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Optimal Stabilization Control for Discrete-Time
Mean-Field Stochastic Systems

Huanshui Zhang

Abstract—This paper will investigate the stabilization and
optimal linear quadratic (LQ) control problems for infinite
horizon discrete-time mean-field systems. Unlike the pre-
vious works, for the first time, the necessary and suffi-
cient stabilization conditions are explored under mild con-
ditions, and the optimal LQ controller for infinite horizon is
designed with a coupled algebraic Riccati equation (ARE).
More specifically, we show that under the exact detectabil-
ity (exact observability) assumption, the mean-field system
is stabilizable in the mean square sense with the optimal
controller if and only if a coupled ARE has a unique posi-
tive semidefinite (positive definite) solution. The presented
results are parallel to the classical results for the standard
LQ control.

Index Terms—Algebraic Riccati equation (ARE), mean-
field LQ (linear quadratic) control, optimal controller, stabi-
lizing controller.

[. INTRODUCTION

N THIS paper, the optimal control and stabilization problems

for infinite horizon discrete-time mean-field systems are con-
sidered. Different to the classical stochastic control problem,
the system state is described by a controlled mean-field stochas-
tic difference/differential equation (MF-SDE), which was first
studied in [1] and [2]. Since then, significant contributions have
been made in studying MF-SDEs and related topics by many re-
searchers. See, for example, [3]-[7] and the references therein.
Inspired by the progress made on MF-SDEs, the study of mean-
field stochastic control has been a hot research topic since 1950s,
which combines the mean-field theory with stochastic control
problems. The recent development in mean-field control prob-
lems can be found in [8]—[15], [17], [18] and references therein.

Manuscript received August 4, 2017; revised December 22, 2017;
accepted February 16, 2018. Date of publication March 7, 2018; date
of current version February 26, 2019. This work was supported by the
National Science Foundation of China under Grant 61573221 and Grant
61633014. The work of Qingyuan Qi was supported by the program for
Outstanding Ph.D. Candidate of Shandong University. Recommended
by Associate Editor Serdar Yuksel. (Corresponding author: Huanshui
Zhang.)

H. Zhang and Q. Qi are with School of Control Science and Engi-
neering, Shandong University, Jinan 250061, China (e-mail: hszhang@
sdu.edu.cn; qiqy123@163.com).

M. Fu is with the School of Electrical Engineering and Computer Sci-
ence, University of Newcastle, Callaghan, NSW 2308, Australia, and also
with the School of Automation, Guangdong University of Technology,
Guangdong Key Laboratory of l1oT Information Technology, Guangzhou
510006, China (e-mail: minyue.fu@newcastle.edu.au).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAC.2018.2813006

, Senior Member, IEEE, Qingyuan Qi

, and Minyue Fu ', Fellow, IEEE

In particular, Yong[20] first studied the finite horizon mean-
field linear quadratic (LQ) control problem, a necessary and
sufficient solvability condition of the problem was presented
in terms of operator type criteria. Furthermore, the continuous-
time mean-field LQ control and stabilization problem for the
infinite horizon was investigated in [21], the equivalence of sev-
eral notions of stability for mean-field systems was established.
It was shown that the optimal mean-field LQ controller for the
infinite horizon case can be presented via the maximal solution
to the AREs.

For the discrete-time mean-field LQ control problem, a solv-
ability condition for the finite horizon discrete-time mean-field
LQ control problem was presented in terms of operator type con-
ditions in [5]. Furthermore, under some conditions, the explicit
optimal controller was derived by using the matrix dynamical
optimization method. Besides, for the infinite time case, the
equivalence of some stabilizability notions for mean-field SDEs
was studied and the solution to the associated ARE was investi-
gated in [27]. Moreover, Ni et al. [17], [18] studied the indefinite
mean-field LQ control problems.

However, it should be stressed that the stabilization problem
for mean-field systems remains to be further investigated, al-
though a lot of progress has been made as mentioned in [5],
[17], [18], [27], and references therein. The main reasons are
as follows: 1) Stabilization properties of the optimal controllers
have not been studied, or the necessary and sufficient stabiliza-
tion conditions for mean-field systems have not been provided in
the literature; 2) Previous works on optimal control design rely
on strong assumptions and it is crucial to relax the assumptions.
The following fundamental question has not been answered:
Under what conditions can the closed-loop mean-field system
with the optimal controller be mean-square stabilizable.

In this paper, we aim to provide a thorough solution to the
problems of optimal LQ control and stabilization for infinite
horizon discrete time mean-field systems. As the preliminaries,
the results of finite horizon mean-field LQ control are presented,
and the necessary and sufficient solvability condition of finite
horizon case is given in an explicit expression. By doing the
convergence analysis on the coupled Riccati equation for the
finite horizon case, the infinite horizon LQ controller and the
stabilization conditions (necessary and sufficient) are derived.
In addition, the Lyapunov function for stabilization is expressed
with the optimal cost function. Two stabilization results are
obtained under two different assumptions. One is the assump-
tion of exact detectability, under which it is shown that the
mean-field system is mean square stabilizable if and only if the
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coupled algebraic Riccati equation (ARE) admits a unique pos-
itive semidefinite solution. The other one is the assumption of
exact observability, under which it is shown that the mean-field
system is mean square stabilizable if and only if the coupled
ARE has a unique positive definite solution.

It should be pointed out the stabilization conditions will be
explored under the assumption of R > 0 and R + R > 0. This
weakens the assumption of R > 0, even for the classical LQ
case, see [24], [29], and [30]. On one hand, the control weight-
ing matrices R are not necessary positive definite, especially
for finance applications, like mean-variance portfolio selection
problem [16]; on the other hand, the relaxation is significant and
more general for mathematical reasons, which includes R > 0
as a special case.

The remainder of this paper is organized as follows. Section II
provides the problem formulation and the preliminary results of
finite horizon mean-field LQ control. In Section III, main results
of the infinite horizon optimal control and stabilization problems
are presented. Numerical examples are given in Section IV to
illustrate main results of this paper. Some concluding remarks
are given in Section V. Finally, relevant proofs are detailed in
Appendices.

Notations: I,, means the unit matrix with rank 7; superscript ’
denotes the transpose of a matrix. Real symmetric matrix A > 0
(or > 0) implies that A is strictly positive definite (or positive
semidefinite). R" signifies the n-dimensional Euclidean space.
B~ is used to indicate the inverse of real matrix B, and CT
means the Moore—Penrose inverse of C. {Q, F, P, {Fy. br>0}
represents a complete probability space, with 7}, the o-algebra
generated by {xg,wy, ..., w}. F[-|F;] means the conditional
expectation with respect to F;, and F_; is understood as {0, Q}.
a.s. denotes in the “almost surely” sense.

Definition 1: For random vector z, if E(z'xz) = 0, we call it
zero random vector, i.e., z = 0, a.s.

Il. PROBLEM FORMULATION AND PRELIMINARIES
A. Problem Formulation

We consider the following discrete-time mean-field system:

Tpp1 = (Azp + f_ll?mk + Buy + Blzuk)
+(Cay, + CExy, + Duy + DEuy)wy, (1)
Ty = 5

where A, A,C,C € R, and B,B,D,D € R™*™, all the
coefficient matrices are given deterministic. x; € R" is the
state process and u; € R is the control process. The system
noise {wy }4_, is scalar valued random white noise with zero
mean and variance o2, defined on a complete probability space
{Q, F, P, {Fi}r>0}. E is the expectation taken over the noise
{wy }2_, and initial state &. {F} }y>o is the natural filtration
generated by {&, wy, . .., w; } augmented by all the P-null sets.
By taking expectations on both sides of (1), we obtain

FExp.q = (A + A)E.’Ek + (B + B)Euk,ECL‘O =F¢( (2

In this paper, the infinite horizon mean-field stochastic LQ
control problem is solved. Besides, the necessary and sufficient
stabilization conditions for mean-field systems are investigated.

Unlike the finite horizon case, the infinite horizon solution also
needs to guarantee the closed-loop stability.
The associated cost function is given by

J= ZE[mLsz + Ex),QExy; + uj, Ruy, + Euj REuy]

k=0
B B 3)
where @), @, R, R are deterministic symmetric weighting ma-
trices with appropriate dimensions.
The admissible control set of the infinite horizon case is pre-
sented as follows:

U = {ug,uy -+ lup, € R™, uy, is Fj,—1 -measurable,

and ZE(uguk) < +o0}. (€))
k=0

Throughout this paper, the weighting matrices in the cost
function are required to satisfy:

Assumption 1: @ >0,Q+Q>0and R>0,R+ R > 0.

Remark 1: Inprevious works like [24], [29], and [30], R > 0
was required to solve the stabilization problems. While in this
paper, R is only required to be a positive semidefinite.

The following notions of stability and stabilization are intro-
duced.

Definition 2: System (1) with u;, = 0 is called asymptoti-
cally mean square stable if for any initial values x, there holds
k:EIJPoo E(z,x) = 0.

Definition 3: System (1) is called mean square stabilizable if
there exists a Fj,_;-measurable linear controller u € U, such
that for any initial state z(, the closed loop of system (1) is
asymptotically mean square stable.

Following from [25], [29], and [30], the definitions of ex-
act observability and exact detectability are respectively given
below.

Definition 4: We consider the following mean-field system:

rpi1 = (Azy + AEx;) + (Cxp + CExy)wy, 5)

Y, = QY2X,

— Q 0 _ . T 7E1‘;‘- . .
where Q = [0 Q+Q} and X = [ Fry }.System(S) is said
to be exact observable, if forany N > 0

Y, =0 VO<E<N = 2p=0

where the meaning of Y}, = 0 and xyp = 0 are given in Definition
1.
For simplicity, we rewrite system (5) as (4, 4, C,C, Q'/?).
Definition 5: The system (A, A, C,C, Q'/?)in (5) is said to
be exact detectable, if for any N > 0
Y, =0 VO<E<ZN, = klim E(x)x;) = 0.
—+00
Remark 2: Definition 5 gives a different definition of “ex-
act detectability” from the one given in previous work [27].
In fact, Ni et al. [27] considered the system with different
observation yy,
{xk_u = (Axk + AE.I]C) + (C’xk + C_'El‘k)’wk;,

yr = Qry + QExy. (6)
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Obviously, it is different to the definition given in this paper. In
[27], system (6) was called “exact detectable,” if forany N > 0

Yy =0 VO<k<N = hrn E(zjzy) = 0.
—+00
Remark 3: The exact detectability made in Definition 5 is

weaker than the exact detectability made in [27]. In fact, noting

that Y}, = Q'/2X;, = 0 implies
2o2] [5]-0 o
0Q+Q Exy
Equation (7) indicates that
Q(zy — Exy) =0, and (Q + Q)Exy, =0 (8)

and thus, Qz; + QFEx;, = 0.

Hence, if (4, A,C,C,Q, Q) is “exact detectable” as defined
in [27], then (A, A, C, C, Q'/?) will be exact detectable as de-
fined in Definition 5.

Remark 4: Definitions 4 and 5 can be reduced to the standard
exact observability and exact detectability for standard stochas-
tic systems, respectively. Actually, with A =0,C =0,Q =0
in system (5), Definition 4 becomes Q'/2z, = 0= zy =0,
which is the standard exact observability definition for standard
stochastic linear systems. Similarly, the exact detectability given
in Definition 5 can be reduced to the standard exact detectability
definition for standard stochastic system. One can refer to [22],
[25], and [26].

The problems of infinite horizon LQ control and stabilization
for discrete-time mean-field systems are stated as the following.

Problem 1: We find the Fj,_;-measurable linear controller
u € Uy, to minimize the cost function (3) and stabilize system
(1) in the mean square sense.

B. Preliminaries

In this section, we recall the finite horizon mean-field LQ
control problem, which serves as the preliminary results.

The finite horizon cost function associated with system (1) is
given by

Z [erxk + (Bz1)' QExy + uj, Ruy, + (Buy) REuy,

(Bzn41) Pyy1Ban )

where Q,Q, R, R, Py, Py are deterministic symmetric
matrices with compatible dimensions and Py ;1 > 0, Py +
Pyiq > 0.

The admissible control set is defined as follows:

+ E(zy 1 Pyy1zn1) +

Uy ={ug,...,uxlur € R™, uy is Fj,_1-measurable,
N
and Y E(ujuy) < +oo}. (10)
k=0

Any uj, € Uy is called an admissible control, and it is clear
that Uy is a nonempty, closed, and convex subset of R"™.

The results for the finite horizon mean-field LQ control prob-
lem are stated as below.

The following result is the maximum principle for system (1)
associated with the finite horizon cost function (9).

Theorem 1: A necessary condition for minimizing (9) for
system (1) is as follows:

0

(%]

where the costate Aj, satisfies the following backward iteration:

oy = E{ {ka + QEMJ

/
= E{Ruk + REuw;, + |:B + wk'D:| AL

(11)

0
A—ka,OA—kaé !
+{ o ] MFap a2
with the final condition
oy = |:RV+1$N+1 +0PN+1E$N+1] (13)

where Py 1 and ]5N+1 are as in the cost function (9).

Proof: See the detailed proof in [28]. |

Remark 5: Itis noted that previous results on maximum prin-
ciple for mean-field LQ were based on the mean-field BSDE,
see [18]-[20]. We develop a new maximum principle for mean-
field LQ control problem in Theorem 1, which can be calculated
more easily, and can be reduced to the standard LQ case.

Theorem 2: Under Assumption 1, the optimal controller
{up H_, is given as

up = Kyay, + Ky Exy, (14)

and the controller is unique if and only if T(U and T<2) for

k=0,. , as given below, are all positive deﬁmte where
K ==Y, (15)
Ko =={0@ v -y ae)
and T;{l), M,i”, T,(f), M,£2) are given as
Y = R4+ B'Poy 1 B+0>D'Py 1 D, (17)
M"Y = B'P.; A+ 0*D' Py, C, (18)
Y = R+ R+ (B+ B)(Pis1 + Pis1)(B+ B)
+0*(D + D) Py11(D + D), (19)
M = (B + BY (Pe1 + Prar)(A+ A)
o*(D+ D) Py 1 (C+C) (20)

while P, and P, in the above obey the following coupled Riccati
equation for k = 0,..., N.

MDY MY,
(21)

= Q =+ AlPkJrlA + U2C/Pk+1c -
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P =Q + APy A+ 02C'Pyoy O+ APy A+ 02C' Pyt C Moreover, the optimal cost function is

+ AP A+ 0*C' P C 4 (A+ AP (A+ A)
+ e MY — P Y 22)

with final condition Py _ | and Py given in (9).
The associated optimal cost function is given by

Proof: The detailed proof can be found in [28]. [ |

IIl. MAIN RESULTS

In this section, the main results of this paper will be pre-
sented, and the necessary and sufficient stabilization conditions
for mean-field systems will be developed.

Before presenting the solution to Problem I, the following
lemmas will be given at first.

Lemma 1: Under Assumption 1, for the following coupled
Riccati equation

P.(N)=Q+ AP, 1 (N)A+c?C'Pp1(N)C

— e (vt (o),

(24)
P.(N)=Q+ AP 1 (N)A+0?C'Pyy1(N)C + A'Py1(N)A
+0%C' Py (N)C + APy 1 (N)A + 02C' Py 1 (N)C

+(A+ AY B (N)(A + A) + P 0 ey () agd (v)
— P W (M (V) (25)

with the final condition Py,; = Py, = 0, where { means
that the Moore—Penrose inverse. If the regular condition below
holds:

T () (] M (N) = MP(N), i =1,2 (26)
where

Y\(N) =R+ B'P.1(N)B+0’D'P i (N)D,  (27)

MM (N) = B'Po1(N)A+ 0®D' P (N)C, (28)

TP (N) = (B + B)[Pes1 (N) + Poy1 (N)|(B + B)
+0%(D+ D)P,,1(N)(D+D)+R+R, (29

M (N) = (B + B [Pes1(N) + P (N)](A + 4)
+0*(D + D) Py 1 (N)(C + O) (30)

with P (N), P, (N) satisfying (24) and (25). Then, the cost
function (9) with Py 1 = Py4; = 0 can be minimized by

up = Ki (N)xy, + Ky (N)Exy, 31
where
Kr (V) = [0 (V)T V),

K (N) = = { e M (%) = [ ()i () §
(32)

Proof: See Appendix A. |

Remark 6: 1t should be noted that the presented results in
Lemma 1 are different to that in Theorem 2. First, the matrix
T,E,U , T,(f) are no longer positive definite but regular condition
(26) is required; Second, the optimal controller (31) is not nec-
essarily unique.

Lemma 2: Under Assumption 1, for any N >0, P, (N)
and Py, (N) in (21) and (22) satisfy P, (N) > 0 and P, (N) +
P.(N) > 0.

Proof: See Appendix B. |

Lemma 3: Under Assumption 1, if the mean-field system (1)
is mean square stabilizable, then the following coupled ARE has
a solution satisfying P > 0 and P + P>0:

P=Q+ A'PA+o*C'PC — [MM] YD) M)
P=Q+ APA+c*C'PC + A'PA + o2C'PC

+A'PA+0*C'PC + (A+ A)YP(A+ A) (34)
FMOYTOIEMD — @)@,
YOO M = M) G =1,2
while
YW =R+ B'PB+¢’D'PD>R>0, (35)
MY = B'PA+ o*D'PC, (36)
T® =R+ R+ (B+ B)(P+ P)(B+B)
+0*(D+D)YP(D+D)>R+R>0, (37)
M2 = (B+ B)(P+ P)(A+ A)
+0*(D+ D) P(C + C). (38)
Proof: See Appendix C. |

It is noted from (35)—(38) that

[Mu)}’ {Tu)]TM(l) _ {Mm}’,c _ M — e
(39

!

[M(Z)} [T(Q)]TM@) _ —[M<2>]’(IC +K) - (IC—i—IC)'M(Z)

—(K+K)T® (K +K) (40)
where K and K satisfy
K=—[xM)iamm, (41)
K= _{[T(Z)]TM@) — [T(l)]TM(l)}_ (42)
By using (39)—(40), we can rewrite (34) as follows:
P=Q+A'PA +5°C'PC, (43)
P+P=Q+A'(P+P)A+s°C'PC (44)



ZHANG et al.: OPTIMAL STABILIZATION CONTROL FOR DISCRETE-TIME MEAN-FIELD STOCHASTIC SYSTEMS 1129
where 15
Q=Q+KRK>0,A=A+BK,C=C+ DK, E(x,x,) —U, =-1.1861x -0.2561EX_
Q=Q+Q+ (K+K)(R+R)(K+K)>0,
_ _ _ _ 1t
A=A+A+ (B+B)(K+K),
C=C+C+(D+D)(K+K). (45)
Definition 6: The Riccati equation (34) is said to have a pos- 05l
itive definite (resp. positive semidefinite) solution, if there exist
P >0and P+ P > 0(resp. P > 0and P 4+ P > 0) satisfying
(34). - -
Lemma 4: Under Assumption 1, if system (A, A,C,C, 0
Q'/?) is exact detectable, then: 0 10 20 g 30 40 S0

1) The following system (A, C, Q'/2) is exact detectable:

Xp+1 = AX + CXpwy, Xo,
it 46
{Yz,:Ql/ka (#0)
where A = [ﬁg},@: [gg},Q: [Q 0} >0, and X, =

0Q
wkb:zfa:k } ie., forany N, if Y, =0, a.s., 0 < k < N, then

1imk.,_,+oo E(X%Xk) =0.

2) If P >0, then E(X{PX() = 0 if and only if X is an
unobservable state of the system (A,@, o/ %), where P =
[ﬁ B0 p} and P, P satisty (34).

Proof: See Appendix D. |

Remark 7: Similar to Lemma 4 and its proof, under
Assumption 1, it is easy to verify if the system (A, A, C,C,
o/ 2) is exact observable, then the system (A, (@, o/ %) is ex-
act observable.

We are now in the position to present the main results of
this section. Two results are to be given, one is based on the
assumption of exact detectability, and the other is based on the
assumption of exact observability.

Theorem 3: Suppose Assumption 1 holds and system (5)
(A, A,C,C, Q'/?) is exact detectable, then the mean-field sys-
tem (1) is stabilizable in the mean square sense if and only if
there exists a unique positive semidefinite solution to the cou-
pled ARE (34).

In this case, a stabilizing controller is given by

where K and /C are given by (41) and (42). In addition, the
stabilizing controller (47) minimizes the cost function (3), and
the optimal cost function is given as

J* = E(z(Pxg) + Ex, PExy. (48)

Proof: See Appendix E. |

Theorem 4: Under the conditions of Assumption 1 and the
exact observability of (4, A, C, C, Q'/?), the mean-field system
(1) is mean square stabilizable if and only if the coupled ARE
(34) has a unique positive definite solution, and a stabilizing
controller is given by (47) and that the cost function (3) is
minimized by (47).

Proof: See Appendix F. |

Remark 8: Theorems 3 and 4 propose a new approach to
stabilization problems for mean-field systems. The necessary

Fig. 1. Mean square stabilization of the mean-field system.

and sufficient stabilization conditions are provided under the
assumption of R > 0 and R + R>0,in comparison with the
results in the literature (e.g., [24], [29], and [30]) where R > 0
is required, even for the standard LQ problems.

V. NUMERICAL EXAMPLE

We consider system (1) and the cost function (3) with:
A=11,A=02,B=04,B=0.1,C =0.9,C =0.5,
D=08D=02Q=2Q=1,R=1,R=1,0>=1

the initial state o ~ N(1,2), i.e., 2y obeys the normal distri-
bution with mean 1 and covariance 2.

Note that Q =2, Q+ Q@ =3, R=1, R+ R =2 are all
positive, then Assumption 1 and the exact observability of
(A, A,C,C, Q"/?) are satisfied. By using coupled ARE (34),
we have P = 5.6191 and P = 5.1652. From (35)—(38), we can
obtain T =5.4953, M) = 6.5182, Y(?) = 10.3152, and
M) = 14.8765.

Notice that P > 0 and P + P > 0, according to Theorem 4,
there exists a unique optimal controller to stabilize the mean-
field system (1) in the mean square sense as well as to minimize
the cost function (3), the controller in (47) is presented as

u, = Kayp + KExj, = —1.18612;, — 0.2561Ex, k > 0.

Using the designed controller, the simulation of the system
stateis shown in Fig. 1. With the optimal controller, the regulated
system state is stabilized in the mean square sense as shown in
Fig. 1.

To explore the improvement of the main results presented
in this paper, we consider the mean-field system (1) and cost
function (3) with

A=2A=08B=05B=1,C=1,C=1,
D=-08D=06Q=1,Q=1,R=1,R=1,0>=1.

The initial state zy ~ N(1,2).
By solving the coupled ARE (34), it is found that P has
two negative roots as P = —1.1400 and P = —0.2492. Thus,
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20
15% 10 . . . . X
—+—U, =0.0640x, +1.5939Ex,
10t
Ex, %)
5 L
0.
5 10 15 20 25 30
k
Fig. 2. Simulation for the state trajectory E(z} ).
20
15% 10
—o—U,=0.0640x +131.8389Ex,_
10t
Ex, %)
5 L
04 & & & & & & & 4
2 4 6 8 10
k
Fig. 3.  Simulation for the state trajectory E(z} ).

according to Theorems 3 and 4, we know that system (1) is not
stabilizable in the mean square sense.

Actually, when P = —1.1400, it can be checked that (34) has
no real roots for P. While in the case of P = —0.2492, P has
two real roots which can be solved from (34) as P = 7.0597
and P = —0.6476, respectively.

In the latter case, with P = —0.2492 and P = 7.0597, we
can calculate K and /C from (41) and (42) as K = 0.0640,
K = 1.5939. Similarly, with P = —0.2492 and P = —0.6476,
KC and K can be computed as IC = 0.0640, K = 131.8389. Ac-
cordingly, the controllers are designed as u, = 0.0640x) +
1.5939FEzy,, ur, = 0.0640z) + 131.8389Fxy, respectively.

Simulation results of the corresponding state trajectories with
the designed controllers are shown as in Figs. 2 and 3, respec-
tively. As expected, the state trajectories are not convergent.

V. CONCLUSION

In this paper, the necessary and sufficient stabilization condi-
tions for mean-field systems have been investigated. It is shown
that, under the exact detectability assumption, the mean-field

system (1) is mean square stabilizable if and only if a cou-
pled ARE has a unique positive semidefinite solution. Further-
more, under the exact observability assumption, we show that
the mean-field system is mean square stabilizable if and only if
the coupled ARE admits a unique positive definite solution.

APPENDIX A
PROOF OF LEMMA 1

Proof: The positive semidefiniteness of T&P (N), Tﬁ\?) (N)
can be easily obtained under Assumption 1. By using the induc-
tion method as in Theorem 2, we can conclude that 'I',Ejl) (N)>0
and Tgfl)(N) > 0 for any k£ > 0.

On the other hand, using the Riccati equation (24)—(25) and
the regular condition (26), following the proof of [28, Th. 2],
then Jy in (9) with Py = 15N+1 = 0 can be calculated as

N /
JN = ZE{ |:’U,k — Euk — ’Ck(N)($k — E$k)} Tgcl)(N)
k=0
X {uk - Euk — ICk(N)({Ek — E{Ek)} }
N
+ (B — [Ki(N) + K (N)] Bz Y T (V)
k=0

X {Euk — [/Ck (N) + K (N)]Exk}

where K1, (N), K (N) are given by (32).

Since YT{(N)>0 and TY\”(N)>0, then Jy >
Elz{Py(N)zo] + Ex{Py(N)Exzy. Thus, Jy in (9) with
Py.1 = Pyy1 = 0is minimized by (31) and the optimal cost
function is (33). |

APPENDIX B
PROOF OF LEMMA 2

Proof: Using Lemma 1, under Assumption 1, if the solution
to the Riccati equation (24)—(25) satisfies the regular condition
(26), then (9) with Py, 1(N) = Py.1(N) =0 can be mini-
mized by (31), and the optimal cost function is as (33):

Jy = E[z,Py(N)xg| + ExyPy(N)Ex. (50)
Moreover, Assumption 1 indicates Jy > 0 for any controller
uy,, thus the optimal J3, > 0 can be derived.

We choose x to be any random variable with Ezy = 0, (50)
reduces to E[z{Py(N)xzo] > 0, then we have Fy(N) > 0. On
the other hand, if (g = Fxg, i.e., x( is deterministic, from (50)
we know z{,[Py(N) + Py(N)]zg > 0, then Py(N) + Py(N)
> 0 can be derived.

Noting the time-variance of the coefficient matrices in (24)—
(32), there holds P, (N) = Py(N — k), P,(N) = Py(N — k).

In conclusion, under Assumption 1, P, (N) > 0, P, (N) +
P,(N)>0forany 0 < k < N. [ |
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APPENDIX C
PROOF OF LEMMA 3

Proof: Under Assumption 1, suppose the mean-field system
(1) is stabilizable in the mean square sense, we will show that the
coupled ARE (34) has a unique solution P and P with P > (
and P+ P > 0.

First, we shall show Py(N) and Py(N) + Py(N) are mono-
tonically increasing with N.

Actually, since Jy < Jy 1, then for any initial state z(, we
have Jy, < Jy 4, it holds from (33) that

El(xg — Ex¢) Py(N)(zo — Exy)]
+ (Bx) [Py (N) + By (N))(Eo)
< Bl(wg — Exo)' Py(N + 1)(zg — Ex)]
+ (Bxo) [Py (N + 1) + Py (N + 1)](Eay).

For any initial state zy # 0 with Exzy =0, (51) can be
reduced to

(SD

Elz Py(N)zo] < ElzgPy(N + 1)z0]

ie., B{x{[Py(N)— Py(N +1)]ap} < 0. Therefore, we can
obtain

Py(N) < Py(N+1) (52)

which implies that Py (V) increases with respect to N.
On the other hand, for arbitrary initial state xy # 0 with zy =
FExg,ie., xyp € R" is arbitrary deterministic, (51) indicates that

2o [Po(N) + Po(N)]ag < 2p[Py(N + 1) + By (N + 1)]zo.
Note that x is arbitrary, then we have

Py(N)+P(N)<P(N+1)+P(N+1) (53

which implies that Py(N) + Py(N) increases with respect to
N, too.

Next we will show that Py(N) and Py(N) + Py(N) are
bounded. Since system (1) is stabilizable in the mean square

sense, there exists u; has the form
u, = Lay, + LEx;, (54)

with constant matrices L and L such that the closed-loop system
(1) satisfies

lim F(x) =0.
D Pl

As (Exy) Exy + E(xy — Exy) (vx — Exy) = E(z,x1),
thus, (55) implies limy_, oo (Exy ) Exp = 0.
Substituting (54) into (1), we obtain

zp+e1 = [(A+wpC) + (B + wi D) L]z, (56)
+[(B+wy D)L + (A+w,C) + (B +wy D)(L + L)|Exy,

(55)

Exji1 = [(A+ A)+ (B+ B)(L+ L)|Exy. (57)
We denote X, £ ijk ] ,and X, = E[X;, X].
Following from (56) and (57), it holds
Xiy1 = AXp, (58)

where A = [61” ﬁ;}, A=A+ w,C)+ (B+wi D)L,
A1y = (B+ wy D)L + (A4 w,C) + (B 4w D)(L + L),

The mean square stabilization of limj, ., o F(x).2)) = 0im-
plies limy ., o X = 0, thus, it follows from [23] that

ZE(wak) < +00, and Z(Exk)’(Exk) < 400.
k=0 k=0

Therefore, there exists constant ¢ such that

ZE(mixk) < cE(xmy).
k=0
Since @ >0, Q+Q >0, R>0 and R+ R >0, thus

. Q 0
there exists constant A such that [0 Q +Q} < Al and

(59)

0 (L+L)(R+R)(L+L)
tain that

[L’RL 0 ] } < a1, using (54) and (59), we ob-

J = X:E[:c;Q:c;M + uj, Ruy, + EszExk + EuiREuk]
E CL’k—El‘k ! Q 0 CCk—E.’Ek
Exy, 0Q+ Q Exy,
p) [er = Ba ] [L'RL 0 )
Eux;, 0 (L+L)Y(R+R)(L+1L)
zy — By,
Ewk

2A E[(El'k;)/EﬂCg, -+ (l‘k — Exk)’(xk — Exk)}
k=0

Bl
Il
o

I
NE

-~
I
o

+
e

X

IN

20 Y  E(z)xr) < 2AcE(z)x0). (60)
=0

k
On the other hand, by (23), notice the fact that

ElzyPy(N)zo] + (Exo) Py(N)(Exo) = Jy < J
thus, (60) yields

Now we let the initial state value be a random vector with zero
mean, i.e., Exg = 0, it follows from (61) that

0 < ElzyPy(N)xo] < 2hcE(z)x0).
Since z is arbitrary with Exy = 0, there holds that
0 < Py(N) <2xcl.

Similarly, let the initial state value be arbitrary deterministic,
ie., rg = Exo, (61) yields that

0 < z)[Py(N) + Py(N)|wog = Ji < J < 2hexyag

which implies

0 < Py(N)+ Py(N) < 2xcl.
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Therefore, both Py(N) and Py(N) + Py(N) are bounded.
Recall that Py(N) and Py(N) + Py(N) are monotonically in-
creasing, we conclude that Py(N) and Py(N) + Py(N) are
convergent, i.e., there exists P and P such that

1 = 1 — = >
Jim P(N) = lim Py(N —k) =P >0,

lim pk, (N) =

N —+o00

lim Py(N —k)=P,P+P>0.
N —+o00

Furthermore, in view of (27)—(30), we know that T,i” (N),
M,El) (N), T,(f) (N), and M}E2> (V) are convergent, i.e.

. Dy — @) (i) — ) 5 —
Nl—lg—loork ( ) T 71\"1—1>IEOCMk (N) M ! 172
(62)

where T, MM 1) M) are given by (35)—(38). Taking
limitation on both sides of (21) and (22), we know that P and
P satisfy the coupled ARE (34). |

APPENDIX D
PROOF OF LEMMA 4

Proof: 1) The mean-field system (1) and (2) with u;, = 0 can
be rewritten as follows:
{Xk+1 = AX} + CXpw, Xp,

Y, = Ql/?xk (63)

where A = [ﬁARA}’ C = {gczé}’ and Q is as in (5).

Thus, the exact detectability of system (A, A,C,C, Q'/?) is
equivalent to the exact detectability of system (A, C, Q'/?) in
(63).

The systems (1) and (2) with controller (47) can be presented
as

Xpi1 = AXk + @kak (64)

where X, A, and C are given below (46).
Using the symbols in (45) and (46), there holds
A=A+BK,C =C+DK,Q=0+KRK
B 0 DD+D K 0
where B = [0 B+B},]D): [0 . },K: [OKHC},and
R 0
R = { 0 R+R|
From [29, Th. 4 and Propositiqn 1],7we conclude that if
the system (A, C, Q'/?) (ie., (4,A,C,C, Q'/?)) is exact de-
tectable, then for any feedback gain K (K and K), system
(A, C, Q'/?) is exact detectable.
2) Similar to the derivation of [28, Th. 2] for the finite horizon
case, we have

E(l‘§\7+1PmN+l) + (E$N+1)/pEJ}N+1
— [B(z(Px) + (Exo) PExo)
= E(Xy 1 PXy11) — B(XPXo)

(65)

N ~
=-Y E(X,0X;) <0
k=0

where the controller (47) has been used, Q is as in (45).

Following from (65), since P > 0, if E(X{PX,) = 0, then

N
0< Z E(X,0X}) = —E(Xy 1 PXyy1) 0. (66)
k=0

This implies Y5, E(X} OX;) = 0. Then, S5, E(Y,YV}) =
Zi\;o E(X, QX;{;) = 0, which means that for any k£ > 0, Y, =
Q'/2X,, = 0. Hence, X, is an unobservable state of system
(4,C,07)

On the contrary, if we choose X as an unobservable
state of (A, C, Q'/?), ie., ¥}, = QV/2X,;, =0, k > 0. Noting
from Lemma 4 that (A, C, Q'/?) is exact detectable, it holds
limy 4o E(X’y,PXx11) = 0. Thus, from (65), we can ob-
tain that

o0 o0

E(X)PX,) = Y E(X,0X,) = S E(V{¥i) = 0. (67)
k=0 k=0
This ends the proof. |
APPENDIX E

PROOF OF THEOREM 3

Proof: The sketch of the “sufficiency” proof is broken into
two parts. First, we define the Lyapunov function candidate
with the optimal cost function, if the solution to the ARE (34) is
strictly positive definite, the stabilization of mean-field systems
will be derived; second, if the solution to the ARE (34) is strictly
positive semidefinite, we decompose the solution of the ARE
(34) into two parts, and the corresponding system state of the
mean-field systems is divided into two parts. By using the exact
detectability assumption, we show the stabilization of the two
parts, respectively. While for the “necessity” proof, we show
that the ARE (34) admits a positive semidefinite solution, and
the proof can be found in Lemma 3. In the end, we show the
uniqueness of the solution to the ARE (34).

“Sufficiency:” If Assumption 1 holds and the system
(A,A,C,C,Q"?) is exact detectable, suppose P and P are
the unique solution to (34) satisfying P > 0 and P+ P > 0,
we will show that (47) stabilizes system (1) in the mean square
sense.

From (33), we define the Lyapunov function candidate
V (k, xy) with the optimal cost function as

V(k,z1) & E(z}, Pxy) + Ex), PExy,. (68)
Apparently we have

V(k,xk) = E[(l’k — Ea:k)'P(a?k — E:L‘k) + E:L‘;(P + p)E:Z?k]

> 0. (69)
From (65), there holds
V(k,ap) —V(k+1,2541) = E(X,0X;) >0 (70)

0Q
is convergent.
Following from Lemma 4, we know the stabilization of sys-
tem (1) with controller (47) is equivalent to the stability of
system (64), or (A, C).

where Q = [Q 0 } >0,and X; = [”55” }.Thus, V(k,x)



ZHANG et al.: OPTIMAL STABILIZATION CONTROL FOR DISCRETE-TIME MEAN-FIELD STOCHASTIC SYSTEMS 1133
In the following, we will consider P > 0 and P > 0, re- Via a time shift of [, there holds from (71) that
spectively. And we shall show that system (1) is mean square I+ N
stabilizable 11.1 these two different cases. Z E(X, ka)
)P >0,ie,P >0and P+ P > 0. Py
In this case, E(X{PXy) = 0 implies that X, = 0, i.e., zp =
Exy = 0. Following from Lemma 4 and Remark 7, we know = E(x; — Ex) Hy(N)(z) — Exy)]
that system (A, C, Q'/?) is exact observable. + Ex)[Hy(T) + Hy(N)|Ex,
Taking summation on both sides of (70) from O to N for any
N > 0, we have that =V(laz) =V({I+ N, zy) (78)
where H;(I + N) = Hy(N), H;(1 + N) = Hy(N)hasbeen in-

N
ZE(X;CQXk) =V(0,29) = V(N +1,zn41)
k=0

I
] =

E(zy — Exy,)' Q2 — Exy,) + Ex), QEx;

k=0
= E(l’o — El’o)/H(](N)(l'o — E.’Eo)
+ Exj[Ho(N) + Hy (N)|Exo (71)
where Hy(N), Hy(N) can be obtained by
Hi(N)=Q+ A'H 11 (N)A +0*C'H, 1 (N)C, (72
Hy(N) + Hy(N) = Q+ A'[Hyp 1 (N) + H 1 (N)]A
+02C'H,(N)C (73)
with final condition Hy 1 (N) = Hy 1 (N) = 0.

Since Q > 0 and Q > 0, we conclude that (72) and (73)
admit a unique solution Hy(N) > 0, Hy(N) + Hy(N) > 0 by
backward iterations.

Then we will show Hy(N) > 0and Hy(N) + Hy(N) > 0.

Otherwise, there exists nonzero y and y satisfying

y#0, E[y'Hy(N)y] =0, Ey =0, (74)
§# 0, §[Ho(N) + Hy(N)]g = 0,5 =Eg. (79
If the initial state is chosen to be y, (71) implies
N ~
> B(X,9Xy) = Ely'Ho(N)y] = 0. (76)
k=0

Then, Q'/2X,, = 0, a.s. Following from the exact observability
of the system (A, C, Q'/2), we have y = 0, which contradicts
with y # 0 defined in (74).

On the other hand, if we assume the initial state to be 3, (71)
reduces to

> E(X,0Xy) = §'[Hy(N) + Hy(N)]g = 0.
=0

(77

Since system (46) is exact observable, then i = 0, this contra-
dicts with 7 # 0 in (75).

In conclusion, we have proved Hy(N) > 0 and Hy(N) +
I;[[) (N) > 0.

serted above.

By taking limitation [ — o0 on both sides of (78), using the
convergence of V(k, z;,), we have that

lim E[(x; — Ex) (2 —

l—+00

Ex))] = O7llim Exz)Ex; = 0.
—+00
(79)

Therefore, limy, | o, E(z}z}) = 0, i.e., system (A, C) is sta-
ble, and system (1) is mean square stabilizable with controller
(47).

2)P >0.

It is noticed from (43) and (44) that [P satisfies the following
Lyapunov equation:

P =3+ APA +2[EOPED 4 o2

where C(1) = [C 0} C®@ = {O C

[CP)PC®

00 00
Since P > 0, there exists an orthogonal matrix U with U’ =
U~ such that

},and E 4 E@ — ¢,

00

0P, (81)

U'PU = [ ],IP’2>O.

Obviously from (80), we can obtain that
U'PU =U'QU + U'A'U - U'PU - U'AU
+o2U'[CV)U - U'PU - U'CVU

+ U CP)VU - U'PU - U'CPU. (82)

Assuming  U'AU = [j::“ iif]
1y @ ¢
h g.)] and '€ = [ &)

)
G5

vau =& &)

& ], wen
ctd we have

) z Ay PrAy Ay PA
U’A/U-U/]PU-U,AUZ |:~21 24321 321 2~22]

AbyPyAgy Ay PrAsg,

v{c YU . u'ru -u'cMu

[~ (1) pa(l = (1) ]
- |Gy Gy
_{C22 }/P2(C21 {C22 },]P)Q(CQZ
U{CVYU - U'PU - U'CPU

[ (2 =(2) &2 ~(2)]
_ (G YRy (G YRy
_{(CQQ }/P2(C21 {(C22 }/]P2C22 ]
Thus, by comparing each block element on both sides of (82)
and noting P, > 0, we have that Ay; = 0, @é? = (Cg) =0,
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and Q) = Q1 = Qo1 = 0, ie.
, Ay A N Cy1 C - 00
U/AU: 11 ~12:| ,U/CU: |: 11 ~12:| ,U’ U: |: = :|
{ 0 A 0 Cas Q 09
(83)

where Qy >0, Cy; = @91) + @ﬁ), Cia = @ﬁ) Jr@@ and
Cor = CY) + €.
Substituting (81) and (83) into (82) yields that

~ ~ ~ ~ ! ~ ~ ! ~
Py = Oy + Ay PyAgy + 0 {(Cé?;} P,C{Y) + o2 {«:gy} P,C{2).
(34)

(2)

Defining U'X,, = X = [ where the dimension of X i

is the same as the rank of IP,. Thus, from (64), we have

X |

U'Xpy1 = UAUU'X + U'CUU'Xpwy
ie.

X(1>1 —AuX Y ALK (CMX +@12X§92>)wk7’

(85)
X, = ApeXY + CpX (86)

First, we will show the stability of (Agy, Cas).
Actually, recall from (71) and (83), we have that

N

ZE 0, X =3 B(X, OXy)
k=0

= E(X{PXp) — E(Xy 11 PXn11

)
= B[(XP)YPXP] - BIXT, )PXT, ) 87
Similar to Lemma 4, we conclude X(Q) is an unobservable state
of (Agy, Cyy, Q; ) if and only if E[(XSQ))/PQXSQ)] = 0. Since
Py > 0, thus (AQQ, Css, Q2 ) is exact observable. Therefore,
following from the derivation of (71)—(79), we know that

lim EXP YK =0

k—+o00

(88)

ie., (Agg , @22) is stable in the mean square sense.
Next, the stability of (AU , @11) will be shown as below.
We choose Xé2> = 0, then from (86), we have X,S,Q) =0 for
any k£ > 0. In this case, (85) becomes

Ziw1 = A1 Zy + CriZywy, (89)
where Zj, is the value of X!" with X{*) = 0. Thus, for an
arbitrary initial state Z, = X(()l), we have

E[Y{Vi] = E[X,,0X,] = B[(X{?Y0.XP1= 0. ©90)
From the exact detectability of (A, C, Q'/?), it holds
lim E(X}X;) = lim E(X,UUX})
k—+o00 k—+o00
— lim E(X,X))=0. 1)

k—+o00

Therefore, in the case of XEQ) =0, (91) indicates that

lim E(Z,Z) =
kj»Too ( k)

— lim {E[XVYEY] + B[R YK

k—+o00

lim B[(X[")x]

k—+o0

= lim E(X,X;)=0.

k—+o00

92)
ie., (AM , CM) is mean square stable.

Third, we will show that system (1) is stabilizable in the mean
square sense. .

it 5 Cyp 0

In fact, we denote A = [ 0 An}, C= [ 0 @,

(85) and (86) can be reformulated as
XkJrl = {lek + [ASQ] Uk} + {C;Xk + |:(C(;2:| Uk} w

93)

A 0 } . Hence,

where Uj. is as the solution to (86) with the initial condi-
tion Uy = X[(JQ). The stability of (All,@ll) and (Agz, (@22) as
proved above indicates that (/i, c ) is stable in the mean square
sense. Obviously from (88) it holds limy ., E(U,U;) =0
and Y ;" E(U;U;) < +o00. Using [6, Proposition 2.8 and
Remark 2.9], we know that there exists a constant ¢y such that

ZEX Xi) <CUZE U, Uy) < +o0.
k=0 k=0

(94)

Hence, limy, .y o E(X;C X4) = 0canbe obtained from (94). Fur-
thermore, it is noted from (91) that

lim E(mkxk)— lim [(zy — Fxy) (x) — Exy) + Ex) Exy)
+

k—+o00
= lim E(X}X;)= lim E(X,X;)=0.
k—+o00 k—+o00

Note that the system (A, C) given in (64) is just the mean-field
system (1) with the controller (47). In conclusion, the mean-field
system (1) is stabilizable in the mean square sense.

In the following, we will show that the stabilizing controller
(47) minimizes cost function (3).

In fact, from (65), there holds that

E(z)y 1 Pryi1) + Ex/NHPEa:NH
— [E(xy Pxo) + Exy PExy)]

N
=-E Z[%Q% + B2}, QEx;, + u), Ruy + Fuj, REuy]

k=0
]\T
+ EZ[uk — Fuy, — K:(l‘k — Exk)]’“f(”
k=0
X [uk — Euk — ’C(l‘k — El‘k)]
N
+ Z[Euk — (’C + IC)EI]C]/T(2> [Euk — (/C + K;)E.%’k]
k=0

95)
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where YU, MWD 1) A(2) are given in (35)—(38), and /C, K
satisfy (41) and (42).

From limy_., - Ex)x); = 0, obviously we can obtain that
lmy i oo[E(@y o Penst) + Exly  PExy 1] = 0. Thus,
letting N — o0, the cost function (3) can be rewritten from
(95) as follows:

J = E(Zﬂgp[)l‘o) + E%apoExo
+F Z[uk — Buy, — K(xp — Exy)]TW
k=0

X [uk — Euk — K:(Qik — Ea:k)]

+F /M[Euk — (K 4+ K)Ex )Y [Buy, — (K + K)Exy).
0
(96)

It is noted from Assumption 1 that T") > 0 and Y(*) > 0,
then the cost function (3) is minimized by the controller (47),
and the optimal cost function is given as (48).

Finally, u;, € U, can be shown as below.

In this case, for the stabilizing controller (47), i.e., uy =
Kz, + KExj, we have

E(ujuy) = Elz,K'Kz), + Bz}, (K'K + K'K + K'K)Exy).
o7

From (59), we know that )~ , E(x}x)) < 400, therefore
Y ne o E(ujuy) < 400 canbe induced from (97), i.e., uj, € Uso
can be verified.

“Necessity:” Under Assumption 1 and the exact detectability
of system (5), if system (1) is mean square stabilizable, we will
show the ARE (34) has a unique positive semidefinite solution.
From Lemma 3, we know that ARE (34) admits a positive
semidefinite solution.

In what follows, we will show the uniqueness of P and P.

In fact, let S and S be another solution of (34) satisfying
S>0and S+ S >0,ie.

S=Q+ASA+*C'SC — [TV)[AD)ITL  (98)
S=Q+ASA+c*C'SC + A'SA+ o2C'SC

+ ASA+0°C'SC + (A+ A)S(A+ A)

+ [T“)]’[A(l)]TT(l) _ [T(Q)}’[A(Q)]TT(Z) (99)

where
AY =R+ B'SB+0°D'SD,T"") = B'SA+¢*D'SC,
A® =R+ R+ (B+B)(S+5)(B+B)
+0*(D+D)'S(D + D),
T = (B+ B)'(S+5)(A+ A)
+0*(D+ D) S(C+C)
and the regular condition holds:

AOADTTE = 76) 1 2,

It is noted from the “sufficiency proof™ that the optimal cost
function has been proved to be (48), i.e.

J* = E(x(,Pxo) + Ex) PEx = E(x(,S%0) + Ex)SEx.
(100)

For any initial state z satisfying xy # 0 and Fxy = 0, (100)
implies that

Bleh(P — §)x] = 0

thus, we can conclude that P = S.
Moreover, if zop = Fx( is an arbitrary deterministic initial
state, it follows from (100) that

ry(P+ P —8—8)z) =0

which indicates P+ P = S + S .
Hence, we have S = P and S = P, i.e., the uniqueness has
been proven. The proof is complete. |

APPENDIX F
PROOF OF THEOREM 4

Proof: “Sufficiency”’: Under Assumption 1 and the exact ob-
servability of (4, A, C, C, Q'/?), if the coupled ARE (34) has
a unique positive definite solution, P > 0 and P + P > 0, we
shall show that mean-field system (1) is stabilizable with con-
troller (47) in the mean square sense.

Following from Remark 7, if (4, A, C, C, Q'/?) is exact ob-
servable, we know system (A, C, Q'/2) is exact observable.

By following the discussions of (71)—(79) in the proof of
Theorem 3, then system (A, C) is mean square stable. There-
fore, mean-field system (1) can be mean square stabilizable with
the controller (47).

“Necessity””: Suppose Assumption 1 and the exact observabil-
ity of (5) hold, if the system (1) is mean square stabilizable, we
will show that the coupled ARE (34) admits a unique positive
definite solution.

First, under Assumption 1, from Lemma 3 and (98)-(100),
we know that the coupled ARE (34) admits a unique solution
satisfying P > 0 and P + P > 0. In what follows, P > 0 and
P 4 P > 0 will be shown.

In fact, suppose this is not true, since E(z{zo) = E(X{Xo),
then there exists Xo # 0 (i.e., xy # 0) satisfying E(X{PXy)
= 0, the symbols P, X, are given in (5) and Lemma 4.

From Lemma 4, we know that the mean square stabilization of
system (1) with controller (47) is equivalent to the mean square
stable of system (46) (A, C, Q'/2), and the solution to ARE
P, P satisfies Lyapunov equation (43)—(44). Next, by following
from the derivation of (65) and letting the initial state be X
defined above, we obtain

N
0< > E(X,0X;) = —E(XyPXy) <0
k=0

which indicates O'/2X;, = 0, a.s.

On the other hand, as stated in Remark 7, the exact observ-
ability of system (A, C, Q'/?) can be obtained from the exact
observability of system (5). Thus, we can conclude X, = 0,
which contradicts with X, # 0. Therefore, we can conclude
P>0and P+ P > 0.

(101)
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Finally, by following (96), we know that the stabilizing con-
troller (47) minimizes the cost function (3). Moreover, similar
to (97), ui, € U, can be derived. The proof is complete. [ |
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