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Abstract. The paper studies the open-loop saddle point and the open-loop lower and upper
values, as well as their relationship for two-person zero-sum stochastic linear-quadratic (LQ, for
short) differential games with deterministic coefficients. It derives a necessary condition for the
finiteness of the open-loop lower and upper values and a sufficient condition for the existence of
an open-loop saddle point. It turns out that under the sufficient condition, a strongly regular
solution to the associated Riccati equation uniquely exists, in terms of which a closed-loop
representation is further established for the open-loop saddle point. Examples are presented to
show that the finiteness of the open-loop lower and upper values does not ensure the existence
of an open-loop saddle point in general. But for the classical deterministic LQ game, these two
issues are equivalent and both imply the solvability of the Riccati equation, for which an explicit

representation of the solution is obtained.
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1 Introduction

Let (92, F,P) be a complete probability space on which a standard one-dimensional Brownian
motion W = {W(t);t > 0} is defined, and let F = {F;};>0 be the usual augmentation of the
natural filtration generated by W. Consider the following controlled linear stochastic differential
equation (SDE, for short) on a finite horizon [0, T:

dX (t) = [A(t)X (t) + Bi(t)ur(t) + Ba(t)ug(t)]dt
+ [C(t)X (t) + D1 (t)ur(t) + Da(t)ua(t)|dW (t), (1.1)
X(0) ==,
where A,C : [0,7] - R™"™ and B;,D; : [0,T] — R™™i (i = 1,2), called the coefficients of

the state equation (1.1), are given bounded deterministic functions; the process u; (i = 1,2),

belonging to the space

U:[0,T] = {go L 0,7] x Q — R™

¢ is F-progressivley measurable, E fOT lo(t)|2dt < oo},
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is the control of Player ¢; and x € R" is a given initial state. The criterion for the performance
of u; and us is given by the following quadratic functional:

r (@ ST S5\ [X\ (X
J($;U1,u2):E{<GX(T)aX(T)>+/ < S1 R Rag | |wi |, |w >dt}, (1.2)
0 Sy Ro1 Raa) \ug U2

where G is an n X n symmetric real matrix; @ : [0,7] — R™*™ S; : [0,T] — R™*" and
R;; - [0,T] — R™*™5 (4,5 = 1,2) are bounded functions with

.
_ Rii(t) Ria(t)\  [Ru(t) Raa(t)
Q" = Q). <R21(t) R22(t)> B <Rz1(t) 322(t)>  VeloTl

In the Lebesgue integral on the right-hand side of (1.2), the variable ¢ is suppressed for conve-
nience.

The functional (1.2) can be regarded as the loss of Player 1 and the gain of Player 2. So
in this two-person zero-sum stochastic linear-quadratic differential game (Problem (SLQG), for
short), Player 1 wants to find his/her control that minimizes the loss, while Player 2 wants to
find his/her control that maximizes the gain. The best choice for the two players is a control
pair such that no one can benefit by changing his/her control while the other keeps his/her
unchanged. Such a pair (u},u3) is called an open-loop saddle point, mathematically defined by
the following inequalities:

J(x;ul,ue) < J(x;uy,uy) < J(z;ug,uy),  V(ug,ue) € Ur]0,T] x U0, T.

Another two important notions in game theory are the open-loop lower and upper values defined
as

V7 (z) = sup inf  J(z;ui,us) and V7T(z)= inf sup  J(x;up,uz),
uz €U [0,T] w1 EUL [0,7] w1 €UL[0, T oy ety [0,T]
respectively. It is clear that V'~ (z) < VT (x). In the case of V~(z) = V*(x), we denote by V(z)
the common value and say that the game has an open-loop value at x.

Linear-quadratic (LQ, for short) differential games constitute an important class of differ-
ential games. They are widely encountered in many fields, such as engineering, economy, and
biology, and also play an essential role in the study of general differential games (see, for exam-
ple, [9, 4]). The study of deterministic LQ differential games (Problem (DLQG), for short), in
which the state evolves according to an ordinary differential equation (ODE, for short), can be
traced back to the work of Ho-Bryson-Baron [10], in the context of a linearized pursuit-evasion
game. Later, Schmitendorf [12] studied the open-loop and closed-loop strategies for Problem
(DLQG) in a rigorous framework and showed that the existence of a closed-loop saddle point
might not imply the existence of an open-loop saddle point. In 1979, Bernhard [3] considered
the zero-sum game with the additional restriction on the final state from a closed-loop point of
view; see also the follow-up work of Bagar-Bernhard [1]. In 2005, Zhang [23] established the
equivalence among the existence of a finite open-loop value, the finiteness of open-loop lower
and upper values, and the existence of an open-loop saddle point for a class of deterministic
LQ differential games. The results of Zhang [23] were later sharpened by Delfour [5] in 2007
and generalized to closed-loop LQ differential games by Delfour—Sbarba [6] in 2009. Two-person
zero-sum stochastic LQ differential games (Problem (SLQG)) have also been considered by many



authors. Mou—Yong [11] studied Problem (SLQG) from an open-loop point of view by means
of the Hilbert space method. Sun—Yong [15] established the characterizations of open-loop and
closed-loop saddle points for Problem (SLQG) and investigated their relationship (see also the
books [21, 18]). Based on the idea in [15], Sun—Yong—Zhang [19] further explored stochastic LQ
differential games over infinite horizons. Yu [22] studied the optimal feedback control-strategy
pair for Problem (SLQG) using a Riccati equation approach. There are many other works on LQ
differential games, among which we would like to mention the works [7, 8, 16] on nonzero-sum
LQ games and the works [2, 20] on mean-field LQ games.

In this paper, the analysis of the above two-person zero-sum stochastic LQ differential game
mainly focuses on the open-loop saddle point and the open-loop lower and upper values, as well
as their relationship. Our approach is partially based on the recently developed results on two-
person zero-sum stochastic LQ differential games and indefinite stochastic LQ optimal control
problems (see [15, 13]). The main contribution of this paper can be briefly summarized as follows
(A complete summary of the results is presented in the conclusion section; see Figure 1).

(i) It is found that in general the finiteness of the open-loop lower and upper values does
not ensure the existence of an open-loop saddle point (see Example 5.2), which is different from
Zhang’s equivalence result [23] for deterministic LQ differential games. In fact, the finiteness of
the open-loop lower and upper values does not even imply the existence of an open-loop value
(see Example 3.2) The reason is that in [23], the stochastic part is absent and an additional
assumption is imposed on the weighting matrices for the controls, i.e., Ri; is required to be
uniformly positive definite and Ros is required to be uniformly negative definite.

(ii) A necessary condition and a sufficient condition are derived for the existence of finite
open-loop values. These two conditions are closely related to indefinite stochastic LQ optimal
problems. It is shown that under the sufficient condition, the associated Riccati equation is
strongly regularly solvable (see Theorem 4.3), and consequently, a unique open-loop saddle point
exists for every initial state and admits a closed-loop representation (see Theorem 4.4). The
solvability of the Riccati equation constitutes the most difficult part of the paper. We overcome
this difficulty by exploring the connection between the stochastic LQ differential game and two
stochastic LQ optimal control problems and examining the local existence of solutions for the
Riccati equation.

(iii) For the deterministic two-person zero-sum LQ differential game, which can be regarded
as a special case of the stochastic game, we establish the equivalence between the existence
of an open-loop saddle point and the finiteness of the open-loop lower and upper values by a
new approach (see Theorem 5.3). More importantly, we find that in the deterministic case, the
finiteness of the open-loop lower and upper values also implies the solvability of the Riccati
equation, for which we obtain an explicit representation of the solution (see Theorem 5.3 and
Corollary 5.5).

The rest of the paper is organized as follows. In Section 2 we give the preliminaries and
collect some recently developed results on stochastic LQ optimal control problems. In Section 3
we study the open-loop lower and upper values, and in Section 4 we establish the solvability of
the associated Riccati equation as well as the closed-loop representation of the open-loop saddle
point. In Section 5, the relationship between the open-loop saddle and the open-loop lower and
upper values is discussed, and an equivalence result is presented for deterministic two-person
zero-sum LQ differential games. Section 6 concludes the paper.



2 Preliminaries

Throughout this paper, R™*™ denotes the Euclidean space of n x m real matrices, equipped
with the Frobenius inner product

(M,N)=tr (M"N), M,N eR™™,

where M T is the transpose of M and tr (M T N) is the trace of M TN. The norm induced
by the Frobenius inner product is denoted by | -|. The identity matrix of size n is denoted
by I, which is often simply written as I when no confusion occurs. Let S™ be the space of
symmetric n X n real matrices and S’}r the space of symmetric positive semidefinite n x n real
matrices. For S"-valued functions M, N on [0,7], we write M > N (respectively, M < N) if
M(t) — N(t) € S (respectively, N(t) — M(t) € S") for almost every t € [0,7T], and we write
M > N (respectively, M < N) if there exists a constant « > 0 such that M (t) — N(t) > al
(respectively, N(t) — M(t) > al) for almost every t € [0, T].

Recall that F = {F;}+>¢ is the usual augmentation of the natural filtration generated by the
Brownian motion W. For a process ¢, we write ¢ € F if it is F-progressively measurable. Let
H be a subset of some Euclidean space. In the following table we list some spaces that will be
frequently used in the sequel.

H) = {gp 0,7 - H { @ is Continuous},
L>(0,T;H) = {gp [0,7] - H | @ is Lebesgue essentially bounded}7

L2(0,T; H) = {gp 0,7 — H | 7 ot |2dt<oo}
L2(0,T;H) = { [0,T] x Q= H | e Fand E [ |o(t |2dt<oo}

Note that LIQF(O, T;R™) is a Hilbert space under the usual product
T
ool =B [ {u(®).oe)dr, w0 € LEO.TiR™)
0

We denote the induced norm of a process u € LZ(0,7;R™) by |lul|. In terms of the above
notation, we see that for Player i, the space of controls is

U;[0,T) = LZ(0, T; R™).

As mentioned in the introduction section, we assume that the coefficients of the state equation
(1.1) and the weighting matrices in the quadratic functional (1.2) satisfy the following conditions.

(A1) A,C : [0,T] —» R™™ and B;,D; : [0,T] — R™ ™ (i = 1,2) are bounded, Lebesgue
measurable functions, i.e.,

A,C € L0, T;R™™),  B;, D; € L*(0, T;R™™).
(A2) GeS" Qe L>®0,T;S"), and for i,j = 1,2,

S; € Lw(O,T;Rmixn), Rij S Lw(O,T;Rmixmj), R;g = Rji.



Next we collect some results from stochastic LQ optimal control theory. Consider the state
equation

{dX(t) = [A@t)X(t) + B(t)v(t)]dt + [C(t)X(t) + D(t)v(t)|dW (t), € [0,T], @)
X(0) =z, '

and the cost functional

r t) ST\ [X(t Xt
T (@;v) :E{(QX(T),X(T)> +/0 <<§((t)) 7&;) (v((t))>, (v((t))> >dt}, (2.2)
where in (2.1),
A,C € L*(0,T;R™™), B,D e L*®(0,T;R"™™),
and in (2.2),
GeS", QeL>®0,T;S"), SeL™®0,T;R™"), ReL*®0,T;S™).
The stochastic LQ optimal control problem is as follows.

Problem (SLQ). For a given initial state € R”, find a control v* € L(0,T;R™) such that
J(x;0") = inf J(x;v) = V(). (2.3)

veLZ(0,T;R™)

The control v* € L]%(O,T;Rm) in (2.3) is called an open-loop optimal control for the initial
state x, and V(z) is called the value of Problem (SLQ) at x.

The following lemmas summarize a few results for Problem (SLQ) that will be needed in the
subsequent sections. The reader is referred to Sun—Li—Yong [13] for proofs; see also the recent
book [17] by Sun—Yong.

Lemma 2.1. If V(z) > —oo for some initial state z, then
J(0;v) >0, Yve Li0,T;R™).
Lemma 2.2. If for some constant o > 0,
J(0;v) = alv]?, Vv e LE(0, T;R™),
then the following hold:
(i) For every initial state x, a unique open-loop optimal control exists.
(ii) The Riccati differential equation
P+PA+ATP+CTPC+Q
~(PB+C'"PD+ST)(R+D'PD) Y (B'"P+D'PC+S)=0, (2.4)
P(T)=¢G
admits a unique solution P € C([0,T];S™) such that
R+D'PD > 0.
In particular, if G > 0, @ > 0, and R > 0, then (2.4) has a unique nonnegative solution
P e C([0,T];ST).
(iii) The unique open-loop optimal control v* for the initial state x admits the following closed-
loop representation:

v =—(R+D " PD)" Y B'"P+D'PC+S)X,

and the value at x is given by

V(z) = (P(0)z, x).



3 Open-loop lower and upper values

In this section we study the open-loop lower and upper values of the two-person zero-sum
stochastic LQ differential game. We derive a necessary condition and a sufficient condition for

the finiteness of the open-loop lower and upper values. First, let us recall the following definition.

Definition 3.1. The open-loop lower value V= (x) and the open-loop upper value V¥ (x) at the
initial state x € R™ are defined by

V7 (zr) = sup inf  J(x;ui,uz) and VV(z)= inf sup  J(x;ug,uz),
u2 €U[0,T] U1 €U1[0,T] u1 €U1[0,T] u2 €U[0,T

respectively. Note that for every x € R",
Vo (z) < V().

If the above holds with equality, we call the common value, denoted by V' (x), an open-loop value
at the initial state z.

It is shown in [23] that for a special class of deterministic two-person zero-sum LQ differential
games, if both the open-loop lower and upper values are finite, they must be equal. However,
this result does not hold in general. Here is an example.

Example 3.2. Consider the one-dimensional state equation

dX (t) = Vtuy(t)dt + tus(t)dW (t), t € [0,1],
X(0) =z,

and the quadratic functional

J(z;ur, up) = E{|X(1)|2 + /O1 [2tu1(t)u2(t) - t2|uz(t)|2}dt}.

We claim that
Vi) =2 V (z)=0, VzreR.
To verify the claim, we observe first that

2

E|X(1)]? = E[m +/01 ﬁul(t)dt] —i—E/Oth]uQ(t)]th

1 1
+2E[/ \/Zul(t)dt/ tug(t)dW(t)].
0 0
It follows that

J(z;uy,up) = E {x + /01 \/Eul(t)dt} 2 + 21[«:/1 tug (t)ug(t)dt

0

+2E[/01\/Eul(t)dt/ltuQ(t)dW(t)]. (3.1)

0

Clearly, we have

sup  J(2;0,up) = 2°. (3.2)
u2€U2[0,1]



For u; # 0 and ug = Auy (A > 0),

QE[/Ol\/%ul(t)dt/ltUQ(t)dW(t)}

2)&[«:[/01\/Eul(t)dt/ltul(t)dW(t)]

0 0
> —)\EK/Ol \/Eul(t)dt)z + </01tu1(t)dW(t)>T
1 1
> —AE/O t|u1(t)|2dt—)\IE/0 t2|uy (t) 2 dt.

Thus, we have

2
J(x;u, Aug) > E[m + /01 ﬂul(t)dt] + \E /Ol(t — tH)|uy () 2dt.

Since for u; # 0,
1
E/ (t — t2)|uy (t)|?dt > 0,
0
it follows that

sup  J(x;ui,u2) = sup J(x;ur, dug) = oo, Vug # 0. (3.3)
u2€U2[0,1] A>0

Combining (3.2) and (3.3) we obtain

VH(zr)= inf sup  J(x;ug,up) = 22,

w1 EUL [071] u2 €U [071]

To show V~(z) = 0, we note that for any us € Us[0,1], v/t and E[tus(t)] are elements of the
Hilbert space L2(0,1;R). Since v/# is not in the (one-dimensional) space generated by E[tus(t)],
by the Hahn-Banach theorem there exists a 4; € L%(0,1;R) C [0, 1] such that

1 1
/ Vit (t)dt = —z  and / a1 (t)E[tug(t)]dt = 0.
0 0
Together with (3.1), it gives (noting that @; is deterministic)

inf  J(z;ui,ue) < J(z5ug,u2) =0, Vus € Us]0,1].
w1 €U1[0,1]

On the other hand, it is trivial that

inf  J(z;u1,0) > 0.
w1 €U1[0,1]

Thus,

Vi(z)= sup iof J(zu1,u2) =0.
u2€Us[0,1] w1€EU1[0,1]

This proves our claim.

The following result gives necessary conditions for the finiteness of the open-loop lower and
upper values.

Theorem 3.3. Let (A1)—(A2) hold.

(i) If V~ (=) is finite for some initial state z, then

J(O; Uy, 0) =0, Yu; € Uy [0, T]. (3.4)



(ii) If V*(x) is finite for some initial state x, then

J(O; 0, UQ) <0, Yus €U [O, T]. (3.5)

Proof. To emphasize the dependence on the initial state and the controls of the two players, we
denote the solution of the state equation (1.1) by X;""*. We now prove (i) by contradiction.
Suppose that J(0;a,0) < 0 for some u; € U1[0,T]. Then for any us € Us]0,T],

inf J(w;ul,ug) < inf J(m‘;)\ﬂl,UQ).
w1 €U1[0,T) AER

Substituting the relation X2 = /\X§1’°+X§}“2 into the expression of J(x; Ay, ug), we obtain

J(x; My, ug) = A2J(0;11,0) + J(2;0,us) + 2Xp(a; @y, uz),

where
, v (@ STOST (xp0) (xi
p(x; U1, uz) = E{<GX31’Oan’u2> +/ < S1 Rii Ry u |, O >dt}-
0 S2 Ro1 Roo 0 U2
Since J(0;u1,0) < 0, it follows that
ulegﬁo,T] J(xyur,ug) < )1\161{% J(x; Aug, ug) = —o0.

Because in the above us is arbitrary, we obtain the contradiction

Vo(w)= sup inf (x5 u1,u9) = —o0.
ua €U [0,T] u1€EUL[0,T]

In a similar manner we can prove (ii). O

Theorem 3.3 tells us that in order for both the open-loop lower value and the open-loop
upper value to be finite, the conditions (3.4) and (3.5) must hold. We now present an example
showing that (3.4) and (3.5) do not necessarily imply the finiteness of the open-loop lower and

upper values.

Example 3.4. Consider the one-dimensional state equation

dX(t) = ui(t)dt + ua(t)dW(t), te][0,1],
X(0) ==,
and the quadratic functional
1
Hasun,u) =B{ = XOP + [ [0 - afo)] .
0
When z =0 and us =0,
1 2 1
E X1 =E [/ ul(t)dt} < IE/ luy (t)]?dt.
0 0

Thus, for every uq,

J(0:u1,0) = E [—\X(l)\Q + /01 ]ul(s)]2ds] > 0.

8



When z = 0 and u; = 0, for every us,
1
50:0,02) = =8 | IXOP + [ Jua(0Pae| < 0.
0

However, V= (z) = —oo for every x # 0. To see this, let us be an arbitrary control of Player 2
and take u; = A € R. Then

2

1 1
EX(1>=E [x + A +/0 u2(t)dW(t)] = (z+ \)? +E/O ug (t)|dt.

It follows that )
J(z: M\ up) = — (2% + 2)3) — 2 / s (£) 2.
0
Since x # 0, we see that for every us,

inf J(z;uq,uz) < if){f J (x5 A, ug) = —o0,
ul

and hence V'~ (z) = sup,, inf,, J(z;u1,uz) = —o0.

Now we introduce a condition slightly stronger than the necessary conditions (3.4)—(3.5) for
the finiteness of the open-loop lower and upper values.

(A3) There exists a constant a > 0 such that

J(Oaulyo)
J(07 07 ’LLQ)

> allui|?, Vu € 040, T, (3.6)
< —allug||?, Yug € Us[0,T].

It can be shown that (A3) is a sufficient condition for the finiteness of the open-loop lower and
upper values at every initial state. In fact, we shall see in the next section that under (A3), the
two-person zero-sum stochastic LQ differential game even admits an open-loop saddle point for
every initial state. Since the argument involves the Riccati equation, we defer the proof to the
next section. For the moment we want to point out that if the necessary conditions (3.4)—(3.5)
hold, then for each A > 0, the quadratic functional defined by

T T
(s, ) 2 J(x;ul,uQ)—i—)\E/ \ul(t)]2dt—)\E/ s (1) 2t
0 0

satisfies (A3). Let V, (z) and V)" (z) be the open-loop lower and upper values corresponding to
the quadratic functional Jy(x;uq,us), respectively, i.e.,

Vi(z) &  sup inf  J (25 u,u9),
@ w2 €Uz [0,T] u1€UL[0,T] ( )
V)\Jr(x) S inf sup JA(QJ; u1,u2).

u1€U1[0,T] yy €5 [0,T7]
We have the following result.

Proposition 3.5. Let (A1)-(A2) hold. If V*(z) are finite, then

V™ (z) < liminf Vy (z) < limsup V" (z) < V().
A—0 A—0



Proof. The second inequality trivially holds. So we only prove the first, the last can be treated
in a similar manner. Let £ > 0 be an arbitrary number and choose an u§ € Us[0,T] such that

V7(z) = sup inf  J(zjui,ug) < inf  J(xjug,uj) +e.
uz €U [0, T v1€EUL[0,T] w1 €U1[0,T]

With this u5 fixed, we have for any A > 0,

T

T
inf  Jy(munud) = inf [J(w;ul,ué)—i—)\E/ ]ul(t)Ith—)\E/
0 0

5(t)|%dt
u1 €U1[0,T] u1 €LL[0,T] ’u2( )’ :|

T
> inf  J(zjup,uf) — AE c(t)|2dt
Lnt T g) < E [0

T
>V (z)—e— AIE/ |u ()2 dt,
0
from which it follows that

Vi(x)= sup inf  Jy(z;ug,u) = inf Jy(mug,ub
)\( ) ug €U [0,T] w1 EUL[0,T] (31, )/uleul[o,T} ( 2)

T
>V (z)—e— AIE/ WS (1)2dt, WA > 0.
0

Letting A — 0 yields
liminf V, (2) > V™ (z) —e.
imin Vi(z) >V (z)—¢

Since € > 0 is arbitrary, the desired result follows. O

We conclude this section with a discussion of the conditions (3.4)—(3.5) and (A3). Consider
the stochastic LQ optimal control problem with the state equation

{dX () = [AO)X () + Bi(t)v(t)]dt + [C(t) X (t) + D1 (t)v(t)]dW (¢),
X(0) ==,

and the cost functional

r t O\ (X)) (Xt
s (2 20) ) G}
Let us denote the above optimal control problem by Problem (SLQ);. Clearly,
Ji(x;ur) = J(z5u1,0), Vuy € Up[0,T].
So the condition (3.4) is equivalent to
Ji(0;v) >0, Yoe Li(0,T;R™), (3.8)
which means that the mapping v — J1(0;v) is convex, i.e.,

J1(0; Bu+ (1 = B)v) < BT1(0;u) + (1 — B)T1(0;v),
Vu,v € L2(0,T;R™),VYj € [0, 1].

Similarly, the condition (3.6) in (A3) is equivalent to the uniform convexity of v — J1(0;v).
Likewise, if we consider the stochastic LQ optimal control problem with the state equation

{dX (t) = [A®)X () + Bo(t)o(t)]|dt + [C(¢)X (t) + Da(t)v(t)]dW (t),
X(0) ==,
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and the cost functional

) & TR S0") (XB)) (X(#)
st fosmaen (3 20 56 (e}

which we denote by Problem (SLQ)s for simplicity, then the condition (3.5) is equivalent to
J2(0;0) >0, Vo e LA0,T;R™), (3.9)

and the condition (3.7) in (A3) is equivalent to the uniform convexity of v — J2(0;v). There
are various sufficient conditions ensuring the (uniform) convexity of the cost functional of a
stochastic LQ optimal control problem. For results in this direction we refer the interested
reader to [13, 17, 14].

4 Open-loop saddle points and Riccati equations

The aim of this section is to show the existence of open-loop saddle points and to provide a
closed-loop representation for open-loop saddle points under the condition (A3). The associated
Riccati equation plays a crucial role in establishing these results, whose solvability constitutes
the most difficult part of this section.

We begin by recalling the notion of open-loop saddle points and introducing the Riccati
equation.

Definition 4.1. An open-loop saddle point for the initial state x is a pair (uj,u3) € Uy[0,T] x
Us[0,T] such that the following inequalities hold:

J(xyul,ug) < J(zyul,uy) < J(xyug,us),  Y(up,ug) € Up[0,T] x Us[0,T).

The Riccati equation associated with the two-person zero-sum stochastic LQ differential
game is a nonlinear ordinary differential equation of the following form:
P+PA+A'P+C'PC+Q
—(PB+C"PD+S")YR+D"PD)"Y(B"P+D"PC+S) =0, (4.1)
P(T) =@,

where we have adopted the notation

S Ry Rio
B=(B,B)), D=(Dy.Dy), S= R=
( 1, 2)) ( 1, 2)5 <S2>a <R21 R22>’

and as before, the variable ¢ has been suppressed for convenience. Note that

R+ DTPD = <R11 +D{ PD; Ris+ DlTPD2>

Ro1 + Dy PDy Ros + Dy PDs
B§P+DIPC+51>

B'P+D'PC+S= - -
By P+ D PC+ 8,

Definition 4.2. A strongly regular solution to the Riccati equation (4.1) over [0,77] is an abso-

lutely continuous function P : [0,7] — S™ that possesses the following properties:

(i) For i =1,2, (-1)"*Y(R; + D] PD;) > 0.
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(ii) P satisfies (4.1) almost everywhere on [0, 7.

Now we state the main results of this section. The proofs will be given shortly after some
preparations.

Theorem 4.3. Let (A1)—(A3) hold. Then the Riccati equation (4.1) has a strongly regular
solution over [0,T].

Theorem 4.4. Let (A1)—(A3) hold, and let P € C([0,T];S™) be the strongly regular solution
to the Riccati equation (4.1) over [0,T]. Then

(i) for every initial state x, a unique open-loop saddle point exists;

(ii) with the notation

©=—(R+D'PD)y"YBTP+DTPC+35),

ui
*

the open-loop saddle point u* = <
U

) for the initial state x has the following closed-loop
representation:

u*(t) =) X (), te]0,T], (4.2)
where X* is the solution to the closed-loop system

{ 4X"(t) = [A(1) + BOOWIX " ()dt +[C(t) + DOSWIX" (MW (),

X*(0) = x.
Moreover, J(z;uf,us) = (P(0)z,x).

It is worth pointing out that the converse of Theorem 4.3 does not hold in general. In other
words, the existence of a strongly regular solution to the Riccati equation (4.1) over [0,7] does
not necessarily imply the condition (A3). In fact, the existence of a strongly regular solution
does not even imply the weaker conditions (3.4)—(3.5). Here is an example.

Example 4.5. Consider the one-dimensional state equation

dX(t) = [ui(t)dt + ua(t)|dt, te[0,1],
X(0) ==,

and the quadratic functional

(01, us) = E {_2|X(1)|2 4 /01 [|u1(t)|2 - 2|u2(t)|2] dt} .

The Riccati equation associated with this game reads

—1
P—P(l,l)((l) _g) G)on,
3

P(1) = -2,
which simplifies to
1
P(t) = —=P(t)?,
() = —5P0) o
P(1)=-2



It is straightforward to verify that
P(t)y=——, te€]0,1]

is the strongly regular solution of (4.4) over [0,1]. However, for u;(t) = A # 0, we have

J(0;u1,0) = —2 (/01 Adt)

The preparation for the proof of Theorem 4.3 starts with the following lemma, whose proof

2 1
+/ Adt = —N\2 < 0.
0

is straightforward.
Lemma 4.6. For M € S™, L ¢ R™" N € S", if M and ® & N — L' ML are invertible,

M L
then (LT N) is also invertible and

-1
M L (M (MDY (MID)T (ML) !
L N| &Y (MLD)T o1 '
Moreover, for every p € R™** and ¢ € R"*F,

LT N 13

In particular, if M is positive definite and N is negative definite, then

—1
M L p _
(p,€") (LT N) <§> <p'M™'p, VpeR™E ¢ e RVF

We next make some observations. Suppose that (A3) holds. Then the cost functional [J; (z;v)

~1
(pT7§T) (M L) <P> _ pTM_lp-i- (LTM—lp_ g)Tq)_l(LTM_lp_é_).

of Problem (SLQ); introduced in the preceding section satisfies
J1(0;0) = allv]?, Vo € LE(0, T;R™).
Thus, by Lemma 2.2(ii), the Riccati equation

P +PA+ATP+CTPC+Q
—(P\B; +C"PDy + 8)(Ri1 + D] PLD))"YB] P, + D[ P.C + S;) =0, (4.5)
P(T)=G

admits a unique solution P; € C([0,T];S™) satisfying
Ry + D] P.D; > 0. (4.6)
Likewise, the Riccati equation

P+ PA+ATR+CTPRC+Q
— (PyBy 4+ CTPyDy + Sy )(Rag 4+ Dy PyDo) Y (By Py + Dy P,C + S3) = 0, (4.7)
Py(T) =G

admits a unique solution P» € C(]0,7T];S") satisfying
Roy + Dy PyDy < 0. (4.8)

We have the following comparison result.
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Proposition 4.7. Let (A1)—(A3) hold. Suppose that P is a strongly regular solution of (4.1)
over some interval [0, 7] C [0,T] with terminal condition replaced by P(t) = H € S". If
Pu(r) < H < Py(r), then
Pi(t) < P(t) < Pa(t), Vteld,T].
Proof. First we introduce the following notation: For a matrix K € S",
M(t, K) ﬁ(t, K) a Rn(t) + Dy (t)TKDl(t) ng(t) + Dl(t)TKDQ(t)
LK) Nt K) Ro1(t) + Do(t)TKDy(t) Roo(t) + Do(t) T KDo(t) )’
M, K) L(t,K
Rt gy & (R ERE
Lt,K)T Nt K)
Si(t, K) 2 B;(t) 'K + D;(t)"KC(t) + S;(t), i=1,2,
, K
S(t,K) = <
K

St K)\ T T
St >_B(t) K+ D(t)' KC(t) + S(t).

)

By Lemma 4.6, we have for t € [0, 7],

(PB+C"PD+S")R+D"PD)"Y(B"P+ D"PC + 5)](t)
< Si(t, P(1)) T M(t, P(t) 7181 (t, P(t)).

Now let
II(t) = P(t) — P (t), teld, 1]

Then II(7) > 0 and

I(t) < = [I(H)A(t) + A(t) TTI(t) + C(1) 'TI()C(1)]
+ S1(t, P()) T M(t, P(t)) S (¢, P(t)).

With the notation
S2B P +D/PC+5, R=Ry +D]PD,
we can rewrite Sy (¢, P(t))T M(t, P(t))~'S(t, P(t)) as

Sl(tv P(t))TM(t7P(t))_181(tv P(t))
= [(PB1 + C"PDy + S{)(Ri1 + D{ PDy)""(B{ P+ D{ PC + S1)|(t)
= [(UB, + CTD; + 8 T)(R + D{TID,) Y (B{ 1 + D{TIC + §)] (¢).

It follows that for some Cj € L*>®(0,7;S™) with @ >0,

M+ TA+ AT+ CTIC + Q
— (1B, + CTTIDy + ST)(R+ DDy~ (B[ 11+ D/ TIC + §) = 0.

Since II(7) > 0, @ > 0, and R > 0, we conclude from Lemma 2.2(ii) that II(£) > 0 for all
t € [0, 7]. This shows that P; < P on [0, 7]. In a similar manner we can prove that P < P, on
0, 7). O

The following result establishes the local existence of a strongly regular solution to the Riccati
equation (4.1).
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Proposition 4.8. Let (A1)—(A3) hold, and let P; and P» be the solutions of (4.5) and (4.7),
respectively. For 7 € (0,T] and H € S", if

Pi(1) < H < Py(7),
then the Riccati equation

P+PA+ATP+CTPC+Q
—(PB4+C"PD+S")YR+D"'PD)"Y(B"P+D"PC+S)=0, (4.9)
P(r)=H

is locally solvable at T, that is, for ¢ > 0 small enough, (4.9) has a strongly regular solution on

[T —e,7].
Proof. We have seen that for some constant o > 0,
Ri1(t) + D1(t) " PL(t)Dy1(t) > adyy,  Roo(t) + Do(t) " Po(t)Do(t) < —alp,, (4.10)

for almost every ¢t € [0,7]. Since changing the values of R;; and D; (i = 1,2) on a set of
Lebesgue measure zero does not affect the solvability of the Riccati equation (4.9), we may
assume without loss of generality that (4.10) holds for all ¢ € [0,7T]. Let us denote by || D||s the
essential supremum of D = (D, Do) € L0, T; R™*(™1+m2)) "and let

o
r=
A(IDI13 + 1)
Since P, and P are continuous, we can choose a small § > 0 such that

|Pi(t) — Pi(T)| <r, Vte[r—46,7], i=1,2.

Denote by B,(H) the closed ball in S™ with center H and radius 7. Then for any ¢ € [7 — J, 7]
and M € B.(H),

Ri1(t) + Di(t) "M Dy (t) = R (t) + D1(t) " HD:(t) + D1 (t) " (M — H)Ds(t)
Ruy(t) + Di(t) " Pr(T)Di(t) — ||D|[5| M — H|Ipn,

Ry (t) + D1(t) T PL(t) D1 (t) — |D|2|Py(7) — Pi(t) | Im,
— ID|1%|M — H|Ly,

> o, — 2r|| D2 I,

Py . (4.11)

nof R

Similarly, for any ¢t € [t — §,7| and M € B,(H),
Roo(t) + Do(t) T MDs(t) < —%ImQ. (4.12)
From (4.11) and (4.12) we conclude that the function
F:[0,T]xS"— 8"
defined by (recalling the notation introduced in the proof of Proposition 4.7)

F(t,P) = PA(t)+ A(t)" P+ C(t)" PC(t) + Q(t) — S(t, P) " R(t, P)"1S(t, P)
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is Lipschitz continuous in P on [t — 4, 7] x B,(H), that is, there exists a constant p > 0 such
that
|F(t, P) — F(t,M)| < p|P — M|, Vtel[r—6r], YP,M € B,(H).

Indeed, we see from (4.11) and (4.12) that M(t, P) and N (¢, P) are invertible for every (¢, P) €
[T —9,7] x B.(H) with
M) < 2, NG P) Y < i
Moreover, since ®(t, P) £ N (t, P) — L(t, P)T M(t, P)~1L(t, P) < N(t, P), we have
|@(t, P)!| < %WTQ V(t,P) € [T —6,7] x B.(H).

Since the coefficients of the state equation and the weighting matrices in the cost functional are
bounded, we can choose a constant p > 0 such that

|L(t, P)| +|S(t, P)| <p, Y, P)e|r—o,71|xDB.(H).

For convenience, in the sequel we shall use the same letter p to denote constants independent of
(t,P) € [t — 0,7] x B.(H). Then we have by Lemma 4.6,

mp-| () comyf

L(t,P)T N(t,P)

= |M(t, P)~  + M(t,P)" L(t, P)D(t, P) L L(t, P) T M(t, P)~|?
+ 2lM(t, P)"LL(t, P)D(t, P)" Y2 + |®(t, P)~}|?

<p, Y(t,P)elr—o,7] xB.(H).

Noting that for any P, M € S",

S(t,P)"R(t,P)"tS(t,P) — S(t, M) "R (t, M)~ 1S(t, M)
= [S(t,P) — S(t, M)]" R(t, P)~'S(t, P)
+ S(t, M) R(t, P)7L[S(t, P) — S(t, M)]
+8(t, M) "R(t,P) D) (M — P)D(t)R(t, M)~ 1S(t, M),
and that
|S(t, P) — S(t,M)| < p|P — M|, Vtel[r—26,r1], VP,M € B.(H),

we obtain the Lipschitz continuity of F' in P by computing |F'(t, P) — F(t, M)| directly. Thanks
to the Lipschitz continuity of F, the existence of a strongly regular solution on a small interval
[T — &,7] follows by the usual Picard’s iteration method (or equivalently, by the contraction
mapping theorem). O

We are now ready to give the proof of Theorem 4.3.

Proof of Theorem 4.3. (i) Suppose that (A3) holds for some constant o > 0. Then by
Proposition 4.8, the Riccati equation (4.1) is locally solvable at T. We show that the local
solution of (4.1) can be extended to [0,7]. To this end, let (7,7] be the maximal interval on
which a strongly regular solution P of (4.1) exists. By Proposition 4.7,

Pi(t) < P(t) < Po(t), Vte (r,T). (4.13)
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It follows that the function
F(t, P(t)) £ P()A(t) + A(t)T P(t) + C(t) T P()C(t) + Q(t)
— S8(t, P(t)) " R(t, P()) "' S(t, P(t))

is bounded on (7,7 and hence

T
P(t)=G —|—/ F(s,P(s))ds, te(r,T]

is uniformly continuous. Thus, the limit lim;_,, P(t) exists and is finite, and thereby we can
extend P to the closed interval [r,T] by setting

P(1) = lim P(t).

t—T1

Note that (4.13) implies
Pi(1) < P(1) < Pa(7).

If 7 > 0, then by Proposition 4.8, the solution P can be further extended to an interval larger
than [, T]. This contradicts the maximality of [7,T]. So we must have 7 = 0. O

In order to prove Theorem 4.4, we need the following lemma, whose proof can be found in
[15].

Lemma 4.9. Let (A1)-(A2) hold. A pair (uj,u3) € U1[0,T] x Us[0,T] is an open-loop saddle

point for the initial state x if and only if (3.4)~(3.5) hold and with u* £ ui),

B'Y*+D"Z*+SX* + Ru* =0, a.e. onl0,T], as., (4.14)

where (X*,Y*, Z*) is the adapted solution to the following decoupled forward-backward stochas-
tic differential equation (FBSDE, for short):

dX*(t) = [A(t)X*(t) + B(t)u"(t)]dt
dY*(t) = —[A(t) ' Y*(t) + C(t) ' Z* (¢
X*(0) =2, Y*T)=GX*(T).

+[CH)X (@) + D(t)u”(t)]dW,
)+ Q)X (1) + S(t) 't (t)]dt + Z*(t)dW,  (4.15)

Proof of Theorem 4.4. We first prove the uniqueness of an open-loop saddle point. Suppose
that for some z, the game has two open-loop saddle points v* and v*. Then by Lemma 4.9,

U
U= _1 £ u* —v* is an open-loop saddle point for the initial state 0. From (A3), we see that
U2

(0,0) is also an open-loop saddle point for the initial state 0, since
J(0;0,u2) < J(0;0,0) =0 < J(0;u1,0), V(up,ug) € U[0,T] x Us[0,T].
Thus, by the definition of an open-loop saddle point and (A3),
al|ay]|? < J(0;4y,0) < J(0; 1, 1) < J(0;0,a2) < J(0;0,0) =0,

from which we obtain @; = 0. Similarly, we can show %9 = 0. The uniqueness follows.
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In order to prove the existence of an open-loop saddle point and part (ii), according to
Lemma 4.9 it suffices to show that with «* defined by (4.2), the adapted solution of (4.15)
satisfies (4.14). This can be accomplished by verifying that (Y*, Z*) defined by

Y*=PX*, Z*=P(CX"+ Du") (4.16)
is the adapted solution to the BSDE in (4.15). Indeed, integration by parts yields
dY* = PX*dt + P(A+ BO)X*dt + P(C + DO)X*dW

= _—[ATP+C"PC+Q—-0O"R(P)® — PBO|X*dt + P(C + DO)X*dW

=—[ATP+C"PC+Q+S8(P)'O® - PBO|X*dt + P(CX* 4+ Du*)dW

= —[ATP4+C"PC+Q+ (CTPD+ SO\ X*dt + Z*dW

= —[ATY* + CTP(CX* 4+ Du*) + QX* + STu*)dt + Z*dW

= —[ATY* 4+ CTZ* + QX" + STwur]dt + Z*dW.

On the other hand, Y*(T') = P(T)X*(T) = GX*(T'). So with u* defined by (4.2), the solution
X* to (4.3) and (Y*, Z*) defined by (4.16) satisfy the FBSDE (4.15). Furthermore,
B'Y*+D"Z*+SX* + Ru* = B'PX*+ D'P(C + DO)X* + SX* + ROX*
=[B'"P+D"PC+S+(R+D'"PD)O|X*
=0.
Finally, by integration by parts, we have

E(GX*(T), X™(T)) = EY*(T), X*(T))
T
= E(Y*(0), X*(0)) + E/ [(BTY* + DT 7" — SX* ) — (QX7, X*>} dt. (4.17)
0
Substituting (4.17) into
T
J(z:u*) = E{(GX*(T),X*(T)> +/ [<QX*,X*> 28X Ut + (Ru*,u*>]dt},
0
and noting that
Y*=PX*, B'Y*+D'Z*+SX*+ Ru* =0,

we obtain

J(z;u*) = E(Y*(0), X*(0)) + E /OT<BTY* + D" Z* + SX* + Ru*,u*)dt = (P(0)z, z).

This completes the proof. O

5 Relation between the open-loop saddle point and the open-
loop lower and upper values

In this section we investigate the connection between the open-loop saddle point and the open-

loop lower and upper values. We shall first show that the existence of an open-loop saddle point

implies the existence of a finite open-loop value and hence the finiteness of the open-loop lower
and upper values, but not vice versa in general. Then, for the deterministic two-person zero-sum
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LQ differential game, we give an alternative proof for Zhang’s result [23] on the equivalence of
the existence of an open-loop saddle point and the finiteness of the open-loop lower and upper
values. In particular, we show that in the deterministic case, the finiteness of the open-loop
lower and upper values implies the solvability of the Riccati equation, for which a fairly explicit

representation of the solution can be obtained.

Proposition 5.1. Let (A1)—(A2) hold. If an open-loop saddle point (u},u}) exists for the initial
state x, then Problem (SLQG) admits a finite open-loop value at x and

V() = Il ).

Proof. Suppose that (u},u}) is an open-loop saddle point for . Then

J(x;ui,uy) < inf J(zyug,ud) < osu inf  J(z;up,ue) =V (2),

( 1,U3) < w1 U [0T] ( 5) < ugGUQI[:z],T]uleul[OvT} ( ) (z)

J(ziui,uz) > sup  J(zmuj,ug) > inf  sup  J(wyug,up) = VY(2).
u2€U2[0,T) ur €UL[0,T] yy€14o[0,T)

It follows that
VH(x) < J(xul,us) <V (x).

On the other hand, V= (x) < V*(z). Therefore, equalities hold in the above. O

Proposition 5.1 shows that the existence of an open-loop saddle point implies the finiteness
of the open-loop lower and upper values. However, the converse is not necessarily true in general.
Here is an example.

Example 5.2. Consider the one-dimensional state equation
dX(t) = ui(t)dt + ua(t)dW(t), te][0,1],
X(0) ==,
and the quadratic functional
1
Hasun,u) = 5{IXOF + [ [0 - Pt
0

For the lower value, we have

1
V= (z) > inf J(z;u1,0) = inf E{]X(l)]z +/ t2]u1(t)\2dt} > 0.
w1 €UL[0,T] w1 €U1[0,T] 0

For the upper value, we have

1
Vi) < sup  J(x;0,u9) = sup E{]X(l)]Q—/O\uQ(t)\th}

u2 €U2[0,T] ua €U2[0,T]
1 2 1
= sup E{‘x+/ u2(t)dW(t)‘ —/ |u2(t)|2dt}
U2 €U2[0,T)] 0 0
=2

Thus, both the open-loop lower and upper values are finite. Next we show by contradiction that
an open-loop saddle point does not exist for any = # 0. If (u],u3) is an open-loop saddle point
for some z # 0, then by Lemma 4.9, the adapted solution (X*,Y™* Z*) to the FBSDE

dX*(t) = ui(t)dt + us(t)dW(t), te]l0,1],

dY*(t) = Z*(t)dw (t), te]0,1],

X 0)=z, Y*(1)=X"(1)
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should satisfy the following conditions:

Y*(t) + t2uy (t)

up a.e. t € [0,1], a.s.,
Z7(t) — ua(t)

—0,
=0, a.e. te]l0,1], as.

By taking expectations, we have

dE[X™*(t)] = E[uj(¢)]dt, te€]0,1],
dE[Y*(t)] =0, te]0,1], (5.1)
E[X*(0)] ==, E[Y*(1)]=E[X"(1)],
and
E[Y*(t)] + t*E[ui(t)] =0, a.e. t €[0,1]. (5.2)

From (5.1) we see that

1
E[Y*(t)] =E[X*(1)] == +/0 E[ui(s)lds, Vte[0,1].
So (5.2) is equivalent to
E[X*(1)] + ?Eui(t)] =0, a.e. t€[0,1]. (5.3)

Since t — Eluq(t)] is square-integrable on [0,1], (5.3) implies that E[X*(1)] must be zero and
hence E[u;(t)] = 0 for almost every t € [0,1]. This yields a contradiction:

0=EX"(1)] == —i—/o E[ui(s)]ds = .

Therefore, this problem has no open-loop saddle point for nonzero initial states.

In the previous discussion we have taken the starting time of the game to be zero for simplic-
ity. Sometimes it is convenient if we consider Problem (SLQG) over every subinterval [t,T] of
[0,T]. In this case, the quadratic functional and the open-loop lower and upper values depend
on the initial time ¢t as well:

T
J(t,x;ul,ug) = E{<GX(T),X(T)> + / < S1 Ri1 Rio uy |, | ur
¢ Sy Ro1 Roa) \us Uz

V7 (t,x) = sup inf  J(t,x;u1,u2),
us €Uz [t,T} u1 €U [th}

Vi(t,z)= inf  sup J(ta5ur,u),
w1 €ULET] yoelhy[t,T)]

Q S S5\ [X X
>ds},

where for i =1, 2,

Uit, T) = {Lp [, T) x Q — R™

p €F, EftT lo(s)2ds < oo}.

Obviously, with the initial time zero replaced by ¢, the previous results remain true. Keeping
this in mind, we now look at a special case of Problem (SLQG), the deterministic two-person
zero-sum LQ differential game, in which the diffusion part of the state equation is absent, i.e.,

C(s)=0, Di(s)=0, Dy(s)=0, Vsel[0,T], (5.4)
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Theorem 5.3. Let (A1)—(A2) and (5.4) hold. Suppose that
Ri1 >0, Ry <O. (5.5)

Then the following statements are equivalent:

(i) The open-loop lower and upper values V*(t,x) are finite for every initial pair (t, ).

(ii) A unique open-loop saddle point exists for every initial pair (t,z).
Moreover, if the above statements hold true, then the Riccati equation

{P+PA+ATP+Q— (PB+STHRYBTP+5S)=0, 56)

P(T)=G

*
admits a unique solution P € C([0,T];S™), and the unique open-loop saddle point u* = <ui>
g

for the initial pair (t,z) is given by the following closed-loop representation:
w'(s) = O(s)X*(s), s € [T, (5.7)
where ® = —R™Y (BT P + S) and X* is the solution to the closed-loop system

dX*(s) =[A(s) + B(s)O(s)] X™*(s)ds,
X*(t) = .
In order to prove the above result, we need the following lemma.

Lemma 5.4. Let U € R(2M*2) be an invertible matrix and ¥ € R"*". Suppose that for every
x € R”, there exists a y € R™ such that

(2, 1, <x> — 0. (5.8)

Y

Then the n x n matrix (X, —1,)V <IO

n

) is invertible.

Proof. Suppose to the contrary that there is a nonzero vector n € R™ such that

n' (2, —1,)¥ <IO> =0. (5.9)

n

Let x € R™ be an arbitrary vector, and let y = y(x) be such that (5.8) holds. Then

(27 _In)\p (%) T = _(27 _In)\p (IO> Y,

n' (2, —I1,)¥ (%) x=—-n (2, —I,)¥ (g) y=0.

and hence

Since x € R™ is arbitrary, it follows from the above that

n' (8, —1,)¥ ({;‘) =0. (5.10)
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Combining (5.9) and (5.10) we obtain

0T (S, 1) <I° 10> ~ (0,0).

Since W is invertible, we have n' (X, —I,,) = (0,0) and hence " = 0. This is a contradiction to
the choice of 7. O

Proof of Theorem 5.3. Clearly, (ii) implies (i). For the converse implication, we consider for
A > 0, the quadratic functional Jy (¢, x;u1,us) defined by

T T
Ia(t, msur,ug) £ J(t, @5 u1,ug) + )\E/ |ui(s)|*ds — )\E/ |ug(s)|*ds.
t t

Since V*(0, z) are finite for all z, we see from Theorem 3.3 that

JA(0,0;u1,0) = Aur|?,  Vug € Uh[0,T7,
IA(0,0;0,u) < =A|ual®, Vus € Us[0, T
Then it follows from Theorem 4.3 that the following Riccati equation admits a solution Py €
C([0,T);8™):
Py+P\A+ AP, +Q— (P\B+STRH(B'P\+ S) =0,
P\(T) =G,

where

R Ry + M, Ri2
A Roy Ros — AN, |

Further, by Theorem 4.4 and Proposition 5.1,
Wi(t,z) = (P\(t)z,x), VYaeR™

Since V*(t,z) are finite for all (¢,z), we conclude by Proposition 3.5 that for each t € [0, 7],
{P\(t)} has a convergent subsequence {Py, (t)}32; (im0 Ay = 0) with limit P(¢). We claim
that the function P is a solution to the Riccati equation (5.6). To this end, let us fix ¢ € [0,T)
and assume without loss of generality that {Py(t)} itself converges to P(t) as A — 0. Consider,
for each x € R", the following matrix forward ODE:

X\(s) = (A—BR;'S)X\ - BR,'B'Yj,
Ya(s) = —(A— BR;'S)TYy — (Q — STR'S)X,,
Xa(t) =z, Y)(t) = PA(t)z.
It has a unique solution (X, Y)) € C([t,T];R™) x C([t, T];R™), and one can verify directly that
X is given by the ODE
X\(s) = (A— BR;'S — BR;'B" P))X,,
X)\(t) =,

and that Y), is given by
Y)\(S) = P)\(S)X)\(S), S € [t,T]. (511)
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Let Wy (s) be the fundamental matrix for the homogeneous system

. A— BR{'S —BR{'BT
x(s) = (—(Q _ STi\%XlS) _(A- B)\R;\lS)T> x(s), se€l0,T7.

Xa(s)) < —1 x
(Yx@>‘@“)@“ﬂ (awn)‘

Note that as A — 0, P)\(t) converges to P(t), and for all s € [0,T], ¥x(s) converges to ¥(s), the
fundamental matrix for the homogeneous system

Then we have

_ -1 _ -1pT
CC(S) = (_(g _ng'Sle) _(A ?};RBls)T> $(8)7 s€ [O7T] (512)

Thus, (X (s),Y(s)) £ limy_,o(Xx(s), Ya(s)) exists for every s € [t,T] and
X(s)\ _ x
(Y(S)> = U(s)W(t)! (P(t)x> .

Y(T) = lim Y(T) = lim GX,(T) = GX(T),
A—0 A—0

Noting that by (5.11),

we obtain
0=(G,—1,) (iig;;) = (G,—In)[\I’(T)\I/(t)*l] <P(ﬂ;)x> .

Since x is arbitrary, it follows from Lemma 5.4 that
A(t) 2 (G, —L,) [¥(T)¥ ()] <0> (5.13)

is invertible. Consequently, by noting that

(G, —L) [¥(T) ¥ ()] (

= (G, —L,) [¥(T)¥ ()] (PWE)
=0, VzeR"

we obtain

P(t) = —A(t) (G, — L) [W(T) ¥ ()] (%) . (5.14)

From (5.14) we see that the function P is differentiable. By differentiating both sides of

AWPWZ—@rLHWﬂW®W<%>

and then pre-multiplying by A(¢)~!, it can be shown that P satisfies the Riccati equation (5.6).
The uniqueness of a solution to (5.6) can be proved by a standard argument using Gronwall’s
inequality. Having the existence of a solution to (5.6), we can use the same argument as in the
proof of Theorem 4.4 to show that the pair (uj,u3) defined by (5.7) is the unique open-loop
saddle point for the initial pair (¢, ). O
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From the above proof, we have the following corollary to Theorem 5.3.

Corollary 5.5. Under the assumptions of Theorem 5.3, the solution to the Riccati equation
(5.6) admits the representation (5.14), where V¥ is the fundamental matrix for the homogeneous
system (5.12) and A is given by (5.13).

6 Conclusion

In this paper, we studied the open-loop saddle point, as well as the open-loop lower and upper
values, for two-person zero-sum stochastic LQ differential games with deterministic coefficients.
We derived a necessary condition (3.4) (respectively, (3.5)) for the finiteness of the open-loop
lower (respectively, upper) value (Theorem 3.3) and showed that under (A3), a condition slightly
stronger than (3.4)—(3.5), an open-loop saddle point uniquely exists and admits a closed-loop
representation (Theorem 4.4). We found that the existence of an open-loop saddle point implies
the finiteness of open-loop lower and upper values (Proposition 5.1), but the latter does not
even imply the existence of an open-loop value (Example 3.2). The Riccati equation plays
a crucial role throughout this paper. By investigating the connection between the stochastic
LQ differential game and two stochastic LQ optimal control problems and examining the local
existence of a solution to the Riccati equation, we established the globally strongly regular
solvability of the Riccati equation under the condition (A3) (Theorem 4.3). We also presented an
example showing that the strongly regular solvability of the Riccati equation does not necessarily
imply the condition (A3) (Example 4.5). Figure 1 briefly summarizes these results. For the
deterministic two-person zero-sum LQ differential game, which can be regarded as a special case
of the stochastic game, we provided an alternative proof for Zhang’s result [23] on the equivalence
of the existence of an open-loop saddle point and the finiteness of the open-loop lower and upper
values. As a by-product of our approach, it was shown that the Riccati equation has an explicit
solution when the open-loop lower and upper values are finite (Theorem 5.3 and Corollary 5.5).

’ Vo(z) > — }1—){ V= (z) > —oo and V*(z) < 400 }(—){ VHa) < 400 ‘
l I l

’ J(0;u1,0) > 0 ‘ ’ V() exists and is finite ‘ ’ J(0;0,u2) < 0 ‘

I I I

Ja > 0s.t. J(0;0,up) < —allus|?

Ja > 0.t J(0;5u1,0) > afju||?
Riccati equation (4.5) of Problem . . Riccati equation (4.7) of Problem
(SLQ): has a solution Py Both Py and P, exist (SLQ)2 has a solution P

I

Riccati equation (4.1) of
the game has a solution P

’ Open-loop saddle point exists

Figure 1: Summary of the results
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