Chin. Ann. of Math.
21B: 3(2000),323-338.

STOCHASTIC LINEAR QUADRATIC
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Abstract

This paper studies a stochastic linear quadratic optimal control problem (LQ problem, for
short), for which the coefficients are allowed to be random and the cost functional is allowed
to have a negative weight on the square of the control variable. The authors introduce the
stochastic Riccati equation for the LQ problem. This is a backward SDE with a complicated
nonlinearity and a singularity. The local solvability of such a backward SDE is established,
which by no means is obvious. For the case of deterministic coefficients, some further discussions
on the Riccati equations have been carried out. Finally, an illustrative example is presented.
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¢1. Introduction

Let (Q, F,P,{F;}+>0) be a complete filtered probability space on which a standard one-
dimensional Brownian motion w(-) is defined such that {F;};>o is the natural filtration
generated by w(-), augmented by all the P-null sets in F. We consider the following state
equation

dz(t) = [A()z(t) + B(t)u(t)]dt + [C(t)z(t) + D(t)u(t)]dw(t), t e [r,T], (1.1)
x(r) =&, '
where 7 € T0,T7, the set of all { F; }+>o-stopping times taking values in [0, T, £ € X, éL%-T (€
R™); A, B,C, D are matrix-valued {F; };>o-adapted bounded processes. In the above, u(-) €

Ulr, T}éL%_-(T, T;IR™) is a control process and x(-) is the corresponding state process.
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Clearly, for any (&,u(-)) € X; x U[r,T], there exists a unique (strong) solution z(-) €
LZ(7,T;R™) to (1.1). Thus, we can define a cost functional as follows:
T

I ) = B{ [ (@) (0).2(0) + (ROu(t) u(®)]de + Ga(T). (D) |7}, (1.2

where () and R(-) are symmetric matrix-valued {F;}+>o-adapted bounded processes and
G is a symmetric matrix-valued Fpr-measurable bounded random variable. Note that, as in
[6], we do not assume the nonnegativity of R(-).

Now, we state the stochastic linear quadratic optimal control problem as follows:

Problem (LQ). For each 7 € T[0,T] and & € X;, find a u(-) € U[r,T], such that

J(r,&u(-) = inf J(T,f;u(-))éV(T,f), a.s. we Q. (1.3)
u(-)eU[r,T]

Function V is called the value function of Problems (LQ).

In this paper, we are going to continue the study in [6]. We solve Problem (LQ) via
solving corresponding Riccati equation. To avoid some unnecessary repetition, we refer the
readers to [6] for notations that we omit the definitions here.

Now, we recall the following basic assumption (see [6]).
(S) Let

A,Ce L0, T;R™™™), BeL¥0,T;R*™™), DeCx([0,T];R"™™), (1.4)

Qe Cr([0,T];8™), ReCx([0,T];8™), GeLE.(28"). '
In addition, we also introduce the following interesting special cases of the above.
(DV) Let

A,C € L*(0,T;R™*™), BeL>®0,T;R*™™), D eC(0,T];R"*™), (1.5)

Qe C([0,T);8™), ReC(0,T);8™), GeS™ '
(DI) Let

A, CeR"™", B,DeR"™™, Q,GeS8S", RecS™ (1.6)

We see that under (DV) (resp. (DI)), the control system (1.1) is of time-varying (resp.
time-invariant) deterministic coefficients and under (S), (1.1) is of random coefficients.

The following definition is copied from [6].

Definition 1.1. Problem (LQ) is said to be (i) partially finite at (1,&) € A[0,T] if

P(V(r,&) > —0) > 0. (1.7)
(ii) (uniquely) partially solvable at (1,€) € A[0,T] if there exists a (unique) control u(-) €
U[r, T, such that
J(r,&7) = V(T,§), as. we (V(r,§) > —o0). (1.8)
If one has
P(V(r,§) > —o0) =1, (1.9)
we omit the word “partially” in the above notions.
If for 7 € T1[0,T], Problem (LQ) is finite (resp. (uniquely) solvable) at all (7,§) with
& € X;, we say that Problem (LQ) is finite (resp. (uniquely) solvable) at 7. If Problem (LQ)
is finite (resp. (uniquely) solvable) at all 7 € T[0,7], we say that Problem (LQ) is finite
(resp. (uniquely) solvable).
The following result was proved in [6].

Theorem 1.2. Let (S) hold. Suppose Problem (LQ) is partially finite at some (7,€) €
A[0,T). Then

R(T) + D(T)TGD(T) > 0, as. we (V(r,&) > —o0). (1.10)
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Moreover, it was shown in [6] by an example that if the equality holds in (1.10), Problem
(LQ) might be not finite. We will assume a little stronger assumption than (1.10) later.

We now introduce the Riccati equation corresponding to Problem (LQ):
dP = —{PA+ATP+C"PC+AC+C"A+Q— (PB+C"PD+ AD)
x (R + DTPD) ™ (BTP + DTPC + DTA) Ydt + Adw(t), € [1,T],
P(T) =G,
det[R(t) + D)TPt)D(t)] #0, tec[r,T], as. wec.

This is a backward stochastic differential equation (BSDE, for short). An adapted solution
of (1.11) is a pair (P, A) of {F;}+>0-adapted S™-valued processes. Once an adapted solution
(P, A) is obtained, one can construct an optimal state feedback control (see §2). Thus, we
hope to solve (1.11).

Note that the drift of (1.11) is quadratic in A and has a singularity in P. These bring some
essential difficulties in proving the existence of an adapted (local) solution. We emphasize
that unlike the forward SDEs, the local existence of an adapted solution to BSDE (1.11)
is by no means obvious. Some recent efforts devoted to the study of BSDEs with local
Lipschitz drift can be found in [11,12] (for one-dimensional case, global solutions) and [15]
(for higher dimensional case, local and global solutions). However, those works do not cover
the case that we have here, in particular, the singularity in P was not considered. One
of main contributions of this paper is the establishment of local existence of an adapted
solution to (1.11).

We refer the readers to [8,1,3,4] for finite-dimensional deterministic LQ problems, to
[10,13] for infinite-dimensional counterpart, to [16,2,5,17], especially to [6] for stochastic LQ
problems. Other relevant results about BSDEs can be found in [14,7,17].

(1.11)

§2. Optimal State Feedback Control

If (P(-),A(+)) is a pair of {F;};>¢-adapted, S™-valued processes satisfying (1.11) for some
T € T[0,T), we call (P(-),A(-),7) a local adapted solution of (1.11). A local adapted
solution (P(-),A(:),7) is called a global adapted solution of (1.11) if in (1.11), [7,T] is
replaced by (7, T] with

T =sup{t < T | det[R(t) + D(t)" P(t)D(t)] = 0}, (2.1)

and such a 7 happens to be a stopping time. We see that 7 is a part of unknowns if we
are looking for a global adapted solution of (1.11). From this point of view, (1.11) on (7, T
with (2.1) is a free boundary problem for a nonlinear BSDE.

Note that (1.11) is a nonlinear BSDE with the coefficient being random, quadratic in
A, and having singularities in P (the place where det[R + DT PD] = 0). The existence of
local adapted solutions to such BSDEs is unknown so far. Recall that in [15] several local
existence results were obtained for nonlinear BSDEs under some technical conditions, which
do not cover the case that we have here. Let us postpone the study of existence of local
adapted solutions of (1.11), and first present the following result, which motivates the study
of (1.11). See [5] for a related result.

Theorem 2.1. Let (S) hold. Let

{ QL 2{R(T) + D(T)TGD(T) > 6o} = {R(T) + D(T)TGD(T) > 0} € F, (2.2)
P(24)>0

for some 8o > 0 and 7 € T[0,T). Suppose (1.11) admits an adapted solution (P(-),A(+)) on
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[7,T] such that
{ BU, DU € L¥(r, T; R"™¥"), (23)
U2[R+ DTPD]~[BTP + DTPC + DTA. '

Then Problem (LQ) is partially solvable at T with the partially optimal control u(-) being of
state feedback form

a(t) = ~wWalt),  tenTl, (2.4
V(&) =(P(1)§,&), as. we (V(r,€) >—00)=Qy, V€€ X,. (2.5)

Furthermore, if P(Q4) = 1, then Problem (LQ) is solvable at T with the optimal control u(-)
of form (2.4), and the optimal cost being

V(7€) = (P(1)&,8), VE € X (2.6)
Proof. By (S) and (2.3), we see that the following SDE

{d:z:(t) = [A(t) — B@)¥(t)]z(t)dt + [C(t) — D(t)¥(t)|Z(t)dw(t), 27)
#(r) =&, '
admits a unique strong solution Z(-) satisfying £ sup |z(t)|> < KE|]?, where K is a

T7<s<T
constant. Then the control @(-) defined by (2.4) is admissible, and, by taking such a control,
T(-) is the corresponding state process. We claim that w(-) is a partially optimal control.
To this end, we take any u(-) € U[r,T], and let z(-) be the corresponding state process.
Applying Itd’s formula to (P()z(-),z(-)), we have

(P(T)x(T),x(T)) = (P(1),€)

+ / T{([(PB + CTPD + AD)(R+D*PD) " YB™P + DTPC 4+ DTA)—Q]x(t), z(t))

+2([BTP + DT PC + DT A]z(t), u(t)) + (DT PDu(t),u(t)) }dt + /T[. - )dw(t).

Hence, it follows that (note (1.11) and Q4 € F;)
J(T,g,u())IQ+ - <P(T)£7£>IQ+

T
= {10, [ [ [Qu(0)2(t) + Gult) a(e)]at+ P (D) a(T) - P(r)E. ]

Fr
T

= £Io, / [((PB+CTPD + AD)(R + D"PD)"(B"P + D'PC + D"A)x(t). (1)

T

+ ([R+ DTPDu(t), u(t)) + 2([BTP + DT PC + DT AJa(t), u(t»} dt‘ ]—'T}

T
- E{IQ+ / [R+DTPD|{[R+DTPD]~}[BTP +DTPC+DTA]a;(t)+u(t)}|2dt‘ ]-‘T}.

This yields
J(m,& () e, = (P(1),&)1a, < J(1,&u(-))la,, (2.8)
which implies that Q4 C (V(7,€) > —o0). By Theorem 1.1, it is necessary that Q4 =
(V(7,€) > —0), and u(+) is a partially optimal control. The last assertion is clear.
The first part of the above theorem gives a sufficient condition for the partial solvability

of Problem (LQ) . This is a unique feature of L(Q problems with random coefficients.
Note that (2.2) holds with P(Q4) = 1, for some &y > 0, is equivalent to (1.10).
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§3. Local Solvability of the Riccati Equation—the Case D=0

From Theorem 2.1, we see that when (S) and (1.10) hold, provided one can find an
adapted solution (P, A) to the Riccati equation (1.11) on [r,T], an optimal control of state
feedback form can be obtained (see (2.4)). We now look at the local solvability of (1.11).
Let us start with a special case: D = 0. Note that in the present case (1.11) becomes

{ dP = —{PA+ ATP+ CTPC + AC + CTA+ Q- PBR™'BTP}dt + Adw(t), t € [, T,
P(T) =G,

(3.1)
which is still a nonlinear BSDE. The advantage of this case is that the drift is at most
linear in A and there is no singularities (in P). This allows us to have the following result,
without additional technical conditions.

Theorem 3.1. Let (S) hold. Let 6o > 0 and to € [0,T) such that

| det R(t)| > do, t € [to,T], as. we. (3.2)

Then (3.1) admits a local adapted solution (P,A,7) and (P, A) is unique on [1,T].

The main idea of proving the above result is to use the contraction mapping theorem.
Due to the “backward” nature of the equation (3.1), we need to be careful in taking care of
the pair (P,A) (not just P, which is much easier). The following Gronwall type inequality
involving conditional expectations will be useful.

Lemma 3.1. Let 7€ T(0,T). Let o(-) € Cx([7, T);R) be nonnegative, f(-)€ Lx(7,T;R),
g€ Lg_-T (4 R), and Ko > 0, such that
T

o(s V) gE{KO/ ga(r)err/Sij(r)errg‘}"S\/T}, Vs € [0,T]. (3.3)

sVT

Then

T
o(sV 1) < E{eK“(T_SVT) g+ / eHo(r=av) f(r)dr‘ fsw}, Vs € [0, 7). (3.4)

sVT
Proof. Let (3,v) be the adapted solution of the following linear BSDE

{ d@(t) = - [Kl)@(t) + f(t)] dt + E(t)dw(t)v (3 5)
(1) =g. '

Then 3(t)2¢(t) — B(t) satisfies
T
E{3(sV 1)|Favs} < E{KO/ @(r)dr’]—"sw}, as. we (3.6)
sVT

Thus, for any F' € Fgy -, we have

T
/ P(svT)dP < Ko/ / o(r)drdP
F F JsVvVT

< Ko /T {/ (ﬁ(r)dP}dr, Vs € [0,T], as. we Q. (3.7)

sVT
Here, we have used the usual Fubini’s Thereom, noting that all the integrals involved in
the above are usual ones (not Itd’s type integral). Now, by the proof of usual Gronwall’s
inequality, we see easily that

/ BsVr)dP <0, Vse[0,T], as. weQ, Fe Far (3.9)
F
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Consequently

T
e(sVT)<P(sVT)= E{eK"(T_SVT)g +/

eKO(T_SVT)f(r)dT‘ ]:sw},
sVT
which proves (3.4).

Note that in the above lemma, f(-) and g are not necessarily to be nonnegative.

Proof of Theorem 3.1. Take any p(-) € L¥(7,T;S™). We solve the following linear

nonhomogenuous BSDE
dP = —{PA+ ATP+CTPC+AC + CTA+Q — pBR™'BTp}dt

+Adw(t), t € [to,T], (3.9)
P(T)=aG.
By [14], (3.9) admits a unique adapted solution (P, A) over [tg, T]. By It&’s formula, we have
(note (8))
T
E{IPGV )P+ [ 1A0)Pdr]
sVto

T
= E{|G|2 —2/ tr {P[PA+ A"P+ C"PC + AC

sVito

+CT"A+Q — pBR'B"p) }dr) fmo}

T
<KoB{1+ [ {IPO)P+ |p(7“)|4}d7“‘ Fovto (3.10)

sVito
It follows from Lemma 3.1 that

T T
E{IP(sVto)* + [ IA0Pdr| Fany} < KE{1+ [ |p(r)|*dr| Fovu, |,
sViog sViog
VO<s<T, as. weq (3.11)

for some constant K (depending only on the bounds of A, B,C,Q,R,R~!,G and T). In
particular,

T
IP(t)? < KE{l +/ |p(7‘)|4dr’]:t}, Vo <t <T, as. we . (3.12)
t
Consequently, for any 0 < € < T — 1,
esssup |P(t,w)|* < K + K esssup |p(t,w)|*e. (3.13)
T—e<t<T T—e<t<T
weN weN

Now, we choose € > 0 small enough such that K + K(K + 1)* < (K + 1)2, and let B be
the closed ball of radius K + 1 centered at 0 in L¥(7,T;S™). Then the map p — P is from
B to itself. Using a similar argument as above, we can show that this map is contractive
(we might need to properly shrink ¢ > 0 a little further). Thus, by Contraction Mapping
Theorem, we obtain a unique fixed point P, which together with the corresponding A and

2T ¢ gives a local adapted solution. It is clear that for the obtained 7, (P, A) is unique
on [r,T].

¢4. Local Solvability of the Riccati Equation—the General Case

Now, we look at the case that D is not necessarily 0. The essential difficulty is that the
drift term in (1.11) not only depends on A quadratically, but also contains some singularities
in P. Thus, we need to bound A from above and bound (R + DT PD) from below. In order
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to bound A, we need, roughly speaking, to “differentiate” the equation to obtain an equation
for A. To achieve this, we need some results involving Malliavin calculus. Let us make some
preliminaries first.

Let = be the set of all (scalar) random variables £ of form

T
e=f( [ nsjaus). (4.1)
where f € CH(R¥), h(-) € LL(0,T;R*). For any ¢ € = of form (4.1), we define
T
Dyt — <fI(/O hs)duw(s)).h(0),  0<O<T, (4.2)

called the Malliavin derivative of £&. Next, for any £ € =, we define
1/q
B(jel + Jy IDiglodt) |, 1< < oo,

4.3
esssup{ [¢| + D&}, q= 00 (43)
[0,T]1xQ

A
1€l11,6=

and let Dy 4 be the completion of = under the norm ||-||1 , defined by (4.3). Clearly, operator
D admits a closed extension on Dq 4. It is important that for given ¢t € [0,T),
¢ is Frmeasurable = Dyl =0, Ve (tT].

We let DY, and D7’ " be the set of all R™ and R™*™-valued random variables with each
component belonglng to IDq 4, respectively. For any k-dimensional random vector  and any
random field f defined on [0, 7] x R* x Q, we will distinguish D. (f(¢,n(w),w)) (the Malliavin

derivative of the stochastic process f(t,n(t))) from D. f(t, n(w), w)é[D f1(¢t, z,w) ‘I:n(w). We
let L% (7,T;1D1 4) be the set of all {F;};>¢-adapted processes y defined on [r, T, extending

to be zero on [0, 7), such that the following is finite:

q
s (o, @) " 1<q <o,
eS[SS%plly( Dy s q=00

)

19llLe (r.7m1 ) o

We can accordingly define L% (7, T} ]D?;m), etc. In what follows, we will only use the case
q = 2,00.

The following additional assumption will be crucial for our local existence of adapted
solution (P, A, 7) to (1.11).

(SS) Let
{A, C,Q e LE(0,T;D), B,D e LE(0,T;DIXM), 5
R e LE(0,T;DPX™), G eDrsr. '
Moreover, let (£(+),¢(+)) be the unique adapted solution of BSDE:
dE(t) = C()dw(t), E(T) =G, (46)

Suppose the following holds:
|det[R(t) + D()TE)D(t)]| > 6o, t € [to,T], as. wE N (4.7)
for some &g > 0, to € [0, 7).

The above assumption imposes some “smoothness” conditions on the coefficients in w.
Also, (4.17) is stronger than (1.10). Note that when (DV) or (DI) holds, (SS) holds auto-
matically.

Theorem 4.1. Let (S) and (SS) hold. Then (1.11) admits a local adapted solution
(P,A,7), and on [1,T], (P,A) is unique. Moreover

Pe L¥(r,T;DY5Y), A€ Lx(r, T;DY5"), (4.8)
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T
PO+ PP+ B{ [ A + DA ar

Ve, 0 € [r,T], as. we (4.9)

for some constant K > 0, and Dy P(t) is a version of A(t).

Proof. The main idea is to use the contraction mapping theorem. Thus, let us first
introduce a Banach space X|[r,T], which is a subspace of LO}-O(T,T;S”)Q, whose norm is
given by

1 Dllxirimy2 esssup { Ip()] + 1)) + [Dep(s)] + {E(/tT Ith(r)Ier’ 7)) 1/2}»

t,s€[T,T]
we

V(p,1) € X[r, T, (4.10)
where 7 € T[T — ¢,T) undetermined with 0 < ¢ < T — tg small. Next, for any K > 1,

0 <6 <1 welet Bgs be the closed subset in X |[r,T] which consists of all the pairs (p, )
such that

R} <K,

||(p7 l)”X[T,T] <K, (411)
|det[R(t) + D) p(t)D(t)]| > 6,  Vte[r,T], as. (4.12)

Note that the set Bg s is a kind of “annulus” in X|[r,T]. Now, for any (p,l) € Bks, we
consider the following BSDE
dP = —0O(t,p(t), A(t))dt + Adw(t), t e [r,T], (4.13)
P(T) =G, ’

where
Ot,p,1) = pA+ ATp + CTpC +1C + CT1+Q — (pB + CTpD +1D)

x (R+ DTpD)~" (Bp+ DTpC + DT1). (4.14)
By [14], there exists a unique adapted solution (P(-), A(+)) to (4.13). We want to show that
for a suitable choice of 7, K and §, (P,A) € X[r,T]. Then we have defined a solution map
(p,1) = (P,A), from Bk s to itself. Further, a similar argument will show that this map
is contractive and thus admits a unique fixed point, which gives the unique local adapted
solution.

We now split the proof into several steps.

Step 1. For suitable 7 € T[T —¢,T), K > 1 and 0 < § < 1, (4.12) holds for (P, A).
Applying Ito’s formula to |P(+) — £(+)|? (recall (4.6)), we have (Vs € [0,T])

|[P(sVT)=Y(sV 7')|2
s/ mm—YvWM+/‘ﬂemmmumﬁ—mm—zmﬁwr

e sV

T
9 / e {[P(r) — Y(I][A(r) — Z(r)] Ydw(r).

e
Thus, by Lemma 3.1, we obtain

IP(tV ) - Y (V)] +E(/

tvVT

IA(F) — Z(r)|2dr}fm)

< B{ /WTT & TIOr,p(r), L) Pdr| Fiu |

4

K
SK()(l"F(ST)(T—t\/T), t€[0,7], as. weq. (4.15)
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Hereafter, Ky > 0 represents a generic constant (independent of K and ¢, and thus uniform
in (p,1) € Bi,s), which can be different at different places. Now, we observe the following

|R(t) + D(t)"¢(t)D(t) — R(t) — D(t)" P(t)D(t)]

< ID()PlE(t) — P(t)]
< Ko(l + %)(T—t)

where K is an absolute constant. Thus, for 0 < ¢ < T — to small, by defining 7 =T — ¢,
we have

n(t), Vte[nT)], as. weQ, (4.16)

n(t) < %Oéa, Vte[r,T], as. weQ,

which leads to (4.11). It is important to note that this 7 only depends on K,§ and is
independent of particular (p,1).
Step 2. For suitable choice of 7 € T[T —¢,T), K >1and 0 < § <1, (P,A) € Bgs.
Let 7 € T[T — &, T)] for some small € > 0. Applying It6’s formula to |P(-)|?, we have
T

T
IP(sV 7)< |G|2+%/ T'P(”‘Zd”/sw {p|® (r,p(r), 1(r)[> = [A(r)|* }ds

sV

T
- 2/ tr [P(r)A(r)]dw(r) (4.17)

\u

for any p € (0,1]. Thus, by Lemma 3.1, we obtain

T T—t T r—t
|P(t)|2+E(/ [A()Pdr| F) < E{eT|G|2+u/ e 10(r, p(r), 1(r)) Pdr| Fi}
t t
£ K4
§K065{1+u(1+§>5}, telnT), as weq. (4.18)
Next, (p,1) € B s, together with (SS), implies that ©(-,p(-),1(-)) € L%(0,T;D}3") with

DO (r, p(r), 1(r))| < Ko[L+ [p(r)] +[U(r)] + % [1+ Ip(r) + [i(r)] [ Dep(r)| + Dol (r)]]

< Ko+ K) + 22 (14 K) [[Dop(r)] + [Dpl(r)]. (419)

Then by [7], (P,A) € L% (7, T;ID}5"), and a version of it satisfies
DyP(t) = DeA(t) =0, 7<0<t<T;
Dy P(t) = DoG — [, DeO(s,p(s), A(5))ds — [ DeAdw(s), 7<0<t<T.

Moreover, {D;P(t) : 7 <t < T} is a version of {A(t) : 7 <t < T}.
Similarly to (4.17)—(4.18), we have

(4.20)

DaP(t)? + B /t ' Do (r) dr| F)

t

T—t T r—
SE{G z DeG\2+/~L/ e 909(7"727(7”)71(7“)”2617“’3}
t

e . . K r
<en Ko+ pereKo(l+ K?) 4 pew 520 (1+ KQ)E</ |Dop(r)|* + |Dgl(r)|2dr‘ ]-'t)
t

Ll

§Foeﬁ{1+ug(1+K2)+ 52

(1+ KQ)KQ}, F<O<t<T, as. (4.21)
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Adding (4.18) to (4.21), and taking u = /e, we obtain
T T
|P(t)|2+|D9P(t)|2+E(/ [A() dr| 7 +E(/ DoA(r)|dr| F:)
t t

< Koe‘/g{l +e3/2(1 + %) + g(l +K2)K2}
4

— K
gKo{1+\£(1+5—2)}. (4.22)
We note that K, is an absolute constant. Now, let us take K = Ky 4+ 1. We may choose
€ > 0 small enough so that

?0{1+\/5(1+I§—;)}§(?0+1)2. (4.23)

For such a choice of K, recalling the fact that D, P(t) is a version of A(t), we see that
(P, A) S BK)(;.

Step 3. Completion of the proof. Now, for any (p,1), (p,1) € Bx.s, let (P,A) and (P, A)
be the corresponding adapted solutions of (4.13). Then by a similar argument used above,
we can prove that

[(P,A) = (P, M x(rm) < all(p: 1) — (B, Dl xr.7) (4.24)
for some o € (0,1). Here, we probably need to shrink e > 0 a little further. By the
Contraction Mapping Theorem, we obtain a unique fixed point of the map (p,l) — (P, A),
which gives a local adapted solution to (1.11) having the properties stated in the theorem.

Corollary 4.1. Let (S) hold. Let either D =0 and (3.2) hold, or (SS) hold. Then there
exists a T € T[0,T), such that Problem (LQ) is solvable at T.
To conclude this section, let us point out the following. The proof of Theorem 4.1 can be
modified so that it applies to the local solvability of more general nonlinear BSDEs of form
{dY(t) =b(t, Y (t), Z(t))dt + Z(t)dw(t), te€[r,T), (4.25)
Y(T) =1, .
where b(t,y,2) : [0,T] x O x R" — R", with @ C R" being a domain, is allowed to have
any order of growth in (y, z). Since O is only a domain in R™, b is allowed to have very bad
behavior as y — 00. What we need to assume is the following
(N) For any (y,2) € O x R™, b(t,y, z) is {F }+>0-progressively measurable and continu-
ous, [Dgb|(t,y, z), by(t,y,z), b.(t,y, 2), byy(t,y,2), by-(t,y, 2), b..(t,y, 2), [Debyl(t,y, z) and
[Dgb.](t,y, z) are continuous. Moreover, for any compact set F' C O x R", there exists a
constant K > 0, such that

|b(tvy7'z)| + |[D9b]<tayaz)| + |by(t7yaz)‘ + |bz(t7yaz)| + |byy(t»yvz)|
+ |by2(t7y7z)| + |b22(tay7z)| + |[D9by](t,y,2’)| + |[D9bz}(t7yvz)| S K7

Vt, 0 €10,T], (y,2) € F, as. weE Q. (4.26)
Proposition 4.1. Let (N) hold. Let n € DY , such that
d(£(t), 00)2 inf [¢(t) —y| 25, as. weQ Vet T] (4.27)
yeE

for some § > 0 and ty € [0,T), where (§(-),z(+)) is the adapted solution of the following
BSDE

dg(t) = (()dw(t), &(T) = (4.28)
Then (4.25) admits a local solution (Y (+), Z(-),T), withT € T[0,T), and on [,T], (Y (-), Z(-))
18 unique.
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We omit the proof here.

§5. Deterministic Coeflicient Case

In this section, we consider the case of deterministic coefficient. For the simplicity of
presentation, we will assume (DI) (The situation under (DV) can be discussed in a similar
fashion). We introduce the following terminal value problem of differential equation for
matrix-valued function P(-):

P(t)=—-P(t)A— ATP(t) - Q
+[P(t)B+ CTP(t)D][R+ DTP(t)D) ' [BTP(t) + DTP(t)C], te[r,T], (5.1)
P(T) =G,

where 7 € [0,T). In the present case, (4.25) can be replaced by

R+ DTGD > 0. (5.2)
Then one can always find some 7 € [0,7T'), such that (5.1) admits a solution P(-) satisfying
R+ DTP(t)D > 0, t e [r,T). (5.3)

Clearly, (P(:),0,7) is also a local adapted solution of (1.10). On the other hand, if (DI)
holds, then both (S) and (SS) hold. Thus, by Theorem 4.1, (P(-),0) is the unique local
adapted solution of (1.11) on [, T]. Hence, (5.1) actually coincides with (1.11) if condition
(DI) is assumed. Consequently, we have the following result.

Proposition 5.1. Suppose for T € [0,T), there exists a solution P(:) : [1,T] — 8™ to
(5.1) satisfying (5.3). Then Problem (LQ) is solvable at T with the optimal control u(-) being
of state feedback form

w(t) = —[R+ DT P(t)D] "' [BT P(t) + DT P(t)C)z(t), te[r,T], (5.4)
and (2.9) holds.

From the above result, we see that the interval on which the Riccati equation (5.1)
admits a solution P(-) satisfying Condition (5.3) is closely related to the solvability of our
LQ problems. Let us now define (see [6])

IRé{T €[0,7) | (5.1) admits a solution P(-) satisfying (5.3)},
Is2{r € [0,T) |Vt € [r.T).€ € X, Fu € U[t,T), V(t,€) = J(t.&7(-)}, (5:5)
[p2{r € [0,T) |Vt € [, T],E € Xy, V(7,6) > —00, as. }.
By Proposition 5.1, we see that Ir C Ig C Ir. Now, we define
o = inf Ip. (5.6)
Thus, (o, 7] is the maximum interval on which (5.1) admits a solution P(-) such that (5.3)
holds on (o, T]. From the definition of o, and Proposition 5.1, we see that for any 7 € (0,77,

Problem (LQ) is solvable at 7. The following result is found in [6].
Theorem 5.1. Let (S) and (5.2) hold. Then the following are equivalent:

(1) o€lp.
(ii) There exists a sequence Tilo and P, € 8™, such that
lim P(7;) = P,. (5.7)
k—o0
In this case, it is necessary that
V(o,&) = (P,&,8), as. we Ve, (5.8)
(iii) There exists a P, € 8™, such that
lim P(7) = P,. (5.9)

Tlo
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From (5.1), as well as Theorem 5.1, we see that if o € I, which implies that P(7) stays
bounded as 7)o, it is necessary that

152 det [R+ D" P(r)D] = 0. (5.10)
We now would like to look at when o € Ig.
Theorem 5.2. Let (S), (5.2) and (5.9) hold. Then o € Ig if and only if
V2[R + DTPD]"'[B'P + D" PC| € L*(0, T; R™*"™). (5.11)
Proof. <: From (5.11), we know that for any £ € X,, the following SDE
dz(t) = [A — BU(H)]z(t)dt + [C — DY (t)]z(t)dw(s), t € [o,T],
{ z(o) =¢
admits a unique strong solution z(-) satisfying
E{lz(t)|"|Fo} < Ko(1+1¢]%),  Vte[o,T], as. weQ, k> 1. (5.12)
Since ¥(-) is a deterministic function, we then obtain

a(-)2 — w()z() € U[r,T).

Clearly x(-) is the state process of the system under control u(-). Hence, similarly to the
proof of Theorem 5.1, we obtain

J(o,&u() = J(o,&u(-)) = (FPo&, §),
proving o € Ig.
=: For any £ € X, let (Z(-),u(:)) be an optimal pair of Problem (LQ) at (,¢). Then,
by dynamic programming principle, ﬂ}[T m € U[r,T] is an optimal control of Problem (LQ)
at (7,Z(7)), for any 7 € (0, T]. Using Proposition 5.1, we must have
u(t) = =V (t)z(t), vt € (o,T]. (5.13)
Thus, it follows that
V()P()E € L3(o, TiR™),  VE€ X, (5.14)
where ®(-) is the solution of
dd(t) = [A — BU()|D(t)dt + [C — DU(1)|D(t)dw(t), t € [o,T],
P(o) =1.
It is clearly that B{|®(t)"!||F,} < Ko, Vt > o. Hence, (5.13) implies (5.10) (note again
that ¥(+) is deterministic).
The following example shows that sometimes
o2inf Iy = inf I5. (5.15)

Example 5.1. Consider the following one-dimensional control system

{ df(? zjx(t)dt + u(t)dw(t), te[r,T), (5.16)
with the cost functional
T
J(r, & u() = E{/ eu(t)’dt — a(1)°| .} (5.17)

Thus, we have the case A = %7 B=C=Q=0,D=1,G=-1and R = e. Consequently,
R+ DTGD =e—1 >0, and the Riccati equation (5.1) reads

P(t) = —P(t), te[r,T],
(e e
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whose solution is given by
P(t) = —eT71, t e [r,T). (5.19)
Then (5.3) becomes R+ DTP(#)D = e — el =t > 0, t € [r,T], which leads to (by (5.6))
o =T —1. A direct computation shows that for any u(-) € U[r, T},
T

J(r.&ul) =~ 7 + eE{/ u(t)?[1 — eT—l—T]dr\fT},

Thus '
| =00, Y(r,&) € A[0,T — 1),
Vim€) = { —eTE, Y(r ) € AIT — 1,7,
Hence, (5.15) holds.

We note that (5.19) coincides with (5.1) only on (o, T] since the later is at most defined
on (o,T]. At this moment, we do not know if (5.15) holds in general.

§6. One-Dimensional Cases

We now look at the one-dimensional time-invariant deterministic cases, for which we will
solve our LQ problem more completely via Riccati equation.

Note that the case D = 0 reduces Riccati Equation (5.1) to a standard one (for deter-
ministic LQ problems). Thus, let us assume that D = 1, after scaling. Then, we can write
our Riccati Equation (5.1) and Condition (5.3) as follows

. B+C 2P2
P=-(24+C*)P-Q+ B0 relnT],
P(T) =G, (6.1)
P(t)y+ R >0, terT].
Now, by making a change of variable:
y(t)=P(T —t)+ R, t<T, (6.2)

we can further write (6.1) as follows:

g = %7 t>0,
y(0) =g, (6.3)
y(t) >0, t >0,

where
a=(2A+C?) - (B+C)?, b=Q-R[(2A+C?) —2(B+0)?, (6.4)
c=-R*(B+C)?*<0, g=G+R>0. '

The last (strict) inequality in (6.4), which is an analog of (5.2), will be assumed in the sequel.
It is easy to see the following

(i) (6.1) admits a solution P(:) on [r,T] if and only if (6.3) admits a solution y(-) on
[0,T — 7], which implies the solvability of Problem (LQ) over [r, T].

(i) 1t1irl171 P(t) exists if and only if tTl%ﬂma y(t) exists.

(iii) ¥ = BEDE € [2(0,T) if and only if £ € L2(0,T — o).

In what follows, we let
6 = sup{t > 0 | (6.3) admits a solution on [0,¢]} =T — o. (6.5)
Then 8 determines the maximal interval in which our LQ problems are solvable through the

Riccati equation. The following result gives the explicit description of € in terms of a, b, c
and g defined by (6.4).
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Proposition 6.1. Let (DI) hold withn =m =1, and a,b,c, g be defined by (6.4). Then
the following hold.

(i) Whenb=c=0, 0 = 4oc.

(ii) When b =0 and c # 0, we have 0 < +oo if and only if c < —atg?. In this case,

2

g -0

6= 2 “= (6.6)
5o ——, a#0.

ag?+c’
(iil) When b # 0 and ¢ = 0, we have 6 < +oo if and only if b < —a™g. In this case,
9 _
1= {th e s (6.7
=191 b .
Elnaﬁb, a # 0.
(iv) When a =0 and bc # 0, we have 6 < 400 if and only if b < 0. In this case,
_lelsbg by
9_b2{c—1n(1+c)}. (6.8)
(v) When abc # 0, let A = b* — 4ac.
(a) If A > 0, then 0 < +oo if and only if one of the following holds:
{a>0, b < VA —2ag,
a<0, b¢l0,(2alg—vA)].

In either of the above cases,

1 Y+ Y-
0=— In —y_1In , 6.9
JZ{Z” ve-g 7 yf—g} (69)
where yL = %Q‘/Z.
(b) If A =0, then § < +oo if and only if b & [0,2|alg]. In this case,
1 b 2ag
6==<1 . 1
a{HQag+b+2ag—|—b} (6.10)

(c) If A <0, one always has 0 < +oco and

1 c 2b 4 b _12ag+b
2a{ln Py p— M[tan Ay tan A ]} (6.11)
The proof is pretty straightforward and we omit it here.
From the above result, we can determine the maximum interval (o,T] on which the
Riccati equation (6.1) is solvable, which leads to the solvability of our LQ problems at any
7 € (0,T). Also, we see that in the present case,

lim P(7) = —R. (6.12)

0:

Thus, when o € [0,T), we always have o € Ir. Finally, we have the following result.
Proposition 6.2. Let o € [0,T) be defined by (5.6). Then o € Ig if and only if

R(B+C) =0. (6.13)

Proof. By Theorem 5.2, we know that ¢ € Ig if and only if ¥ = % € L*(o,T).

In the case R(B+C) =0, ¥(t) = (B+C) € L?(0,T). On the other hand, if R(B+C') # 0,
U € L?(0,T) is equivalent to s € L*(0,0) with ¢ = —R%*(B 4 C)? < 0. Now, from (6.3), we
have

1 el — 1)

9
y(t)? = 5 /t [ay(s)? + by(s) + c|ds — +o(0 —t).
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c \/2|C 2 2
Thus, & = Y ey} ¢ L*(0,0). This means that U ¢ L*(0,T), proving o ¢ Ig.

§7. An Example

In this section, we present an example for which our theory applies (less non-trivially).
Consider the following state equation

()= Lo o) G+ (1) 0 -
()= ()

with the cost functional

T
I gmu() = B{ [ [~ u(®? + o0 + 2t = T = Da(oyy(e)]as
+2(T)% + Gay(T) ‘]—'T}. (7.2)
We assume that
Gs € ]Dl,om G3—1>68g > 0, a.s. (73)
In terms of the general framework, we have
A=(2 Y p=(%) B=0, c=0
0 0 1 (7.4)
1 t—T—1 1 0 '
Q_<t—T—1 0 )’G_<0 G3>’R__1'
Note that
R(T) + D(T)"GD(T) = G3 — 1>y > 0. (7.5)

Thus, condition (1.11) holds. The corresponding Riccati equation takes the following form
_ Pl P2 _ A1 AQ .
(P_<P2 P3>7A_<A2 A3>)
P PR\ _ ¢ (0 P 1 A2 AjAs B
d<P2 P:s) _{ <P1 2P2>+P31 <A2A3 A2 Q}dt
+ (A1 Az) duw(t), (7.6)

Ay Aj
P(T) = G.

This is equivalent to the following

= [ o s, 7)1
APy — { P+ - t} dt + Asdw(t), Po(T) =0, (7.7)
dPs = [_ 2P, + P ]dt+/\3dw( ), Ps(T) = Gs.

By Theorem 4.1, we know that (7.6) admits a local solution (P, A, 7) and on [1,T], (P, A)
is unique. By uniqueness, this local solution satisfies the following on [r, T:

A=Ay =Ppo=0, Po=1+T—1, (7.8)
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and (Ps, A3) is the adapted solution of
{dPS = dt + Agdu(t),
P3(T) = Gs.

A direct computation (using Itd’s formula) gives

(7.9)

1 2 1 2 T A3(S)2 B 1 9 1
E(W) éE(W) +E/t mdS—E(m) S@ (7.10)

Also
EP(t)* + 3E /T As(s)’ds = EG3. (7.11)

Hence, (7.9) admits a unique adapted solution on [0,7]. Consequently, (7.6) admits a
unique adapted solution (P, A) over [0,T], and the corresponding Problem (LQ) is solvable
(on [0,T7).
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