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1 Introduction

The aim of the present paper is to study the global solutions for a Ric-
cati equation arising in discrete-time stochastic zero sum L(Q dynamic games
with periodic coefficients. The theory of linear quadratic differential games
based on Riccati equations has been received much attention [15]. The
increasing interest in investigation of control problems for systems with pe-
riodic coefficients can be viewed in [1, 2, 4, 13]. The infinite time horizon
nonzero-sum linear quadratic differential games of stochastic systems is dis-
cussed in [17].

The investigations presented in this paper can be considered as an ex-
tension of the results published in a paper from the same journal [9]. In this
previous work some iterative methods for computing the stabilizing solution
of the discrete-time generalized Riccati equations with definite quadratic
part were developed. Here, we consider the discrete-time Riccati equation
with an indefinite quadratic term and moreover, we will discuss some details
reporting the role of the stabilizing solution of the considered Riccati type
equation satisfying the appropriate sign conditions in derivation of the equi-
librium strategy in the case of a discrete time zero sum game with periodic
coefficients.

2 The problem

2.1 Model description

On the space S,, of the symmetric matrices of size n x n we consider the
discrete time backward nonlinear equation

X(t) = I()[X(¢+1)] + M(t) — (L(t) + () [X (¢ +1)]) Q)
x (R(t) + T3()[X (¢ + D) L) + T ()X (¢ + D)7

t € Zy+ = {0,1,...} where the operators X — II;(¢)[X],j = 1,2,3 are
described by

I (0[X] =Y ALOXAR(t), Ta()[X] = AL ()XBx(1), (2)
k=0 k=0
I3(t)[X] = Y By ()X Bil(t)
k=0

for all X € &,. This kind of discrete-time nonlinear equations occurs in
connection with the solution of a linear quadratic control problem described
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by a controlled system of the form:

M=

2(t +1) = Ao(t)z(t) + Bo(t)u(t) + > wi(t)(Ar(t)z(t) + Bi(t)u(t)),

=1 (3)

k=1

t>0,

8
~—~

a)
=

zg € R™ and the quadratic functional

J (o, u) = E[i (D) W) Q) (2T() uT(t) )] (4)

t=0

where
M) L)
o= 170) o) ) ®)

In (3) {w(t) }e>0 (w(t) = (wi(t), ..., w,(t))T) is a sequence of r-dimensional
independent random vectors defined on a probability space (2, F,P) and
having the properties that

Elw(t)] =0, Elwt)w! ()] =1, tcZ,.

Throughout the presentation E|-] denotes the mathematical expectation and
the superscript 1" stands for the transpose of a vector or a matrix.

In (4) z4(t), t > 0 is the solution of the problem with given initial value (3)
corresponding to the input u = {u(t)}+>0 C R™.

We recall that ¢2{Z,,R™} denotes the linear space of the stochastic pro-
cesses u = {u(t)}+>0 with the properties:

a) for each t > 0, u(t) : @ — R™ is measurable with respect to the sigma
algebra JF; where F; is the sigma algebra generated by the random vectors
w(s), 0<s<t—1,if t > 1 and Fyp = {Q,0};

o

b) t;)EHu(t)P] < 0.

The class of admissible inputs Uygm, (o) consists of all stochastic pro-
cesses u € 2 {Z, ,R™} with the additional properties

a) —00 < J(xp,u) < 00
8 Jim Bl =0. )

Regarding the sequences { Ay, (t)}teZ+a {Bk@)}tem, {M(t)}tez+7 {L(t)}tem,
{R(t)}tez, we make the assumptions:
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-

H;) (i) there exists an integer 8 > 1 such that Ag(t + 0) = Ag(t)
Bi(t+0) = Bi(t), 0 < k <r, M(t+60) = M(¢t), L(t+0) = L(t), R(t+0) =
R(t), Vt € Zy;

(is) M(t) = MT(t), R(t) = RT(t), t € Z.

Since, in the special case r = 0 the nonlinear equation (1) reduces to the
well known discrete time Riccati equation involved in the solution of some
linear quadratic control problems for the deterministic framework, we shall
call equation (1) with » > 1, discrete-time Riccati equation of stochastic
control (SDTRE).

The SDTRE (1) can be written in a compact form as

X(t)=R(t,X(t+1)) (7)
where (¢, X) — R(t,X) : DomR — S, is the Riccati operator described by

R(t, X) = I (H)[X] = (L(#) + T2 (8)[X])

< (R(E) + () X)L (L (1) + Ta(t)[X])T + M (1) ®)

and DomR = {(t, X) € ZxS,|det(R(t)+113(t)[X]) # 0}. One sees that if X

is such that (¢, X) € DomR then the operator valued function X — R(t, X)
is Frechet differentiable at X = X. By direct calculations one obtains that
the Frechet derivative Rx (¢, X) is given by

Rx(t, X)Y = Y (Ax(t) + Bu) FX(0)TY (A(t) + B () FX(8)  (9)
k=0

for all Y € &, where
FX(t) = —(R(t) + Ta(0)[X]) 7 (L() + Ta(1) [X])" (10)

2.2 The stabilizing solution of SDTRE

For a sequence of matrices {F(t)},cz, C R™*"™ we introduce the se-
quence of linear operators {Lr(t)}iez, as:

r

Lr(t)[X] =Y (A(t) + Bi(t)F(£)) X (A() + Be(t)F (1) (11)
k=0

On the space S, we introduce the inner product

< X,Y >=Tr[XY] (12)
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VX,Y € S,. The space S, equipped with the inner product (12) becomes a
finite dimensional real Hilbert space.

By direct calculation one obtains that the adjoint of the linear operator
Y — Rx(t, X)Y with respect to the inner product (12) is given by

R (6, X)Y =Y (A(t) + Bu()FX (6))Y (A(t) + By () FX ()T (13)
k=0

forall Y € S,.
Now we are in position to introduce the concept of stabilizing solution of
SDTRE (1).

Definition 1. A global solution {Xs(t)}icz of (1) is named stabilizing
solution if the zero solution of the discrete time linear equation on S,:

Z(t+1) = Lp,(8)[Z(t)] (14)

is exponentially stable, where Lp, (t) is the linear operator of type (11)
associated to the gain matrix

Fy(t) = —(R(t) + T3(t)[Xs(t + D) THLE) + Ta(t) [Xs(t + D)7, ¢ € Z.(15)

The next result provides equivalent definitions of the concept of stabilizing
solution of the equation (1).

Proposition 1. The following are equivalent:

(1) {Xs(t) hiez is stabilizing solution of SDTRE (1) in the sense of Def-
mition 1;

(ii) the zero solution of the discrete-time linear equation on Sy:

Y(t+1) = Ri(t Xs(t+1)Y (1)

1s exponentially stable;
(i1i) the zero solution of the discrete time linear stochastic equation

2t 4+ 1) = [Aol®) + BoFu(®) + 3 we®)(Axlt) + Be®RO)]a(t) (16)
k=1

(obtained plugging u(t) = Fs(t)x(t) is (3)) is exponentially stable in mean
square (ESMS).

Proof. The equivalence (i) < (i7) follows from the fact that R*% (¢, X,(t+
1)) coincides with Lg, (t). The equivalence (i) < (ii7) is just the equivalence
between the property of ESMS of (16) and the exponential stability of the
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linear equation defined by the sequence of Lyapunov type operators associ-
ated to this linear stochastic equation. O

The next result provides two important properties of the stabilizing so-
lution of a SDTRE of type (1).

Theorem 2. (i) The SDTRE of type (1) has at most one bounded and
stabilizing solution.

(ii) Under the assumption Hy) the unique bounded and sta-
bilizing solution of SDTRE (1) (if any) is a periodic sequence with period
6.

Proof. (i) Let us assume that the SDTRE (1) has two bounded and
stabilizing solutions { X% (#)}+cz, k = 1,2 and let F¥(¢) be the corresponding
stabilizing feedback gains associated as in (15) when X,(¢) is replace by
XE(t). Let A(t) = X'(t) — X2%(t), t € Z. By direct calculation one obtains
that A(-) is a bounded solution of the discrete time backward linear equation:

T

A(t) = Y (Ax(t) + Br(t)F2 () At + 1) (Ap(t) + Be(DF(t)), t € Z.(17)
k=0

Employing the property of ESMS of the linear stochastic equations
z(t + 1) = [Ao(t) + Bo(?) +Zwk t) + Br(t)FJ(t))]z(t)

j = 1,2 one shows that the equation (17) has a unique bounded solution.
This allows us to conclude that X!(t)— X2(t) = 0, t € Z, which confirms the
uniqueness of the bounded and stabilizing solution of the Riccati equation
(1).

(ii) If {X5(t) }1ez is the bounded and stabilizing solution of the equation
(1) we set X,(t) = X(t +0), t € Z. If the assumption Hy) is fulfilled one
shows that {X,(t)}ez is also a bounded and stabilizing solution of SDTRE
(1). From the uniqueness of the bounded and stabilizing solution it follows
that X,(t) = Xs(t), t € Z, i.e. X,(t+0) = X,(t), t € Z. O

In order to point out the role of the bounded and stabilizing solution of
SDTRE (1) in the construction of the optimal control of a linear quadratic
control problem described by the control system (3) and the performance
index (4), we recall the following:

Proposition 3. If {Xs(t)}iez is the bounded and stabilizing solution
of SDTRE (1) and F(t) is the corresponding stabilizing feedback gain, then
the following hold:
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(i) the performance index (4) may be rewritten as:

J(wo,u) = 2l X (0)o + 2) Bl(u(t) — Fy(t)za()” )
X(R(t) + 3(6)[Xs(t + D) (u(t) — Fs(@)zu(t))]

for all u € Upgm (x0);

(i) let
a(t) = Fy(t)a(t) (19)

where &(t), t > 0 is the solution of equation (16) satisfying the initial con-
dition £(0) = x¢.

Under these conditions, U € Uggm (x0) and zz(t) = Z(t), t > 0.

From (18) one sees that a fundamental role in the establishment of the
type of the optimal control problem described by the system (3) and the
performance index (4) is played by the signature of the matrices

R(t, X, (t + 1)) = R(¢) + 3 (t)[X,(t + 1)], £ > 0. (20)

We distinguish the following important cases:
1) There exists v > 0 such that

R(t, Xs(t + 1)) > vl vVt > 0. (21)
In this case, (18) yields:
J(wo,u) = J (w0, @) = 2 Xs(0)x0, Vit € Uadm (0)

and Vzo € R™. This means that () defined in (19) is the unique control
which is minimizing the cost functional (4).
2) There exists v > 0 such that

R(t, Xs(t+1)) < —vly,, Vt>0. (22)

In this case (18) leads to J(zo,u) < J(z0, @) = 28 X5(0)z0, Yu € Unam (z0),
zo € R™. In this case, @ provides the maximal value of the cost functional
(4).

3) For each t € Z, the matrix R(¢, X5(¢ + 1)) has m; negative eigen-
values and meo positive eigenvalues where my > 1, k = 1,2, do not depend
upon ¢t and m; + mg = m the number of the inputs of (3). In this case,
the linear quadratic control problem described by the controlled system (3)
and the performance index (4) is a problem of discrete-time linear quadratic
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dynamic games. This kind of optimal control problem will be analysed in
detail in the next section.

Remark 1. a) It must be noted that we do not know apriori the initial
values of some time instance tg of the bounded and stabilizing solution of
the Riccati equation (1). That is why the problem of the existence of such
a solution is a difficult problem. Unlike the problem of the uniqueness of
the bounded and stabilizing solution of a SDTRE of type (1), the problem
of the existence of this kind of solution can be solved taking into account
the sign conditions which we want to be satisfied by the matrices from (20).
The necessary and sufficient conditions for the existence of the bounded and
stabilizing solution of a Riccati equation of type (1) satisfying sign conditions
of type (21) may be found, for example, in Theorem 5.12 in [7]. Necessary
and sufficient conditions for the existence of the bounded and stabilizing
solution of (1) satisfying sign conditions of type (22) may be deduced from
those obtained in the case when the conditions of type (21) are satisfied.
In Section 4, we will provide a set of sufficient conditions to guarantee the
existence of the bounded and stabilizing solution X(-) of a Riccati equation
of type (1) with the property that the matrices R(¢, Xs(¢+1)) have indefinite
sign.

b) From the uniqueness of the bounded and stabilizing solution one de-
duces that in the case of a linear quadratic control problem described by
a controlled system of type (3) and a performance index of type (4) the
bounded and stabilizing solution SDTRE (1) (if any) will satisfy at most
one of the sign conditions discussed above. Hence, for a given controlled
system and a given performance index only one of the optimal control prob-
lems displayed above (minimization, maximization or dynamic game) may
be well posed.

3 Discrete-time zero sum L(Q dynamic games

Let us assume that based on the some practical considerations, the inputs
of the system (3) are partitioned as follows:

u(t) = (ui(t), ua(t)), (23)

where u;(t) € R™, j =1,2. Correspondingly we have the partitions:

Bi(t) = ( Bra(t) Be(t) ), L(t) = ( Li(t) La(t) ) (24)
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By;(t), L(t) e R™™i, j=1,2, 0<k<r,

_( Ru(t) Ria(t)
70 = (50 reo ) %)

where Rij(t) e R™ixmy 4 5 =1,2.
The partitions (24), (25) lead to the following partitions of the operators
defined in (2):

() [X] = (Hoa(t)[X] Tap(t)[X]) (26)
_ (T3 nn()[X] T3 12(8)[X]
mm“](H$@M]£me)
where Il (£)[X] = éo AT (£)X By (1), .15 (1)[X] = ’éo BL()XBy(t), i.j=

1,2.
Employing (23), (24) we rewrite the system (3) as

z(t+1) = Ao(t)x(t) + Boi(t)ui(t) + Boa(t)ua(t) +

+ Zr: wi (t) (A (£)x(t) + Bri(t)ur(t) + Bra(t)ua(t)). (27)
k=1

In order to introduce the terminology used in the game theory, the input
ug(t) will be called STRATEGY (or POLICY) of the k-th player, k =1, 2.

In this section we assume that each player has access to the strategy in
a state feedback form, i.e.

uk(t) = Fi(t)x(t) (28)
where Fj(t) € R™>*" k = 1,2. Substituting ug(¢) in (4) using (28) we

obtain a new version of the performance index:

T(wo.Fr.F2) = 3 E()(M() + Li(O)F (1) + La(t) B0
= (29)
+FE@OLT )+ FE @) LE () + f}l FI(#)Rij(t)F;(1)zr(t)]
1,j=
where zp(t), t > 0 is the solution of the closed loop system:

z(t+1) = (Ao(t)+ Boi(t)Fi(t) + Boa(t)Fa(t))z(t +

+ O wi(®)(Ar(t) + Bra(t)Fi(t) + Bra(t) Fa(t)))z(t) (30)
k=1
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satisfying 2 (0) = o and Fy, = {Fj(t) }1ez, . k= 1,2.
By Fadm we denote the set of the §-periodic sequences (F1,Fo) = {(Fi(t),
F5(t)) ez with Fi(t) € R™#*" k = 1,2 and having the property that the
corresponding system (30) is ESMS.

Definition 2. We say that (Fy,F3) € Fugm or equivalently

(a1(t), w2(t)) = (Fa(8)a(t), Fa()i(t))

is a closed-loop equilibrium strategy of the discrete-time zero-sum dynamic
games described by the dynamic system (27) and the performance index
(29) if

J (w0, F1, F2) < J(xo,F1,Fa) < J(xo,F1,Fo) (31)
for all (F1,F2) and (Fy,F) lie in Fugm.

From (31) one sees that the aim of the player which computes the strat-
egy usz(t) is to minimize the performance index (29), while the player which
computes the strategy u;(¢) wants to maximize the same performance index.

The next result points out the role of the bounded and stabilizing solu-
tion of SDTRE (1) in the construction of a closed-loop equilibrium strategy
for a discrete time zero sum dynamic game.

Theorem 4. Assume: a) the assumption Hy) is fulfilled.
b) the SDTRE (1) has a bounded and stabilizing solution {Xs(t)}iez
satisfying the following sign conditions:

Riy(t)+ Y BR(H)Xs(t + 1)Bya(t) < 0 (32)
k=0

Roa(t) + Y Bia(t) Xs(t + 1) Bra(t) > 0 (33)
k=0

0<t<o—-1.
Let Fy(t) be the corresponding stabilizing feedback gain associated via (15).
We set

Fa(t)=(In, 0)Fs(t), Felt)= (0 In, )Fst).
Under these conditions

(@1 (1), U2 (t)) = (Fa(t)Z(t), Fsa(t)2(1)) (34)
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1$ a closed-loop equilibrium strategy for the zero-sum LQ dynamic game de-
scribed by the system (27) and the performance index (29).

Proof. Employing (18), (25), (26), (32)-(34) we get

Nmﬂ@ngWWFENMWT
X (Ruy (£) + Tl 11 (8) X (¢ + D)((FL () — Far (£)2(1))] + 2 X4 (0)g
2 X5(0)zo = J(z0,F1,Fo)

IN

IN

%&@m+§)wmw—mwmwﬁ

x (Raa(t) + H3_,22(t)[Xs(t + D) ((Fa(t) — Foo(t)Z(t))] = J(20,F1,Fa)

for all (F1,Fs) € Fugm such that (F1,Fy) and (Fy,Fy) lie in Fogpm, where
Fi = {Fr(t) }rez, k = 1,2, 2(t) is the solution of (30) when Fy(¢) is replaced
by Fyo(t) and Z(t) is the solution of (30) when Fi(t) is replaced by Fgi(t).
a

From Theorem 4, it follows that it is useful to know conditions which
guarantee the existence of the bounded and stabilizing solution of a Riccati
equation of type (1) satisfying sign conditions of type (32) and (33). Such
conditions will be provided in the next section.

4 A set of sufficient conditions for the existence of
the bounded and stabilizing solution of a SDTRE
with indefinite sign

Let us denote by £ the set of sequences K = { K (t) }1cz, K(t) € R™2*",
which are periodic of period 6 and have the properties:

a) the discrete-time system
w(t+1) = [Ao(t) + Boa () K (1) + Y wi(t)(A(t) + Bra(t) K (1)) (35)
k=1

is ESMS,
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b) the SDTRE

Y(t) = kZ:)O(Ak(t) + Bra() K ()Y (t + 1)(Ax(t) + Bra(t) K (¢))

—wKa>+g;oua>+znwau»Tya+—mBm@ﬂ
- (36)
X[But) + 2 BLOY (t+1)Bja (1)

X[Lp(t) + Iéo(Ak(t) + Bro(t) K (£))Y (t + 1) B (t)]" 4+ Mg (t)

has a bounded and stabilizing solution {?K(t)}tez satisfying the sign con-
ditions

Ry (t Z )Y (t +1)Bj1(t) <0 (37)
0<t<6—1, with
Lk (t) = La(t) +KT( )R, (1)
My (t) = < I, ) ( M(t) La(t) ) < I, ) (38)
K(t) LI(t) Raa(t) K@) )

Remark 2. According with Theorem 2 applied in the case of equa-
tion (36) we deduce that if the assumption Hy) is fulfilled, then the unique
bounded and stabilizing solution of this Riccati equation is a periodic se-
quence of period #. That is why, in (37) we have taken 0 < ¢ < # —1 instead

of t € Z. For the developments from this section we need the following
assumption:

Haz) Rao(t) >0 and M(t) — La(t)Ryy (1) LE(t) >0, t€Z.

We associate the following auxiliary system:

D) = o)+ Y we®A0)e() (39)
k=1
J) = COalt).

t > 0, where we have denoted

Ap(t) = Ap(t) — Bra(t) Ry () L5 (t)
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0 < k <r and C(t) are obtained from the factorization

(C)TC(t) = M(t) — La(t) Ry (1) L3 (t).

Definition 3. We say that the system (39) is stochastically detectable
if there exists a 6 periodic sequence {H (t)};>0 such that the system

(t+1) = (Ao(t) + H)C(t) + Y wi(t) Ax(t))z(t)
k=1

is ESMS.

Criteria for testing the property of stochastic detectability of the system
(39) may be expressed in terms of solvability of some systems of LMIs.

The main result of this section is:

Theorem 5. Assume: a) the assumptions Hy) and Ha) are fulfilled,

b) the system (39) is stochastic detectable,
c) the set R is not empty.

Under these conditions, the SDTRE (1) has a bounded and stabilizing
solution X(-) satisfying the sign conditions (52), (33). Furthermore, we
have: 0 < X (t) < X(t), t € Z, where X(-) is an arbitrary positive semi-
definite solution of (1) satisfying the sign conditions of type (32), (33).

Proof may be done following step by step the proof of the main result
from [5].

Remark 3. One checks that if the SDTRE (1) has a bounded and sta-
bilizing solution X(-) which is positive semidefinite and satisfies the sign
conditions (32), (33), then the sequence of feedback gains Fy = {Fia(t)}iez,
lies in K. So, one sees that the condition ¢) from the statement of Theorem 5
is also a necessary condition for the existence of bounded and stabilizing so-
lution of the Riccati equation (1) which is positive semidefinite and satisfies
the sign conditions of type (32), (33).

The next result allows us to test if the set K is not empty.

Proposition 6. If the assumptions Hy) and Ha) are fulfilled, then the
following are equivalent:

(1) the set R is not empty,

(ii) there exist matrices Z(t) € Sy, and I'(t) € R™>*" 0 <t <60 —1
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satisfying the following system of LMIs:

ooty W) vl . Wl v,
Wo(t) —Z(E+1) 0 .. 0 0
U (t) 0 —Z(t+1) ... 0 0 <0 (40)
(1) 0 0 . —Zit+1) 0
Uoa(t) 0 0 . 0 1,
0<t<0—1, with Z(6) = Z(0), where
Solt) = ( )20 1 AT ) Z(t)Ll(t)Rj;(t)RlTQ(t) > /

Ui(t) = (Ap(t)Z(t) + Bra(t)T'(t) Bpa(t) ), 0<k<r
U1 (t) = (U1(t)Z(t) + Ua2(H)0(t) 0 )
Ui(t),Us(t) are obtained from the factorization

t) Raa(t)

(
and p = o nax lranng(t). Furthermore, if Z(t), T'(t), 0 <t <60 —11isa

solution of (40), then K(t) = T'(t)Z~1(t) lies in &.

(w0 w0 ) (0w vw)=( 10 20 2 e
2

5 An example

Proposition 6 can be considered as a practical test whether the set R is
not empty.
We consider the discrete-time equation (1) in the special case r = 1:

X(t) = Sjog AT OX(t+ 1) 45(8) — [0 AT ()Xt +1) ( Bu(t) Bpa(t) )]
<[R(t) + Yty ( Bi(t) Bp(t) ) X(t+1)( Bu(t) Bp(t) )]
g0 AT (OX (¢ +1) ( Bju(t) Bpa(t) )"+ M(1)

(41)
Rll(t) ng(t)
Riy(t) Raa(t)
tion of (41) satisfying the sign conditions:

where R(t) = < > We are looking for the stabilizing solu-

Ry (t) + i B]TI (t)Xs(t+1)Bji(t) <0 (42)
=0
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T

Roo(t) + Y Bjo(t) Xs(t +1)Bja(t) > 0

(43)

=0

tecZ.

Assuming 6 = 3 we construct the matrix coefficients:

a0 = (58
a0 = (2
am=( 0%

M(0) = 0.012xeye(n, n);,

-0.2 —-04 —-0.8 —-0.6
Bo1(0) = ( ~0.25 —0.12 )’B‘”(l) = < 05 09 )
-0.04 -0.3 —-0.3 —-0.9
Bo1(2) = ( —0.05 0.06 >’ Bo2(0) = ( -1.6 —1.2 )’
—0.04 —0.07 -03 -13
By(0) = [Bo1(0) Bo2(0)];, Bo(1) = [Bo1(1) Bo2(1)];, Bo(2) = [Bo1(2) Bo2(2)};,
08 —14 —0.04 —0.12
B11(0) = ( 05 1 ) Bu(1) = ( —-0.05 0.1 )’
08 —1.1 0.05 —0.02
Bu(2) = ( 05 1 > Bi2(0 ( —0.03 —0.02 )
—-14 -0.35 —-0.17 —-0.04
Bia(1) = ( —0.28 —0.32 ) Bua(2 ( 0.16 —0.16 ) ’
B1(0) = [B11(0) B12(0)];, Bi(1) = [Bui(1) Bi2(1)];, Bi(2) = [B11(2) Bi2(2)];,
0.05 0.01 0.45 0.18 0.28 0.24
R11(0) = — < 001 098 ) R (1) = — ( 018 04 > Bu(2) = - < 0.24 0.35

R12(0) = zeros(2,2);,

0.65 0.55

Ra2(0) = < 0.55 0.8

M(1) = 0.014xeye(n,n);,

)=

0 —0.02 —0.8
-0.2 )’Ao(l) B ( -012 0 )
—0.8 —-0.02 —0.8

0 ) A1(0) = < —-0.16 —0.12 )
—0.04 —0.09  0.02
0.06 )’A1(2) - ( —0.03 —0.05 )

M(2) = 0.018xeye(n,n);,

R12(2) = zeros(2,2);,

),322(2) _ ( 0(.)2

Ri2(1) = zeros(2,2);,

0
0.2

0.14 0.15
0.15 0.4

)
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R(0) = [R11(0) 0; 0 Ra2(0)];,
R(1) = [R11(1) 0; 0 Rao(1)];,
R(2) = [Rn(?) O; 0 R22(2)];,

L(0) = [L1(0) Lo(0));, L(1) = [La(1) Lo(V)];,  L(2) = [La(2) La2(2)];,

The inequality (40) has the form for the above example r = 1,k =0, 1

Oo(t) Y5 (t) uT(t) Wit

Uo(t) —Z(t+1) 0 0

w0 —ze+n o | (44)
Wy(t) 0 0 -1,

Solving the set of inequalities (44) with ¢ = 0, 1,2 we obtain:

44.6198 —7.3326 54.1656  1.3032
20) = < —7.3326 24.3876 ) » 2() = < 1.3032  28.5697 ) ’

42.8520 —0.5892 —1.4582 —0.2774
2(2) = < —0.5892  23.3102 > » T0)= ( 0.0822  —0.0908 ) ’

~1.8313  —0.2965 ~1.1588 —0.1498
F(1>_< 0.2880  0.0471 > )= < —0.7251  —0.1350 >

6 Conclusion

We present an open problem. Find a set of sufficient conditions which
avoid the restrictive assumption Hsg) for the existence of a bounded and
stabilizing solution of SDTRE (1) satisfying the sign conditions of type (32)-
(33).



60

V. Dragan, I.G. Ivanov

References

[1]

2]

[3]

F.A. Aliev, V.B. Larin, Optimization Problems for Periodic Systems,
Int. Appl. Mech., 45,11, 11621188, 2009.

S. Bittanti, P.Colaneri. Periodic Systems, Filtering and Control,
Springer- Verlag, London, 2009.

V. Dragan, S. Aberkane, I. G. Ivanov, An iterative procedure for com-
puting the stabilizing solution of discrete-time periodic Riccati equa-
tions with an indefinite sign, Proceedings of the 21-st International
Symposium on Mathematical Theory of Networks and Systems, July
7-11, 2014, Groningen, The Netherlands, 176-183.

V. Dragan, S. Aberkane, I. G. Ivanov, On computing the stabilizing
solution of a class of discrete-time periodic Riccati equations,Int. J.
Robust Nonlinear Control, (2015), 25, 7, 1066- 1093.

V. Dragan and T. Morozan, Global solutions to a game-theoretic Ric-
cati equation of stochastic control, J. Differ. Equ., 138, 2, (1997), pp.
328-350.

V. Dragan and T. Morozan, Game theoretic coupled Riccati equations
associated to controlled linear differential systems with jump Markov
perturbations, Stochastic Analysis and Appl., 19, 5, (2001), pp. 715-751.

V. Dragan, T. Morozan, A.M. Stoica, Mathematical Methods in Robust
Control of discrete-time linear stochastic systems, Springer New-York,
2010.

V. Dragan, A. Halanay and V. Ionescu, Infinite horizon disturbance
attenuation for discrete time systems. A Popov-Yakubovich approach,
Integr. Equat. Oper. Th., 19, (1994), pp. 153-215.

V. Dragan, 1.G. Ivanov, Several iterative procedures to compute the
stabilizing solution of a discrete-time Riccati equation with periodic
coefficients arising in connection with a stochastic linear quadratic con-
trol problem, Ann. Acad. Rom. Sci. Ser. Math. Appl. Vol. 7, No. 1,
(2015), 98- 120.

Y. Feng, B. D. O. Anderson, An iterative algorithm to solve state-
perturbed stochastic algebraic Riccati equations in LQ zero-sum games,
Systems and Control Letters, 59, (2010), pp.50—-56.



Discrete-time Riccati equations with periodic coefficients 61

[11]

D. Hernandez-Hernandez, R.S. Simon, M. Zervos, A zero-sum game
between a singular stochastic controller and a discretionary stopper,
Ann. Appl. Probab., 25, 1, 46-80, 2015.

I. Ivanov, V. Dragan, Decoupled Stein iterations to the discrete-time
generalized Riccati equations,IET Control Theory and Applications,
vol. 6, 10, (2012), 1400- 14009.

V.B. Larin, High-Accurasy Algorithms for Solving of Discrete Periodic
Riccati Equation, Appl. Comput. Math., 6, 1, 10-17, 2007.

H. Sun, M. Li, S. Ji, L. Yan, Stability and Linear Quadratic Differential
Games of Discrete-Time Markovian Jump Linear Systems with State-

Dependent Noise, Mathematical Problems in Engineering, Vol. 2014,
Article ID 265621, 2014.

van den Broek, W.A., Engwerda, J., Schumacher, J.M.: Robust Equi-
libria in Indefinite Linear- Quadratic Differential Games, Journal of
Optimization Theory and Applications, 119(3), 565-595 (2003).

D. Vrabie, F. Lewis, Adaptive dynamic programming for online solution
of a zero-sum differential game, Journal Contr. Theory and Appl., 9, 3,
(2011), pp. 353-360.

H. Zhu, C. Zhang, Infinite time horizon nonzero-sum linear quadratic
stochastic differential games with state and control-dependent noise,
Journal of Control Theory and Applications, 11, 54, 629-633, 2013.



