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We discuss a quadratic criterion optimal control problem for stochastic linear system with
delay in both state and control variables. This problem will lead to a kind of generalized
forward-backward stochastic differential equations (FBSDEs) with It6’s stochastic delay equations
as forward equations and anticipated backward stochastic differential equations as backward
equations. Especially, we present the optimal feedback regulator for the time delay system via
a new type of Riccati equations and also apply to a population optimal control problem.

1. Introduction

The problem of optimal control for delayed stochastic system has received a lot of attention
recently. One of the reasons is that there are many phenomena which have the nature of
pastdependence that is, their behavior at time f not only depends on the current situation,
but also on their past history. Such kinds of mathematical models described by stochastic
delay differential equations (SDDEs) are ubiquitous and have wide range of applications in
physics, biology, engineering, economics, and finance (see Arriojas et al. [1], Mohammed
[2, 3], and the references therein).

In control problem, a delay term may arise when there is a time lag between obser-
vation and regulation or the aftereffect of control; that is, there may be delay in state or
control variables. Although many papers came out to discuss the delayed control problem,
the analysis of systems with delay is fraught with many difficulties, not only for the infinite
dimensional problem, but also for the absence of It6’s formula to deal with the delayed part
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of the trajectory. In order to surmount these difficulties, one can consider specific classes of
systems with aftereffect, such as Jksendal and Sulem [4].

This paper is concerned with optimal control of a linear system with delay under a
quadratic cost criteria, namely, the quadratic problem for stochastic linear control system
with delay. It is well known that linear-quadratic (LQ) control is one of the most important
classes of optimal control and the solution of this problem has many real-world applications.
Deterministic LQ control problem with delay has been discussed in Alekal et al. [5], Basin et
al. [6], and so forth. However, there is little results on stochastic LQ problem with delay since
the difficulties in exploring the optimal feedback regulator, such as the Riccati equation, are
very different from the case without delay.

In Peng and Yang [7], a new type of backward stochastic differential equations
(BSDEs) was introduced, which is named anticipated BSDEs. The anticipated BSDE provides
a new method to deal with optimal control problem with delay (see Chen and Wu [8]). In
our paper, we study the delayed stochastic LQ problem by virtue of the anticipated BSDEs
combined with the SDDEs.

In the next section, we introduce a kind of generalized FBSDE and give the existence
and uniqueness result for its solution. With the help of the FBSDE, we find the optimal control
of the stochastic LQ problem with delay in both state and control variables and the quadratic
cost also involves delay terms.

It is very important to design an optimal feedback regulator for LQ problem in
practice. Traditionally, a fundamental tool to obtain the state feedback is the Riccati equation.
In Section 3, we introduced a new type of generalized Riccati equations and give the feedback
regulator of delayed stochastic LQ problem. To the best of our knowledge, it is the first
result on the optimal feedback control for the delayed stochastic LQ problem, where the state
and control variables with delay are involved not only in the system, but also in the cost
functional. In the last section, we apply our theoretical result to a population optimal control
problem. Some technical proofs are put in Appendix.

2. Stochastic LQ Problem with Delay

We first introduce some notations. For any Euclidean space H, we denote by (-,-) (resp. |- |)
the scalar product (resp. norm) of H. Let R™™ be the Hilbert space consisting of all n x m
matrices with the inner product:

(A,B) = tr{ABT}, VA,B € R™™. (2.1)

Here, the superscript T denotes the transpose of vectors or matrices. Particularly, we denote
by 8" the set of all n x n symmetric matrices.

Let W(-) be a standard 1-dimensional Brownian motion on a complete probability
space (L, ¥,P). The information structure is given by a filtration F = {¥;},,,, which is
generated by W(:) and augmented by all the P-null sets. We assume the dimension of
Brownian motion d = 1 just for the simplicity of notations. In fact, all the conclusions in this
paper still hold true for the case that the dimension of Brownian motion d > 1. For any K,
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the Euclidean spaces or sets of matrices, the following notations will be used throughout the
paper:

L2(Q, ¥+, P;K) := { ¢ isa K-valued $¥;-measurable random variable s.t. E[gz] < +oo} ;

L?F(tl, t; K) := {(p(t), 0t; <t < tp, isa K-valued [F-adapted stochastic processs.t.
(2.2)

3]

15}
EI lp(t)|*dt < +oo};
L¥ (t1,t; K) = {o(t), t1 <t <1, isa K-valued F-adapted bounded process}.

In this section, we consider the following linear controlled system involving delays in
both state variable and control variable:

t

x(t)=a+ f [A1(8)x(s) + Ax(s)x(s — 6) + B1(s)v(s) + Ba(s)v(s — 6)]ds
0

+ r[Cl(s)x(s) + Ca(8)x(s = 6) + D1(s)v(s) + Da(s)v(s —6)]dW(s), te€]0,T],
0

x(f) = xo(t), te€[-6,0),

v(t) =v(t), te[-60),
(2.3)

where 6 > 0 is a constant time delay, xo(-) € L%F(—(S, 0;R™), vo(-) € L%(—(S,O; R¥) are
deterministic functions, and a € R". A;(-), A2(-),C1(:), C2(-) € LF(0,T;R™"), B1(:), Ba(:),
Di(),Dy(-) € L¥(0,T;R™), {v(t),t € [0,T]} is an F-adapted square-integrable process
taking values in R¥. Let 2,4 denote the set of stochastic processes v(-) of the form:

o(t) = {vo(t), ~5<t<0, 2.4

o(t) e L3(0,T;RF), 0<t<T.

An element of U,4 is called an admissible control. By the classical results of SDDEs, we
know that the system (2.3) has a unique solution for any admissible control v(-). The solution
x?(-) of SDDE (2.3) is called the state trajectory corresponding to the control v(:) € U 4 and
(x?(:),v(+)) is called an admissible pair.

The cost functional is given by

T
J(@()) = %EUO (Ry(O(8), x(1) + (Ra(t)x(t = 6), x(¢ - 6))
(2.5)
HN(Bo(t),0(t)) + (Na(o(t - 6), (¢ - §)))dt + <Qx<T>,x(T>>].
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Here, Ri(-),R2(-) € LP(0,T;5"), Ni(-),Na2(-) € LI‘;’(O,T;SI‘), and Q is an $¥r-measurable
nonnegative symmetric bounded matrix. Moreover, we assume that, for any (w,t) € Q x
[0,T], Ri(t) + Ry(t + 6) and Q are nonnegative definite, N1 (f) + Nz (t + ) is positive definite,
and the inverse (N1 (t) + EF [N, (t + 6)]) " is also bounded.

The controller hopes to minimize the above cost functional ] by selecting an appropri-
ate admissible control v(-); that is, the problem is to find u(-) € .4 such that

JwE) = inf J@(). 26)

We call the problem above the linear-quadratic optimal control problem of delayed system,
and we denote it by Problem (LQD). An admissible pair (x*(-), u(:)) is called optimal for
Problem (LQD) if u(-) achieves the infimum of J.

The Problem (LQD) we introduced above is a general type of LQ problem for stochas-
tic system with delay. Not only the state variable and control variable are involved with
delays, but also the cost functional contains delay terms.

By introducing a new type of BSDEs-anticipated BSDEs, we desire to solve Problem
(LQD).

Theorem 2.1. The control

u(t) =~ (N1() + ER [No(t+6)])

x (B ()y(t) + DI ())z(H) + E* [B] (t+ 6)y(t + 6) + DI (t+ 6)z(t + )| ), t€[0,T]
(2.7)

is the unique optimal control of Problem (LQD). Here, (x(-), y(-), z(+)) is the solution of the following
generalized FBSDE:

x(t)=a+ ft {A1(8)x(s) + Az(s)x(s — 6) + B1(s)u(s) + Ba(s)u(s — 6) }ds
0

+ It{Cl(s)x(s) + Ca(s)x(s = 6) + Di(s)u(s) + Da(s)u(s — 6)}dW(s), te€][0,T],
0
T
y(t) = Qx(T) + L {AlT(s)y(s) +C{ (s)z(s) + Ry (s)x(s)
+EF [A;(s +8)y(s+8) +Cl(s+6)z(s+6) + Rao(s + 6)x(s)] }ds (2.8)

T
—f z(s)dW (s), te]0,T],
t

.X'(t) = xO(t)/ te [_6/ O)/
u(t) =vo(t), te[-6,0),
y(t) =0, z(t)=0, te(T,T+6]
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Remark 2.2. If we set

f(s,x(s),x(s=6),y(s),z(s),y(s + 6),z(s + 6))
= A{ ()y(s) + C (s)(s) + Ri(s)x(s) (2.9)

+EF [AzT(s +6)y(s+6)+Cl(s+8)z(s+6) + Ro(s + 5)x(s)],

then the second equation in (2.8) can be rewritten as

T
y(t) = Qx(T) +j £(5,x(s), x(s — ), y(s), 2(5), y(s + 6), z(s + 6))ds
. : (2.10)
—f z(s)dW(s), te]0,T].
t

Proof. Suppose (x?(-),v(-)) is an arbitrary admissible pair of system (2.3), then

J(@()) = J(u())

1 T
- 58 [ KRa0x0),2°(0)) - (R0, ()
0
+ (R (- 6), x°(t - 6)) = (Ral{)x(t =), x(t-5)

+(Ni(o(t), v(t)) = (Ni(Bu(t), u(t))
+H(Na(o(t = 6), v(t-06)) - (Na(Hu(t - 06), u(t-0))]dt

+ SELQx(T), 2°(T)) - (Qx(T), x(T))]

T 211
=55 LROG O - 20,50 - x(0) R
0

+ (Ry(t) (x¥ (t - 6) — x(t = 8)), x"(t - &) — x(t — 6))

+ (N1 (t) (v () —u(t)), o(t) —u(t))

+ (No(B) (v(t = 8) —u(t - 6)),v(t — 6) —u(t - 6))

+ 2(Ry(Hx(t), x°(t) — x(£)) + 2{Ro(t)x(t — 6), x°(t - 6) — x(t - 6))
+2(N1(Bu(t), v(t) — u(t)) + 2(Na(Hu(t - 8), v(t — 6) — u(t — 6))]dt

+ %]EKQ(?C”(T) = x(T)),x*(T) = x(T)) + 2(Qx(T), x*(T) - x(T))].
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Since Ry(t) = 0, Na(t) =0, t € (T, T + 6], by the time-shifting transformation and the initial
conditions in (2.8), we derive that

J@()) = J(u()
- %Eﬂ{((m) +EF[Ry(t+6)]) (x° (1) = x(£)), X" (£) ~ x(8) )
+ ((N1() +EF [Na(t+ 6)]) (0(5) — u(t)), 0(t) ~ u(t) )
(2.12)
+ 2< (Rl(t) +EF[Ry(t + 6)]>x(t),x”(t) - x(t)>
+2< (N1 () + EF [N (£ + 6)] )u(t), o(t) - u(t) > bat

+ %]EKQ(X”(T) = x(T)), x*(T) = x(T)) +2(Qx(T), x*(T) = x(T))].

Applying It6’s formula to (x(t) — x(t), y(t)), we have

E(x"(T) - x(T),y(T))
T
= Efo [— (Ry(t)x(t), x°(t) — x(t)) — <E?t [Ra(t +6)]x(F), x°(t) - x(t)>
+(Bi(t)(v(t) —u(t)), y(t)) + (D1 (t) (v(t) - u(t)), z(t))

+(By(t) (v (t = 6) —u(t - 6)),y(t)) + (Da(t) (v(t - 6) — u(t - 6)), Z(f)>(R1)] dt.
(2.13)

Moreover, because v(t) = u(t), t € [-6,0) and y(t) = z(t) =0, t € (T, T + 6], we can rewrite
(2.13) as follows:
E(x”(T) - x(T), y(T))
T
=E| {-((R E¥[Ry(t +6 XU (t) -
[ {~{(Ri+ B (Rate 1)+ x00, 20 - x(0)

+(Bi(t) (v(t) —u(h), y(1)) + (D1(t) (v(t) - u(t)), z(t))

+EF [(By(t + 6) (0(t) — u(t), y(t + 6)) + (Da(t + 8) (v (t) — u(t)), z(t + 6))] }dt.
(2.14)
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Consequently, by the fact that R; () + Rx(- + 6) and Q are nonnegative and N (-) + Ny (- + ) is
positive, we have

J(@()) = J(u())

>E IT{ < (N1() + EF [Nt + )] )u(t), o(t) - u(t)>
0 (2.15)

+ (Bl ()y(®) + DI (Hz(1), v(t) - u(t) )

+<E9‘f [BzT(t +8)y(t+6) + DI (t+6)z(t + 6)],v(t) —u(t) > }dt.

So letting
ut) = - (N1 + ER[Na(t +6)])

x <BlT(t)y(t) + DI (B)z(t) + E® (BZT(t +8)y(t+6) + DI (t+6)z(t + 5))), te[0,T]
(2.16)

we have
J(@() = J(u(-)) >0, Vo() € Uaq, (2.17)

that is, u(-) defined in (2.7) is the optimal control of Problem (LQD).

We will use the parallelogram rule to prove the uniqueness of the optimal control,
and this method can also be seen in Wu [9]. We assume that u!(-) and u?(-) are both
optimal controls, and the corresponding trajectories are x'(-) and x?(-). It is easy to know
the trajectories corresponding to (u!(-) + u?(-)) /2 are (x'(-) + x%(-)) /2. Since N1 (-) + Na(- + 6)
is positive, Ry (-) + Ry (- + 6) and Q are nonnegative, we know that J(u!(-)) = J(12(-)) =1 >0,
and

20=J(u'()) + 1 (120))

= 2]<—u1(');u2(')> +Eﬂ{<<R1(t) +E*f[Rz(t+6)])X1(t) —2(l) X _x2(t)>

2 2

+<<N1(t) +EF [N (t+6)] ) 5,

+IE[<Qx1<T>—x2<T) xl(T)—xZ(T>>]

ul(t) —u2(t) ul(t) - ud(t) > } i

2 ’ 2

T

22A+Ef

0

<<N1(t) +EF [N (t +6)]) ' (t) - w(t) ul(t) . U3 (t) >dt.

(2.18)

Because of N () + Na(- + 6) being positive, we have u!(-) = u*(-). We complete our proof. [
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Remark 2.3. The existence of the optimal control is equivalent to the existence of solution
for (2.8), which is a kind of complex generalized FBSDEs. The proof of the existence and
uniqueness of the solution for this kind of FBSDE are put in Appendix.

3. Feedback Regulator of Delayed System

It is well known that the feedback representation of optimal control is very useful in appli-
cations. And in the classical case, the optimal feedback control can be represented via the
Riccati equation. But, for stochastic systems with delay, it is not easy to find the feedback
control because of the dependence of the history. What should then be an appropriate “Riccati
equation” corresponding to our LQ problem with delay?

In this section, we will pay attention to the feedback regulator of the general delayed
LQ problem discussed in Section 2 and try to get the appropriate Riccati equation associated
with Problem (LQD). We remark that all given coefficients of the problem are assumed to be
deterministic from now on.

Let us start with the following results about anticipated BSDE.

Assume that for all s € [0,t], f(s,w,y,z,¢,1) : [0, T] xQxR* xR x [2(Q, F,, P;R") x
L*(Q,%,, P;R™) — L[2(Q,¥,, P;R"), where r € [s,T + 6]. And f satisfies the following
conditions.

(H3.1) There exists a constant C > 0, such that for all s € [0,T], y,y' € R", z,z’ € R™4,
&, 8 € Li(s,T+6;R"), n,1 € L2(s, T + 6;R™4), we have

|f(sy,2.¢m) - f(s v, 2, & m)]

3.1)
& =&+ | -ml)-

<C(ly-v|+|z-=|+E®|

(H3.2) (E[fg f(5,0,0,0,0)’ds] < o).

Let (yi(+),zi(-)), i = 1,2, be, respectively, solutions of the following two anticipated
BSDEs:

T
yi(t) = &(T) + L fi(s, yi(s), zi(s), yi(s + 6), zi(s + 6))dt -zi(s)dW(s), te][0,T], (32)

vit) = (), zi(t) =n(t), te(T,T+0].

We have the following lemma, which is a direct corollary of Theorem 2.2 in Yu [10].

Lemma 3.1. Assume that f1, f5 satisfy (H3.1) and (H3.2), é(-) € LA(T, T+ 6;R"), n(-) € La(T, T +
&; R™k), and

T
E fo |f1(t y2(8), 22 (1), ya (b + 6), za(t + 8)) = falt, ya(E), 22(t), ya(t + 6), 22 (t + 6)) | *dt = 0,
(3.3)

then

yi(t) =y (t), zi1(t) = z2(t), a.e., a.s. (3.4)
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In order to get the feedback regulator, we introduce the following generalized n x n
matrix-valued Riccati equation system:

~Ki(5)= AT (K1 () + K1 (1) Ay (8) - K (D By () [N (1) + Na(t + 6)] [B] () K1 (t) + D () Ha (1)]
- Ki()Ba(O[N:1(t = 6) + Na()] " [BI ()K: (1) + DI () i (1)
= Ky(t+8)Ba(t + ) [N1(t) + Na(t + 6) ' [BI ())Ky () + D] (t) Hi (1)]
— Ki(t-6)By(t - 6)[N1(t - 6) + Na(t)] ™! [BZT(t)Kl(t) + DZT(t)Hl(t)]
+A] (WK1 (t) + Ky (t+6) Az (t + 6) — e Ky (t + 6)

+ Ka(t) + |CT () + CzT(t)]Hl(t) +Ri(t) + Ry(t+6), tel0,T],
(3.5)

~Ka(t) = = AKs(t) - Ki(OBi () [N1(1) + Na(t + 8)] ' [BT (K (1) + D] () Ha (1)

- Ki(OBy(®)[Ni(t - 6) + Na(®)]" [BT (K (1) + DI () i ()]
— Ki(t-6)By(t - 6)[N1(t - 6) + Na()] ™! [BZT (HKx(t) + DY (t)Hz(t)] (3.6)
~ Ky(t+8)Bi(t+ 8)[N1(t) + Na(t + 6)”' [B] ())Ka(t) + D] (t) Ha(1)]
+ AT + AT O] K + [CT 1) + (1] Har), te[5T],

Hy(t) = Ki()Ci(t) - Ka (D1 () [Ny (5) + Na(t + 8)]”' [BI (K1 (+) + D (i (1)
~ Ki(ODa()[Ni (£ - 6) + Na()] [BI () K1 () + DI () H ()]
— Ki(t - 8)Di(t - 6)[N1(t - 6) + Na(t)] ™ [132T (K () + DY (t)Hl(t)] (37)
— Kyt + 8)Da(t + 6)[N1(t) + Na(t +6)] ™ [BlT(t)Kl(t) + DlT(t)Hl(t)]
+ Ky (t+6)Ca(t+8), te[0,T],

Ha(t) = = Ki(Dy()[N1(5) + Na(t +6)]”" [B] () Ka(t) + DI (1) Ha ()]
- Ki()D2(H)[N:1(t - 6) + Na()] [BI (D Ka(t) + DI () Ha(1)]
— Ky (t=8)D;(t - 8)[Ny(t - 6) + Na(t)] ™ [BzT (HK(t) + DzT(t)Hz(t)]

— Ky (t+86)Ds(t + 6)[N1(t) + Na(t + )] [BlT(t)Kz(t) + DlT(t)Hz(t)], te[0,T].
(3.8)
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With the boundary conditions

Ki(T)=Q, Ki(t)=0, te(T,T+6], Ka(t)=0, te[T,T+6]U0,86),
3.9
Hi(t)= Ha(t) =0, te (T, T+6]. 39

Here, \ is some constant.
Then we have the following main result.

Theorem 3.2. Suppose that there exist matrix-valued deterministic processes (Ki(-), Ko(-), H1(+),
H,(+)) satisfying the generalized Riccati equation system (3.5)—(3.8) with corresponding boundary
conditions, and for system (2.3), Ay(t) = By(t) = Ca(t) = D2(t) = 0, t € [0,6). Then the optimal
feedback regulator for the delayed linear quadratic optimal Problem (LQD) is

u(t) = ~ [Nu(t) + Na(t + 6)1 7 (B )y (1) + DI (H=(t)

+EF [BZT(t +8)y(t+6) + DI (£ +6)z(t + 5)]), te[0,T],

(3.10)
with
0
y(t) = Ky (£)x(t) + Kx(t) I eMx(t+s)ds, (3.11)
-6
0
z(t) = Hy(t)x(t) + Hy(t) f e’ x(t + s)ds. (3.12)
-6
And the optimal value function is
() = 5(Ki(O)a,a) (.13)

Proof. Let (K1(+), Ka2(+), H1(:), H2(+)) be the solution of Riccati equation system (3.5)—(3.8) and
we set

y1(t) = Ky (£)x(t) + Kx(t) Ji ex(t +s)ds,
) (3.14)

z1(t) = Hi(H)x(t) + Ha(t) f: ex(t + s)ds.
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Applying It0’s formula to vy (-), we have

T

() = Qx(T) + f

t

—{K1(S)x(5)
+ Ki(s)[A1(s)x(s) + Az(s)x(s = 8) + Bi(s)u(s) + Ba(s)u(s - 6)]

0
+ K (s) j eMx(t+7)dr + Ka(s)
-5
0
X [x(s) —eMx(s-6)- /\J eVx(t+ r)dr] }ds
-5

T
- f (K1 (5)[Ca(s)x(s) + Ca(s)x(s — 6)
t

+D1(s)u(s) + Da(s)u(s - 6)]}dW(s), te|[0,T],
(3.15)

with

w(t) = = [N1(5) + Na(t + 8] (Bl ()1 (1) + DI ()21 (1)

+EF [BzT(t +8)y1(t+6) + DI (E+6)z (t + 6)]), te[0,T].
(3.16)

Substituting (3.16) into (3.15), we have

T
i) = Qx(T) + L fi(s,x(s),x(s = 6),y1(s),z1(5), y1(s + ), z1 (s + 6) ) ds
(3.17)

T
—I zo(s)dW (s), te]0,T],
t

where z;(s) = K1(s)[C1(s)x(s) + Ca(s)x(s — 6) + D1(s)u(s) + D2(s)u(s — 6)] and
fi(s,x(s),x(s = 6),y1(s),z1(5), y1(s + 6), z1 (s + 6))

= —{K1(S)x(5) + Ki(s)[A1(s)x(s) + Ax(s)x(s = 6) + Bi(s)u(s) + Ba(s)u(s - 6)]

0 0
+K>(s) Iﬁ eMx(t+7)dr + Ka(s) [x(s) —eMx(s-6)-A ’[6 eMx(t+ r)dr] }
(3.18)
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The following analysis shows that z;(-) = z2(-) a.e., a.s. with the help of (3.7) and (3.8). In
fact, taking (3.16) into the presentation of z,(t), we will have

z2(t) = {Ki(HCi(t) - Ki (D1 (O [N1(5) + Na(t + 6)I 7 Bl (DK (1) + DI () Hi ()]
~Ki (D> () [N: (£ - 6) + Na()] ™ [BI (K1 (£) + DI () Ha (8)] } x(t)

+{KiOCa(t) - Ki (D> () [N (£ = 6) + Na(9)] ™!
X [BlT(t —8)Ky(t—6) + Dy (t - 6)Hy (t - 5)] }x(t - 6)

~{Ks D1 (OIN1 () + Na(t + 8)]7 [BI (£ + )Ki (¢ +6) + DI (¢ + 6) Ha (t + 6)| }

x EF [x(t + 6)]

~ {Ka (D1 ([N (1) + No(t + 8)] ' [BI () Ka(#) + D] () (1)
+K1 () D2()[N (¢ - 6) + Na()] ™' [BI () Ka (1) + DI () Ha ()] | I 05 ex(t +5) ds

- {Kl(t)Dl(t) [N () + Na(t +6)]™ [B;(t +8)Ka(t+6) + DI (t+6)Hy(t + 6)] }

0
f eMx(t+6+s)ds
5

{Kl(t Dy(t)[Ni(t-6) + Na()] [BT(t 8)Ky(t — 6) + DI (t - 6)Hy(t - 5)]}

0
eMx(t -6+ s)ds.
-5
(3.19)

By the conditions K;(t) = Hi(t) = 0,t € (I, T + 6], Kx(t) = Ho(t) =0, ¢t € [T, T + 6] and
By (t) = Ca(t) = Da(t) =0, t € [0,6), we derive

T
Ej 121(5) = z2(s) s
0

T
-E f [Hi(s) - Ki(5)Ca(s) + Ka(s)Di (s)
0

x [N1(s) + Na(s+ 6)] ' [BI (5) K (s) + D] (5) Hi(s)]

+ Ki(5)Da(s)[Ni(s = 6) + Na(s)] ™! [ B (s)Ki(s) + D] (s) H (s))
— Ki(s +8)Ca(s + 6) + Ki (s + 6)Ds(s + 6)

x [N1(s) + Na(s +8)] ' [B (s)K1(s) + D] (s) Ha ()]

+Ki(s = 8)Di (s — 6)[N1(s — 6) + Na(s)] ™ [BI (5)K1(s) + DI (s) Hh (s)] } ()
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v {H2<s> +Ki($)D1()[N1(5) + Na(s + 6)] ' [B] (5)Ka(s) + D] () Has)

+ Ki(s)Da(5)[Ni(s - 6) + Na(s)] ™ [BI (5)Ka(s) + DI (5) Ha(s)

+Ki(s = 6)Di(s = 6)[Ni(s - 6) + Na(5)] ' [BI (5)Ka(s) + D] () Ha ()]

+Ki(E+8)Da(t + 6) [Ny (1) + Na(t + )] [BT () Ka(t) + D] (1) Ha(8)| }

0 2
x’[ eMx(t+ r)dr] ds.
-6
(3.20)
We can see that (3.7) and (3.8) ensure that
T
]EI |z1(s) — z2(s)[*ds = 0. (3.21)
0
In other words, z1(-) = z,(-) a.e., a.s.
So we use the following equation instead of (3.17):
T
y1(t) = Qx(T) + f fi(s,x(s),x(s = 6),y1(s),z1(5), y1(s + 6), z1(s + 6) )ds
t
T 3.22
[ m@awe, ten, (322
t

yi(t) =zi1(t) =0, te(T,T+8].

Namely, (y1(-), z1(-)) introduced in (3.14) satisfies the above anticipated BSDE. From now on,
we pay attention to the anticipated BSDEs (2.8) and (3.22).

Applying the similar method we used above, we derive that (3.5) and (3.6) will lead
to the following:

T
EJ |f(S, X(S),X(S - 6)/ yl (S)/ Zl(s)/ yl (S + 6)/ zZ1 (S + 6))
0 (3.23)

—f1(s,x(s), x(s = 6),y1(s),z1(s), y1(s + 6),z1(s + 6)) |2ds =0.

Thus, we get y(t) = y1(t), z(t) = z1(t) by Lemma 3.1 immediately, and feedback representa-
tion of optimal control in Theorem 3.2 is proved. O

Applying Itd’s formula to (x(T), y(T)) in J(u(-)), it is easy to get (3.13).
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Remark 3.3. (i) The condition A;(t) = By(t) = Ca(t) = D,(t) = 0, t € [0,0) is reasonable in
practice: the condition implies that there is no delay on the time interval [0, 6). That is to say
there is no history of the system on [-6,0), that is, x(t) =0, t € [-6,0).

(ii) The matrix-value differential equation (3.5)—(3.8) is a generalized type of Riccati
equations which is different from the classical one. When there are no delays in the system,
that is, Ax(t) = Ba(t) = Ca(t) = Dy(t) = Na(t) = Rao(t) = 0, Ka(t) = Hp(t) = 0, our generalized
anticipated Riccati equation will degenerate to the Riccati equation in Wu [9].

4. Application

The solvability of Riccati equation (3.5)—(3.8) is not easy to obtain in general. In this section,
we derive the unique solvability of the problem for some special cases. As an application of
our above results, we will consider a kind of stochastic LQ problem with delay arising from
the population control model in this section. The optimal feedback control is given by the
new type of Riccati equation and we can obtain its existence and uniqueness.

The following population growth model comes from Mohammed [3]:

[~a1x(s) + axx(s — 6)]ds + ft cdW(s), te][0,T], 1)
0 .

x(t) = xo(t), te[-6,0),

t

x(t) = a0+I

0

where x(t) is the population at time ¢, a; and a, > 0 are constant death rate and birth rate
per capita, respectively. 6 > 0 denotes the development period of each individual, and the
diffusion part describes the migration of the population; that is, there is migration whose
overall rate is distributed like cW.

Based on the population growth model, we consider the following population control
problem:

t

[—a1(s)x(s) + az(s)x(s — &) + bi(s)v(s — 6)]ds + I o(s)x(s)dW(s), te]0,T],
0

t

x(t) = ag +f

0
x(t) = xo(t), te[-6,0),

o(t) = vo(t), te[-5,0).
(4.2)

Here, we change the original constant death and birth rate to be time-varying a;(-), ax(-),
b1(+),0(+) are deterministic bounded functions on [0,T] and ax(-) = bi(-) = 0 on [0,6).
x0(+),v0(-) € L%F(—(S, 0;R). And the control v(-) models the intensity of the spending on
controlling the population. We take into account that there will be a time lag between control
expenditure and the corresponding effect on the population level, so the system is involved
with control delay. W(-) is a 1-dimensional B.M.

The objection is to minimize the following cost functional:

T
J(@()) = %EUO (n®®) + m (W) )dt + qx2(T)], (4.3)
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over the admissible control set U,y = {ov(t) | v(t) € LEZT(O, T;R)}. r1(-) and ny(-) are
nonnegative- and positive-valued bounded functions on [0, T], respectively, and g > 0 is a
given constant. And all the coefficients in our model are equal to zero outside of the interval
[0, T]. About the cost functional, one can consider that we are going to control some pests’
quantity. We want to pay less expenditure and make the quantity of pests on lower level.
The above population control problem is a special case of the Problem (LQD) we
discussed in Sections 2 and 3. From Theorems 2.1 and 3.2, we have the following results.

Proposition 4.1. The control
u(t) = -n'(t) [;1(t+ 6)y(t+6)], te[0,T] (4.4)

is the unique optimal control. Here, (x(-),y(:),z(:)) is the solution of the following generalized
FBSDE:

x(t)=a+ ft{al (s)x(s) + ax(s)x(s — 6) + by(s)u(s — 6) }ds
0

+ Ito(s)x(s)dW(s), te[0,T],
0

T
y(t) = gx(T) + f {al(s)y(s) +0(s)z(s) + r1(s)x(s) + EFs [ax2(s + 6)y(s +6)] }ds
t (4.5)

- IT z(s)dW(s), te€][0,T],

t
x(t)=0, te[-60),
u(t)=0, te[-60),
y(t) =0, z(t)=0, te(I,T+06]

Proposition 4.2. The feedback control requlator of the population control problem is given by
0
u(t) = —ny' (Hby (t + 6) I:kl(t +0)x(t+06) + ko(t +0) f eVx(t+ s)ds], te[0,T], (4.6)
-5

where (kq(+), ka(+)) satisfies

—ki(t) = (2a1(t) + aa(t)) k1 (t) + ax(t + 6) k1 (t + 6) — ny* (£ = )b () k3 (t)
+ 02 (ki (t) + 1 (t) + ko (t) — e Pk (t+6), te[0,T],
ko(t) = [A— a1 (t) — aa(t)]ka(t) + ny (- 6)D3 (K3 (), te[6,T], (4.7)
ki(T) = gx(T), ki(t)=0, te(T,T+6],
ky(t)=0, te[0,6)U[T,T+6].
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Moreover, the above Riccati (4.7) admits a unique solution, so the presentation form of (4.6) exists
and it is unique. Here, \ is a parameter satisfying A > aq(t) + ax(t), forall t € [0, T].

Proof. Obviously, the existence and uniqueness of presentation (4.6) are equivalent to Riccati
(4.7) which has a unique solution, so we pay attention to (4.7).

Let us start with the second equation in (4.7). It is a classical Riccati-type differential
equation with bounded coefficients, thence, by Theorem 7.7 of Chapter 6 in Yong and Zhou
[11], we get that it admits a unique solution k;(t) on [0, T] and also we have 0 < kx(t) < M
with M which is big enough positive constant.

Now, let us turn to the first equation in (4.7). It is anticipated. In order to derive its
solvability, we discuss the equation backward step by step on the time interval [T - §,T),
[T-26,T-0),....

For example, when t € [T — 6, T), the equation is equivalent to the following:

() = 20 + 3220 la 1) + 200k 1)

—n (W (HKE(E) + 71 (t) + kalt), t€[T-6,T), “8)

ki(T) =gx(T), ki(t)=0, te(T,T+50].

Because kj(t) can be solved in advance, we get that there exists a unique solution of
(4.8) and ki (t) > 0 over [T — 6, T) also by Theorem 7.7 of Chapter 6 in Yong and Zhou [11].

The discussions on the other time intervals are similar; we omit them. All in all, the
Riccati equation (4.7) is solved backward in time from [T, T + 6] as an initial value problem
and the solution is unique. This will lead to the existence and uniqueness of our feedback
control immediately. The proof is completed. O

Appendix

Let us pay attention to the generalized FBSDE (2.8). For the classical FBSDE, Hu, and
Peng [12] and Peng, Wu [13] obtained the existence and uniqueness results under some
monotonicity conditions. Yong [14] let the method in [12, 13] be systematic and called it
the “continuation method.” Then Wu [9, 15] discussed the applications of FBSDEs in LQ
problem and maximum principle for optimal control problems of FBSDE systems. While if
we substitute the optimal control (2.7) into (2.8), we notice that our FBSDE (2.8) is different
from the classical one; it contains more delayed and anticipated part in the coefficients. Now,
we try to analyze this generalized kind of FBSDEs.

For more general case, we consider the following FBSDE. (Just for simplicity, in this
appendix we change the notations with writing the time variable t as a subscript).

Consider the following:

dx;=b <t, xt, Xt-5, Btyt, Dizt, Bi-s -5, Di-5z1-5, B{ yt, D} zt, B}H;yms, D}+5Zt+6> dt

1 1 1 1
+O'<tr Xt, Xt-65, Bt]/t/ Dz, Bt-ayt-a, Dy_sz¢-g, Bt Yt, Dt Zt, Bt+5yt+5, Dt+5Zt+6> dw;,

te (0,T],
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—dy = f(t, X, Yt, 2t, Yuss, Zess ) At — zdW,, £ € [0,T],
Xt = Py, te [—6,0], Y =24 = 0, e [—6,0),

yr=®(xr), yi=z=0, te(T,T+0]
(A.1)

Here B, B', D, D' are k x n matrices, (x, y,z) € R"™™" and b, f, o are F-adapted with appro-
priate dimensions.
We will use the notations:

() () (-0

z Z_§
~f(t, L B,y)

A(t, A A, B,y) = | b(tA s, Bry) ),
O'(t, A, )Lg,ﬂ, Y)

(A.3)

where 0 = (01, ...,04). We also impose the following monotonicity conditions:
(i) there exists a constant C > 0, such that

|ACE A A5, By) = AL, A, By)] < COIA =X+ [ = X5 | + EF[|B=B'| + [y = v']])
VAN, Xs, Mg, B, By, Y

(ii) for each A, As € R, B,y € L*(Q, F5, P;R™), A(, A, As, B,7) is in LZ(0,T);
(iii) forany x, @(x) is in Lz(Q, ¥r, P) and itis uniformly

Lipschitz continuous with respect to x;
T
(iv) forany x;, f |l(f, Xt, Xt-5, Yt, Zt, Yi-6, Zt-6, Yt+6, Zt+5 )
0
/! ! ! ! ! !
=L(t, X1, Xt-5, Yis 2t Y150 215 Yiaor Zes) | At

T
: Kf |Be(ve = 1) + Di(zi = =) + E¥ Bl (y1s5 — Yius) + D (2136 = 215) | |t

whereK >0, I =b,0,
(HA.1)

T
J‘ <A(t1 )"t/ -A't—(‘j/ ]/t+6/ Zt+6) - A<t/ -A't/ -/\'t—ﬁl yt+6/ zt+5>/ -’\'t - -A't >dt
0

T _ I _ BT (HA.2)
< J {_V1|Xt|2 - V2<|Byt + DZt + E?t [B1}1+6yt+5 + Dt1+6zt+6] | ) }dt,
0

(O(x) - D(x),x - X) 20,
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forall A = (x,vy,z), A= (x,v,z), X=x-X, Yy =y -V, Z=2z-2z, where v and v, are given

nonnegative constants with v; >0, v, > 0.
Then we have the following result.

Theorem A.1. Let (HA.1) and (HA.2) hold. Then there exists a unique solution A = (x,y,z) €
LZ(0,T;R™) x L2(0, T; R™) x LA(0, T; R™) satisfying the generalized FBSDE (A.1).

Proof. Uniqueness

let As = (x5, Y5, zs) and A, = (x3, y,, z;;) be two solutions of (A.1). We set 1= (x-x, Y-
y,z-2') = (X,9,%z). And we apply Itd’s formula to (X, ¥s) on [0, T]:

d(Xs,Ys) = (X5, dYs) + (Fs, d%s) + (dxs, dYs)
= (X, = [f (5, Xs, Y15, Zs46) = [ (5, My Yirsr Z4r5)]dS) + (X5, ZsdWs)
+ (s, [b(s, As, s, Ysvo, Zsv5) = b(S, Ao, X5, Yirsr Zors) ] 45) (A4)
+ (s, [0(5, ) ds-5, Yses, Z515) = 0 (8, Ao, X5, Y0 Zav5) ]| AWs)

+(0(s,Xs, Xs_s, Ysi6,Zs45) — O(8, Xy, X5, YL 5,20 5), Zs )ds.

Integrating and taking expectations on both sides of the above equation, we have

E(CD(XT) - (I)(x}), 55]">

T R (A.5)
=E j <A(t1 As, As_s, Ys+6, Zs+6) - A(Sr )lls/ )‘,5_5/ Ys+6, Zs+6)/ As >d5
0

Combining (HA.2), we obtain

T 2
VZIEI B.gs + DsZ, + B% [BL §us + Dl sZes | ds < 0. (A.6)
0

This implies Bs¥s + DsZs + B; csYs+e t D; .52s+s = 0. Following (HA.1)-(iv) and the uniqueness
of solution for SDDE (see [2, 3]), we have x; = x;. Consequently, ®(xr) = ®(x}). By the
uniqueness of solution for BSDE, we have y; = y,, zs = z.. O
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Existence. In order to prove the existence of the solution we first consider the following family
of equations parameterized by a € [0, 1]:

dxf = {(1 - a) { - B/ <Btyt“ + Dyzf +EF [ boYies T Dt+5Zt+5]>
—<Bl> <Bt Syt 5 + Dy 5Zt 5 +Btyt “>}
+sz(t )‘t/ Y yt+5/ t+6) +¢f}dt

+ {(1 - a){ -Df <nyf + Dizf + EF [ b+6Y1es T Dt+6zt+6]>
(A7)

-<D1> (Brsyis + Diozy s + By + D}z;*>}
+ao(t, A, A 5, Vs 2hs) + (pt}th, te[0,T],

—dyy = [af (LA, Yiis 20) +Gildt —zfdWh, t€[0,T],
xt = (Pt/ te [_6/0]/ y? = thz = O, te [_6,0),
yr=ad(xr)+¢, yi=z{=0 te(T,T+6],

where ¢, ¢ and ¢ are given processes in L%(O, T;R"), ¢ € L*(Q,¥r, P;R™). Obviously, the
existence of solutions for (A.7) with a = 1 implies our desired conclusion. When a = 0, we
notice that (A.7) is in a decupled form, and we obtain the existence and uniqueness result
from the classical SDE and BSDE theory. Detailedly, in this case, the second equation and the
terminal condition ¥ = ¢ construct a standard BSDE which admits a unique solution (y°, z°).
Substituting (v, z°) into the first equation, we get a standard SDE and it admits a unique
solution x”. Thence, we need to consider the following case:

dx; = {(1 - (xo){ - <Bm +DiZ+E f[BMYHﬁ + DH&ZH,SD
_<B})T (BrsYis +DisZis +BYi+ D} Z,) }
+aob(t, At, A5, Yii6, Ziss) }dt
+ { p [BtT (Bis + Dizi + E% (Bl sy1es + D}y 571:5) )

T
+<Bt1> <Bt—6yt—6 + Dy_sz4-5 + B}yt + D}Zt> + b(f, A, Aics, Yt+6, Zt+6)

+¢t}dt
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+{a-an{ =01 (5 + 0121+ 89 Bl i+ DLy 2]
_<Dt1>T <Bt—6Yt—6 +DisZi-5+ B Yi + Dth) }
+aogo(t, Ay, Ai—s, Yivs, Zivs) }th
+ {p{DtT <Btyt +Dyzy + B [Bt1+6yt+6 + Dt1+6zf+5]>
+<D}>T <Bt—6yt—6 + Dt-szt-5 + Btl Yt Dtl Zt) }

+G(tr )‘t/ )Lt—(SI Yirs, Zt+5) + Wt }dwt/ te [01 T]/
—dY; = [aof(t, Ar, Yies, Zivs) + pf (t, M, Yiss, zies) + 6] dt — Z,dWy,  t€[0,T],
Xt=(Pt/ te[—6,0], Yt=Zt=O, te [—6,0),
Yr = tXO(I)(XT) + pCD(xT) + g, Y,=27,=0, te (T,T + 6]

(A.8)
Here, A = (X5, Y5, Zs). We want to prove that the mapping defined by
Liyrp(X) = A L3(=6,T;R") x L& (=6, T + &;R") x L2(-6,T + 5; R")
(A.9)
— L2(=6,T;R") x LA(=6,T + §;R") x LA(-6,T + §; R")
is a contraction.
For the difference (X,Y) = (X - X', Y = Y'), we have the following result:
T, . ~ . 2
[vaato + (1 - ao)]]Ef BY. + Do Z+E% Bl Yo + DL, s Zsrs | ds
‘ (A.10)
T 2 _ LA 2
< pclﬁf N[ ds + pCiE|® | + pClEJ‘ As| ds + pclE|xT| .
0 0

Here C; depends on the Lipschitz constants of b, o, f,® and B, B!, D, D!. If we select mag +
(1 -ag) > Ly, where L; = min(1,v,) > 0, then

T N _ N _ 2
EJ B.Y, + D.Z. + E¥: [B;HSYM + D;&zm] ) ds
0

(A.11)

T 2 T, 2 2
SpCzEfO N[ ds + pCaE)%r P + pCz]EJ‘O As| ds + pC2E|XT|
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with C, = C; /L. For X, using the estimate of SDDE, we derive

T 2 T - - _ 2
sup E[Zr|* < CspE f | ds + C3EJ B,Y, + D, Zy + ¥ [Bl ;Yois + DL s Zoos| | ds,

5+6
0<s<T 0 0
T 2 T2 T - ~ 2. [nl o 1 5 2
E| |#Pds<CTpE| |%|ds+CTE| |B.Y,+D,Z, +E S[BS+6YS+5 + DS+SZS+5] | ds.
0 0 0
(A.12)
Similarly, for the difference of solutions (l?, Z), we have
T/ 12 (.2 T 2 T
EI ( Ys| +|Zs >ds < Cngf Ag| ds + C3EI |3?S|2ds + C3IE|3?T|2, (A.13)
0 0 0

by the anticipated BSDE estimates (see [7]). Here, the constant C3 depends on the Lipschitz
constants, K, B, B!, D, D! and T. Combining the estimates (A.11)-(A.13), we have

T
g
0

where the constant C depends on Cq,C,,C3 and T. So we choose py = 1/2C, then for each
p € [0, po], the mapping I, is a contraction; that is, for all p € [0, po] the (A.7) for a = p has
a unique solution. We repeat this process N times with 1 < Npy < 1 + py. It then follows that
(A.7) for a = 1 has a unique solution.

As As

2 T
ds +E|xr[> < Cp <IEI
0

2
ds + IE|3?T|2>, (A.14)

Remark A.2. 1t is verified that the FBSDE (2.8) satisfies the assumptions (HA.1) and (HA.2);
therefore, there exists a unique solution (x, y, z) for FBSDE (2.8). Consequently, the optimal
control of our Problem (LQD) exists and is unique.
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