) There exist positive definite matrices Y (i),i € D, which solve the following system of LMI’s:

r N
DN (D) Akl 5)Y ()AL (i, ) = Y (i) < 0 (4.12)
k=0j=1

1€ D.

Remark 4.9 The system of linear equations (4.9) and (4.11) and the system of linear inequations

(4.10) and (4.12) have 7 scalar equations (inequations respectively) with 7 scalar unknowns, where
7= "ot
2
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5 THE CASE OF THE SYSTEMS WITH COEFFICIENTS DE-
PENDING ONLY ON 7,

There are two ways to write (2.4) in the form of (2.1):

F(t+1) = [At,m,m-1) + > Ap(t,ne, me—1)wi(8)]E(t) (5.1)
k=1
t>1or
B(t+1) = [Ao(t, e, m—1) + Zr: Akt me, me—1) g ()]2(8), ¢ > 1 (5.2)
k=1

where Ak(talv.]) = Ak‘(t’z)a i,j € D,0< k< Taj(t) = x(t)vt > 1 and Ak(t,l,j) = Ak(t - 1)j)7 1,] €
D,O0<k<nrz(t)=aot—1),w(t) =wg(t —1),1 <k <rt>1 respectively.

In this section we shall see how a part of the results concerning the exponential stability in mean
square of the zero solution of the system (2.4) are recovered from the results proved in the previous
sections of the present paper.

Let O(t,s),0(t,s), be the fundamental matrix solutions of the system (5.1) and the system (5.2)
respectively.

T, R(t,s), 1., R(t, s) stand for the Lyapunov type operators and corresponding linear evolution op-
erators associated to the system (5.1) and the system (5.2), respectively.

If ®(t, s) is the fundamental matrix solution of the system (2.4) then the following equalities hold:

O(t,s) = ®(t,s),t > s >1, (5.3)

~

Ot,s) =®(t—1,s—1),t >s>1. (5.4)

In [8] the following Lyapunov type operators were associated to the system (2.4): £,5 = (£;S(1), ..., LS(N))
by

r N
LeS(i) =Y > i3, 1) Ar(t, 5)S(G) AL (£, 5) (5.5)
k=0j5=1

for all 1 S’LSN, tannd AtS: (AtS(l), ceey AtS(N)),
r N
AS(i) =D Aplt, i)Y pe-1(3,1)S(H) AL (t,4) (5.6)
k=0 j=1

t>1forall1 <i<N,S=(S(1), .. S(N)) SV,

Let T'(t,s),S(t,s), be the linear evolution operators defined by the sequences {L;};>0 and {A¢}i>1
respectively.

The following four equalities are straightforward:

T.H =MNH, t>1, (5.7)

Y.H =L, 1H, t>1, (5.8)
for all H = (H(1), H(2),,H(N)) € SV,

R(t,s) = S(t,s), t >s>1, (5.9)
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N

R(t,s)=T(t—-1,s—1),t>s>1. (5.10)

For the readers convenience we recall the following definition:
Definition 5.1(see Definition 3.5 in [8]).

a) We say that the zero state equilibrium of the system (2.4) is strongly exponentially stable in
mean square (SESMS) if the corresponding sequence of Lyapunov operators {L:}:+>0 generates an
exponentially stable evolution on STILV .

b) We say that the zero state equilibrium of the system (2.4) is exponentially stable in mean
square with conditioning of type I (ESMS-CI) if there exist § > 1, ¢ € (0,1) such that for any
sequence of independent random vectors {w(t)}:>o and for any Markov chain ({n}+>0,{P;}t>0, D)
which satisfy Hy, Hg we have E[|®(¢, s)zo|?|ns = i] < Bq"*|zo|* for all t > s, i € Dy, s >0, 29 € R™

c) We say that the zero state equilibrium of the system (2.4) is exponentially stable in mean
square with conditioning of type IT (ESMS-CII) if there exist > 1,¢ € (0,1) such that for any
sequence of independent random vectors {w(t)}+>0 and for any Markov chain which satisfy Hy, Ha
we have E[|®(t,s)xo|}|ns_1 = i] < Bq'*|xg|? for all t > s, i € Ds_1, s > 1, 19 € R™.

d) We say that the zero state equilibrium of the system (2.4) is exponentially stable in mean
square (ESMS) if there exist 5 > 1, ¢ € (0,1) such that for any sequence of independent ran-
dom vectors {w(t)}+>0 and for any Markov chain ({n:}i>0,{P:}i>0, D) satisfying Hi, Ha we have
E[|®(t, s)wo|%] < Bg'%|xo|? for all t > s > 0, z9 € R™.

Together with the concept of strong exponential stability in mean square introduced in Definition 5.1
(a) we define a new type of SESMS which were not considered in [8].

Definition 5.2 We say that the zero state equilibrium of the system (2.4) is strongly exponentially
stable in mean square of second kind SESMS-II if there exist 5 > 1,¢q € (0,1) such that

1S5(t,s)ll1 < Bg"*
for all t > s > 1.

In view of the last definition the concept of SESMS introduced in Definition 5.1 (a) will be called
strong exponential stability in mean square of the first kind (SESMS-I).

From Theorem 2.8 in [8] one obtains:
Corollary 5.3 (i) If the zero state equilibrium of the system (2.4) is SESMS-I then it is SESMS-IT

(13) If {Ak(t,9)}1>1,0 < k < r,i € D are bounded sequences, then the zero state equilibrium of the
system (2.4) is SESMS-I if and only if it is SESMS-I1.

The Example 3.10 and Example 3.11 in [8], show that there exist systems of type (2.4) which are
SESMS-II but they are not SESMS-I. Therefore the class of the systems of type (2.4) for which the
concept of SESMS-II holds is wider than the class of systems (2.4) for which the property for SESMS-I
is true.

From (5.3)-(5.4), (5.9)-(5.10) and Corollary 5.3 one obtains:
Theorem 5.4 Under the assumptions Hi, Ha we have:

(1) The zero state equilibrium of the system (2.4) is SESMS-I if and only if the zero state equilibrium
of the system (5.2) is SESMS.

(ii) The zero state equilibrium of the system (2.4) is SESMS-II if and only if the zero state equilibrium
of the system (5.1) is SESMS.

(1ii) If {Ak(t,i)}+>0,0 < k < r,i € D are bounded sequences, then the zero state equilibrium of the
system (2.4) is SESMS-I if and only if the zero state equilibrium of the system (5.1) is SESMS.

(iv) The zero state equilibrium of the system (2.4) is ESMS-CII if and only if the zero state equilibrium
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of the system (5.1) is ESMS-C.

(v) The zero state equilibrium of the system (2.4) is ESMS-CI if and only if the zero state equilibrium
of the system (5.2) is ESMS-C.

(vi) The zero state equilibrium of the system (2.4) is ESMS if and only if the zero equilibrium of (5.2)
is ESMS.

Remark 5.5 a) From Theorem 3.4 and Theorem 5.4 (v) one recovers Theorem 3.8 in [8] for py(t) = 1.
b) From Theorem 3.4 and Theorem 5.4 (iii), (iv) one obtains Theorem 3.9 in [8] for ux(t) = 1.
c¢) From Theorem 4.1 and Theorem 5.4 one obtains Theorem 3.13 and Theorem 3.14 in [8] for p(t) = 1.

6 APPLICATIONS

In this section we illustrate the applicability of the results concerning the exponential stability in mean
square for the systems of type (2.1) derived in the previous sections to the Hy control problem of the
designing of a stabilizing static output feedback in the presence of some delays in the transmission of
the date.

Let us consider the discrete-time time-invariant controlled linear system described by:

2t +1) = [Ao(m) + 3" Au(n)we()]z(t) + Blnu(®) (6.1)
k=1
y(t) = C(ny)x(t), t>0,

where z(t) € R" is the state vector, u(t) € R™ is the vector of the control inputs and y(t) € R? is
the vector of the measurements, wy(t) and 7; are as in the previous sections. The aim is to design a
control law of the form

u(t) = K(ne)y(t) (6.2)
with the property that the trajectories of the corresponding closed-loop system satisfy:
lim E[|z(t)|*] = 0. (6.3)
t—o00

In the case when on the channel from the sensor to the controller there exists a delay in transmission
of the measurement then, the control (6.2) is replaced by

u(t) = K(m)y(t —1). (6.4)

If the delay occurs on the channel from controller to actuators then instead of (6.2) we will have:
u(t) = K(m-1)y(t - 1). (6.5)

In this section we solve the following two problems:

Pi1: Find a set of sufficient conditions which guarantee the existence of the matrices K(i) € R"™*P i €
D, such that the trajectories of the closed-loop system obtained by coupling (6.4) with (6.1) will satisfy
a condition of type (6.3).

Py: Find a set of conditions which guarantee the existence of the matrices K(i) € R™*P with the
property that the trajectories of the closed-loop system obtained by coupling the control (6.5) with the
system (6.1) verify a condition of type (6.3).

In both cases indicate some feasible procedures to compute the feedback gains K (i), € D.
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Coupling a control (6.4) to the system (6.1) one obtains the following closed-loop system:

2t +1) = Ao(ne)x(t) + B(ne) K (1) C(ne-1)x(t = 1) + ET: Ay (1) (t)wr(t).
k=1

The closed-loop system obtained combining (6.5) to (6.1) is:
w(t +1) = Ao(ne)x(t) + B K (ne—1)C (me—1)z(t — 1) + > wie(t) Ax(ne)z(t).
k=1
Setting £(t) = (27 (t), 27 (t — 1))” we obtain the following version of (6.6) and (6.7):

€+ 1) = Lol mon) + > Ax(m (DI, £ > 1,
k=1

€+ 1) = (o0 mes) + 3 Auln sy ()0, > 1
k=1

respectively, where

JoG ) = ( Aoi) BOKG)C() ) (i) = ( Ald) BOKGICH) )

Aglig) = Anli.g) = ( Ao 0 ) -

Hence, the system (6.8) as well as (6.9) are time invariant version of the system (2.1).

The condition (6.3) is equivalent to

Jim B[] = 0.

(6.6)

(6.7)

(6.10)

(6.11)

Based on Theorem 3.7 (for § = 1) one obtains that (6.11) is equivalent to exponential stability in
mean square. Therefore to find some conditions which guarantee the existence of the feedbacks gains

K (i) with the desired property, we may apply the Lyapunov type criteria derived in Section 4.

The main tools in the derivation of the results in this section on the following well known lemmas.

Lemma 6.1 (The projection lemma) [24]. Let Z = ZT € R™" U € R™™ YV € RP*" be given
matrices, n > max{m,p}. Let U,V be full column rank matrices such that UU+ = 0 and VV+ = 0.

Then the following are equivalent:

(i) The linear matriz inequation:
Z+UTKV+VTKTU <0

with the unknown matriz K € R™*P s solvable.
(ii) UHTZzUut <0,
(vhHTzyH <o.

Lemma 6.2 (Finsler’s lemma)[24]. Let Z = ZT € R™™,C € RP*" n > p be given. Take C+ a full

column rank matriz such that CC = 0. Then the following are equivalent:
(i) There exist a scalar pi such that Z + uCTC < 0.
(#3) (CHTzct <.

Combining the above two lemmas one obtains
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Corollary 6.3 With the previous notations the following statements are equivalent:

(i) The linear inequation
ZHUTKY +VTKTU <0 (6.12)

with the unknown K € R™*P is solvable.

(ii) There exist the scalars pi, pa such that
Z+mUTU <0

Z+ VTV <o.

In [24] a parametrization of the whole class of solutions of (6.12) is given.
Before to state the main results of this section we remark that in (6.10) we have the following decom-

position:

Ao(i. ) = Ao(d) + Bo(i) K (i)Co () (6.13)

Ao(4,5) = Ao(i) + Bo(i) K (5)Co(5)

where A(i) = ( A%(f) ’ ) € R2X2, B (i) = ( Bl ) e R Co(j) = (0 C(j)) € RPN,

Now we prove:

Theorem 6.4 Assume that there exist the symmetric matrices Y (i) € R*?" and the scalars (i)
and pa(i),i € D, satisfying the following systems of LMI’s:

V(Y)Y () Uyu(Y) 0

vl(Y) Vs (Y) Wu(Y) | <0 (6.14)
0 VL) —m(i),
N r N R _
Zp(J} D) Ao(1)Y () Af (4) + Z Zp(j, i) AR(4, )Y ()AL (4,5) = Y (i) + p2(i)Bo(§)B§ (i) <0 (6.15)
j=1 k=1j=1
where N
Uyu(Y) =Y p(5,i)A(i, 5)Y () AL (3, 5),
k=1j5=1

o (V) = (/p(1,4) Ao (1) Y (1), , /PN, ) Ao (i)Y (V)),
‘1132(Y) = —diag(Y(l), ) Y(N))7
UL(Y) = (yp(L,)Co(1)Y (1), ,1/p(N,i)Co(N)Y (N)).

Under these conditions there exist stabilizing feedback gains K (i) € R™*P i € D such that the zero
state equilibrium of the system (6.8) is ESMS.

Moreover the matrices K (i) may be obtained as solutions of the following uncoupled LMI’s:
Z@) +UT K @)V(3E) +VEEKT (U < 0 (6.16)

1 € D, where



U(i) = (B (i),0,,0) € R™ ™, V(i) = (0,4/p(1,1)Co(1)Y (1), , 1/p(N,))Co(N)Y (N)) € R”™ (6.17)

where i = 2n(N +1),Y = (Y(1),,Y(N)) being a solution of (6.14), (6.15).

Proof Applying Corollary 4.8 we obtain that the zero state equilibrium of the system (6.8) is ESMS
if and only if there exist positive definite matrices Y (i) € R?**?" i € D such that

r N
DS () Ak, §)Y (§) Ax(i, ) — Y (i) < 0,i € D.
k=0j=1

Based on the Schur complement one obtains that the last inequality is equivalent to:

U (Y) =Y (i) Wy(Y)

= <0 6.18
(" ) (19

where Wo;(Y) = (v/p(1,7) A (3, 1)Y (1),, /p(N, i) Ao (i, N)Y (N)).

It is straightforward to check based on (6.13) that (6.18) can be written in the form (6.16)-(6.17) with

Y (i) replaced by Y (i). On the other hand if (Y (), fi1(7), fi2(3),7 € D) is a solution of (6.14)-(6.15),

one obtains via the Schur complement technique that

(6.19)

(6.20)

Z(0) + at@)VT)V(i) < 0
Z(0) + fe()UT ()U(i) < 0
Applying Corollary 6.3 we conclude from (6.19) and (6.20) that (6.16) is solvable. Any solution of
(6.16) will be a stabilizing feedback gain. Thus the proof ends.

Let us consider the case of control law (6.5).

In this case we have:

Theorem 6.5: Assume that there exist matrices Y (i) € R*?" and the scalars pu1(4), po(i) which
satisfy the following system of LMI’s:

N r N
> ol AT GY () AcG) + DD pE )AL (G, 1)Y () Ak, i) — Y (6) + pa (i)Cq (£)Co(4) < 0 (6.21)
j=1 k=1j=1
FIZQY) - Y(Z) f2z(Y) 0
T5)T(Y)  Tg(Y) Tu(Y) | <0 (6.22)
where N
Tu(Y) =D pl6, 5)AL (5,0)Y (5) Ak (4, )
k=1j=1

[3(Y) = Ug(Y)
F5(Y) = (yp(i, DBG (DY (1), ,/p(i, N)Bo(N)Y (N)).

Under these conditions there exist feedback gains K (i) € R™*P such that the zero state equilibrium of
the corresponding system (6.9) is ESMS.

Moreover, if (Y (i), fi1(i), fi2(i),i € D) is a solution of (6.21), (6.22) then for each i, K (i) is obtained
as solution of the following LMI

ZE) +UT G KGE)VE) + VEE) KT (@)U < 0 (6.23)
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where
2= (GO 1) )0 = oto.o.0 e mo (6:24)

V(i) = (0,+/p(i, )BY(1)Y (1), /p(i, N)BY (N)Y (N)) € R™*7,

Proof Applying Corollary 4.7 one obtains that the zero state equilibrium of (6.9) is ESMS if and only
if there exist positive definite matrices Y (i) € R?*2?" i € D which verify:

r N
SN T pl, )AL (G,1)Y (7) Aw(h,9) — Y (i) < 0,i € D.

k=0 j=1
This is equivalent to
I'i(Y)=Y(6) Tu(Y)
( T7(v) Tyi(Y) <0 (6.25)

where I';(Y), T'3;(Y) are as before and T (V) = (v/p(, DAL (1,)Y (1), , /p(i, N)AL (N, i)Y (N)).
Based on (6.13) one obtains that (6.25) may be written as (6.23)-(6.24) with Y () instead of Y (7). On
the other hand if (Y (), fu1(4), fi2(i),i € D) is a solution of (6.20), (6.21) one obtains using the Schur
complement technique

2(i

)+ i (Z)Z)T(Z)?(ZKO
2(i) + iy

VT (V) <
Applying Corollary 6.3 we conclude that (6.23) is solvable. This allows us to compute the stabilizing
gains K (i),i € D and thus the proof ends.

Remark 6.6 a) It must be remarked that to obtain uncoupled LMIs (6.16) and (6.22) respectively,
we used Corollary 4.8 | in the first case and Corollary 4.7 in the second case. We feel that this is a
good motivation to deduce stability criteria based on Lyapunov type operators Y; (see Theorem 4.5
and Corollary 4.8) as well as based on its adjoint operators Y; (see Theorem 4.4 and Corollary 4.7).

b) The system (6.1) is assumed to be time invariant for the sake of simplicity. Feasible conditions
could be obtained in the periodic case with 8 > 2, via Theorem 4.4 and Theorem 4.5.

7 PROOF OF THEOREM 2.2

In this section we provide a proof of the representation theorem stated in subsection 2.2. Firstly we
introduce the following o—algebras:

Fi=ow(s),0 < s <t
Hi=Fe VG, t>0
Hy = My Vo), t>1
Ho = Go.
For the readers convenience we recall the following auxiliary result (see corollary7.2 in [8]).

Lemma 7.1 Under the assumption Hq, Ha we have:
E[X{mﬂzj}mt] =pi(ne,J) a.s. (7.1)
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for allt € Z,5 € D where xas is the indicator function of the set.
It must be remarked that (7.1) is the extension of (2.2) to the joint process {(w(t),n)}+>0-
Now we are in position to prove the Theorem 2.2.

We consider the family of linear operators f)(t,s) SN SNt > s > 1 defined as follows:
(V(t,s)H) (i) = E[OT(t,8)H(ni_1)O(t,s)|ns—1 = i] if i € Dy_1 and (V(t,s)H)(i) = (R*(t,s)H)(i)
if i € D\ Dy_q for all H € SY.

Firstly we write

OT(t+1,s)H(n)O(t+1,s) = OT(t,s) AT (t)H () A)O(t,s) =

N T
Y07t s) (Aot dyme1) + D Ar(t, g me-1)wi(t)” (7.2)
Jj=1 k=1
H(j)(AO(t)jﬂ,/tfl) + XT:Al(tvjvnt71>wl(t)>@(t7S)X{m:j}-
=1

Since O(t, s) and xy,,—;) are H;-measurable one obtains:

E[O7(t, 5)(Ao(t, 4, m—1) + z’": Ag(t, jyme—1)wr () H(5) (Ao(t, 1)+
k=1

Z Al(tv jv ﬁtfl)wl(t))@(t, S)X{'r]t:j} |7:{t] = X{ij}@T(tv S)E[(AO(tv j7 ntfl)‘}_
=1

+ i: Ap(t, 5, m—1)wi(8)) " H (5)(Ao(t, 4, me-1) + Zr: Aty 4, e )wi (1)) [He] O (L, s) =
k=1 I=1

= X{nth}eT(ta S) Z Ag(t’j) Ut—l)H(J)Ak(t,], nt—l)@(ta 5)‘
k=0

For the last equality we take into account that n:—; are H;-measurable while wy, (t) are independent
of the o-algebra H;.

In this case we have .
Elw(t)[He] =0

Elwy(t)wi(t)|He] = S,
(5kl = 1lifk = [ and (5kl =0if k #l

Since Hi—1 C 7:(t and O(t,s),m—1 are H;_1-measurable we may use the property of the conditional
expectation to obtain

E[X{ij}GT(ta 5)(A0(t7j7 ’I’]t,1) + Z Ak(ta Js ntfl)wk(t))TH(])(AO(t’ Js ’I’]tfl) +
k=1

i Aty o) wi ()0t 8)[Hea] = O (t,8) Y (AL (t,4,mi—1) - (7.3)
=1 k=0

H(j)Ak(t, j,m-1)) © (&, 8)Elx{n,=jy | He-1].

Based on Lemma 7.1 one gets:

@T(ta S) Z Ag(tmL ﬁt—l)H(J)Ak(t7]7 nt—l)@(t) S)E[X{nth}“-[t—l] =
k=0

Pe-1(m-1,7)07(t, ) Y (AL (t 4, m—1)H () Ar(t, j,m-1))O(L, ). (7.4)
k=0
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Combining (7.2), (7.3) and (7.4) with (2.9) we obtain:
B[O (14 1,5)H(n)O(t +1,5) He 1] =
O" (t,s)(Y{ H)(m-1)O(t, 5) (7.5)
forall t > s > 1.

The inclusion o(ns—1) € H¢—1 allows us to obtain from (7.5) that

E[OT(t+1,8)H(n)O(t + 1, 5)[ns—1] =
E[OT(t,s)(Y;H)(ni-1)O(t, s)(ns—1)]- (7.6)

If i € Ds_1 then (7.6) leads to:
EO"(t+ 1,5)H(n)O(t + 1,8)[n51 = i] =
EO7(t,5) (X H) (1)t 8)|1er = ] (7.7
Having in mind the definition of V(t,s) we see that (7.7) may be rewritten as:
(V(t+1,s)H)(i) = [V(t, s)(T*H)](3) (7.8)

for all i € D1, H € SY.
As in the proof of Theorem 3.2 in [8] one establishes that (7.8) still holds for i € D\ Ds_;.

Thus we may conclude that

V(t+1,s)=V(ts)Y;, t>s>1. (7.9)
On the other hand it is easy to see that V(s,s)H = H for all H € SV. Hence V(s, s) = Isny = R*(s,8).
This equality together with (7.9) shows that V(t,s) = R*(t, s) and thus the proof ends.
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