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LINEAR QUADRATIC STOCHASTIC DIFFERENTIAL GAMES:
OPEN-LOOP AND CLOSED-LOOP SADDLE POINTS*

JINGRUI SUNT AND JIONGMIN YONG#

Abstract. In this paper, we consider a linear quadratic stochastic two-person zero-sum differen-
tial game. The controls for both players are allowed to appear in both drift and diffusion of the state
equation. The weighting matrices in the performance functional are not assumed to be definite/non-
singular. The existence of an open-loop saddle point is characterized by the existence of an adapted
solution to a linear forward-backward stochastic differential equation with constraints, together with
a convexity-concavity condition, and the existence of a closed-loop saddle point is characterized by
the existence of a regular solution to a Riccati differential equation. It turns out that there is a
significant difference between open-loop and closed-loop saddle points. Also, it is found that there
is an essential feature that prevents a linear quadratic optimal control problem from being a special
case of linear quadratic two-person zero-sum differential games.

Key words. stochastic differential equation, linear quadratic differential game, two-person,
zero-sum, saddle point, Riccati differential equation, closed-loop, open-loop
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1. Introduction. Let (Q, F,F,P) be a given complete filtered probability space
along with a one-dimensional standard Brownian motion W = {W(t), F;; 0 < t < oo},
where F = {F;}+>0 is the natural filtration of W augmented by all the P-null sets
in F [13, 25]. Consider the following controlled linear stochastic differential equation
(SDE) on [¢,T):

dX(s) = [A(S)X(s) + Bi(s)ui(s) + Ba(s)ua(s) + b(s)} ds
(1.1) +[C(8)X (s) + D1(s)ur(s) + Da(s)ua(s) + o(s)|dW (s),
s€et,T],
X(t) = .

In the above, X(+) is called the state process taking values in the n-dimensional Eu-
clidean space R™ with the initial state x at the initial time ¢; for i = 1,2, u;(+) is
called the control process of Player ¢ taking values in R™ m; > 0. We assume
that A(-), B1(-), B2(+),C(-), D1(+), D2(-) are deterministic matrix-valued functions of
proper dimensions and b(-),o(-) are vector-valued F-progressively measurable pro-
cesses. For any ¢t € [0,T), we define

Ult, T] = {ul D6, T x Q — R™i | u;(-) is F-progressively measurable,

T
IE/ lu; (s)|?ds < oo}, i=1,2.
t
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Any element u;(-) € U;[t, T) is called an admissible control of Player i on [¢t,T]. Under
some mild conditions on the coefficients, for any initial pair (t,z) € [0,T) x R™ and
control pair (ui(-),uz(-)) € Uh[t,T] x Us[t, T}, state equation (1.1) admits a unique
solution X (-) = X(-;¢,z,u1(-),u2(+)). To measure the performance of the controls
u1(+) and usa(+), we introduce the following functional:

(1.2)

a2

J(t w5 ui (), u2() = SE 4 (GX(T), X(T) ) +2 (g, X(T))

1
2

where Q(-), S1(+), S2(+), R11(+), Ri2(+), R21(-), Raa(-) are deterministic matrix-valued
functions of proper dimensions with

T _ . T _ Ri1(-) Ria() T_ Rii() Ria()
QL) =Q(), G =g, <R21(.) Rm(.)) = <R21(-) 322(.)) )

and ¢(-), p1(+), p2(-) are allowed to be vector-valued F-progressively measurable pro-
cesses, g is allowed to be an Fp-measurable random variable. We assume that (1.2) is
a cost functional for Player 1 and a payoff functional for Player 2. Therefore, Player 1
wishes to minimize (1.2) by selecting a control process uy(-) € Uy [t, T], while Player 2
wishes to maximize (1.2) by selecting a control process uz(-) € Uslt,T]. The above
described problem is referred to as a linear quadratic (LQ) stochastic two-person
zero-sum differential game, denoted Problem (SG). When the diffusion is absent, the
corresponding problem is called an LQ deterministic two-person zero-sum differential
games, denoted Problem (DG). The study of Problem (DG) can be traced back to
the work of Ho, Bryson, and Baron [10] in 1965. In 1970, Schmitendorf studied both
open-loop and closed-loop strategies for Problem (DG) [21]; among other things, it
was shown that the existence of a closed-loop saddle point may not imply that of an
open-loop saddle point. In 1979, Bernhard carefully investigated Problem (DG) from
a closed-loop point of view [5]; see also the book by Basar and Bernhard [2] in this
aspect. In 2005, Zhang [26] proved that for a special Problem (DG), the existence
of the open-loop value is equivalent to the finiteness of the corresponding open-loop
lower and upper values, which is also equivalent to the existence of an open-loop
saddle point. Along this line, a couple of follow-up works [8, 9] appeared afterward.
In 2006, Mou and Yong studied Problem (SG) from an open-loop point of view by
means of the Hilbert space method [18]. The main purpose of this paper is to study
Problem (SG) from both open-loop and closed-loop points of view.

If we formally set mi; = m (or equivalently, ms = 0), Problem (SG) becomes
an LQ stochastic optimal control problem, denoted Problem (SLQ). Thus, formally,
Problem (SLQ) can be regarded as a special case of Problem (SG). See [6, 1, 7, 11, 22,
17, 20] for some relevant results on Problem (SLQ). Further, when the stochastic part
is absent, Problem (SLQ) is reduced to an LQ deterministic optimal control problem,
denoted Problem (DLQ). Hence, Problem (DLQ) can be regarded as a special case
of Problem (SLQ) and Problem (DG). The history of Problem (DLQ) can further be
traced back to the work of Bellman, Glicksberg, and Gross [3] in 1958 and Kalman
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[12] and Letov [14] in 1960. See [25] for some historic remarks on Problems (DLQ)
and (SLQ).

For Problem (SG), one can introduce the notions of open-loop and closed-loop
saddle points. The main results of this paper can be briefly summarized as follows: (i)
The existence of an open-loop saddle point for Problem (SG) is characterized by the
existence of an adapted solution to a forward-backward stochastic differential equation
(FBSDE) with a constraint, plus a convexity-concavity condition for the performance
functional. (ii) The existence of a closed-loop saddle point is characterized by the
existence of a solution to a Riccati differential equation with certain regularity. We
found several interesting facts.

Fact 1. For the case mi,mo > 0, the convexity-concavity condition for the
performance functional is necessary for the existence of an open-loop saddle point but
not necessary for the existence of a closed-loop saddle point. Therefore, the existence
of a closed-loop saddle point does not imply the existence of an open-loop saddle point
(see Example 7.3), which extends a result of Schmitendorf [21]. On the other hand,
because of the regularity requirement of the solution to the Riccati equation, we will
present an example that the existence of an open-loop saddle point does not imply
the existence of a closed-loop saddle point either (see Example 7.4).

Fact 2. Although Problems (DLQ) and (SLQ) are (formally) special cases of
Problems (DG) and (SG), respectively, there is at least one essential difference: For
the LQ optimal control problems, the existence of a closed-loop strategy implies the
existence of an open-loop optimal control. However, Fact 1 above tells us that the
existence of a closed-loop saddle point does not necessarily imply the existence of an
open-loop saddle point. Hence, LQ optimal control problem can only remain a formal
special case of LQ differential games.

Fact 3. The result of Zhang [26] on the equivalence of the existence of an open-
loop saddle point and the finiteness of open-loop lower and upper value functions only
holds for some special cases of LQ differential games. We will see that such a result
does not hold in general (see Example 7.5).

The rest of the paper is organized as follows. Section 2 will collect some prelimi-
nary results. Among other things, we will recall/present some results on linear SDEs
and backward stochastic differential equations (BSDEs) with unbounded coefficients.
In section 3, we pose our differential game problem and carefully explain the open-
loop and closed-loop saddle points. Section 4 is devoted to the study of open-loop
saddle points by variational method. In section 5, we characterize closed-loop saddle
points by means of the Riccati equation. In section 6, we look at a relation between
the linear FBSDE used to characterize open-loop saddle points and the Riccati equa-
tion used to characterize closed-loop saddle points. Several examples are presented in
section 7. Some concluding remarks are collected in section 8.

2. Preliminaries. We recall that R™ is the n-dimensional Euclidean space,
R™*™ ig the space of all (n X m) matrices, endowed with the inner product (M, N)
tr [M T N], and S C R™ ™ is the set of all (n x n) symmetric matrices. For any
M € R™ " there exists a unique matrix MT € R"*™ called the (Moore Penrose)
pseudoinverse of M, satistying the following [19]:

MMM =M, M'MM'=M' (MM =MM", (M'M)" =M'M.
In addition, if M = M T € S™, then
Mt =MNYT, MM = MM; and M >0 < M’ >o0.
By the way, for any M € R™*"™ we let R(M) be the range of M.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Next, let T'> 0 be a fixed time horizon. For any ¢ € [0,7) and Euclidean space
H, let

C([t, T);H) = {90 ([, T) = H| o) is continuous}

T
/ |pds<oo} 1<p<oo,
t

esssup |p(s)] < oo
s€(t,T]

LP(t,T;H) = {(p:[t,T] — H

L°°(t, T;H) = {(p [t,T] — H

We denote

L3 (GH)=43¢:Q—H ‘ ¢ is Fr-measurable, E|¢|? < oo},

Li(t, T;H) = {(p L [t,T] x = H | ¢(-) is F-progressively measurable,

T
E/t lo(s)|?ds < oo} ,

LA(Q;C([t, T); H)) = {(p L [t,T] x = H | ¢(-) is F-adapted, continuous,

E | sup [p(s)*| <oop,
s€t,T]

LA LYt Ty H)) = {cp :[t,T] x = H | ¢(-) is F-progressively measurable,

E (/tT|w<s>|ds>2 <oo}.

We now look at the linear SDE,

(2.1) dX (s) = [A(s)X (s) + b(s)|ds + [C(s) X (s) + o(s)|dW(s), se€[t,T],
X(t)=zeR",
and the linear BSDE,
22) { dY (s) = —[A(s)TY (s) + C(s)T Z(s) + ¢(s)]ds + Z(s)dW (s), s € [t, T),
Y(T) =¢.

We have the following result.
ProrosiTION 2.1. Let

(2.3) A() € LYt, T;R™ ™),  O(-) € L*(t, T; R™™),
' b(), () € Lg( L (t, T;R™), o) € Li(t, T;R™Y), € € L%, (R™).

Then (2.1) admits a unique strong solution X(-) € LZ(Q;C([t,T);R™)) and (2.2)
admits a unique adapted solution (Y (-),Z(-)) € La(;C([t, T};R™)) x Li(t,T;R™).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Moreover, there exists a constant K > 0 such that

T 2 T
< KE |x|2+</t |b(s)|ds> —|—/t lo(s))?ds | ,

2

(24) E| sup |X(s)?
set,T]

T T
sup [V (s)? + / |Z<s>|2ds] < KE |5|2+< / IsD(S)Id8>
SE[t,T] t t

Hereafter, K > 0 represents a generic constant which can be different from line to
line.

Note that (2.3) allows the coefficients A(-) and C(-) to be unbounded, which is
a little different from the standard case [25]. However, we believe that the above
result is not new. Since we are not able to find an exact reference, for the reader’s
convenience we sketch a proof here.

Proof. For (2.1), we define

(25) E

(SX(-))(S) =x+ /ts [A(r))?(r) + b(r)]dr + /ts [O(T))?(T) + U(T)} dW (r),
VX (-) € LE(Q; O([t, T]; R™).

By the Cauchy-Schwarz and Burkholder-Davis—Gundy inequalities, we have

E [ sup |(SX(+))(s)|?

- o+ ([ 14w |dr) (/[ b |dr)

(2.6) +IE/ |C(r) |2dr+IE/ o (r) |2dr1

<K |x|2+E(/T |b(r)|dr) +]E/T |U(r)|2dr]
(/ |A(r) |dr) /|c )2dr| E

And for any X;(-), Xa(-) € L2(Q; C([t, T); R™)), we have

< KE

+K

sup | X(s)]| 1 Vr e t,T).

selt,T)

E it[ltp] |(S)Z'1())(S) - (5)22())(5”21
< KE </tT |A(r)|| X1 (r) - |d7“> / C(r) X (r 2(7“)|2d7“]

T 2 T _ .
</t |A(T)|dr> —I—/t |C(r)|2dr1 E l zt[tp] | X1(s) — Xg(s)|21 V1 e [t,T].

Hence, by our assumption, we may choose § = 7 —t > 0 small enough and use
contraction mapping theorem to get a unique strong solution X (-) of (2.1) on [t, t+ ],

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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and from (2.6), we see (2.4) holds on [t,t + ¢]. The well-posedness of (2.1) on [t, T
follows from a usual continuation argument.

Now, we consider BSDE (2.2). The following is based on a modification of the
proof of [25, Theorem 7.3.2]. For any § € R, we define Mg[t,T] to be the Banach
space

Milt, T] = L3(@; CIL TER™) x LA T5R™) (2 M1, T))

equipped with the norm

1
T 2

A s s
|(Y(')aZ('))”M5[t,T]:{E sup |V (s)[*e") +E/t |Z(s)PeM )ds} ,

set,T]
where
s = [ (A0 +ICO)Pdr s 1)
t
Since T' is finite, all the norms || - || pq,(¢,7) With different 3 are equivalent. For any

(y(+),z(+)) € M[t, T}, let (Y (), Z(-)) be the adapted solution to the following BSDE:

T T
Y(s)=¢ +/ [A() Ty(r) + C(r) T 2(r) + ()] dr — / Z(r)dw(r),  selt,T],
and define a map T from M][t, T] to itself by
T(),z() = (Y (), 2())-
We are going to prove that for some 5 > 0,
1T (ya(), 20 () =T (w2(-), 22() [ Mg e,y <%H(yl(')vZl('))_(y2(')7Z2('))HMB[t,T]a
V(y1(), 21()), (y2(+), 22(1)) € Mp[t, T].

Then we use the contraction mapping theorem to obtain the well-posedness of (2.2).
For any (vi(+),zi(-)) € M[t,T], i = 1,2, let

T(i(), 2() = (Yi(), Zi(1),  i=1,2,
ZZ(') =vy1(") —y2(), 73(;) = 21(-) — 22("),
Y()=Y()—-Y2(), Z()=Z2()— 2Za().

Let 8 > 0 be undetermined. Applying [t6’s formula to r — |§7(r)|265h(”, we have

T
Y (s)[2e®) + / | Z(r)| 2 dr

T ° N N
= —/ ePhr) [ﬁh’(ﬂlY(r)IQ —2(Y(r), A(r)y(r) + C(r)z(r) >} dr
° T
- 2/ PRV (r), Z(r) ) dW (1)

2

T o~
é/ eﬁh(r){ [_ﬁh/(r) + )\_1(|A(7‘)| + |C(7’)|2)} |Y(7")
+ A[ADFOE + 1202 Jar

- 2/T PPV (r), Z(r) ) W (r) Vs e [t,T] as.,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where we take A = 37 > 0. Then the above implies
A~ T ~
|Y(S)|26,ﬁh(s) 4 / |Z(T)|2€Bh(r)dr
T T
(2.7) <A / |A(r)|dr + 1 sup (|g(5)|285h(s)) +/ |2(T)|2€Bh(r)d7~
t t

s€(t,T]
. 2/T PP (Y (r), Z(r) ) dW (r).

By taking expectation, one obtains
(2.8)

T T
E ||V (s)[2eM) +/ |Z(r)|26ﬂh(T)dr1 <A (/t |A(r)|dr + 1) H(g72)|‘3\45[t,T]'

On the other hand, by the Burkholder-Davis—-Gundy inequality, we have (noting (2.8))

E< sup
s€[t,T]

1
2 T 2
(2.9) <KIE{ sup |V (s)|%e M(S)) (/ |Z(r)|265h(r)dr>
s€(t,T) t
T -~
sup [V(s)Pe™® | + K2E / 2 (r)[2e* Dy
se[t,T) t

T
< 1E< sup [V(s)/? Bh@) + K2 < / |A<r>|dr+1> 1 Dty .71

se(t,T]

/ ") (), 2y W (1)

1
2

Y () IE(T)IQdT}

Consequently, from (2.7), we have

E

v s T A A
sup |Y(S)|265h( )‘| < A (j; |A(T’)|d7’+1) H(y, Z)”.%\/tg[uT]
se(t,T]

<

+2E {sup,cjy 7 | /7 €70
T
< (1+2K%)A </ |A(r)|dr+1
t
1 S0 12 8h(s)
—|—§IE sup |Y(s)|%e .

set,T]

(1), Z(r)) aw (r)| }
(2.10)

18, 2) 13, e

N———

Combining (2.8) and (2.10) yields (noting A = 371)

T
211) Y D)y < BB +AK?) </t [A(r)|dr + 1) 165, D)3y e, 77-

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Then we can choose 5 > 0 large enough to get the contractivity of the operator 7 on

Mglt, T).
To prove (2.5), let (Yo(-), Zo(+)) be the adapted solution to the following BSDE:

T T
Yo(s) =¢ +/ o(r)dr —/ Zo(r)dw (r), s et T).

It is well-known that Zo(-) satisfies

T
(2.12) 0 = E[0] +/ Zo(r)dW (r) a.s.
and Yy(+) is given by
(2.13) Yo(s) = E[6] — /ts o(r)dr + /ts Zo(r)dW (r), s € [t,T],
where

T
0=¢ +/t (r)dr.

We have from (2.12) that

T T 2
(214  E / \Zo(r)2dr < 2E|9]? < 4 [|f|2+ ( / Iw(T)IdT> ]
t t
and hence, from (2.13), we have
Elsup Yo(s)[?

T T
K |E|0)> +E (/ |<p(r)|dr2> +E/ |Z0(r)|2dr]
s€[t,T] t t
(2.15) )

T
< KE |€|2+< / Iw(T)IdT>

Combining (2.14)—(2.15), we see that (Yy(+), Zo(-)) satisfies (2.5). By a routine iter-
ation, we obtain estimate (2.5) for the adapted solution (Y'(-),Z(:)) to BSDE (2.2).
This completes the proof. a

3. Stochastic differential games. We now return to our Problem (SG). Recall
the sets U;[t, T] = L2(t, T;R™) of all open-loop controls of Player i (i = 1,2). For
notational simplicity, we let m = mj 4+ mo and denote

B(-) = (B1(+), B2(+)), D(:) = (D1(-), D2(")),
0= (5 ) (= (Fu) Re) - (0,
0= 0=(n0)
Naturally, we identify U[t,T] = Uy[t,T] x Us[t,T]. With such notation, the state

equation becomes

dX (s) = [A(s)X (s) + B(s)u(s) + b(s)]ds
(3.1) + [C()X (s) + D(s)u(s) + o(s)]dW (s),  s€ [t T],
X(t) ==,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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and the performance functional becomes

J(t, zyua(-), ua("))
=J(t, z;u(")) = %E{ (GX(T), X(T))+2(g,X(T))
s)T
s)

o +/tT <<g((j)) 51:3(( > <)1j((88)))’ <)1j((88)))>
{0 N}

When b(-),a(-),q(-), p(-), g(-) = 0, we denote the problem Problem (SG)?, which is a

special case of Problem (SG). With the above notation, we introduce the following

standard assumptions:
(SG1) The coefficients of the state equation satisfy the following:

(
(

A(-) € L0, T;R™™),  B(-) € L*(0,T;R™™), b(-) € L3(Q; L' (0, T;R™)),
C() € L*(0,T;R™™), D(:) € L*>(0,T;R™™), o(-) € L3(0,T;R"™).

(SG2) The weighting coefficients in the performance functional satisfy the follow-
ing:

Q() € LY0,T;S™), S(-) € L*(0,T;R™*™), R(-) € L*>°(0,T;S™),
q(-) € LE(Q; L'(0,T5R™),  p(-) € L§(0, T;R™), G eS", ge L% (%GR").

Under (SG1), by Proposition 2.1, for any (¢,2) € [0,7) x R™, and u(-) € U[t, T,
(3.1) admits a unique strong solution

X()=X(st,z,u() € LE(Q C(1t, T R™)).

Moreover, the following estimate holds:

. 2 2 g ’ T 2
S;E?F] | X (s)] ] < KE [|a:| + (/t |b(s)|ds> —|—/t lo(s)] d8—|— s)]| ds]
)

Therefore, under (SG1)-(SG2), the quadratic performance functional J(t,z;u(-)) =
J(t,z;ur(+),ue(s)) is well-defined for all (¢t,z) € [0,7) x R™ and (ui(:),us(-)) €
Ui[t, T] x Us[t, T)]. Keeping in mind that when m; = m, or, equivalently, ms = 0,
Problem (SG) becomes Problem (SLQ). We now introduce the following definition.
DEFINITION 3.1.
(i) For the case 0 < my,ma < m, a pair (ui(-),us(:)) € Us[t,T] x Uz[t,T] is
called an open-loop saddle point of Problem (SG) for the initial pair (t,z) €
0,T) x R if

J(t i (), uz() < J(E s ui (), us() < J(E zsun (), us(-)
V(ul(-), u2()) €U [t, T] X Us [t, T]

E

(3.3)

(i) For the case 0 < my,ma < m, the open-loop upper value VT (t,z) and the
open-loop lower value V'~ (t,x) of Problem (SG) at (t,x) € [0,T) x R™ are
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defined by the following:

VFi(t,x)=  inf sup  J(t, 25 un (), u2()),
(3 4) ul(')eul[tﬂT] ’LLQ(')GZ/{Q[t,T]
Vo(t,z)=  sup J(t, s ua (), u2 (),

inf

ua (-) €U [t,T) w1 () EUL[E,T]

which automatically satisfy the following:
V= (t,x) < VT(t ), (t,xz) € [0,T) x R".

In the case that
(3.5) Vo (t,x) =VT(t,z) =V(tz),
we say that Problem (SG) admits an open-loop value V (t,z) at (t,z). The
maps (t,x) — VE(t,z) and (t,z) — V(t,z) are called the open-loop upper
value function, open-loop lower value function, and open-loop value function,
respectively.

(iii) For the case my = m, a u(-) € U[t,T] is called an open-loop optimal control
of Problem (SLQ) for the initial pair (t,z) € [0,T) x R™ if

(3.6) J(t,zyu(s) < J(t x;u(t)) Vu(-) € UL, TY,
and
Vt,x) = u(~)gllfff[t,T] J(t, xz;u(s)), (t,x) € [0,T] x R™,

is called the value function of Problem (SLQ).
Inspired by [10, 21, 5, 9], we now consider closed-loop strategies of Problems (SG)
and (SLQ), respectively. To this end, we let
Di[t,T) = L*(t, T; R™*"), i=1,2.

For any initial pair (t,z) € [0,T) xR, O(-) = (01(:)T,02() )T € 21[t, T] x Ls]t, T
and v(-) = (v ()T, v2(-) ") T € Uy [t, T x Us[t, T], consider the following system:

dX (s)= { [A(s)+ B(5)0(s)] X(s)+B(s)v(s)+b(s)}ds

(8.7) +{[C()+D(5)0(s)] X (5)+ D(s)e(s)+o(s) bW (s), s € 1,7],
X(t)=x.

Clearly, under (SG1), the above admits a unique solution X (-) = X (-;t, 2, 01(-),v1(+);
O4(+),v2(+)). If we denote

wl) =0:;()X() +ui(), i=1,2

then the above (3.7) coincides with the original state equation (1.1). We refer to (3.7)
as a closed-loop system of the original system. With the solution X (-) to (3.7), we
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denote
J(t,2;0:()X()+v
=Jt,500)X()+ v(
lg
2

I
—N
@
Ja
Ja
3
<
[N}
s
fa
3

( j ) (9(8)X)§S)+ v(S)) ’ (9(8)X)§S)+ v(S)) >

—E{<GX(T>,X(T)>+2<97X(T)>
+/tT <<Q+@TS;E;(2)+®TR@ ST+R@TR> (f)(f»

(170 (5))])

Similarly, one can define J (¢, z; 01 (-) X (-)+v1(-), v2(+)), J(t, 2;v1(-), O2(-) X () +v2(+)).
Also, in the case that my; = m, the meaning J(¢,2;0(-)X () + v(-)) is similar. We
now introduce the following definition.
DEFINITION 3.2.
(i) For the case 0 < my, ma < m, a4-tuple (05(-),vi(:); O3(-), v5(:)) € 21[t, T|x
Uy [t, TIx Dalt, T)xUs[t, T is called a closed-loop saddle point of Problem (SG)
on [t,T] if
(3.8)
J(t, ;07 ()X ()0 (), u2(-))

J(t, ;07 () X () +0i (), ©5() X () +v3(:))
J(t,zun (), ©5() X () +v3(+))
Ve eR™, (ui(+),ua(-)) €Uy [t, T xUs[t, T).
(ii) For the case my = m (thus ma = 0), a pair (0(-),9(-)) € Q[t, T] x U[t, T] is
called a closed-loop optimal strategy of Problem (SLQ) on [t,T] if
(3.9) J(t,z;00)X () +0() < J(t, z;3u(-)) Ve e R, w() eU]t,T].

<
<

There are some important remarks to be made:

(i) An open-loop saddle point (uj(:),u5(-)) (and an open-loop optimal control
u(-) for the case my = m) usually depends on the initial state =, whereas a
closed-loop saddle point (O35 (-),vi(:); ©5(-),v5(:)) (and a closed-loop optimal
strategy (©(-),(+)) for the case m = m1) is required to be independent of
the initial state .

(ii) For the case m = m;j, we have Problem (SLQ), and (3.9) implies that the
outcome O(-)X(-) + 0(-) of the closed-loop optimal strategy (O(-),o()) is
an open-loop optimal control of Problem (SLQ) for the initial pair (¢, X (¢)).
Hence, for Problem (SLQ), existence of a closed-loop optimal strategy implies
the existence of open-loop optimal controls.

(iii) In (3.8), the state process X (-) appearing in J(¢, ;7 (-) X () + v (), ua(+)) is
different from that in J(¢, z;u1(-), ©5() X (-) + v3(-)), and both are different
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from X*(-) = X(-;t,2,075(:), v} (-); ©3(-),v3(+)), which is the solution of (3.7)
corresponding to
(©1(:),v1(); ©2(-),v2(-)) = (O (), v1 (-); ©5(-),v3 ().

Therefore, comparing with (3.3), we see that (3.8) does not imply that (O7(+)
X*(-) + vi(+),05()X*(-) + vi(-)) is an open-loop saddle point of Problem
(SG) for the initial pair (¢, X*(¢)). Hence, Problem (SG) and Problem (SLQ)
are essentially different in a certain sense, and we can only say that Problem
(SLQ) is a formal special case of Problem (SG).

Let us take a closer look at the issue on the open-loop and closed-loop saddle
points mentioned in (iii) above. We compare the following two inequalities:

(3.10) St wui(),un () < (6 w5 ui(), ua ()
and
(3.11) J(t, 2 01() X" () +v1 (), O3() X" ()3 () < J(t, 73 ua (), O3() X () +v3(:))-
For (3.10), we look at the state equation
dX (s) = [A(s) X (s) + Bi(s)ui(s) + Ba(s)uz(s) + b(s)]ds
+ [C(s)X (s) + Di(s)u1(s) + Da(s)u3(s) + o(s)|dW (s), s € t,T],
X(t) =,
and the cost functional

Ji(t, x;un(+))
= J(t, zyu (), u3())

! E{ (GX(T), X(T))+ 2 (g, X(T))

2

T
+/ [(QX,X)—F2<S1X,u1>+<R11u1,u1>+<R22u§,u§>+2<R12u§,u1>
¢

+2<52X,US>+2<q,X>+2<p17u1>+2<p2,US>}d8}

%IE{ (GX(T), X(T)) +2 (g, X(T))
T
+/ [(QX,X)—F2<S1X,U1>+<Rl1u1,u1>+2<(J+52TU§aX>

+2(p1 + Riguz,ur ) + ( Raguj, u3 ) + 2<p27u;>:|d5}'

Therefore, (3.10) holds if and only if u3(+) is an open-loop optimal control of Problem
(SLQ) with the corresponding coefficients (using tildes to distinguish them from the
original ones)

A=A, B=B,, b=b+ Byul,
520, BZDl, 5:U+D2u;,
éZGv §:gv ézQa §:S17 ﬁZRll,

G=q+Ssus, p=p1+ Riouj.

(3.12)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 12/06/18 to 132.170.192.79. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

4094 JINGRUI SUN AND JIONGMIN YONG

However, for (3.11), we look at the state equation

dX,(s) = {[A(s)+B2(s)®§(s)]X1(3)+B1(s)u1(s)+B2(s)v§(s)+b(s)}ds

+ {[C’(S)—I—DQ(S)@;(S)]X1(8)+D1(s)u1(S)—I—Dg(s)v;(S)—I—J(S)}dW(s),
s € [t,T],
Xl (t) =T,

and the cost functional

Ji(t, @5 ui(-))
= J(t,z;u1 (), ©5() X1 () + v5(")

— % E{ (GX1(T), X1(T)) +2 (g, X:(T))

T
+/ [<QX17X1>+<R11U1,U1>+<R22(9§X1 +v3),05X1 +vy)
t
+ 2<51X1,U1>+2<52X1,@§X1 +v§>+2<R21u1,@§X1 +’U;>

+ 2<q,X1>+2<p1,u1>—|—2<p2,®§X1 +’U;>:|d8}
. %E{ (GX1(T), X1 (T)) +2 { g, X1(T) )

+/tT [<QX1,X1>+<R11u1,u1>+<(@;)TR22@;X1,X1>
+2((05) " Ryov, X1 ) + ( Roovs,v3 ) + 2(S1X1,u1)
+([S5 035 + (©3) T Sa) X1, X1 )+ 2 (S5 v, X1 )+ 2 ( R1205 X1, u1 )
+2(Rigvy,un )+ 2(q, X1 )+ 2 (pr,u1 ) +2((03) T pa, X1)

+2<p2,v;>}ds}
— %E{ (GX1(T), X1(T))+ 2 (g, X:(T))

T
+/ {<[Q + (@;)TRQQ(—); + (@;)TSQ + S;@;]Xl, X1 > + <R11U1,U1 >
t

+2 <(Sl + R12@;)X1,U1 > + 2 <q + [S;— + (@;)TRQQ]U; + (@;)Tpg, X1 >

+2(p1 + Rigvy,u1 ) + (R2av3, 05 ) + 2<p2,v§‘>}d8}-

Then, (3.11) holds if and only if (©7(:),vi(:)) is a closed-loop optimal strategy of
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Problem (SLQ) with the corresponding coefficients

A=A+ By©S, B=By, b=b+ By},
C=C+Dy05 D=D,, &=o0+ Ds,

(3.13) @ = Q+(03)" R2205 + (03)" 9> + 55 63,

S =25+ R1205, R=Ri,

§=q+[S3 +(05)" Rooluy +(03) T p2,  p= p1 + Rugus,
G= G, g=g.

Comparing (3.12) and (3.13), we see that one cannot say anything about whether the
outcome OF () X*(-) + vi() of (©F(-),vi(:)) for the initial pair (¢,z) has anything to
do with uj(-).

On the other hand, the following result, which is similar to Berkovitz’s equivalence
lemma for Problem (DG) found in [4], tells us something a little different and will be
useful below.

PROPOSITION 3.3. Let (SG1)—(SG2) hold. For (07 (-),vi(-)) € 2;[t,T| xU;[t, T,
1 =1,2, the following statements are equivalent:

(1) (©7(:),v71();05(-),v5(-)) is a closed-loop saddle point of Problem (SG) on
[t,T].

(ii) For any x € R™, (©1(:),02(:)) € 2[t,T] x Lo[t,T] and (v1(-),v2(:)) €
Ui[t, T] x Us[t, T, the following holds:

J(t,2;,07()X () + 07 (), O2() X () + v2(-))
(3.14) < I8 2;01()X7() +0i(), 03() X7 () +v5(+)
< J(t 2 01()X () +01(), O3 ()X () +v3()).
(ili) For any x € R™ and (vi(-),v2(+)) € Ur[t, T| x Us[t, T, the following holds:

J(t,2;07()X () + 07 (), 03()X () +v2())
(3.15) < J(t2;07() X7 () + 01 (), O5() X7 () +v2())
< I 07()X () +01(+), ©5() X () + 03 ().

Proof. (i) = (ii) For any 0,(-) € 2;[t,T] and v;(-) € U;[t, T], i = 1,2, let X(-) be
the solution to the following SDE:

dX (s) = {[A+Bl@1+32®;}x+31v1+Bzv;+b}ds
(3.16) + {[C+ D101+ D203] X + Dyvi+Davs o faW (s), s € [t,T],
X(t) ==
Set
u () 20,()X () +vi(-) €Ut TY.
By uniqueness, X (-) also solves the following SDE:
dX(s) = {[A+Bg®§]X+B1u1+B2v§+b}ds
(3.17) + {[C+D203] X+ Dywr + Davy +o fdW(s), s € 7],
X(t) =z
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Therefore,
J(t,2;01()X"()) +vi(-), 03() X~
< It x5 u1 (), ©5() X () + w3 (-
= J(t,z;0:()X () +v1(-), O3(
Similarly, we have
J(t,2;01()X () + 01 (), O2()X () + va())
< J (2 01() X7 () + 01 (), ©3() X" () +va ().
(i) = (iii) This is trivial, by taking ©;(-) = ©*("), i = 1,2.
(iii) = (i) For any = € R™, and any u1(-) € Us[t,T], let X (-) be the solution of

the following SDE:
(3.18)

dX (s) = { [A+ By©5) X + Byuy + Bovl + b}ds
+{[C+ D:03] X + Diur + Dovs + 0 faW(s), s € [t,T],
X(t) = z.
Set
vi(r) = ui () — O7()X () €U [t, T7;

then X (-) is also the solution to the following SDE:
(3.19)

dX(s) = {[A+B1®*{+Bz@§]X+Blvl+Bgv§+b}ds
+ {[C+ D101+ D203] X + Dyvi+ Dyvs 0 faW (s), s € [t, ],
X(t) ==
Therefore,
J(t,2;01()X™ () + 01 (), O3(
(

< J(t701()X () +
= J(t, zu1 (), ©5() X7 () + v%‘(-))~

Similarly, for any « € R”, and any uz(-) € Us[t, T'], we can show that
J(t,2;01()X (1) +vi (), ua()) < J(E2;01()X™() + 01 (), O3()X () +v3 ().

Thus, (i) holds. |
We note that (iii) of Proposition 3.3 tells us that if (0*(-),v*(+)) is a closed-loop
saddle point of Problem (SG), by considering the state equation

dX(s) = [(A+ BO*)X + Byvi + Bavs + blds
(3.20) + [(C + DO*)X + Dyvy + Davs + o]dW (s), s€t,T),
X(t) =z,
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with the cost functional
(3.21) Ji(t,zso () = J(t,2;07()X () +01(-), ©3() X () +v3(+),

we see that v7(+) is an open-loop optimal control of the corresponding Problem (SLQ).
Likewise, if we consider the state equation

dX(s) = [(A+ BO*)X + Bavy + Byv; + blds

(3.22) + [(C + DO*)X + Davy + Dyvi +o]dW(s),  s€ [t,T),
X(t) ==,

with the cost functional

(3.23) Jo(t, w5 09(1)) = —=J (6, 2;07() X () + 01 (), ©3() X () + v2(-)),

then v3(+) is an open-loop optimal control of the corresponding Problem (SLQ).

4. Open-loop saddle points and FBSDEs. In this section, we present a
characterization of open-loop saddle points of Problem (SG) in terms of FBSDEs.
See [16] for some relevant results on FBSDEs. The main result of this section can be
stated as follows.

THEOREM 4.1. For 0 < myi,mg < m, let (SG1)—(SG2) hold and (t,z) €
[t,T) x R™ be given. Let u*(-) = (ui(-)T,us(-)")T € Us[t, T] x Us[t, T] and X*(-) =
X(-3t,z,u*(+)) be the corresponding state process. Then u*(-) is an open-loop saddle
point of Problem (SG) if and only if the following stationarity conditions hold:

B(s)TY*(s) + D(s)T Z*(s) + S(s)X"(s) + R(s)u*(s) + p(s) = 0,

4.1
(41) a.e. s €[t,T], as.,

where (Y*(+), Z*(+)) is the adapted solution to the following BSDE:

dY*(s) = —[A(s)TY*(s) + C(s) " Z*(s) + Q(s) X" (s)
(42) +5(s)Tur(s) + q(s)]ds + Z*(s)dW (s),  s€[t,T),
Y*(T) = GX*(T) + g,

and the following convezity-concavity condition holds: Fori=1,2,
(_1)i_1E{<GXi(T)in(T)>
T
(43) + [ [t@xi(e). Xuts) 42 (Sus)Xito).ws(5))
+ (Rii(s)ui(s),ui(s)) ] ds} >0 Yu() €Ut T),

where X;(+) solves

QL
ks
—~
N~—
Il
N
S
V)
S~—
>
PN
V)
S~—
_|_
s}
I
=
V)
S~—
I~
E
—~
»
~
QL
V)

(4.4) + [C(s)Xi(s) + Di(s)ui(s)]|dW (s), s€t,T],
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In the case that my = m, u*(-) = uj(-) is an open-loop optimal control of Problem
(SLQ) if and only if (4.1)—(4.2) hold and the following convexity condition holds:
(4.5)

T
]E{ (GX1(T), X4(T)) +/t [(Q(S)Xl(s)aX1(5)>+2 (S1(5)X1(s),u1(s))

+ <R(s)u1(s),u1(s)>}d5} >0 Yui(:) €lh[t,T],

where X1(+) solves

dX1(s) = [A(s)X1(s) + Bi(s)ui(s)]ds
(4.6) + [C(s)X1(s) + Di(s)ur(s)]dW (s), s € [t,T],
X1(t) =0.
Proof. We just prove the case 0 < mj,ms < m. The case m; = m can be
proved similarly. Let u*(-) = (ui(-)",u5(-)")" € Us[t, T) x Us[t, T] and X*(-) be the
corresponding state process. Further, let (Y*(-),Z*(:)) be the adapted solution to

the BSDE (4.2). By definition, u*(-) is an open-loop saddle point if and only if the
following hold:

(4.7)  J(t, w5 u1(), uz())
(4.8) J(t, zui(), uz(:))

For any uq(-) € Us[t,T] and € € R, let X*(-) be the solution to the following perturbed
state equation on [¢, T:

J(t,xyui () 4 eur(4),us(4)) Vui(r) €Ur[t, T), €€R,
J

<
> J(t,x;ul (), us(c) +eus(t)) Vus() €Usft, T], e€R.

AX*(s) = {A(5)X* () + Ba(s)[ui(s) + eua(s)] + Ba(s)us(s) + b(s) }ds

+ {C5) X% () + Du(s) [ui(s) + cun (s)] + Da(s)uz(s) + o (s) W (s),
Xe(t) = a.

Then X, (-) = w is independent of € satisfying (4.4) (with ¢ = 1), and
J(t w0 () +eun (), up() — J (@t 301 (), ua ()

= E { (G2X*(T) + X1 (T)), X2(T)) +2 (g, X1 ()

T Q ST S35\ [2X*+eXy X1 e
+/ < S1 Rii Rio 2UT “+ euq , | wr >+ 2 <( q> R ( 1)> ds
t 52 Rgl R22 2U; 0 P w1

ZE]E{ (GX*(T)+g,X.(T))

T
+/ {(QX*+5Tu*+q,X1>+<S1X*+R11UT+R12U§+p1,U1>}d8}
¢

2 T
+%E{<GX1(T),X1(T)>+/ |:<QX1,X1>+2<51X1,U1>+ <R11U1,’U,1>]d8} .
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On the other hand, we have
E{ (GX™(T) + g, X1(T))
T
+/ |:<QX* —I—STU* —|—q,X1>—|—<51X* —I—Rllu’{ —I—Rlzu; —|—p1,u1>}ds
t

T
:E{/ [<—(ATY* L OTZ QX + STu* +q), X))+ (Y*, AXy + Byuy )
t
+(Z*,CX1 + Dyuy ) +{QX* + STu* +¢,X1)

+ <51X* + Rllu*{ + ngu; —|—p1,u1>}ds}
T
:]E/ <B;FY*+D1TZ*—I—SlX*+R11UT+R12U§+p1,U1>dS.
t

Hence,
J(t,zui () +eun(),us(4) — J(E zsui (), uz(:))

)
T
EIE/ (B Y* + D] Z* + 81 X* + Ry1u} + Rigul + p1,u1 ) ds

o~

2

c T
+ 7E{<GX1(T),X1(T)>+‘/15 {<QX1,X1>+2<51X1,U1>+<R11U1,u1>}d8}.

Similarly, for any us(-) € Us[t,T] and ¢ € R,

J(t, 2 ui (), uz () +eua(r) — J (¢ 25 ui(t), uz(:))
T
=cE <B;Y*+D;Z*+52X*+R22U§+R21UT+p2,U2>d8
t
2

c T
?E{<GX2(T),X2(T)>+/ {(QXQ,X2>+2<S2X2,u2>+<R22u2,u2>}ds},

where X(+) is the solution of (4.4) with ¢ = 2. Therefore, (4.7) holds if and only if
(4.3) holds for i = 1, and

(4.9) B]Y*+ D/ Z*+ 81 X"+ Ryu} + Rioul + p1 =0, a.e. s € [t,T)], as.

In the same way, one can show that (4.8) holds if and only if (4.3) holds for i = 2,
and

(4.10) By Y* + Dy Z* + SoX* + Roju} + Raguly +pa =0,  ae. s€[t,T], as.
Note that (4.1) is equivalent to (4.9) and (4.10). The proof is completed. O

From the above result, we see that if Problem (SG) admits an open-loop saddle
point w*(-) = (uf(-),u3(-)")", then the following FBSDE admits an adapted solution
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(X7(), Y (), 2 (-):

dX*(s) = [A(s)X*(s) + B(s)u*(s) + b(s)]ds
+ [C(s)X*(s) + D(s)u*(s) + o(s)]dW(s), s € t,T],
(4.11) dY*(s) = —[A(s)TY*(s) + C(s) T Z*(s) + Q(s) X *(s)
+ S(s) Tu*(s) + q(s)]ds + Z* (s)dW (s), set,T],
X*(t) ==, Y*(T)=GX*(T)+g,

and the following stationarity condition holds:

B(s)TY*(s) + D(s)T Z°(s) + S(5)X*(s) + R(s)u* (s) + p(s) = 0,

(4.12)
a.e. s €[t,T], as.

The following result is concerned with the uniqueness of open-loop saddle points.

COROLLARY 4.2. For 0 < my,mg < m, let (SG1)-(SG2) hold, and let (t,z) €
[0,T) x R™ be given. Suppose Problem (SG) admits a unique open-loop saddle point
u*(+) at (t,x). Then the unique adapted solution (X*(-),Y*(-), Z*(-)) of the decoupled
FBSDE (4.11) together with uw*(-) is the unique 4-tuple of F-progressively measur-
able processes that satisfy (4.11)—(4.12). Conversely, if the convezity-concavity con-
dition (4.3)—(4.4) holds and there exists a unique F-progressively measurable process
(X*(),Y*(-), Z*("),u*(+)) satisfying (4.11)—(4.12), then u*(-) is the unique open-loop
saddle point of Problem (SG).

Proof. Suppose u*(-) € U[t,T] is the unique open-loop saddle point of Problem
(SG) at (t,z). By Theorem 4.1, the unique adapted solution (X*(-),Y™*(-),Z*(-)) of
the decoupled FBSDE (4.11), together with w*(-), satisfies the stationarity condition
(4.12), and the convexity-concavity condition stated in Theorem 4.1 holds. Now, if

there is another different 4-tuple (X(-),Y (-), Z(-),4(-)) satisfying (4.11)-(4.12), then
it is necessary that @(-) # u*(-); otherwise, (X(-),Y (), Z(:)) = (X*(-),Y*(:), Z*(-))
by the uniqueness of the adapted solutions to the decoupled FBSDE (4.11). Hence,
by the sufficiency of Theorem 4.1, @u(-) has to be another different open-loop saddle
point, a contradiction.

Conversely, if Problem (SG) has two different open-loop saddle points, then by
the necessity of Theorem 4.1, the process (X*(-), Y*(+), Z*(-), u*(+)) satisfying FBSDE
(4.11) and stationarity condition (4.12) will not be unique. O

A result similar to Corollary 4.2 for the case m = my can be stated and proved.
We omit the details here.

Clearly, if Problem (SG) admits an open-loop saddle point at (t,z), then both
the open-loop lower value V= (¢, z) and the open-loop upper value V¥ (¢, x) are finite.
In 2005, Zhang [26] proved that for Problem (DG) with Rj; > 0,R2 < 0, and
Ria = RJ; = 0, the finiteness of the open-loop lower and upper values is equivalent
to the existence of an open-loop saddle point. However, such a result does not hold
in general (see Example 7.5). Instead, comparing with Theorem 4.1 concerning open-
loop saddle points, we have the following general weaker conclusion under weaker
conditions.

PROPOSITION 4.3. For 0 < mi,ma < m, let (SG1)-(SG2) hold, and let (t,x) €
[0,T) x R™ be given. If VE(t,x) are finite, then the convexity-concavity condition
(4.3)-(4.4) holds. Likewise, for my =m, if V(t,x) is finite, then the convezity condi-
tion (4.5)-(4.6) holds.
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Proof. Let 0 < my,m2 < m. Since V'~ (¢, x) is finite, there exists a ua(-) € Us[t, T
such that

(4.13) J(t, @ Mg (+), uz(s)) > —o0 Yui(s) € Uh[t, T], XeR.
For any u;(-) € Us[t,T] and X € R, let X*(-) be the solution to the following SDE:
dX*(s) = [A(s)X*(s) + AB1(s)u1(s) + Ba(s)ua(s) + b(s)]ds

+ [C(s)X*(s) + AD1(s)ur(s) + Da(s)ua(s) + o (s)]dW (s), s € [t,T],
XANt) = .

Then X;(-) = M is independent of A satisfying (4.4) (with ¢ = 1), and by a
similar computation as in the proof of Theorem 4.1, we obtain

J(t, x5 g (4), ua(+)) — J(t, 230, ua(+))
= /\E{ (GX(T) + g, X:(T))

T
+/ [<QXO+S;|—UQ+q,X1>+<51X0+R12UQ+p1,U1>}dS}
t

2 T
+/\7E {<GX1(T),X1(T)>+/ [<QX1,X1>+ 2<51X1,U1>+<R11U1,U1>]d8} .

Then, if (4.13) holds, it is necessary that

E{<GX1(T),X1(T)>+/T [<QX1,X1>—|—2<SlX1,U1>+<R11U1,U1>]dS} 2 0
Vul() e U, [t,T].

The rest can be proved similarly. 0

5. Closed-loop saddle points and Riccati equations. We now look at
closed-loop saddle points for Problem (SG). First, we present the following result,
which is a consequence of Theorem 4.1.

PROPOSITION 5.1. Let (SG1)—(SG2) hold and t € [0,T). Let (©*(-),v*()) €
2[t, T] x U[t, T be a closed-loop saddle point of Problem (SG). Then for any x € R™,
the following FBSDE admits an adapted solution (X*(-),Y™*(-), Z*(-)):

dX*(s) = [(A+ BO*)X* + Bv* + b|ds
+ [(C + DO*)X™* + Dv* + o]dW (s), s € [t,T),
(5.1) AY*(s) = —[ATY* +CTZ" + (Q + STO")X* + STv* +q|ds
+ ZFdW (s), s € t,T],
X*(t) =z,  Y*(T)=GX*(T)+y,

and the following stationarity condition holds:

(5.2) R+ B'Y*4+D"Z*+(S+RO*)X*+p=0  ae. as.
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Proof. Let (©*(-),v*(-)) € 2[t,T] x U[t,T] be a closed-loop saddle point of
Problem (SG) with ©*(-) = (©7(-)7,03(-)")T and v*(-) = (vi(-)T,v3()T)". We
consider state equation (3.20) with the cost functional (3.21) for which we carry out
some computation: (denoting v = (v{, (v3)")")

Ji(t, x5 01(+))
=J(t,x0*X()+0(v)

11@{ (GX(T), X(T))+ 2 (g, X(T))

2

+/T [(QX,X>+2<SX,@*X+T)>

+<R(@*X+5),@*X+a>+2<q,X>+2<p,@*X+5>}ds}

%E{ (GX(T),X(T))+ 2(g, X(T))
+ /tT [([Q +(07)'S+570" +(0") RO, X)
(G rex) (2« (s w2 () ()
+z<q+<®*>%,x>+2<(ﬁg) , ()>]d}

= %IE{ (GX(T),X(T))+2(g,X(T))

T
+/ [([Q+ ()75 +576 + (0T ROIX, X)
t
+2((S1+R1O")X,v1)+2(q+ (9*)Tp+ (S2 + RQ(_)*)T’U;,X>
+<R11U1,’U1>+ 2<p1 +R12@§,U1>+<R221}§,U§>+ 2<p2,1}§>}d8}.

We know that v (+) is an open-loop optimal control for the problem with state equation
(3.20) and the above cost functional. Thus, according to Theorem 4.1, we have

0= BIY* + D;l—Z>k + (Sl + Rl@*)X* + Rll’UT + p1+ ng’U; a.e. a.s.

with (Y*(:), Z*(-)) being the adapted solution to the following BSDE on [¢, T7:

dY*=—{(A+ BO*)'Y* + (C + DO*)" Z*
+[Q+©"TS+STer +(0%) RO X"
+ (S1+ R1©0") "0} + g+ (0%) T p+ (S2 + R2O) v} bds + Z*dW
=—{ATY"+CTZ" +QX* + ST(O*X* +v*) +¢
+(©)T[BTY*+ DT Z* + SX* + R(O*X* +v*) + p] }ds + Z*dW,
YH(T)=GX*(T) +g.
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Likewise, by considering state equation (3.22) and cost functional (3.23), we can obtain
0=DByY* 4 Dy Z* + (Sa + Ro©®*)X* + Ro1v} + pa + Raovi  ae. as.
with (Y*(-), Z*(-)) being the adapted solution to the same BSDE as above. Thus,
0=B'"Y*4+D"Z*+(S+RO" X"+ Rv* +p  ae. as.

Then the above BSDE is reduced to that in (5.1). O

We point out that unlike the open-loop saddle point case, the convexity-concavity
condition (4.3)—(4.4) is not claimed to be necessary for the existence of a closed-loop
saddle point of Problem (SG). From this, one sees the essential difference between the
open-loop and closed-loop saddle points. The following result gives a characterization
for closed-loop saddle points of Problem (SG).

THEOREM 5.2. Let 0 < my,mg < m and (SG1)-(SG2) hold. Then Problem
(SG) admits a closed-loop saddle point (©*(-),v*(:)) € 2[t,T] x U[t,T] with ©*(:) =
©:()7,05()N)T and v*(-) = (vi(-)T,v5(-)") T if and only if the Riccati equation

P(s) + P(s)A(s) + (f()+0(f($()+QU
(5.3) —~ [P(5)B(s) + C(s)TP(s)D(s) + S(s)T| [R(s) + D(s) "P(s)D(s)]"
- [B(s)TP(s) + D(s) TP(s)C u S(s)] = aesEﬁﬂ
P(T) =G,

admits a solution P(-) € C([t,T];S™) such that

R(B(s)"P(s)+ D(s) " P(s)C(s) + S(s)) € R(R(s) + D(s) "P(s)D(s))

(5.4) a.e. s € [t,T],
(55) [R()+D()TPODO] [BO)TPE+D()TPC()+S()] € LA (L, T;R™ ™),

Rll(s) + Dl(S)TP(S)Dl(S) >0, R22(5) + D2(S)TP(S)D2(S) <0,
T

(5.6) a.e. s€[t,T)

and the adapted solution (n(-),((-)) of the BSDE

dny(s) = _{ [AT— (PB+CTPD+5T)(R+D"PD)'BT]y
+[CT=(PB+C"PD+ST)(R+D"PD)'D"|¢
+ [T (PB+C"PD+ST)R+D"PD)'D"|Po

o0 - (PB+CTPD+ST)(R+DTPD)Tp+Pb+q}ds
+ CdW (s), s € [t,T],
n(T) =g,
satisfies
by B ED() ) D) P(a(s)+o(s) € R(R(:)+D() P(<) D)
(59 a.e. s€[t,T], as

)
[R()+DO)PODE] B () +DE)TCO+D() TPO)o()+p()] € LA T;R™).
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In this case, the closed-loop saddle point (©*(),v*(:)) admits the representation
(5.10)

0*(-) = —[R(-) + D()P()DC)] [BO)TP() + D) TP()C() + S()]
+ {1~ [R() + D) TP()DE)]'[R() + D) TP()D()] (),
v*() = —[R()+DE)TPODE] [BE () + DO)TC) + DO TPE)a() + p(-)]
) ( : (-

for someI1(+) € L?(t, T; R™*™) and v(-) € Li(t, T;R™), and the value function admits
the following representation:
(5.11)

V(t,z) = %E{ (Pt)x,x)+ 2({n(t),z)
T
+/ [(Po,o)+2(n,b)+2(¢,0)—((R+D'PD)"
(BTn—I—DTC—I—DTPU—I—p),BT77+DTC+DTPU+p>]ds}.

Before proving the above result, let us point out that the closed-loop saddle point
(©*(-),v*(-)) given by (5.10) only depends on the coefficients of Problem (SG), and
it is independent of the initial state x. Also, we see that the convexity-concavity
condition (4.3)—(4.4) is not even mentioned in the above.

Proof. Necessity. Let (©%(-),v*(-)) be a closed-loop saddle point of Problem
(SG) over [t,T], where ©*(-) = (©5(),05()")T € 21[t,T] x D2t, T] and v*(-) =
(i) T v5() )T € Uyt, T] x Us[t, T]. Then, by Proposition 5.1, for any = € R, the
following FBSDE admits an adapted solution (X*(-),Y™*(-), Z*(+)):

dX*(s) = [(A+ BO*)X* + Bv* +b|ds
+ [(C+ DO*)X* + Dv* + o|dW(s), set,T),
(5.12) AY*(s)=—[ATY*+CTZ"+ (Q+ STO")X* + STv* +q]ds
+ ZTdW (s), selt,T],
X*t)==  Y(T)=GX"(T)+y;
the following stationarity condition holds:
(5.13) B'Y*+D"Z*+(S+ RO )X*+Rv*+p=0  ae. as.

Since the above admits a solution for each z € R™, and (©*(-),v*(-)) is independent
of x, by subtracting solutions corresponding to = and 0, the later from the former, we
see that for any « € R", as long as (X(-),Y(-), Z(+)) is the adapted solution to the
FBSDE

dX(s) = (A+ BO")Xds + (C+ DO*)XdW (s), s € [t,T],
(5.14) $dY(s)=—[ATY +CTZ +(Q+ STO")X]ds + ZdW (s),  se€ [t.T],
X(t)==z  Y(T)=GX(T),

)=
) =

one must have the following stationarity condition:

(5.15) B'Y+D'Z+(S+RO* )X =0 ae as.
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Now, we let

S
(5.16) +[C(s) + D(s)0*(s)]X(s)dW (s), s € [t,T),

and let

dY(s) = —{A(s) "Y(s) + C(s) "Z(s) + [Q(s) + S(s) T ©*(s)|X(s) }ds
(5.17) + Z(s)dW (s), s €t T],
Y(T) = GX(T).

Obviously, X(+), Y(-), and Z(-) are all well-defined R™*"-valued processes. Further,
(5.15) implies

(5.18) B'Y+D'Z+(S+RO)X =0 ae as.
Clearly, X(-)~! exists and satisfies the following:
d[X(s)7'] =X(s)"H{[C(s) + D(s)0*(s)] - A(s) — B(s)O*(s) }ds
(5.19) — X(s)7H[C(s) + D(s)0* (s)]dW (s), s € [t, T,
X(t)"' =1

We define

Then (5.18) implies
(5.20) B'P+DTA+(S+RO*)=0 ae. as.

Also, by Itd’s formula,

P = {_ [ATY + CTZ+(Q+ STO)X]|X™! + YX![(C + DO*)? — A — BO"]
— ZX1(C + DO") bds + {ZX !~ YX1(C + DO") }aw (s)
- {_ ATP-CTA-Q—STO" + P[(C + DO*)? — A — BO"]
~ A(C+ DO") bds + { A= P(C+ DO") faW (s).
Let
A=A~ P(C+DO").
Then
dP = { ~ATP—CT [A+ P(C+D6")] ~Q~ST0"+P[(C+D&*)* — A- BO"]
~ [A+P(C+DO")](C+DO") ds+AdW (s)
- {—PA—ATP—AO—OTA—CTPO—(PB+CTPD+ST+AD)@*—Q}ds
+ AdW (s), s €t T],
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and P(T) = G. Thus, (P(:),A(-)) is the adapted solution of a BSDE with determin-
istic coefficients. Hence, P(-) is deterministic and A(-) = 0, which means

(5.21) A=7ZX'=P(C+ DO").

Therefore,

(522) P+PA+ATP+CTPC+(PB+C"PD+ST)0*+Q=0 ae.
and (5.20) becomes

0=B"P+D"P(C+ DO*)+ S+ RO*
=B'P+D'PC+S+(R+D'PD)®*  ae.

(5.23)
This implies
R(B"P+D'PC+S)CR(R+D'PD)  ae.

Using (5.23), (5.22) can be written as

0= P+ P(A+ BO*)+ (A4 BO*)T P+ (C + DO*)T P(C 4+ DO*)
+(©)TRO* +S5TO* +(0)S+Q  ae

Since P(T) = G € S"™ and Q(-), R(:) are symmetric, by uniqueness, we must have

N

P(-) € O([t,T);S™). Denoting R = R+ D'PD, since
RY(BTP+DTPC + S5) = —R'RO*,
and R'R is an orthogonal projection, we see that (5.5) holds and
0" = -RI(B"P+D"PC+8)+ (I - RR)II
for some I1(-) € L?(¢, T; R™*™). Consequently,

(PB+CTPD+57)0* = (0)TRRT(BTP + DT PC + 5)

5.24 ~
(5.24) = (PB+C"PD+STHRY(B"P+D"PC +5).

Plugging the above into (5.22), we obtain Riccati equation (5.3). To determine v*(+),
we define

n(s) = Y*(s) ~ P
((s) = Z"(s) = P
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Then
dnp=dY* — PX*ds — PdX*
=-[ATY*"+CTZ"+(Q+STO")X* + STv* +q]ds
+7°aW + {[PA+ATP+CTPC+Q
— (PB+C'PD+S")R+D'PD)/(B"P+D'PC + 8)]X*
— P[(A+ BO*)X* + Bv* +b] }ds
—P[(C 4+ DO*)X* + Dv* + g|dW
S {AT(n + PX*)+CT[¢C+ P(C+ DO")X* + PDv* + Po]
+(Q+STO)X* +STv* +¢q— [PA+ATP+CTPC+Q
—(PB+C'"PD+S")R+D"PD)/(B"P+D"PC+ 85)]X*
+ P[(A+ BO")X" + Bv* +b] }ds + (W
— {— ATy—CT¢—(PB+CTPD+ST)0" X"
—(PB+C"PD+S"Ww*—C"Po—Pb—q
— [(PB+CTPD+ST)(R+DTPD)I(BTP+DTPC+ S)]X*}ds +CdW
=—[ATy+C"¢+(PB+CTPD+ ST +C"Po+ Pb+qlds
+¢dw,  selt,T).
According to (5.13), we have
0=BTY*+D"Z*+(S+RO")X*+ Rv* +p
=B'(n+PX*)+D"[¢+ P(C+ DO*)X*+ PDv* + Po]
+ (S + RO*)X* 4+ Rv* +p
=[B"P+D'PC+S+(R+D'PD)O*|X*
+B'n+D"¢(+D"Po+p+ (R+D"PD)*
=B'n+D"¢C+D"Po+p+ (R+D"PD)v*.
Hence, the following is true:
B'n+D'¢(+D"Po+peR(R+D"PD) ae. as.
On the other hand, since
RY(BTn+ D¢+ D" Po +p) = —R'Rv*,
and R'R is an orthogonal projection, we see that (5.9) holds and
v* =R (B n+DT¢+ D" Po+p)+ [ - RR]v
for some v(-) € LZ(t,T;R™). Consequently,
(PB+CTPD+ ST
= (PB+C"PD+S")R+D"PD)(B'n+D"¢C+D"Po+p)
+(PB+C"PD+S")[I-(R+D"PD)/(R+D"PD)|v
=—(PB+C"PD+ST)R+D"PD)(B"n+D"¢C+D"Po+p).
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Then

ATn+CT ¢+ (PB+CTPD+ ST Ww*+C"Po+ Pb+q
=A"p+CT¢(+CTPo+ Pb+q
—(PB+C"PD+ST)R+D"PD)Y(B"n+D'¢+D"Po+p)
=[A"—(PB+C"PD+ST)(R+D"PD)'BT]y
+[CT—(PB+CTPD+ST)(R+D"PD)'D"|¢
+[CT—(PB+CTPD+ST)(R+D'PD)'D"|Po
~(PB+C"PD+ST) R+ D"PD)'p+ Pb+q.

Therefore, (1(-),((+)) is the adapted solution to BSDE (5.7). This proves the necessity,
except (5.6), whose proof is contained in the proof of sufficiency below.

Sufficiency. We take any u(-) = (ui(-)",ua(-)")" € Us[t,T] x Us[t,T], and let
X()=X(-;t,z,u(-)) be the corresponding state process. Then

Jtaiu() = %E{ (GX (D). X(T)) +2 (9. X(D))
T
—|—/t [(QX,X>+2<SX,u>—|—<Ru,u>—|—2<q,X>—|—2<p,u>]ds}

= %E{ (Pt)z,z)+2(n(t), z)

T
+/ ([-PA-ATP-CTPC—-Q+ (PB+C"PD+ST)
t

x (R+D"PD)Y(B"P+D"PC+5)]X,X)
(AX + Bu+1b),X )+ (PX,AX + Bu+b)
(CX—i—Du—i—a) CX +Du+o)
+2([-AT+(PB+C"PD+ST)(R+D'"PD)'B"|n,X)
+2([-C"+(PB+C"PD+S")(R+D"PD)'D"|Ps, X)
<[ (PB+CTPD+ST)(R—FDTPD)TDT}C,X)
2(
2(

+{

P
(P

(PB+CTPD+ST)(R+DTPD);) Pb—q,X)
(,CX +Du+o)+2(n,AX +Bu+b)+(QX,X)

2<SX,u>+<Ru,u>+2<q,X>+2(p,u>}d5}

1 T
- 51@{ (P(t)x,x>+2<77(t),x>+/t [<Pa,o—>+2<n,b>+2<g,a>

+ (PB4+C"PD+ST)R+D'"PD)(B"P+D"PC + S)X,X)
+2(B"P+D'PC+S)X+B"n+D"¢+D"Po+p,u)
+{((R+D"PD)u,u)+2((PB+C"PD+S")(R+ D" PD)t

-(BTn+DT§+DTPa+p),X>}ds}.
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Let (©*(-),v*(+)) be defined by (5.10). Then

B'P+D'PC+5=—(R+D'PD)O* = —RO*,
{ B'n+D'¢(+D"Po+p=—(R+D"PDw* = —Rv*.
Also, one has
((R+ DTPD)v*,v*)

= (RRY(B™n+ D¢+ D" Po+p),RI(BTn+ D¢+ D" Po+p))

=((R+D"PD)(B"y+D"¢C+D"Po+p),B'n+D"C+D"Po+p).
Thus,
J(t,z;u() = IE{ (P(t)z,z)+ 2 (n(t),z) + [ [<Pa,a>+ 2(n,b)+2(¢,0)

+{(PB+C"PD+ST)R+D"PD)(B"P+D"PC+9)X,X)
+2(B"P4+D"PC+S)X +B'n+D"¢C+D"Po+p,u)
+{((R+ DT"PD)u,u)+2{((PB+CT"PD+ST)(R+ D'"PD)!

-(BTT]—I—DTC—FDTPJ—Fp),X}]dS}
:%E{(P(t)a:,a:>+2<n(t),x>
T AN~y A~
+/ [(PU,UH—2<n,b>+2<§,a>+<(@*)TRRTR®*X,X>

2 (RO X +v*),u) + (Ru,u) + 2 (0" T RR'Rv*, X >}ds}

_ %E{ (P(t)e,a) + 2 (n(t),z)
T o~
+/ [(Po.o)+2(nb) +2(Co) + (RO"X.€°X)

—2(§(®*X+v*),u>+<1§u,u>+2(1:2@*)(,1)*)}6[5}
= —IE{ (P(t)z,z)+2(n(t),x)

_|_/tT [<P0,0>+2<77,b>+2<<v‘7>

—(R+D"PD)(B"y+D"¢+ D" Po +p),
B'n+D"(+D"Po+p)

+((R+DTPD)(u—0"X —v*),u—0"X —v* >}d5}
= J(t, 207 ()X () +07())

1 /T
+ §E/ (R+D"PD)(u—0*X —v*),u—0*X —v*)ds.
t
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Consequently,
J(t, ;07X () +vi(), ©3()X () +v3())

1 T
=J(t,z;0 ()X () +0* (") + gE/t ((R11 + D] PDy)(vy — v}),v1 — v} ) ds.

Hence,

J(t,2;07()X"() + 07 () < J(2;01()X () +01(), ©5()X () +v3())
V’Ul(-) c U, [t, T]

if and only if
Ri1+D{PD; >0 ae sc|tT].
Similarly,

J(t,2;07() X () +vi(-),05(:) X (-) +va(-))
T
— It 2 0 ()X () + v () + %E/ (Ras + DJ PDs)(vs — v3), v — v ) ds.

t

Hence,

J(t, 207 ()X"() + v () 2 J(t, ;07 ()X () +v7(-), ©5() X () + v2(+))
V’Ug(-) S Z/{g[t, T]

if and only if
Roo + D;PDQ <0 a.e. s € [t,T).

That is, (©*(-),v*(+)) is a closed-loop saddle point of Problem (SG). This proves the
sufficiency as well as (5.6). O

Since the convexity-concavity condition (4.3)—(4.4) is necessary for the existence
of an open-loop saddle point but is not necessary for the existence of a closed-loop
saddle point, we expect that there must be a case for which a closed-loop saddle point
exists but no open-loop saddle point exists. We will see such an example in section 7
for Problem (SG). This then tells us that the open-loop and closed-loop saddle points
are different.

Note that by letting m; = m (or equivalently, o = 0), using the same arguments,
we can obtain a characterization of closed-loop optimal strategy for Problem (SLQ).
Unlike the case 0 < mqy,ma < m, as we pointed out in section 3, the existence of
a closed-loop optimal strategy implies the existence of open-loop optimal controls.
Hence, the existence of a closed-loop optimal strategy implies the convexity condition
(4.5)-(4.6). Consequently, such a feature really prevents Problem (SLQ) from being
a special case of Problem (SG).

We point out that the solution of the Riccati equation (5.3) may be nonunique.
Such an example will be presented in section 7. A solution P(-) of (5.3) satisfying
(5.4)—(5.6) is called a regular solution of (5.3). The following result shows that the
regular solution of (5.3) is unique.

COROLLARY 5.3. Let (SG1)-(SG2) hold. Then the Riccati equation (5.3) admits
at most one regular solution P(-) € C([t,T];S™).
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Proof. Consider Problem (SG)°. Suppose P(:) is a solution of Riccati equa-
tion (5.3) satisfying (5.4)—(5.6). Then the adapted solution (n(-),((:)) of (5.7) is
(n(-),¢(+)) = (0,0). By Theorem 5.2, we have

2V (t,x) = (P(t)x,x) Vo € R.

Now, if P(-) is another solution of Riccati equation (5.3) satisfying (5.4)—(5.6), for the
same reason, we have

2V (t,x) = (P(t)x, x) Vo € R.
Hence, P(t) = P(t). By considering Problem (SG)° on [s,T], t < s < T, we obtain
P(s) = P(s) Vs e [t,T].
This proves our claim. O

6. Linear FBSDESs and Riccati equations. We have seen that linear FBSDE
(4.11)-(4.12) and Riccati equation (5.3)—(5.6) together with BSDE (5.7)-(5.9) have
played central roles in characterization of the existence of an open-loop saddle point
and a closed-loop saddle point of Problem (SG), respectively. Inspired by the four-
step scheme introduced in [15] (see also [16]), in this section, we will establish a
relation between the linear FBSDE and the Riccati equation. More precisely, we have
the following result (for simplicity of notation, we will suppress the time variable s
below).

THEOREM 6.1. Let (SG1)-(SG2) hold and t € [0,T). Suppose that P(:) €
C([t,T];S™) is a solution to the Riccati equation

P+PA+ATP+CTPC+Q
61) —(PB+C"PD+ST)R+D"PD)(BTP+DTPC+5)=0
a.e. s € [t,T],
P(T) =G,
such that

6.2) R(B'P+D'PC+S)CR(R+D'PD)  ae. s€tT],
(R+D"PDY(B"P+ D'"PC+8S) € L*(t,T; R™")

hold and that the adapted solution (n(-),((-)) to the BSDE
(6.3)

dn(s) = —{ [AT—(PB+C"PD+ST)(R+ D' PD) BTy
+[CT=(PB+CTPD+ST)(R+D"PD)'DT|¢
+ [T (PB+C"PD+ST)(R+D"PD)'D"|Po
—(PB+C"PD+ST)(R+D"PD)'p+ Pb+ q} + CdW(s),ds
s€t,T],

n(T) =g,

satisfies

(6.4) B'n+D'¢C+D"Ps+peR(R+D'"PD) a.e. s € [t,T], as.,
(R+D"PD)/(B"n+D"¢(+ D" Po+p) € LE(t, T;R™).
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Then for any x € R", there exists a 4-tuple of adapted processes (X (-),Y (+), Z(-), u(-))
€ L C([t, TIR™)) x LE(Q; C([t, TI; R™)) x LE(t, T;R™) x Lg(t, T;R™) satisfying

dX(s) = (AX + Bu+b)ds + (CX 4+ Du + o)dW (s), set,T],
(6.5) S dY(s)=—(ATY +CTZ+QX +STu+q)ds+ ZdW(s),  selt,T),
X(t) =, Y(T)=GX(T)+y,

and the following constraint holds:
(6.6) B'Y+D'Z+SX+Ru+p=0 a.e. s € [t,T], as.
Proof. Denote
a= —{ [AT— (PB+CTPD+ST)(R+ D" PD)'BT]n
+[CT=(PB+C"PD+ST)R+D"PD)'DT|¢
+ [T (PB+CT"PD+ST)(R+D"PD)'D"|Po
—(PB+CTPD+STYR+D PD)p+ Pb+ q}.

Then
{ dn(s) = ads + CdW (s), s €t T],
n(T) =g,
and
a+ATn+CT¢+CTPo+ Pb
=(PB+C"PD+S")R+D"PD)(B'n+D"¢+D"Po+p)—q.
Let

©=—(R+D'"PD)Y(B"P+D"PC + ) € L*(t, T;R™™),
v=—(R+D'PD)Y(B"n+D"¢C+D"Po+p) e Li(t,T;:R™).

Then for the given initial pair (¢, ) € [0,T) x R"™, the following SDE admits a unique
strong solution X (-):

{ dX(s) = [(A+ BO)X + Bv +b|ds + [(C + DO)X + Dv +o]dW(s), s e [t,T),
X(t) = .

By defining
w2OX +v=—(R+DTPD) [(BTP+D PC+S8)X+(BTn+DT(+D Po+p)],
we see that (X (-),u(-)) is a state-control pair. Since
(B"P+D"PC+S)X +(B'n+D"¢+D"Ps+p)cR(R+D'"PD),
one has

(R+D"PD)u+ (B'"P+D"PC+S)X +(B'n+D"¢C+D"Po+p)=0.
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Now, set
Y =PX +n, Z =PCX + PDu+ Po + (.
Then
Y(T) = P(T)X(T) +n(T) = GX(T) +g
and
B'Y+D'Z+SX +Ru+p

=B"(PX +1)+ D" (PCX + PDu+ Po+¢) +SX + Ru+p
=(B"P+D'"PC+S)X+(R+D'"PDu+B'n+D'(+D"Po+p=0.
Thus, the constraint (6.6) holds. Also,

dY = [PX + P(AX + Bu+b) + a|ds + [P(CX + Du+ o) + (|dW
={[-ATP-C"PC—-Q+ (PB+C'PD+ST)(R+D'PD)"
-(B'"P+D'PC + S)| X + PBu+ Pb+ a}ds + ZdW
=[-AT(Y -n)-C"(Z—-PDu—Po—()—QX + PBu+ Pb+a
+(PB+C'"PD+ST)(R+D'PD)(B'P + D'PC + S)X|ds + ZdW
=[-ATY-C"Z-QX+A"n+ (PB+C"PD)u+C"Po+C"(+Pb+a
+(PB+C'™PD+ST)(R+D'PD)(B'P + D'PC + S)X|ds + ZdW
={-AY-C"Z-QX-STu—q
+(PB+C'™PD+ST)[u+ (R+D'PD)'(B"n+ D¢+ D'Po + p)
+(R+D'PD)(B'P+ D'PC + S)X|}ds + ZdW
=(-ATY -CTZ-QX — STu— q)ds + ZdW.
This proves our conclusion. O
From the above, we have the following corollary.
COROLLARY 6.2. Let (SG1)-(SG2) hold. Suppose the convezity-concavity con-

dition (4.3)—(4.4) holds and there ezists a closed-loop saddle point for Problem (SG)
on [t,T). Then for any x € R™, Problem (SG) admits an open-loop saddle point for
(t,z).

The proof follows immediately from Theorems 6.1 and 4.1.

We conjecture that if for any (¢,2) € [0,7) x R™, there exists a unique 4-tuple
of adapted processes (X (+),Y (-), Z(-),u(-)) satisfying FBSDE (6.5) with constraint
(6.6), then the Riccati equation (6.1) admits a unique solution P(-) satistying (6.2),
and the BSDE (6.3) admits a unique adapted solution (7(-),((-)) satisfying (6.4).
Such a result is true for Problem (DLQ) [25]. However, at the moment, we could not
overcome some technical difficulties in proving such a result for Problem (SG).

7. Some examples. In this section, we present some examples. The first two
examples are concerned with Problem (SLQ) and the rest are for Problem (SG).

The first example shows that the solvability of the Riccati differential equation
is not sufficient enough for the existence of a closed-loop optimal strategy. So the
regularity conditions (5.4)—(5.6) are necessary.

Ezample 7.1. Consider the following optimal control problem (one-player game):

dX (s) = u(s)ds + u(s)dW(s), s €1[0,1],
X(0) =z,
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with cost functional
1 2 'l 3 2 2
J(x;u(r) = zE | X(1)" + =57 —s° Ju(s)“ds| .
2 0 \2
In this example,

A=0, B=1, b=0, C=0, D=1, o=0,
1
G=1, g=0, Q=0, S=0, R(s)==5>—-5* ¢q=0, p=0.

2
The corresponding Riccati equation reads
P(s) = 2P(s)" a.e. s €0,1]
(7.1) 83— 2524 2P(s) o Y
P(1)=1.

It is easy to see that P(s) = s? is the unique solution of (7.1), and

B(s)"P(s) + D(s) " P(s5)C(s) + S(s) = 52,
1 S € [0, 1].

R(s)+ D(s)" P(s)D(s) = 253 >0,

Thus, (5.4) holds. Now, if the problem has a closed-loop optimal strategy, then we
should have

0%(s) = —[R(s) + P(s)] P(s) = —g, se(0,1),

which is not in L?(0,1;R). This means that the problem does not have a closed-loop
optimal strategy.

From the next example, we can see that the solution of the Riccati equation may
be nonunique, and only the regular solution can be used to construct a closed-loop
optimal strategy.

Example 7.2. Consider the following one-dimensional controlled system:

dX (s) = [A(s)X (s) + B(s)u(s)|ds + u(s)dW (s), s €[0,1],
X(0) =,

with cost functional

1[(R—1)2 R—-1
A:‘[%‘l]’ B=—f Q==

The corresponding Riccati equation reads

B2 P2
R+P

(7.2) P+2AP+Q —

P(1) = —1.
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Note that
B*-24=1, Q+24AR=-2, QR=-1.
Then,
BP? ) p_q- B Z240P° - (Q124R)P-QR _ P’ 12P+1
R+ P R+ P RLP

and (7.2) becomes

o« P(s)2+2P(s)+1
(7.3) P = =R P
PA) = -1,

a.e. s € [0,1],

which has two solutions:

Py (s) = —1, s €10,1],

and
Py(s) =s—2, s € [0,1].
We have
R(s)+ Pi(s) =5 =35 +2=(s—1)(s—2) >0, s €10,1],
and

R(s)4+ Py(s) =5 —2s+1=(s—1)* >0, s€[0,1].
Now, we have
1
2J(z;u(-)) =E {—X(l)2 + /0 [Q(S)X(s)2 + R(s)u(s)g]ds}

= P(0)2® + E/O {[P(s) +2A(s)P(s) + Q(s)] X (s)?

+ 2P(s)B(s)X (s)u(s) + [R(s) + P(s)]u(s)Q}dS
2

= z? 1 s )] us) + ZEPE) o as
= POR+E [ [RE)+ P)] fule) + ot X ()] d
= P(0)2* + E/O [R(s) + P(s)] |u(s) + R([S([{z(;) 4]_];(2)} X(s)| ds.
Note that
(R-DP_(R=1(-D) _ 1
R(R+P) R(R-1) R
and
(R-1)P, (s —35+2)(s—2) _ (s —2)?

R(R+P) (s2—3s+3)(s2—2s+1) (s2—3s+3)(s—1)
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Thus,
1 s 2
2J (25 u(-)) = —a? +E/0 (s —=1)(s—2) |u(s) — = 1))(2(_) )71 ds
> —x? = 2] (x;u* ()
with
u*(s): X(S) _ X(S) _ B(S)Pl(s) X(S), se [071]7

(s—1)(s—2)+1  R(s)  R(s)+ Py(s)

which is an optimal control. The closed-loop system reads

X (s) = B (%721)2 _ 1) + (RR_Qlﬂ Xds + %XdW(s), s€0,1],

X(0) ==z,

which is well-posed. Thus, optimal control exists, but Riccati equation (7.3) has more
than one solution.
On the other hand, by taking P(s) = P»(s) = s — 2, we have

1  9)\2 2
J(z;u(r)) = —2* + %E/o (s — 1)? |u(s) + 2= 5(52 +§%(8 — 1)X(s) ds.
If
a(s) = —— 5= 2) X(s)

(s2—-3s+3)(s—1)

is an optimal control, the closed-loop system reads

X = |3 (m%)z”)‘ (%) (s?—:(’;gis—n s

B (s —2)2 . .
[(52—384-3)(8—1)]de( )’ € [0,1],

X(0) ==,
which is not well-posed, since

o (s —2)2 .
Ols) = (2 —=35+3)(s—1) #L°(0, iR).

Thus, u(-) cannot be an optimal control, a contradiction.

Concerning differential games, we present the following example, which shows
that the existence of a closed-loop saddle point does not imply the existence of an
open-loop saddle point. This gives a stochastic version of a similar example for the
deterministic case given by Schmitendorf [21].

Ezxample 7.3. Consider the one-dimensional state equation

(7.4) { dX (s) = [u1(s) — ua(s)]ds + [u1(s) — ua(s)]dW(s), s € [t, 1],
X(t) ==,
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and the performance functional:

1
Tt (), wn() = 5E {X<1>2 - / s (5% — u2<s>2]ds} -

The corresponding Riccati equation reads

—1
P:P(l,—l)(ljpp _l_fp) (_11)13:0, se [t 1],

P(1) =1.

We can check that P(s) = 1 is the unique solution. Since R(s) + D(s)" P(s)D(s) =
(% ") is nonsingular, the range inclusion condition automatically holds. Also (not-

76)+ D P BT Pe= (4 ) (L) = (1) erern,

Ri1(s) + Dy (S)TP(S)Dl (s)=2>0, Roo(s) + DQ(S)TP(S)DQ(S) =0.

Hence, by Theorem 5.2, the game admits a unique closed-loop saddle point (©*(-),
v*(+)) given by the following:

0°(s) = [R5+ D) PP B P = (1) oo = (g)-

On the other hand, for any u;(-) € LZ(t, 1;R), taking us(-) = u1(-) — A\, X € R,
the corresponding solution of (7.4) is given by

X(s)=a+ s —t)+AX(W(s) — W(t)), s € [t, 1].

Hence,

J(t7 Tiul (), u2()) — %
(7.5) 1
2

e{xwe+ [ un(s)? - s
{[x +A1 -]+ 2/\E/tl ul(s)ds} .

This leads to

V*E(t,x) = inf sup J(t, 2 ur (), us(-
( ) u1 (-)€LE(t,1;R) us () EL2(L,1;R) ( ( ) ( ))

1
> sup J(t,2;0,u2(-) = s [z + A1 — t)]2 — 00 as \ — oo.
us ()€ L2(t, LiR) 2

So the open-loop saddle point does not exist. Note that for this example, from (7.5),
we see that
1

J(t,0;0,us(-)) = §A2(1 —t)%>0.

Hence, the convexity-concavity condition (4.3)—(4.4) fails.
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The following example shows that the existence of an open-loop saddle point does
not necessarily imply the existence of a closed-loop saddle point.
Example 7.4. Consider the following two-dimensional controlled state equation:

() = () vewn
()= (),

with performance functional
1
J(t, zu1 (), ua2()) = §E[X1(T)2 - X5(T)?].

Let (t,z) € [0,T) x R? with 2 = (z1,22)". For any \; > = (i = 1,2), define

ui(s) = —Aixily p1g(s), selt,T], i=1,2

Then, for any (ui(-),u2(+)) € L&(t, T;R) x L&(t,T; R), we have
J(t a0y (), ua () < (2503t (), up? () = 0 < J (a5 ua (), up? ()

Thus, (u*(-),u52(-)) is an open-loop saddle point. In the current case,

A=C=D=Q=R=S5=0, B=1I, G:((l) _01)

b=oc=q=p=g=0.
Hence, the Riccati equation reads
{P(s) =0 a.e. s € [t,T],
P(T) =G,
whose solution is P(s) = G # 0. Then the range condition
R(P) € R(R) = {0}

cannot be true. Consequently, there is no closed-loop saddle point for this Problem
(SG)Finally, we will present an example showing that the result of Zhang [26] on
the equivalence of the existence of an open-loop saddle point and the finiteness of

open-loop lower and upper value functions does not hold in general.
Example 7.5. Consider the one-dimensional state equation

(7.6) { AX(5) = ur(s)ds +ua(s)AW (s), s € [1,1],

X(t) =z,

and the performance functional:

(7.7) J(t, zsur(v),ua()) = %E/t [X(s)2 — ug(s)Q]ds.
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The open-loop lower value function satisfies

Vo(tzx) = sup inf J(t, zy;up (), ua(-
(t,2) us (-)EL2(t,1;R) U1 (DELE (£, 1;R) ( (), ual’))
0, t<1,
> inf J(t, x;u1(:),0) = 1
w1 (-)€LZ(t, 1;R) ( 1():0) 5952, t=1.

On the other hand, for any us(-) € L2(¢,1;R) and u;(-) = 0, one has

X(s)=x+ /ts ua (r)dW (r), s € [t,1].

Hence,
EX (s5)* = 2% + E/S us(r)?dr.
¢
Consequently,
VTt x) = inf sup J(t, xui(c),ua(r))

ui(-)€L3(t,1;R) us(-)EL2(t,1;R)

< sup J(t, z;0,us(+))
u2(')€L%(t,l;R)

1 1 s
sup —IE/ <a:2 + / us (r)?dr — uz(s)z) ds
uz(-)€LE(t,1;R) 2 t t

1 1!
—(1—t)a® + sup —E/ (= sua(s)?)ds =
2 uz(-)€LE(,1R) ¢

(1 —t)z2

N =

Thus, both the open-loop lower and upper value functions are finite. Now, suppose
(ui(+),us(+)) € Up[t, 1] x Us[t, 1] is an open-loop saddle point of the above problem for
the initial pair (¢,2) € [0,1) x (R \ {0}); then by Theorem 4.1, we have

(7.8) ((1)) Y (s) + (g) Z°(s) + (8 _01) (Z;EZ%) —0  ac seltl, as.

where (X*(+),Y™*(-), Z*(+)) is the adapted solution of the following FBSDE:

(s) = ui(s)ds +us(s)dW(s),  s€lt1],
(7.9) dY*(s) = —X*(s)ds + Z*(s)dW (s),  se [t 1],
X*(t)==z,  Y*(1)=0.

From (7.8), we have
Y*(s) =0, Z"(s) —us(s) =0 a.e. s € [t,1], as.
Hence, it is necessary that
{X*(s):Z*(s):O a.e. s € [t,1], as.,
ui(s) =ui(s) =0 a.e. s € [t,1], as.

This leads to a contradiction since X*(¢) = x # 0. Therefore, the corresponding
differential game does not have an open-loop saddle point for (¢,z) € [0,1) x (R\{0}),
although both open-loop lower and upper value functions are finite.
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8. Concluding remarks. In this paper, we present characterizations of the
existence (and uniqueness) of open-loop saddle points and closed-loop saddle points
of linear quadratic two-person zero-sum stochastic differential games, respectively, in
terms of the existence of an adapted solution to a linear FBSDE, and a differential
Riccati equation, with certain regularity. There are some challenging problems still
left open: (i) The solvability of the Riccati equation with pseudoinverse involved.
We mention here that some relevant results can be found in [1] and [17], but more
complete results are desirable. (ii) The solvability of the linear FBSDE (4.11) with
a constraint (4.12) without the help of the Riccati equation. Note that due to the
constraint (4.12), the FBSDE (4.11) is coupled. Some extension of the results found
in [23, 24] might be helpful in studying such FBSDEs. (iii) We conjecture that under
proper conditions, if for any initial pair (¢,z) € [0,7) x R™, Problem (SG) admits
a unique open-loop saddle point, then the game admits a closed-loop saddle point.
Such a result holds for Problem (DLQ). However, at the moment, we still could not
overcome some technical difficulties. (iv) The random coefficients case. This will lead
to more involved issues, for example, the corresponding Riccati equation should be a
BSDE, as indicated in [6, 7] for LQ stochastic optimal control problems with random
coefficients. We hope to report some results relevant to the above-mentioned problems
in our future publications.
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