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Abstract: A general and new stochastic linear quadratic optimal control problem is studied, where the
coeflicients are allowed to be time-varying, and both state delay and control delay can appear simultaneously
in the state equation and the cost functional. The closed-loop outcome control of this delayed problem is
given by a new Riccati system whose solvability is carefully established. To this end, a novel method is
introduced to transform the delayed problem into a control problem driven by a stochastic Volterra integral
system without delay. This method offers several advantages: it bypasses the difficulty of decoupling the
forward delayed state equation and the backward anticipated adjoint equation, avoids the introduction of
infinite-dimensional spaces and unbounded control operators, and ensures that the closed-loop outcome
control depends only on past state and control, without relying on future state or complex conditional
expectation calculations. Finally, several particular important stochastic systems are discussed. It is found
that the model can cover a class of stochastic integro-differential systems, whose closed-loop solvability has
not been available before.
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1 Introduction

1.1 Delayed optimal control problems

In this paper, we consider an optimal control problem where the state equation is described as:

da(t) = [Ai(t)z(t) + A2 (t)y(t) + As(t)z(t) + Bi(t)u(t) + Bz (t)v(t) + Ba(t)u(t) + b(t)]dt
+[Cr()2(t) + Co(t)y(t) + Cs(t)2(t) + Di(tyu(t) +o(t)]dW (t), t€ (to,T), (1.1)
%(t) (t—to), U( ) (t—to) te [to —6,t0],

and the cost functional is defined as:
J(to,€(),<(); u(-) = E/t [w(t)TQl(t)x(t) +y() T Qa(t)y(t) + 2(t) T Qs ()=(t)
+u(t) T Ry (t)u(t) + v(t) T Ro(t)r(t)|dt. (1.2)
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Here (Q, F,F,P) is a complete filtered probability space, E[-] denotes the expectation, and the filtration F =
{Fi}t>0 is generated by a one-dimensional standard Brownian motion {W(¢)};>0. In the above, z(-) € R"
is state, u(-) € R™ is control, y(-) and v(-) are the pointwise delays of the state and the control, respectively,
z(+) and () are the corresponding (extended) distributed delays. They are defined as follows:

yt)=x(t—9), z(t)= / F(t,s)x(s)ds, v(t) =u(t—9), p() = / E(t,s)u(s)ds, te(t,T). (1.3)

t() t()

In addition, £(-) and ¢(-) are called the initial trajectories of the state and the control, respectively. Under
proper conditions (see Section 2), the cost functional (1.2) is well-defined, and the optimal control problem
is stated as follows:

Problem (P). To find a control v*(-) such that (1.1) is satisfied and (1.2) is minimized, i.e.,
J(to,&(),c(-);u™(1)) = inf J(t0,§(-),6(-);ul-)) = V(to,£(), < (),

u(-)€ L§ (to,TR™)

where L2(to, T;R™) is the Hilbert space consisting of F-adapted processes ¢(-) such that EfOT |p(t)]2dt <
oo. Any u*(-) € Li(tp, T;R™) that achieves the above infimum is called an open-loop optimal control for
(to,&(+),s(+)) and the corresponding solution z*(-) is called the open-loop optimal trajectory. (x*(-),u*(:)) is
called an open-loop optimal pair. V(to,&(-),<(+)) is called the value function. In the special case, when b(-)
and o(-) vanish, we denote the corresponding delayed linear quadratic (LQ) problem, the cost functional,
and the value function by Problem (Pg), Jo(to,&(+),s(-);u(-)) and Vo (to,£(+),s(+)), respectively.

As to the above (1.1), it is an extension of the following stochastic differential delay equation (SDDE):

dz(t) = [Al(t)x(t) + Ax(t)y(t) + As(t)Z(t) + By (H)u(t) + B2(t)v(t) + Bs(t)u(t) + b( )]d
+[C1(t)x(t) + Calt)y(t) + C3(t)Z(t) + Di(t)ul(t) + ()] dW (t), t € (to,T),
o(t) = E(t —to), u(t) =t —ty), t€ [to—0,to], (1.4)
(

/Glt,s s)ds, p(t) /ths s)ds, te€ (to,T),

where y(-) and v(-) are defined in (1.3), and G, G2 are bounded. In fact,

Z(t) = Gi(t) + / Gi(t,s)x(s)ds, i(t) = Go(t) + / Ga(t, s)u(s)ds,

to to

where
to

Gi(t) = S G1(t,5)€(s — to)dsLy, 1+6)(t),
t7

to
Go(t) = / S Ga(t, s)s(s — to)dSI[to,to+§)(t)7
tf

Gi(t,s) = [Lito t0-+6) () + Litgrs.7] () Lj—s.0)(5)] G1(t, 5),
Ga(t,s) = [Litg to+6) (t) + Liggrs,1) (1) Lip—s.4)(5)] Ga(t, 5).

Therefore, (1.4) can be seen as a special case of (1.1) with

b:g+A351+Bgég7 O':b'v-f—C;gél, F:al, F:ag

Based on this fact, in the following we name (1.1) the (extended) controlled SDDE. More details about SDDE
(1.4) can be referred to [45, 46]. Notice that here we allow to +d < T.

1.2 Motivations

In the real world, many challenges across disciplines like economics, finance, aerospace, and network com-
munication can be framed as optimal control problems [10, 12, 22]. Moreover, the evolution of certain
phenomena hinges not only on present conditions but also on their historical trajectories. Consequently,
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optimal control problem of stochastic control systems containing state delays and control delays, like the
above (1.4), is an important issue in control theory. The relevant optimal control problems have attracted
enormous attention of the optimization and engineering communities in the last decades. We refer to the
monographes by Bensoussan-Da Prato—Delfour-Mitter [6], Chang [11], Hale [27], Kolmanovskii-Myshkis
[32], Kolmanovskii-Shaikhet [33], Meng—Shi—Yong [43], Zhang—Xie [58].

To motivate the current study, let us make some careful comments to the existing papers from the
viewpoints of frameworks, methodologies, and conclusions.

(I) The existing frameworks on stochastic delayed systems seem scattered and decentralized, many of
which can not fully cover each other.

e Time-invariant versus time-varying coefficients: Such a difference happens even for the deterministic
controlled system. For example, [35, 37, 38, 40, 41, 44, 57, 59] and the relevant papers therein are devoted
to the time-invariant case, while [3, 4, 5, 14, 19, 20, 39, 60] and the relevant papers therein are concerned
with the time-varying one. We observe that the appearance of both cases in the literature is attributed to
the complexity of delayed problems and the methodology limitation developed accordingly.

e State delay versus control delay: We found that the inclusion of delayed terms indeed brings significant
differences to the corresponding study. When only state variables contain the delayed terms, we refer to
[17, 19, 20, 31] for the deterministic case and [24, 25, 38, 39] for the stochastic case. On the other hand,
when delayed terms are only added to control variables, we refer to [31, 56] for the deterministic case and
[37, 38, 54, 59] for the stochastic case. In fact, the reason for such a difference lies in the fact that the
methods used to handle state delay and control delay are fundamentally different.

e Pointwise delay versus distributed delay: We found that delay types also affect the analogue study.
For example, [14, 20, 37, 38, 59] are concerned with the pointwise delay in state or control, while [12, 24]
are devoted to the case with distributed delay. The poinwise delay is usually more challenging than the
distributed delay because the distributed delay can be dealt with using the derivative formula or the Ito
formula, but the pointwise delay cannot.

e State (or control) dependence versus constants in diffusion terms: In the literature, we found that
whether the diffusion terms depend on the state/control variables, or even their delayed terms, brings
essential differences. We refer to [21, 24, 37, 59] for the former case while [4, 10, 12] for the simple constant
case. In our opinion, the related reason is that this dependence occurs within the stochastic integral terms,
causing the previously used methods for handling Lebesgue integral terms to fail.

e Delayed terms in cost functionals or not: Eventually, let us point out the different frameworks caused
by the dependence of delayed terms in cost functionals. Even for deterministic controlled systems, pointwise
delay in cost functionals makes weight operators unbounded, while distributed delay makes their processing
highly dependent on the given weight coefficients (see the Introduction part of [35] for detailed explanations).
When cost functionals contain state/control delay terms, we refer to [35, 42, 43, 59], while most other existing
studies do not touch this topic.

Based on the above classifications of the models, we pose the first question:

(Q1): Is it possible to provide the study in general framework that covers the above models?

(IT) After careful observations of the existing papers, we found that there are several approaches treating
LQ problems for stochastic delay systems. We list them out and make some proper comments as follows.

e Maximum principle: It is a very natural method to study optimal control for stochastic delayed systems.
We refer to [15, 55, 59] for more details. To obtain the explicit forms of optimal controls, one has to decouple
the resulting forward-backward stochastic systems, which is the challenging part. A success example is [59],
where the system only contains pointwise control delays, and a class of Riccati equation is established by
decoupling. The difficulty in decoupling lies in the fact that the delay effect disrupts the classical decoupling
relation and makes It6 formula fail to work [5].

e Dynamic programming: This method is very effective in obtaining feedback forms of optimal controls,
see [3, 6, 34, 37, 38] for more details. However, the main difficulty for delayed problems is the lack of
Markovianity, and one has to pay the cost of working with intrinsically infinite-dimensional HJB equation.

e State space method: This method is to lift state equations to Banach or Hilbert spaces (depending
on the regularity of the data). It is developed in the deterministic case by [19, 31] and then extended in
the stochastic case by [23, 24, 25, 44]. This method always comes at a cost of moving problems to infinite
dimension. Another limitation in the stochastic case lies in the appearance of unbounded operators in state
equations [44].



e Variation of constants formula method: By using this method, one can transform the original delayed
system into another integral system of Volterra type without delay which is solved by fundamental solution.
We refer to [30, 35, 36, 42] for more details. This works well in deterministic controlled systems. However,
when diffusion terms contain state delay terms, it becomes unclear to go through the whole procedure since
anticipated stochastic integral may be involved.

After the above analysis, different methods are used to handle different models, but each has its own
drawbacks. Therefore, we raise the second question:

(Q2): Is it possible to come up with a new approach to bypass the disadvantages in the existing papers?

(ITI) Last but not the least important, let us make some comments on the obtained conclusions in terms
of feedback controls and Riccati systems in the literature. We separate them into the following cases.

e Riccati systems versus Fredholm systems: To obtain feedback controls, Riccati systems are one of the
most popular and important tools. We refer to [3, 4, 10, 13, 15, 16, 18, 37, 43, 44, 53, 59] and the related
papers therein. On the other hand, according to the works [35, 36], Fredholm systems also play important
roles. In other words, the helpful systems for establishing the feedbacks are by no means unique.

e The challenges of Riccati systems: This point can be explained in the following manners. Firstly,
the successful introduction of Riccati systems only hold in specific settings, e.g., the time-invariant case
[31, 37, 44, 59], the only state delay case [15, 20, 38], the only control delay case [10, 38, 59]. Secondly, even
for the papers containing Riccati systems, verifying the coincidences among them seems quite involved and
technical, such as [15] and [44], or [37] and [59]. Thirdly, even though Riccati systems are derived, they are
quite challenging to further discuss their solvability. Along this line we mention the works of [15, 44] for
some progress in the stochastic setting. Fourthly, as to the papers obtaining the solvability, different works
require different assumptions [3, 17]. Hence it seems difficult to give a unified precondition.

e The challenges of feedback controls: In the literature, open-loop optimal controls and closed-loop
optimal controls are two main notions for representing the explicit forms. For the former one, there are
some relevant papers [13, 44, 55, 60]. Since it is not easy to decouple forward-backward adjoint systems,
the closed-loop representations of open-loop optimal controls are not successfully given until some recent
works of [15, 44, 59]. As to the later one, there are some works treating the closed-loop solvability. We
refer to [43, 44]. However, in our opinion, there are some limitations. Their closed-loop solvability depends
on the transformed problems, thus lacks generality, and their methods are not applicable to time-varying
coefficients.

To sum up the above, we observe that that different models have different version of Riccati system,
among which the difference analysis is lacking and the relevant solvability is not obtained. Therefore, we
come up with the third question:

(Q3): Is it possible to derive a unified Riccati system and feedback control for the general model (1.1)
and (1.2), and verify the consistency with the existing papers?

Now let us return back to Problem (P) and discuss another special case where As, Ba, Ca,Q2, Ry =
0. Here we then arrive at the LQ optimal control problem for (a class of) stochastic integro-differential
equations (or stochastic differential equations with memory). This type of optimal control problems naturally
emerge in many different application scenarios, and they are particularly common when studying the optimal
performances of systems in response to specific inputs. In such cases, the systems’ responses do not occur
immediately but rather appear after a certain period of time. However, in contrast with the previous
discussion on SDDEs, for optimal control problems involving equations with memory, just a few isolated
results are available at the moment. We refer to Carlier—Tahraoui [8, 9] for the finite dimensional case and
Cannarsa—Frankowska—Marchini [7] for the infinite dimensional study. In the LQ framework, Pandolfi [48]
studied a simple integro-differential model in the finite-dimensional space and obtained the optimal synthesis
via Riccati-type equations for the first time (commented by [2]). Other enhanced results appeared recently in
[26, 49]. For the extension to the infinite dimension, we refer to Acquistapace—Bucci [1, 2]. These results hold
in the deterministic controlled system framework. Due to the lack of relevant study on stochastic systems,
we raise the fourth question:

(Q4): It is possible to provide some systematic study in stochastic integro-differential systems to fill the
gaps left by the existing literature?



1.3 Contributions and novelties

In this paper, our goal is to treat the general framework with the state equation (1.1) and the cost functional
(1.2) by employing new methodologies, and give positive answers to the aforementioned four questions.
To begin with, we propose a general definition of the closed-loop solvability for Problem (P). To show
its sufficiency, we separate the procedures into four parts. We firstly adapt the transformation procedures,
introduced in Meng—Shi—-Wang—Zhang [42], into our framework and end up with a LQ problem for a stochastic
Volterra integral system without delay. Secondly, by borrowing the ideas developed in Hamaguchi—-Wang
[29] and Gong—Wang [26], we introduce and discuss a class of Riccati systems and backward stochastic
adjoint systems. Then, by the previous Riccati systems, we explicitly construct the desired closed-loop
strategy, the resulting closed-loop outcome control, and prove its optimality. Finally, we make detailed
comparisons/coincidences with the existing study. The contributions and innovations of this paper are
summarized as follows.

e A general yet new stochastic LQ optimal control problem is studied. On the one hand, it covers
stochastic differential delay system where the coefficients are time-varying, both state delay and control
delay can appear in the drift term, the diffusion term, and the cost functional. On the other hand,
it covers a class of stochastic integro-differential equations where memory terms enter into the drift,
diffusion terms, and the cost functional. This gives a nice response to (Q1), (Q4).

e A new transformation method is employed for the above general framework, and the advantages are
shown in three aspects. Firstly, it avoids the complicated decoupling procedures for forward-backward
systems. Secondly, it can handle time-varying coefficients case where traditional infinite dimensional
lifting methods fail. Thirdly, in our approach there are no unbounded control operators, and there is
no need to use infinite-dimensional analysis theories such as operator semigroups. This gives a nice
response to (Q2).

e By our main conclusions, we find the following four advantages and new facts. Firstly, we give the
solvability of the Riccati system corresponding to Problem (P) and their coincidences with the existing
literature in particular cases. Secondly, we explicitly construct the unique closed-loop outcome control,
which does not rely on the future state and avoids complex tools of conditional expectations. Then,
we only impose integrability conditions on the coefficients of Problem (P), and there is no need of
continuity or even differentiability assumptions. Finally, even for the deterministic control system (1.1),
we present, for the first time, results regarding the integro-differential part and the cost functional (1.2)
with pointwise/distributed delays. This gives a nice response to (Q3), (Q4).

The rest part is organized as follows. In Section 2, we formulate the control problem studied in the
paper. In Section 3, we transform the original delayed control system into a Volterra integral control system
without delay, and then study the closed-loop solvability of the original delayed optimal control problem. In
Section 4, we discuss several important cases to compare our results with the previous ones. In Section 5,
we give some concluding remarks. Finally, we provide the proofs of the main results in Appendix.

2 Preliminary

In this section, we give some preliminaries and formulate the control problem studied in this paper.
Let T > 0 be a given finite time duration, define Ay (0,7T) = {(t, $)e (0,1 |T>t>s> O}, O3 (0,7) =

{(51, s9,t) € (0,T)° | t < (s1 A 52)} I is the identity matrix with appropriate dimension. S™ is the set of

all n x n symmetric matrices. Next we define the following spaces which will be used in this paper. Denote
by L*°(0,T;R™) the Banach space consisting of R™-valued variables ¢(-) such that sup |¢(t)| < oo, by

L?(0,T;R™) the Banach space consisting of R™-valued variables ¢(-) such that fOT |6(t)|Pdt < oo, where
p is an integer. Denote by L%—t(Q;R”) the Hilbert space consisting of R™-valued F;-measurable ran-
dom variables ¢ such that E|¢|? < oo, by LZ(Q;C([0,T];R™)) the Banach space consisting of R™-valued



F-adapted continuous processes ¢(-) such that E[ sup |4(t)|?] < oo, by LaP (A9 (0,T);R™™) the Ba-
0<t<T

nach space of R™"*™-valued and measurable processes ¢ on As (0,7) such that ¢(t,-) is F-progressively
2 1
measurable on (0,t) for each ¢t € (0,7), and E[IOT (fot|(b(t,s)\pds)p dt]? < oo. For p = 2, we sim-
ply denote L2 (A (0,T);R™") = LIQF’2 (N (0,T);R™ ™). Denote by £? (A5 (0,T);R™*™) the set of
1
¢ € L% (Ao (0,T);R™ ") satisfying esssup (ftT |¢(s,t)|2ds) 2<oo, and for any € > 0, there exists a finite
te(0,T)
partition {a;};" of (0,T) with 0 = ag < ay < -+ < ap, = T such that esssup ([;""|¢(s,t)[*ds)* <e, for
te(ai,aiy1)

each i € {0,1,...,m—1}. Denote by L?21! (03(0,T); R"*") the Banach space of R"*"-valued deterministic
functions ¢ on O3(0,T) such that (fonoT( 051/\92|¢(51,52’t)|dt)2d51d82)1/2<00-

For any 0 < ty < T, consider the following SDDE:

+HC1()z(t) + Ca(t)y(t) + C5()Z(t) + 3 (O]dW (1), ¢ € (to,T), (2.1)

(t) (t — to), te [to — (5, to],

Z(t) = &
where £(+) € C([—6,0];R™) is the initial trajectory of the state, § > 0 is the constant delay time,

) = 5t — 8), F(t) = /t Pt 8)2(s)ds, ¢ € (to,T).

As to the coefficients of (2.1), we impose the following conditions:

(H1) Ay(-), A5(-), A3() € L2(0, TR ), Oy (-), Ca(-), Ci(+) € L=(0, T;R™™),

F(-,-) € L>1(A2(0, T); R™™), b(-) € Lg(; L1 (0, T5R™)), &(-) € LE(0, T3 R™).

The following proposition, whose proof is given in the Appendix, guarantees its solvability. In contrast
with e.g. [13, 14, 15, 60] where A;(-) is assumed to be bounded, i = 1,2, 3, we slightly relax them into proper
integrable conditions.

Proposition 2.1. Let (H1) hold. Then, SDDE (2.1) admits a unique solution Z(-) € L& (% C([to, T]; R™)).

For later usefulness, for any 0 < tg < T, we consider the linear SVIE:

t t
X0 =g+ [ |As)x(0)+bie0)|as+ [ |Cx) 4otes)|aw(s, e 22)
to to
with the coefficients satisfying:
(H2) ¢(-) € LE(0,T;R™), A(-,-) € L*(A2(0,T); R™™), C
b(-,-) € L' (£2(0, T);R™), 6(-, ) € L (D5(0,T); R™).
Then, we present the following result as Lemma A.3 in [28].

Proposition 2.2. Let (H2) hold. Then, SVIE (2.2) admits a unique solution X (-) € L&(to, T;R™).

() € 22 (D2(0,T); R™™),

After the above preparations, let us return back to the state equation (1.1), the coefficients of which
satisfy the following assumptions.

A1), A2(+), As() € L*(0, T5sR™™), Bu(:), Ba(:), Bs(-) € L0, T;R™™), b(-) € Lg(Q L'(0, T3 R™)),
(A].) Cl()ac2()7c3() € LOO(OaT; Rnxn% Dl() € LOO(O’T;Rnxm)’ U() € L]127<07T§ Rn),
F('a ) € LOO(AZ(OvT);Rnxn)’ F(’ ) € LOO(A2(07T);Rn><m)7 g() € C([fév O]aRn)v

Q1(1),Q2(-),Q3(-) € L*=(0,T;S™),  Ri(-),Ra(-) € L=(0,T;S™), <(-) € L*(—6,0;R™).

In terms of Proposition 2.1, SDDE (1.1) admits a unique solution, the cost functional (1.2) is well-defined,
and hence it becomes natural to pose Problem (P) in the Introduction.
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Due to the particular LQ structure, we are interested in the closed-loop optimal control. To this end, we
first look at the closed-loop strategy. For any given tq € [0,7'), define

L = L?(tg, T; R™ ™) x L2(Aa(t, T); R™*™) x L™ (tg, T; R™*™) x L2(Ag(to, T); R™X™) x Li(to, T;R™).

In the following, for any (Ki(-), Ka(-,-), K3(-), K4(-,-),v(:)) € L, we call it a closed-loop strategy on [tg, T].
Later we will use this closed-loop strategy, which does not depend on the initial data but only the given

coefficients, to construct a closed-loop control on [ty, T]. To introduce the closed-loop state, let us consider
the SDDE:

dz(t) = [A1(t)z(t) + Aa(t)y(t) + As(t)z(t) + Bi(t)u(t) + Ba(t)v(t) + Bs(t)u(t) + b(t)]dt
+[C1 () (t ) + Co(t)y(t) + Cs(t)z(t) + Di(t)u(t) + o(t)|dW (1), tE€ (to,T),
x(t) =&(t —to), u(t) =<t —to), t€l[to—0,to], (2.3)

u(t) = /ths s)ds + Ks(t /K4ts s)ds +v(t), te€ (to,T).

We call (2.3) a closed-loop system under (K;(-), Ka(+,-), K3(), K4(-,-),v(-)) corresponding to (to,&(-),s(-)),
and call z(-), u(-) the corresponding closed-loop state and closed-loop outcome control, respectively. The
proof of the following result is given in the Appendix.

Proposition 2.3. Let (A1) hold. Then, for any givento € [0,T) and (Kl( ) ( ,), Ka(- ) ( J,0(+)) €
L, the closed-loop system (2.3) admits a unique solution x(-) € LE(Q; C([to, T|; R™)) on [to, T

At last, let us introduce the following notions.

Definition 2.4. For any given to € [0,T), the closed-loop strategy (K5(-), K5(-,-), K5(-),K;(-,-),v*()) €
LL is called an optimal closed-loop strategy of Problem (P) if

J(t0,£7§; (Kf,K;,K;,KZ7U*)) < J(to,f,C;'LL) ) (24)

for any (§,5) € C([—6,00;R™) x L?(—4,0; R™) and any control u(-) € La(to, T;R™). If there (uniquely) exists
an optimal closed-loop strategy on [to, T|, Problem (P) is said to be (uniquely) closed-loop solvable on [tg, T7.

Remark 2.5. Inspired by [3, 19, 31, 50, 51, 59], the closed-loop strategy for deterministic Problem (P)
was introduced in [43], and then extended to the stochastic setting in [//]. Here our version is more general
due to the appearance of K3(-). In the system (2.3), K1(-), Ka(-,-), K5(-), K4(-,-) represent respectively the
gain coefficients of the current state, the distributed state delay, the pointwise state delay and the distributed
control delay.

3 The closed-loop solvability of Problem (P)

In this section, we firstly transform the delayed Problem (P) into another optimal control problem driven by
a (finite dimensional) SVIE without delay. Based on such a transformation, we then introduce and discuss
the desired Riccati system for Problem (P). Eventually, we construct an explicit closed-loop strategy and
prove its optimality in the sense of Definition 2.4.

3.1 Problem transformation

To begin with, let us take a closer look at the state x(-). Since ¢(-) is the initial trajectory of the control,
for either t € [to, (to+d) A T] orte ((to + ) AT, to + (5] we get

t

t to+s
By (s)u(s — d)ds = / Bs(s)s(s — 6 —tg)ds = / 1j,,0)(8)B2(s)s(s — 0 — to)ds.

to to to



For t € (to+ 6, (to + &) V T|, we have

¢ to+6 ¢
Bs(s)u(s — 0)ds = / Bs(s)u(s — d)ds + / Bs(s)u(s — d)ds
to to to+0
to+4d t
= / 1p,,0)(8)Ba(s)s(s — 0 — to)ds + / 1140,t—6)(8) Ba(s 4 0)u(s)ds.
t() tO

To sum up, for ¢ € [tg, T], we have

t to+6 ¢
/t Bo(s)u(s — 8)ds = /t 100 (5)Ba(s)(s — & — to)ds + /t 11s.e5)(5)Bas + 6)u(s)ds.

As to the u(-) term in z(-), by the Fubini theorem, for ¢ € [ty, T], we obtain

/t: Bs(s)p(s)ds = /t: Bs(s) /t: ﬁ'(s,r)u(r)drds = /t /t Bg(s)ﬁ'(s,r)dsu(r)dr.

t() T

Thus we deduce
o) =0+ | :M Bas)s(s =6 = )1 (s)ds + [ [A1(5)a(s) + Ax()y(s)
+A;(s)2(s) + (Bl(s) + Ba(s + 0) 1y s (s) + / "B, (r)E(r, s)dr)u(s) + b(s)} ds
+ /t t [C1(s)a(s) + Cols)y(s) + Cs(s)2(s) + D (s)u(s) + o(s)]dW(s), ¢ € [to,T)- (3.1)

Next let us turn to the term of y(-). For t € [to + 6, (to +26) AT| and ¢ € ((to + 26) AT, to + 28], we have

t—o t—§ to+0
/ Ba(s)u(s — 8)ds — / Ba(s)o(s — 6 — to)ds = / Lyt (5) Bals)s(s — & — to)ds.
to to to

Fort e (to + 20, (to +26) V T], we have

t—o to+8 t—6
/ Bs(s)u(s — d)ds = / Bs(s)u(s — d)ds + Ba(s)u(s — d)ds
to to to+d
to+6 t
= / 1p,t—5)(8)Ba(s)s(s — 0 — to)ds + / 11,t—25)(8) B2(s + 0)u(s)ds.
to to

Therefore, for ¢ € [ty + 6, T],
t—96 to+0
| Baouts = )5t gna 0= [ [ s (9)Balo)sls 5~ s
to to
t
+/ l[to,t726)(s)32(5 + (S)U(S)d8:| 1(t0+6,oc)(t)-
to

As to the u() term in y(-), for t € [to + 6, T, it follows from the Fubini theorem that

A " Bao)uls)ds - [ By [ Forntriias= | ) [, P i

T By e s)drus)ds.
L



Hence for the pointwise state delay, we have
(to+8)A(t—F)
y(t) = g(t — (5 — to)l[t07t0+5] (t) + 1(t0+6700)(t){£(0) +/ BQ(S)§(S — to — (5)d8}
to
t
+ / Ljt1-5) (s >(A1< Ja(s) + Ax(s)y(s) + As()2(5) + [Bi(s) + Bals + ) 1p0-20)(5)
to

b [ B P )i ) 6 s+ [ Ly (9)[Ch o)) + Calolyts)

+Cs3(s)z(s) + Di(s)u(s) + o(s)]|dW(s), t € [to,T].
Eventually, let us treat the term of z(-). For ¢ € [to,T],

z(t) = /t F(t,s)x(s)ds = /t F(t,s) [5(0) + /ts (Al(r)x(r) + Ao (r)y(r) + As(r)z(r)
+B1(r)u(r) + Ba(r)v(r) + Ba(r)u(r) + b(r))dr

+ /ts (C1(r)z(r) + Co(r)y(r) + Cs(r)z(r) + Dy (r)u(r) + a(r))dW(r)] ds.

/to /t (t,8) Ba(r)w(r)drds = /tt [/TtF(t,s)ds] Bo(r)ul(r — §)dr.

Notice that for ¢ € [to,to + 9),

/to /t (t, ) Ba(r)v(r)drds — /t [/:F(t,s)ds}BQ(r)g(r—5—t0)dr,

while for t € [to + 6, (to + 6) V T'), one has

/t/t (t,s)Ba(r drds—/ [/ dS}Bz
:/ttm[/ F(t, S)ds}Bg( (r—6—to dr+/t / F(t,s)ds 32(7‘+5) (r)dr

T 0

By Fubini theorem,

Therefore, for ¢ € [ty, T], we obtain that

/ / (t,8)Ba(r)v(r)drds
to Jto

— /to(t0+6)/\t [/:F(t,s)ds} By (r)s(r — 8§ — to)dr + /t:A(i&) [/t F(t, s)ds} By(r + 8)u(r)dr.

r+6
As to the u(-) term in z(-), by the Fubini theorem again, for ¢ € [to, T,

t s T
/ / (t,s)Bs(r)u(r)drds :/ / F(t,s)Bs(r) / F(r, a)u(a)da} drds
to to tO tO
:/ / / F(t,s)Bs(r)F(r, )u(a)drdads —/ / / F(t,s)Bs(r)F(r, a)drds} (a)da.
to Jto Jo to a Ja

Hence, from (3.3)—(3.5) and by adding some indicative functions, we derive

0= [ a0+ [ Bl 5 o) i)t [ E09)[A1(5ha(5)+ st

(3.2)

(3.3)

(3.4)

(3.5)

+A3(s)2(s )]ds+ / t [ / t Ft, )(B1( $)+ Ba(s + 0) 1y r—s)(s)+ / ' Bg(e)ﬁ(a,s)de)dr}u(s)ds (3.6)

S

/ E(t,s) ds—|—/ E(t, s)[Cr(s)x(s)+Ca(s)y(s)+Cs(s)z(s)+D1(s)u(s)+o(s)|dW (s).
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Here and next, for T' >t > s > t(, we define £(-,-) and some other notations as follows:

z(t) t
(t) E(t,s)= | F(t,r)dr, E(s,t) =0,
l al /

£(0) + f foto By (s)s(s —to — 0) 1y, 1) (s)ds
€0t —to — 1[t0)t0+5](t [ )+ ft(t”‘; M) By (8)s(s — to — 8)ds] (110,000 (£) | »
t,$)[E(0) + [F° Bay(r)s(r — to — 6)1jyq,6)(r)dr]ds

As(s) As(s)
1, Oo) t —s Al(s) 1(5,00)(t = 5)A2(8)  1(500)(t —5)A3(s) |,

E(t,s)A1(s) E(t,5)Az(s) E(t, 5)A3( )
Bi(s) + Ba(s 4 6)1(5,0)(t — 5) +f Bs(r (r s)dr
E ) B1(S) + BQ(S + (5)1(25’00)(25 - S f B3 )F(T, S)dT] , (37)
$)B1(s) +E(t, s+ 6)Ba(s+ ) + fs E(t,0)Bs(0)F(0,5)db
[ C’1 (s) Ca(s) Cs(s)

Ct,8) = | 1,00)(t—5)C1(8) L(s500)(t —5)Ca(8)  L(5.00)(t —5)C5(s) |,

g(tvs)cl(s) 8(t75)02(5) g(t’s)c3(3)

Dy (s) 3 b(s) o(s)

D(ta 5) = 1(5,00) (t - S)DI(S) ) b(ta S)E 1(6,00) (t - S)b(S) ) &(tv S)E 1(5 oo)(t - S) (S) :

E(t,s)D1(s) E(t, s)b(s) E(t, s)o(s)

Based on (3.1), (3.2) and (3.6), X (-) satisfies the following SVIE:

X(t) =o(t) + / [A(t, $)X (s) + B(t, s)u(s) + b(t, s)]ds

Jr/t [C(t,s)X (s) + D(t, s)u(s) + & (t,s)|dW (s), t€ (to,T). (3.8)
Denote
Q1 (t) 0 0
Q(t) = 0 QQ(t) 0 s R(t) = R1 (t) + Rg(t + (5)1[0/1“,5) (t)
0 0 Qs(t)

Then, the cost functional (1.2) becomes

T
J(t0,€(),s();u(-)) = E/t [(X() QX (1) +u(t) " R(t)u(t)]dt

(t0+6)/\T
+E/ §(t —to — 6) T Ro(t)s(t — to — 6)dt. (3.9)

to
To sum up the above arguments, we have the following result whose proof is given in the Appendix.

Proposition 3.1. Let Assumption (A1) hold. Then, u* € La(to, T;R™) is an optimal control of Problem
(P) if and only if u*(-) minimizes (3.9) subject to SVIE (3.8).

Remark 3.2. The idea of transforming the delayed system into another one without delay is popular in
the existing literature.

For example, in [18, 19, 43, 44], the authors transformed the original delayed systems into infinite-
dimensional evolution control systems without delay. However, in some cases they had to treat the unbound-
ed control operator which would bring essential difficulties. More importantly, it seems quite complex to
transform the obtained operator-valued Riccati equation into the (finite dimensional) matriz-valued case.

In contrast, in the current paper we put (x(-),y(-),2(+)) together to construct a new state X (-) and then
transform the original system equivalently to a controlled SVIE. Similar procedure also appeared in [42]. On
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the one hand, this helps us to utilize the developed LQ theory for SVIEs in [29]. On the other hand, the
advantage lies in the fact that X (+) is still finite dimensional which helps us to bypass the complicated operator
language. Moreover, by our approach there is no need to face the challenge of decoupling the forward delayed
system and the backward anticipated system.

We point out that the transformation to Volterra systems also appeared in e.g. [30, 36] via the constant
variation formula. Nevertheless, it is not clear whether such an approach still works when the diffusion term
n (1.1) contains the pointwise state delays and distributed state delays.

3.2 The solvability of the new Riccati system

To study the closed-loop solvability of Problem (P), we introduce a new Riccati system based on the above
transformation and the existing study in [29]. To this end, we need some preparations.

Firstly, we denote by II(0,T") the set of pairs P = (P(l),P(Q)) with P : (0,7) — RGM*Gn) and
P®) . 03 (ty, T) — REM*G) guch that

(i) PM e L> (O,T; SS");

(ii) for a.e. (s1,s2) € (0,7)%,t + P (s1,s9,t) is absolutely continuous on (0,51 A s2);

(iii) (s1,82) = P@ (s1, 2,81 A s2) = t'r(lh}\l )P(z) (s1,s2,t) belongs to L? ((O,T)Q;R(3”)X(3”));
S1/\S2

(iv) (s1,82,1) = P® (s1,80,1) = az;t (s1,82,t) belongs to L*2! (03(0,T); RG> Gn));

(v) for a.e. (s1,52,t) € O3(0,T), it holds that P® (s1,s9,t) = P® (s9,s1,t) .

Secondly, for later notational usefulness, we define several coefficients as follows:

I 1 5 Do)(s — t) I I
(s—1t)I — t1(25 oo)( —t)I 1(5700)(8 —0)I ,Y(s,t) = 1(5700)(5 -0,

II(s,t,0) = —
t) 2 E(s,t+6 E(s,0) E(s,t)

o) (8
£ (s, >(t) (3.10)
A(t) = (Au(t), A2(t), A3(1)), B(0,t) = Bz(t+5) , C(t) = (Ci(1), Ca(t), Cs(1)).

B3(0)F(0,1)

Given these coefficients, we introduce the following system satisfied by a pair of (P, P(?)):

POD) =Qt)+Ct) G (t)C(t) —Ct)TGL(t)D1()R(#) " D1 (t) TG (H)C(1),0 < t < T,
PO (s, 1,7) = P@(s, £, A 5) / MS/ Ga(s, 7, 00)B(01, TYR(7)~B(62, )

(3.11)
xGs(t, T, 09) T dOydbadr, 0 <1 < (sAt)<T,

PP (5,t,t) = POt,5,t)'=Go(5,1) A /g3 5,6,0)BO,H)R(t) D1 (t) "G (£)C(t)d0,0<t <5< T,
where for 0 <t < (sASA0)<T

R(t) = R1(t) + Ra(t + 0)1j0,7—5)(t) + D1(t) T G1 () D1 (¢

)
T T T
Ql(t)zgl(t;P(l),P(Q))E/ T(s,t)TP(l)(s)T(s,t)ds+//T(Sht)TP(Q)(Sl,82,75)T(52,t)d$1d52,
t t t

T (3.12)
G2(5,t) = Go (5,4, P, PP = PW(3)Y(5,1) + / PO (3, r,t)Y(r, t)dr,
t

T
Gs(s,t,0) = G(s,t,0; PV, P@) = PW ()1, (0)I1(s,t,6) + / PO (s, r,t)II(r, t,0)dr.
0

In this paper, we name (3.11) the desired Riccati system, explicitly depending on A;, B;, C;, D;, based
on (at least) the following aspects. Firstly, it is consistent with the Riccati system for stochastic Volterra
system in [29]. Secondly, in particular cases we will show in Subsection 4.1, 4.2, 4.5 that it can reduce to
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the Riccati systems in the existing literature. Thirdly, just like the existing Riccati systems, we will use the
above (3.11) to construct closed-loop control as well. To guarantee its well-posedness, we need the following
standard assumption.

(A2) There exists a constant A > 0 such that for all t € (0,7), Ri(t) + Ra(t 4 6)1j0,7—5)(t) = M,
Q:(t)=0,i=1,2,3.

The following proposition gives its solvability.

Theorem 3.3. Let (A1)-(A2) hold. Then, the Riccati system (3.11) admits a unique solution (P, P(?)) €
I1(0, T') such that R(-) = BI for some constant > 0.

Remark 3.4. As to the solvability of the above Riccati system, we make the following comments.

We first look at the particular case of the SDDE (1.4) and compare it with the study in [44]. In terms of
their framework, both the cost functional and the diffusion term can depend on the distributed control delay
which is out of our scope. However, to derive the Riccati system they have to assume that Cy, b, 0, Ry, Q2 = 0.
In addition, to obtain the solvability, they further require that D1 = 0 and all the coefficients are time-
invariant or continuous. It is worth mentioning that these assumptions are not needed here. Moreover, the
methodologies developed in both papers are essentially different.

Next we turn to another particular case of the state equation (1.1) with Ag, B, Ca, @2, Ry = 0, and arrive
at a LQ problem for a stochastic integro-differential system. Even though there are some positive results of
the Riccati system (see [48, 49]) in deterministic scenario, the extension to the stochastic setting is still open.
Here we fill this blank in a nice manner.

At last we point out two interesting facts even for the deterministic system (1.1). Firstly, in contrast
with the relevant literature on differential delay systems (e.g. [3, 19, 31, /3]), the corresponding Riccati
systems and their solvability appear for the first time since both the pointwise delays and the distributed
delays are allowed to appear simultaneously in the cost functional. Secondly, when all the pointwise delayed
terms disappear, the corresponding integro-differential system and cost functional can cover those in [48, /9],
and thus the corresponding result in the above Theorem 3.5 is also new.

Next we introduce the following backward system:
T
dn(t,) = ~{Galt, (s) + T"(1,5) D1(5) Ga(o(5) + T°(9)7 [ [Da() X8 ¢(rv5)

—I—(/T B(6,s) "(r, s, G)Tdﬂ)n(r, s)} dr}ds +C¢(t,8)dW(s), 0<s<t<T,

(3.13)
T T
n(t,t) = C(&) G (Do (t) + =) D) it (t) + / {l( / LL(r,t,6)B(0, 1) d0) =" ()
+Y(r, t)A(t)} o) + [T(r, )C(t) + Y (r, t)D, (t)E*(t)} e, t)}dr, 0<t<T,
where Z*(+), T* (-, -) are defined by
=5 (t) = ~R(&) "' Di() TG (£)C(), 0 <t < T,
(3.14)

T
T (s,1) = —R(t)*l/ B(0,)TGs(s,£,0)Tdo, 0<t<s<T,
t

and II(-, -, ), Y(-, ), R(-), Gi(*), Gs(:,+,-) are defined as (3.10), (3.12). In terms of [29], we name it the
Type-II extended backward SVIE in our scenario. To study its well-posedness, we introduce the following
space. Denote by L%,C(AQ (0,T);R3") the set of n € L2 (A2 (0,T);R3") such that s — n(t, s) is uniformly
continuous on (0,t) with the limits defined by 7n(t,t) = limgsn(t,s) and 1 (¢,0) = limson(t,s) for a.e.
t€(0,7), as., and n(-, -) satisfies E(fOT sup |n(t, s)|2 dt)2 < oo.
s€[0,t]

Theorem 3.5. Let (A1)—(A2) hold. Then, the Type-II extended backward SVIE (3.13) admits a unique

solution (1,¢) € Lg (A2(0, T); R?™) x Lg(A2(0,T); R?™).
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3.3 The closed-loop solvability of Problem (P)

In this part we give the explicit form of the optimal closed-loop strategy and the sufficient conditions for the
closed-loop solvability of Problem (P).

Given TI(-,-,-), T(-,-), R(:), Gi(-), G3(-,-,-) in (3.10) and (3.12), P = (PM, P®) and (n,¢) being the
solutions to (3.11) and (3.13), respectively, we make the following conventions. For i = 1,3, tx <t < T, we
denote

KX (t) =—R(t)" K / / B(0,1)7 Gs(a,t,0) K (o, t)dada} (3.15)
while for i = 2,4 and tg < s <t < T,
T 0T
KX (t,s) :—R(t)—l{Kf”(t,s) +/ / B(6,t)T Gs(aut, G)TKi(Q)(t,ms)dadG}. (3.16)
t Jt
In addition, for to <t < T, let
T T
v*(t):—R(t)_l{v(l)(t) + / / B(0,t)" Gs(a, t,0) T v (t,a)dade}. (3.17)
t t
In the above, each pair of (Ki(l), KZ(Q)) and (v, v(?) have the following representations:
KV () = Dit) TG ()1 (1), K (1) = T(a,t), K§V () = Di() TG ()Ca(t), K§?(a,t) =0,
T
Kz(l)(tvs) =Di(t) TG (t)C3(t)F(t, s) + (/ B(0,t) " Gs(s + 5at79)—rd9) (0,1, O)Tl[t—é,T—é](5)7
t

K2 (t a,8) = (0,0,1)T Fla,s), Ki(t,s)=0, (3.18)

[e3

(0,
(2) NT 1p/ T
K4 (t,a,s) = ( (5426, oo) 1(0,T—5) ()1, 6F(a,9) d9> ]-(s-&-é,T) (a)Ba(s + 5)1[t—6,T—6] (s)
s+

+(F(t5,0), F(t, 5,0 = 9), / f(t7s7B)F(a,ﬂ)TdB)T7 Fltsr) = [ P05 By a0
t

t

and
v () = Dy(t) TGy (¢ / Di(t)" Y (e, t) C(atda+/ / B(6,t) "T(a, t,0) ", t)dadd,
to
v (t,a)=(0,1,0)TE( — 6 — to) Lty 104 () + / ) 19/ +5.00) (@) (I, 1(9r+25,00) (@) 1075 ()], (3.19)
tf

[0}

T
F(a, B)Tdﬂ) B2(9/ + 6)§(9/ - to)de/]‘[toyt(ﬂr!s] (t)
0'+6

At this moment, we present the main result of the current section.

Theorem 3.6. Let (A1)—(A2) hold and ty € [0,T) be given. Then, the five-tuple (K5 (-), K3(-,-), K5(-),
K (-, ),v*(+)) given by (3.15)—(3.19) is an optimal closed-loop strategy, and the following u*(-) is the unique
optimal closed-loop outcome control of Problem (P) on [to, T]:

u*(t)= / K3 (t,s)x*(s)ds+ K3 (t)z"(t — ¢ / Kj(t,s)u*(s)ds+v*(t), t€ [to,T]. (3.20)

By the above theorem and Theorem 5.4 in [29], we deduce the following result for Problem (Pj).

Corollary 3.7. Let (A1)—(A2) hold and ty € [0,T) be given. Then, the five-tuple (K5 (-), K3(-,-), K5(-),
K (-,),v*()) with vV (-) = 0 is an optimal closed-loop strategy, and the above (3.20) is the unique optimal
closed-loop outcome control of Problem (Pg). In addition, the value function is given by

Vo(to, €,<) =/ <P(1)(t)<P(t)7<P(t)>dt+/ (PP (ty, ta,t0)p(t2), p(t1) )dtydts,

to to Jto

for any (t0,€,<) € [0,T) x C([~5,01, ™) x L2(—8,0;R™).

13



Remark 3.8. We see that Theorem 5.0 gives a sufficient condition of the closed-loop solvability in terms
of Kf (i=1,2,3,4) which are explicitly and clearly constructed. At this moment, we are not sure about its
necessity. However, Lemma A.1 in the Appendix actually gives a new necessary condition in terms of the so-
called causal feedback strategy developed in [29]. On the other hand, Theorem 3.0 is also true if the standard
assumption (A2) is relaxed properly (see [/4]). For simplicity we prefer not to pursue these generalities.

Remark 3.9. There have been lots of works on closed-loop outcome controls of delayed control systems.
However, they either contain only state delays [15, 36, 38, 39], or only control delays [153, 31, 38, 47, 54, 59],
or work in deterministic systems [31, 36], or have time-invariant coefficients [31, 36, 38, /4, 47, 54, 59], or
have no delay in the cost functional [3, 18, 19, 31, 55, 59], or have no solvability of the associated Riccati
systems [13, 15, 31, 36, 38, 39, 47, 54, 59]. In this sense, Theorem 3.6 gives a unified treatment of the
existing papers with distinctive methods. Moreover, the closed-loop outcome control is explicitly constructed
without any continuity or even differentiability assumptions, and does not rely on the future state and avoids
complex tools of conditional expectations [55, 59].

4 Important cases

In this section, we discuss five special yet important stochastic control systems and make relevant comparisons
with the existing literature.

4.1 Case I: Stochastic control systems with control delays only

Consider the state equation
du(t) =[A1(t)z(t) + By (t)u(t) + B2 (t)v(t) + Bs(t)p(t)]dt
+ [C1(#)z(t) + D1 (t)u(®)]|dW (t), t € [to, T, (4.1)
z(to) =o,u(t) =0, t€ [to—d,t0],

along with the cost functional

T
J(to, §o; u(-)) =E/ [2(t) T Qu()2(t) + u(t) T Ru(t)u(t)]dt.

to

Also for 0, € [=4,0] and ¢,0',r € [to,T] such that ¢ < (0’ A7), we define

T T T T
Pi(t,0',7) = (1,0,0) (/ P (s)ds —|—/ / P(2)(s7a,t)dads) (1,0,0) , (4.2)
6'Vr r ’
SO (t) = Pl (t? t? t)’ (43)
T
Si(t,0) = By(t+54+0) TPy (t,t,t4+540) +/ F(0',t+0)" Bs(6) T Py(t,0',t)Tde’, (4.4)
t

T
Salt, 0, 0) = Bg(t+6+9)T{P1(t,t+5+0,t+5+a)TB2(t+5+a)+/ Pl(t,e/,t+5+9)33(9')ﬁ(9',t+a)da'}
t
T T
+/ F(G’,t+9)TBg(9’)T[P1(t,9’,t+6+a)TBg(t+6+a)+/ Pl(t,ef,ﬁ)TBg(,B)F(ﬁ,t+a>dﬁ} o', (4.5)
t t
In this part, we will show that Sp(-) and Si(-,-) satisfy

9 So(1)+-Ar () TSo(1) +8o() A1) +Qu (1) + Ca(1) TSy () (1) ~[Bu(t) Sol)
+81(£,0)+ D1 (1) TSo(t)C1 ()] TR(£) [ By () T So(t) +81 (,0)+ D1 () T So(t)C1 ()| =0, ave. t € [to, T],  (4-6)
So(T) =0,
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(9 _9
ot 00
+82(t,0,0)]R(#) " [Bi(t) "So(t) + S1(t,0) + D1(t) " So(H)Cr(1)] =0, ae. t € [to, T],0 € [-6,0], (4.7)

)81 (t,0) + F(t,t +0) " Bs(t) " So(t) + Si(t,0) A1 (t) — [S1(t,0)Bi(t)

T
S1(T,0) =0, Si(t,—0) = Ba(t) " So(t) +/ F(0',t —38)"B3(60') " Pi(t,¢',¢) " db.
t

Moreover, Sa(-, -, -) satisfies

_ 0 - T T T TE
(& 5 a)sz(t,e,aHF(t,He) Bs(t)TS1(t, )T + Si(t,0)Bs(t) T F(t,t + a)

—[Si(t, 0) Bi(t) +Sa(t, 0, 0)|R(t) [ B1(t) 'Si(t, ) T +Sa(t,0, )] =0, ae. tE[to, T], 0, v €[5, 0],
Sa(t,0,—0) = Sy (t,0)By(t) + Ba(t + 6 +6) " /T Pi(t,a,t+ 6 + 0)Bs(a)F(a,t — §)da (4.8)

T T B _
+/ / F(a,t+6)"Bs(a) " Pi(t,a, B) " Bs(B)F(B,t — §)dBda,
t t
Sa(t,—06,0) = Sy(t,0,—08) ", Sy(T,0,a) = 0.

In addition, the optimal closed-loop outcome control (3.20) is represented as follows:

(t+0)AT
u*(t) :—R(t)‘l{ [B1(t) "So(t)+ D1(t) T So(t)C1(t) +81(2,0)]z*(¢) +/ s [Bi(t) ' Si(t,r—6—t)"
tV(to+

1 Sa(t,0,7 — 6 — 1)]u(r — 5)dr} R /tww _ /tt”) /tT {Bl(t)rpl 1.0

\/(tg+5) o+4

T
+By(t+6) Pi(t,t + 6,60 + / F(0,t)" B3(0) T Py(t,6, 9')%19}
xB3(0")F (0,1 — 8)u*(r — 8)do'dr, a.e. t € [ty,T), (4.9)
where R(t) = R1 (t) + Dl(t)TSO (t)Dl (t)

We state the main result of this subsection as follows.

Corollary 4.1. Let (A1)-(A2) hold and As, As,Co,C3,Q2,Q3, Ra,b,0 = 0. Then, So(+), Si(-,-) and
Sa(+y-,-), defined by (1.3)—(4.5), satisfy the coupled Riccati equations (4.6)—(41.8), and the process in (4.9) is
the optimal closed-loop outcome control.

Remark 4.2. When Problem (P) contains only control delays, we obtain the optimal closed-loop outcome
control (1.9) by the coupled Riccati equations (4.6)—(41.8). Furthermore, if the diffusion term disappears in
(4.1), then (4.6)—(4.8) essentially reduce to (2.33)-(2.38) in [31]. Compared with [13, 31, 38, 17, 54, 59],
we successfully obtain the solvability of the desired Riccati system.

4.2 Case II: Stochastic control systems with state delays only

Consider the state equation

{ dr(t) = [Arx(t) + Agy(t) + Byu(t)]|dt + [Cra(t) + Coy(t) + Dyu(t)|dW (1), ¢ € [to, T,
z(t) =&(t —to), t € [to—d,t0],

along with the cost functional

T
J(to, £(-); u(-)) :E~/t [2(t) T Quz(t) +ult)" Ryu(t)] dt.
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Here the coefficients are time-invariant. For tg <t < 6 < T, we define
T
Palt) = / (I Lisiooy (5 — 1)1, 0) PO () (I, Lg.oey (s — 1)1,0) "ds
t
+/ / (I, 1(5700)(81 - t)I,O)P(z)(Sl,SQ,t) (1,1(5700)(52 - t)[, 0)d$1d52, (410)
t Jt

Py(t,0) = (I, 1(5.00) (0 = )L,0) PD(O) T + / ' (I 15000 (r = OL,0) PO (0, ,0) Tar | (0,1,0)T. (4.11)

In this part, we will show that Ps(-) and Ps(-,-) satisfy the following coupled Riccati equations. More
precisely, for t € (T —6,T],0 € (¢,T], we have

_7j2(t) = 'Pg(t)fh + AIIPQ(t) + C;—'PQ(t)C1 + Q1
— (B Pa(t) + D] Po(t)Cy) " (Ry + D] Pa(t)D1) (B Pa(t) + DI Pa(t)Ch),
OPs(t,0)
ot
Ps(t,t) = Pa(t)As + Cf Pa(t)Cy — (B Pa(t) + DI Po(t)Ch) " (Ry + D] Pa(t)D1) ™' D Pa(t)Cs,
PQ(T) = Oa
while for t € [0,T — 4],6 € (¢,t + 9],

= A{ P3(t,0) — (B P2(t) + D 792(75)01)T (R + DIPQ(t)Dl)*lBI Ps(t,0), (4.12)

—Py(t) = Pa(t) A1 + A Pa(t) + C Pa(t)C1 + Cf Pa(t + 6)Ca + Qu
+P3(t,t +6) + Ps(t,t +6) — (B Pa(t) + DITPQ(t)C'l)T (R1 + DITPQ(t)Dl)_l (B P2(t)
+D]Py(t)Cy) — (DI Pyt +6)Cs) ' (Ry + D] Pa(t)Dy) ™' D] Pa(t 4 6)Co,

_OPs(1,6)
ot
+P3(60,t+06)T Ay — (B P3(6,t+6)) (Ry+ D] Pa(t)D1) ' DyPy(t)Ch

= A Ps(t,0) = (B] Pa(t) + D] Po(t)C1) " (By + DI Pa(t)Dr) " B] Py(t,6) (4.13)

0
_/ (BI Ps(s,t+6)) " (Ry + D] Pa(t)Dy) " Bl Ps(s,60)ds,

t
Pa(t, 1) = Pa(t) Ag+CY Po(t)Co— (B Pa(t)+ D] Pa(t)Cy) ' (Ri+Dy Pa(t)Dy) " D] Pa(t)Co.
We state the main result of this subsection as follows.

Corollary 4.3. Let (Al)*(Az) hold with A37BQ,B3703,Q2,Q3,R2,I),0' = 0. Then, PQ() and Pg(', '),
defined by (4.10)—(4.11), satisfy the coupled Riccati equation (4.12)—(4.13). In this case, the following process
is the optimal closed-loop outcome control

(t+8)AT
u*(t) = —(Ri + Dfpg(t)pl)*l{(BfPQ(t) + D] P2 (t)Ch)z* () + / B} Ps(t, s)x*(s — 6)ds
t\/(to+5)
TA(to+6)
+D] Py(t)Coz™(t — 6) + / B Ps(t, s)E(s — to — §)ds}, t € [to, T). (4.14)
t

Remark 4.4. When Problem (P) contains only state delays, the coupled Riccati equations (4.12)—(4.13)
are the same as (3)—(12) in [38], the optimal closed-loop outcome control (4.14) coincides with (13) in [38],
and Corollary /.3 is similar to Theorem 1 in [38]. Compared with [36, 38, 39], one advantage lies in the
positive result on the solvability of the Riccati system.

4.3 Case III: Stochastic control systems with pointwise delays only
Consider the state equation
da(t) = [Ar(t)z(t) + A2(8)y(t) + Bi(t)u(t) + Ba(t)v(t)]dt
+[Cr(B)2(t) + Co(t)y(t) + Di(t)u(t)|dW (t), t € (to, T),
z(t) = §(t —to), u(t) = <(t —to), t € [to — d, 0],
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along with the cost functional

T
J(to, €(-),s(-);u(:)) :]E/ [z() T Q1(t)z(t) +y() T Q2(H)y(t) +u(t) T Ri(t)u(t) + v(t) T Ra(t)v(t)] dt.

to

For 0 <t < (sA5) <T, we define G1(-), Ga2(+,-) as in (3.12), and

Q(t) = |:Q10(t) ng(t):| ) C(t) = (Cl(t)’c2(t))’ A(t) = (Al(t)’AQ(t))’ B(t) = [BQBE;S{)(”} ;

_ I _ T
Y(s,t) = [1(5 (s — t)I] s R(t) = Ra(t) + Ra(t + )10 r—5)(t) + D1(t) G1(t)D1(2), (4.15)
Gs(5,t) = PD(5) (T(5,6), L5000 (5 — ) V5, +9))
T
+/ P (s,7,t) (T(r, 1), 1(5,00)(r — )L (r,t + 6))dr.
t
We consider the Riccati system (3.11), where P(®)(-, -, ) satisfies
tAs
PO (s,t,r)=PP(s,t,t A s)—/ Gs (s, 7)B(T)R(T)1B(1) " Gs(t,7) Tdr, 0 <r < (sAt) <T, (4.16)

PA(5,t,t) = PA(t,5,1)7 = Ga(5,1).A(t) — G3(5, ) BH)R(t) 2Dy (t) TG (1)C(t), 0 <t <5< T.

With notations in (4.15), we consider the closed-loop strategy:

KX (¢) :fR(t)*l{Ki(l)(t) + B(t)T/tT g3(a,t)TK§2>(a,t)da}, i=1,3, to<t<T,
KX (t, ) :—R(t)‘l{Ki(l)(t, s)—s—B(t)T/tT gg(a,t)TKf)(t,a,s)da}, i=24, to<s<t<T, (417)
v*(t):—R(t)_l{v(l)(t) + BT /tT gg(m)%(?)(t,a)da}, to <t <T,

where Kl(l), K£2),K§1)7K§2), KL(LU have the same forms as in (3.18), and

KM(t,s) = B(t) T Gs(s +6,8)T(0, 1) 151 s(s), K3t a,s) =0,
T
Kt o, 8) = (11 (a4 95,00 (@) 10,08y ()T) 1(apsm) (@) Ba(s + 6)1y_s.1_s(5),

to
oW (t) =0, v (t,a)=(0,1)"¢(a—6 - t0) L[ty to+6) (@) + / S 1(9/45,00) (@)
t7

-
X (I, 19 426,00) (@) L0, 7—6) (1) I)  Bo (6 + 8)s (0" — to)d0 L1y, 4,16 (1)-
As a result of Theorem 3.6, we derive the following result.

Corollary 4.5. Let (A1)—(A2) hold with Az, Bs,Cs3,Qs3,b,0 = 0. Then, all the strategies in (4.17) and
the process u*(-) in the same form of (3.20) are optimal.

Remark 4.6. We make some comparisons with the existing literature. Firstly, in contrast with [38, /4],
our advantages lie in the facts that our coefficients are allowed to be time-variant and the cost functional
depends on both the pointwise state delays and pointwise control delays. Secondly, even when these features
disappear, our framework is still general than that in [38] (except the disappearance of pointwise control
delays in the diffusion term), and the solvability of the Riccati system is given. In addition, [44] requires
the diffusion term to be independent of the pointwise state delays and control variables, while we drop this
assumption here. Thirdly, even though the coefficients in [15] are time-variant, both their state equations and
cost functional are still particular cases of ours. Eventually, even for deterministic systems, our coefficients
are allowed to be integrable, but not necessarily differentiable as in [16].
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4.4 Case IV: Stochastic control systems with distributed delays only

Consider the state equation
dz(t) = [A1(t)x(t) + As(t)z(t) + Bi(t)u(t) + Bs(t)u(t)]dt
F[C1 () (t) + Cs(t)z(t) + Di(t)u(t)]dW (t), t € (o, T),
.T(t) (t—to), U( )—((t—to) tE[to—ato],
along with the cost functional
T
J(t0,€(-),5();u()) ZE/t [2(t) T Qu(8)x(t) +2(1) T Q3(t)2(t) +u(t) " Ra(t)u(t)] dt.

In this case, we consider the Riccati system (3.11), where for 0 <t < (s ASA0) < T

Qt) = [Qlo(t) f ] C(t) = (C1(t),Cs(t)), A(t) = (As(t), As(t)), B(9,t) = [Bg(‘HB)I}(?’t()&t)} 7
Tls,t [ ! ] Ry (t )+D1(t)Tgl(t)D1(t) II(s,t,0) = [ ﬁl I }
! ’ T LE(s,t) E(s,0)]

(4.18)
and G1(+), G2(+,), Gs(-,+, ) are defined in (3.12). With the notations in (4.18), we consider the closed-loop

strategy (3.15)—(3.19), Where K§1)7K§2),K§2),K(1) have the same forms as in (3.18), v, v(?) =0, and
KV () =0, E$V(t,s) = Di(t) T Gi()C5(t)F(t,s), K5 (ta,s) = (0, J)TF(a 5),
~ @ T
K (t0,s) = (Ftossa), [ s pF@s)as)  Fosr) = [0 Buo) ao.
¢

Then, as a result of Theorem 3.6, we derive the following result.

Corollary 4.7. Let (A1)-(A2) hold and A, B2, Cs,Qa, Ra,b,0 = 0. Then, all the closed-loop strategies
(3.15)—(3.16) with (4.19) and the following process are optimal:

(4.19)

uw*(t) = / K;(t,s) ds+/ Kj(t,s)u*(s)ds, t € [to,T]. (4.20)

Remark 4.8. LQ problems for deterministic integro-differential equations were treated in [/8], see also
[26, Subsection 5.5]. Both of them derived the Riccati systems and the closed-loop optimal controls in the
spirit of (4.20). However, they require that A1, By =0, A3 = 1, F(-,-) is the convolution kernel, Q3 = 0,
Q1, Ry are time-invariant.

As to the case of stochastic integro-differential equations (SVIDEs), let us point out the discussion in [20,
Subsection 5.3] where the SVIDE is directly regarded as a special SVIE. However, there are no closed-loop
controls in the spirit of (4.20) and the corresponding Riccati systems. To our best knowledge, the above
Corollary /.7 appears for the first time.

4.5 Case V: Stochastic control systems without delay

In this subsection, let us look at the particular SDEs case. To this end, we consider

P(t) + P(t)Aw(t) + Ai(t) ' P(t )+ Cl( ) (t) 1() + Qu(t) = (P(1)Bi(t) + C1(t) "P(t) D1 (1))

xR(t)™H (Bi(t)TP(t) + D1 ()" t)=0, 0<t<T, (4.21)
P(T) =0,
and the following backward stochastic differential equation:
dif(t) = = {[A] (1) = (P()Ba(t) + CT ()P (1) D1 (1) R(&)~* B (1)) 7(¢)
+[C1 (1) = (P()Bi(t) + Cf (1)P(t)D1(£)) R(£) "Dy (£)] C(¢)

+ [CT( )— (P(t)Bu(t) + Cf ()P() D1 (1)) R(£)~ D{ ()] P(t)o(t) (4.22)
+P()b(t) bt + C(t)dW (t), 0<t<T,

n(T) =0,
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where R(-) = Ry(-) + D1(-) TP(-)D1(").
On the other hand, given P = (P, P(?), (5, () satisfying the Riccati system (3.11) and the backward
SVIE (3.13), respectively, we define

T T T
Pt) = (1,070)</ P(l)(s)ds—k/t /t P(z)(sl,527t)dsld32)(f,0,0)T7 0<t<T,

t (4.23)

T T
() = /t (1,0,0)n(s, )ds,  C(t) = /t (1,0,0)C(s,)ds, 0 <t <T.

Then, we have the following result.

Corollary 4.9. Let (A1)-(A2) hold such that Ay, Az, By, B3, Ca,C3,Q2,Q3, Ra = 0. Then, the above
P(-) and (17(+),¢(-)) are the unique solutions to (4.21) and (4.22), respectively. In addition, the five-tuple
(K7(+),0,0,0,v*()) is the optimal closed-loop strategy of Problem (P), where

K7 (t) = =R~ (Bi() "P() + Di(t) P()C1(1)) . t € [to, T],
o"(1) = =R() ™ (BL (0)i(t) + DT (HC() + DT P1o(®)), t € [to, T).

Remark 4.10. When delays appear in Problem (P), the optimal closed-loop strategy (K7 (-),v*(-)), the
equation (1.21) and the equation (4.22) reduce to that in [52].

5 Concluding remarks

In this paper we study a general stochastic LQ optimal control problem, where the coefficients are time-
varying, and both state delays and control delays can appear in the state equation and the cost functional. We
put the original state process and its delay processes together for dimension expansion, and use the Volterra
integral system without delay to describe the new process, then transform the original delayed problem into
the control problem without delay. Based on the equivalent problem, we propose the closed-loop solvability
of the delayed problem, and assure it by the solvability of the Riccati system and the extended backward
SVIEs. Furthermore, we derive the optimal closed-loop outcome control and obtain the solvability of the
associated Riccati system. Finally, we study several important stochastic systems and find that our results
are consistent with those in the existing literature.
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Appendix

The proof of Proposition 2.1:

Proof. Let g >0, Ty € (t9,T] be undetermined constants, and

Mglto, To] = Lg (€2 C([to, Tol; R™)),

equipped with the norm

Here

[SE

2l asieo.m = (B[ sup_ e Oa(t)2])

to<t<To

h(t)E/t (142 ()2 + | A2(5)* + | As(s)[? ) ds, ¢ € [to, To).

For any Z(-) € Mglto, To] with Z(t) = £(t — to), t € [to — J,to], consider the mapping

T : Mglto, To] — Mﬁ[to,TO],
z() = X(),

where X (-) is the solution to the following SDDE:

dX(t) = [A1()Z(t) + A2 (O)F(t) + As(t)2(t) + b
+[C1(8)z(t) + Cao(t)y(t) + Cs(t)2(t) + a(t)]dW (t), t € (to, T), (A1)

X(t) =&t —to), tE€[to—0d,to]



For any Z1(-), Z2(-) € Mglto, To] and Z1(t), Z2(t) = £(t — to), t € [to — 0, t0], denote
Xi() = T(@1(), Xa() = T(@2()), X () = X1 () = Xa(),2() = 21() — Z2()-
Then, applying It6 formula to s — e~ #M)| X (s)|2 on [to,t], we have

e MOIX () < / e M) [(1 = B)IX ()P (1AL (s)]” + [ A2 () + [As(s)?)

to

+H2IC1()PP + 1)1 (9) P + (21Ca(s)]* + 1) [9(s)]* + (2ICs(s)* + 1)|2(5)I2} ds

+ /t 2(e M X (5), C1(s)a(s) + Ca(s)ii(s) + Cs(s)2(s) YydW (s).
Notice that

To ~
IE/ ¢ (2)C5(s)? + 1)]3(s)[2ds

to

To S 2
<E| su e P 12(8)12(2|1C5(s)|% + 1 / F(s,r)|dr) ds|,
|z {e ORGP+ 1)} | ([ IFGsilar) s
and
¢
]E[ sup 2/ <e’ﬁh(S)X(s),C’1(s)a}(s)+C'2(s)17(5)+C’;;(s)2(s)>dW(s)H
to<t<To to
To R B B B %
<( / 4672909 X () |G (5)i(5) + Ca(s)i(s) + Ci(s)2(s) )
to
1 - _ _
<SE suwp {eMOK ()2} 4 (4Ty —to) sup_ (ICa(s)* + |Cals) )
to<t<To 0<s<T
B To s 2
+4 sup |Cs(s)|? ( |F(s,r)|dr) ds)E sup {e‘Bh(s)|@(s)|2}.
0<s<T to to to<s<To

Let 8 > 1. Then, we deduce

E sup {e DXL} <2[6(Ty—to) sup {1+(Ci() +[Cas)*}
to<t<To to<s<To

_ To _ 2

+3 sup (2|C’3(s)|2 + 1) / ( |F(s,7”)|d7‘) de|E sup [e‘ﬁh(s)\i‘(s)\z].
to<s<To to to to<s<To

Since C1(+),Ca(+), C3(+) € L>=(0,T;R™ ") and F(-,-) € L?1(A5(0,T); R"*™), we can choose Ty to be small

enough such that

S

12(To — tg) sup {1 +[C1(s)|* + |C'2(s)|2} +6 sup (2|Cf’3(s)|2 + 1) /To ( |F(s,r)|dr)2ds <1

to<s<To to<s<To to to

Then, T is a contraction mapping on [tg, Tp] and (A.1) admits a unique solution on [tg, Tp]. Since terminal
time T is finite, by repeating the above steps on [to, T], we obtain a unique solution of (A.1) on [to,T]. 1

The proof of Proposition 2.3:
Proof. Without loss of generality, assume that T = ¢y, + nd with an integer n. Then, on [tg,ty + 6], the

closed-loop system (2.3) becomes

t

o) =€)+ [ Balo)sls— 5 to)ds+ |

to to

[A1(5)a(s) + Az(s)é(s — to — 0)

+A3(8)z(s) + (Bl(s) + Ba(s +0)1py,i—5)(s) + / Bs(r)F(r, s)dr>u(s) + b(s)} ds

+/ [C1(s)x(s) + C2(s)E(s — to — 6) + Cs(s)z(s) + Di(s)u(s) + o(s)|dW(s), (A.2)

to
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and

u(t) = K1(t)€(0) + K (1) /BQ( )s(s — 6 —to)ds + Ky (t )/ [Al( )x(s) + Az(s)€(s —to — 6)

to

+A3(8)z(s) + (Bl( )+ Ba(s+ 0)1p, 1—a)( / Bs(r)F(r,s) dr )—i—b(s)}ds

+K1(t)/t [C1(s)z(s) + Ca(s)E(s — to — ) + C3(s)z(s) + Di(s)u(s) + o(s)|dW (s)

Ky(t,s)x(s)ds + K3(t)&(t — 0 — to) + / Ky (t, s)u(s)ds + v(t). (A.3)

to

By Fubini theorem, we have

/ / (t,8)Ba(r)v(r)drds

to Jto
(to+6)At t—§ t

_ / / F(t, s)ds} Bo(r)s(r — 6 — to)dr + / [ F(t, s)ds} Bo(r + 8)u(r)dr,  (A.4)
to T to/\(t (S) +6

and

/t: /t: F(t,s)Bs(r drcls—/tO /to (t,s)Bs(r F(r a)u (a)da}drds
:/tt/t /:F(f’s ) By () F (r, ) drdads—/to / / (t,5)Bs(r)F(r, a)drds] ()da.  (A.5)

Hence, from (A.4)—(A.5) and by adding some indicative functions, we derive

Bo(r)s(r— 5 to)dr)ds+ | £(t,5)[Ax(s)a(s)

to tO

0= [ Fus) (e +

+A5(8)¢(s —tg — ) + As(s)z(s)]ds + /t / F(t,r)(B1(s) + Ba(s + 6)1jr—s)(s)

+/T B3(0)F (0, s)d0)dru(s)ds + 5(t s)b(s)ds + 5(t s)[C1(s)z(s)

+Cs(s)é(s —to — 0) + Cs(s)z(s) + D1 )+ o (A.6)
where E(t,5) = 1j04)(s f F(t,r)dr. Let X(- ] Then, by (- (A.3) and (A.G), we have
/Ats der/tC $)X(s)dW(s), te€ (to,to+9), (A7)
where
Ay(s) As(s) Bi(s)+Ba(s+6)1jz,t—) (s +f Bs(r (T s)dr
A(t,s)= E(t,s)A1(s) E(t, s)As(s) f: F(t,r)(Bi(s)+Ba(s + 6)Ljr—s)(s)+ [. 33 YF(0,5)d6)dr
K (t)A1<S>—|—K2(t, S) Ky (t)Ag,(S) K4 (t)(Bl (S)—l—BQ(S + (5)1[150’,5,5) —‘rfs Bg (7“ S)dT)+K4(t, S)

Ci(s) Cs(s) D (s)
E(t,8)C1(s) E(t,5)C5(s) E(t,8)Dy(
Ki(t)Ci(s)  Ki(t)Ca(s)  Ki(t)Di(

V)

)
)

V)
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and

£(0) + / (Aa(8)E(s — 6 — to) + Ba(s)e(s — 6 — to) + b(s))ds

to

—|—/ (Cg(s)g(s —tg—0) + J(s))dW(s)

to

tF(t,s) £(0) SBg(?") (r—0—to)dr)ds
p(t) = /tO ( +/t° g 0 )

+/ E(t, 5)(As(5)E(s — 6 — to) + b(s))ds + /t E(t, 5)(Ca(s)E(s — 6 — to) + o (s))dW (s)

to

K1 (t)€(0) + K1(t) /t (A2(s)&(s — 6 — to) + Ba(s)s(s — 6 — to) + b(s))ds

to

LI (1) / (Cals)E(s — to — 8) + () dW (s) + Ks()E(t — 5 — to) + vl(t)

L to |

Notice that Ki(-) € L2(to, T; R™*™) and o(-) € LZ(0,T;R™). Then, we obtain

T t T t
]E/t |K1(t)/t a(s)dW(s)|2dt</t |K1(t)|2E|/t J(s)dW(s)|2dt

T T
g/ |K1(t)|2th/ () 2ds < oc.

to to
In addition, from (A1), £(+) € C([-4,0];R") and <(-) € L?(—4,0;R™), we have ¢(-) € L2(to, T;R?"+™).
Similarly, by (Al), the Holder inequality and (Ki(-), Ka2(:,-), K3(:), K4(+,-),v(-)) € L, we obtain A(-,:) €
L?(Aq(to, T); REnHMIXCntm)y (. ) € L2(Ag(to, T); REHm)x(ntm)y - Thus by Proposition 2.2, (A.7)
admits a unique solution X(-) € L2(tp,to + J;R?"*™) which implies that x(-) € L2(to,to + J;R"™) and
u(-) € L2(tp,to + 6;R™). Furthermore, by the definition of the solution of the first equation in (2.3),
z(-) € LE(Q; C([to, to +6]; R™)), and this implies the existence of the solution to (2.3). As for the uniqueness,
since (A.7) and (2.3) are equivalent, it can be obtained from the uniqueness of the solution to (A.7). Hence,
the closed-loop system (2.3) admits a unique solution on [tg,to + 6]. Then the same steps are repeated on
[to + 9, to + 26], [to + 20, to + 30] and so on. The terminal time T is finite, thus (2.3) admits a unique solution
on [tg,T]. 1

The proof of Proposition 3.1:

Proof. To show the equivalence, it is sufficient to prove that under (A1), the X (-) defined in (3.7) is the
unique solution of SVIE (3.8). In terms of Proposition 2.1 and Proposition 2.2, we only need to prove that

A7) € LA(D2(0, TR REDXE) | B(..) € L2(A5(0, T REDX™), C(,) € 22 (82(0, T); RED*E)
D(-,)e.2? (AQ(O,T);R(S")X’”> Q)€ L™ (0,T;S™),  R(-) € L (0,T;S™),
b(-,-) € La' (£22(0,T);R?) G(-,-) € LE (D2(0,T); R3™)

Notice that

T
/ / |E(t,5)A1(s)|*dsdt = / / / (t,r)drA;(s)|*dsdt < / |A1(s |2ds/ / |F(t,r |dr
0

Then, by A1(-) € L*(0,T; R™") and F(-,-) € L>®(A2(0,T); R™*"), we have £(-,-) A1 () € L2(Ax(0,T); R™*™).
In terms of Assumption (A1), A( ) € L2(Ay(0,T); RG*Bn)) - Similarly, one has C(-,-) € L*(Aq(0,T);
RG)*Gn)) By the fact of Cy(-),Ca(+),C3(-) € L=(0, T; R™ ™), we deduce

T % T t
ess sup (/ |5(t,3)01(3)2dt> gM(/ (/ (F(t,)drdt)” < oo,
s€(0,T) s 0 0
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where M is a generic constant. For any € > 0, by F(-,-) € L>®(A(0,T); R™*™), there exists a finite partition
{a;}i%, of (0,T) with 0 =ag < a1 < --- < an, =T such that

Ai41 % Ai41 i
ess sup </ 5(s,t)01(t)2ds> < M(/ / |F(s r)|dr> ds) <eg,
¢

te(ai,ait1)

which implies that C(-,-) € £?(A2(0,T); REM*Bm). Using the Holder inequality and Assumption (A1),
we can prove the integrability of B(-,-), D(-,-), Q(-), R(:), b(-,-) and & (-, ), thus the proof is completed. 1

The proof of Theorem 3.3:

Proof. Inspired by [29], let us introduce the following Riccati system:

PU(t) = Q) + (CTxPxC)(t)
—(CT"xPxD)(t)(R(t) + (D"xPxD)(t) " (D"xPxC)(t), 0<t<T,
P@(s,t,t) =P (t,s,1)"
= (PxA)(s,t) — (PxB)(s,t)(R(t) + (DT xPxD)(t)) (DT xPxC)(t), 0<t<s<T,
P (s1,89,t) = (PxB)(s1,t)(R(t) + (DT xPxD)(t)) Y (BT xP)(s2,t), 0<t<(s1As2)<T,

(A.8)
where for each M; : Ag(0,T) — RUXGn) Ay 2 Ay(0,T) — REMX2 with dy, dy € N,
(M x P)(s,t) = My(s,t)PM (s / M (r, )PP (r,s,t)dr, 0<t<s<T, (A.9)
(P x M) (s,t) = PUY)(s)My(s, t) +/ P (s, 7, t)My(r,t)dr, 0<t<s<T, (A.10)
t

(M1D<P><]M2 /M1 s, 1 P( )( )M2(8 t dS+//M1 s1,t )P(z)(31752,t)M2(82,t) d51d82,0<t<T. (All)

By Corollary 6.7 in [29], the equation (A.8) admits a unique solution (P, P()) € TI(0,T) such that
R+(DTxPxD) > I for some constant 3 > 0. Next we will equivalently transform (A.8) into (3.11). To
this end, we first show that

In fact, notice that

and
T T
(CTxPxC)(t / C(s,t) T PW(s )C(s,t)ds+/ / C(s1,t) PP (s1,82,t)C(s2,t)ds1dso.
¢ J

Then, (A.12) holds. Similarly, by D(s,t) = Y(s,t)D (t) we obtain (A.13)—(A.15
Next it is time to treat the terms (P><1A and (PxB). From (A.10) and A(s t) = T(s t)(A1(t), A2(t), As(t)),
we have

(P x A)(s, t) = [P(l) +/T @ (s,7,1) (r,t)dr} (A1(t), Az (t), As(t)). (A.16)

On the other hand, we observe that

B(t,s) = /tH(t,s,G)(Bl(s)T,Bg(s +6)",(Bs(0)F(6,s))")"as.
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Then it is easy to see,

(P> B)(s,t) = / PO (s)I(s,t,0)(Bi(t) ", Ba(t +6) T, (Bs(0) F(6,1))T) T db

+ / ' / TP(Q)(s,r,t)ﬂ(r,t,9)(Bl(t)T,Bg(t+6)T,(B3(9)F(9,t))T)Td0dr. (A.17)

Hence after some direct calculations, together with (A.12)—(A.17), we see that (A.8) can be written as (3.11),
which completes the proof of Theorem 3.3. 1

The proof of Theorem 3.5:
Proof. Introduce the following Type-II extended backward SVIE:

dn(t,s) = —{(P X b)(t,s)+T*(t,s)T (DT x Px5&)(s)+T*(t,s)" /T B(r,s) "n(r,s)dr

T
+T(t, s)T/ D(r,s) " ¢(r, s)dr}ds +C(t,s)dW(s), 0<s<t<T,

(A.18)
n(t,t) = (CT x Px&)(t) +E* () (DT x Px&)(t) + /T(A(r, t) 4+ B(r,t)=*(t)) "n(r, t)dr
+ /T(C(r, t) 4+ D(r,t)Z*(t)) " ¢(r, t)dr, 0<t<T,
where
Z(t) = —(R(t) + (DT x P x D)(t))"{(DTxPxC)(t), 0<t<T, (A.19)
I(s,t) = —(R(t) + (DT xPxD)(t))"Y(BTxP)(s,t), 0 <t < s<T. (A.20)

Under Assumptions (A1)—(A2), it follows from Theorem 3.2 in [29] that Equation (A.18) admits a unique
solution (1,¢) € L (22(0,T); R¥™) x Lg(Ag(0, T); R3™). After a careful observation, we have that

(P xb)(t,s) = [PO®)T(t,5) + / ’ P@)(t,r,s)r(r,s)dr} b(s),
(CT x Px5)(t) = (Ci(t), Ca(t), Cs(t)) " Gi(t)a (),
and
(DT x Px5)(s) = Di(s) " Gi(s)o(s), C(t,s) =T(t,s)(Ci(s), Cals), Cs(s)),
D(t,s) = Y(t,s)Di(s), B(t,s)= /:H(t,s,e)(Bl(s)T,Bz(s+5)T,(33(9)ﬁ(9,5))T)Td9.

Then, we see that (A.18) can be rewritten as (3.13). It is then easy to see the conclusion of Theorem 3.5.
1

Before proving Theorem 3.6, according to [29], we need some auxiliary results about the new control
problem with the state equation (3.8) and the cost functional (3.9).
To begin with, for any given ty € [0,T"), we consider the following system of the new control problem:

X1085(4) = ot) —|—/ [A(t, $) X085 (5) + B(t, s)us<(s) + b(t, s)|ds

to

+ /t [C(t, 5) X045 (s) + D(t, s)u'>><(s) + G(t, 5)|dW (s), to<t<T,

to

Oh8s(5,t) = p(s) + / [A(s,7) X% (r) + B(s, r)u'>%*(r) + B(s,r)]dr (A.21)

to

t
+/ [C(s,7) X055 (r) 4+ D(s,r)u'>>5(r) + (s, 7)|dW (r), to<t<s<T,

to

T
uloSs () = Z() X 00 () + / [(s,t)0%%(s,t)ds + w(t), to <t <T.
t
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In terms of [29], we call any triplet (E,T,w) € S(to,T) = L™ (to, T;R™*™) x L? (Ao(to, T); R™*™) x
Li(to, T; R™) the causal feedback strategy. For any (Z,T,w) € S(to, T), & € C([—4,0];R™) and s € L?*(—6,0;R™),
let the triplet (X t0:&s @f0:&:s 4%0:6:5) be the solution to the system (A.21) and write u'o-¢< = (Z, T, w) [to, &, <].

A causal feedback strategy (2*,T'*,w*) € S(to, T) is called a causal feedback optimal strategy of the new con-
trol problem if

J(t()v ga S3 (E*a F*7 W*) [t07 ga §] ) < J(t07 Ea S35 U),
for any (&,5) € C([—6,0);R™) x L*(—6,0;R™) and any u(-) € LZ(to, T;R™).
The following result gives the closed-loop solvability for the new control problem.

Lemma A.1. Let Assumptions (A1)—(A2) hold. Then, for any given to € [0,T), the causal feedback
optimal strategy (2*,T*,w*) of the new control problem on [tg, T] with (3.8) and (3.9), is given by (3.14)
and fortg <t <T,

wH(t) = —R(t)_1<D1(t)Tg1(t)a(t)+/t [/t B(G,t)TH(s,t79)Tn(s7t)d9—|—Dl(t)TT(&t)T((s,t)]ds),(A.22)

where (-, +,-), T(-,-), R(:), G1(-) and G3(-,-,-) are defined by (3.10),(3.12), respectively.

Proof. First, given (1, () satisfying (3.13), we define

T T
k(t)=(D"xPx5) (t)+/ B(s,t) n(s,t) ds+/ D(s,t)"¢(s,t)ds,
t , (A.23)
w*(t) = —(R(E)+(D T PxD)(t)) k(t), 0 <t <T.
Under (A1)-(A2), by Theorem 5.4 in [29], and Theorem 3.3 and Theorem 3.5 in the current paper, we see
that (2*,T'*,w*) is the optimal causal feedback strategy where (Z*,T'*) is in (3.14). Based on this fact, it is

sufficient to show that w*(-) defined in (A.23) can be rewritten in the form of (A.22).
In fact, by (3.7) and (3.10), we obtain

B(s,t) = / I(s,t,0)(Bi(t) ", Ba(t + 5)T,F(a,t)TBg(e)T)Tde)yQS) (t).
t
Recall that
T
(BT x P) (s,t) = B(s,t) " PD(s) +/ B(r,t)TP® (r,s,t)dr, 0<t<s<T.

t

Then, we deduce

(BT x P)(s,t) = / (Bi(t) ", Ba(t +6) T, F(0,1) " B3(0) ")IL(s,t,0) T doPV(s)

T pr
+ / / (B1(t) | Bo(t +6) T, F(0,t) " B3(0) " )I(r,t,0) T PP (r, s, t)d0dr. (A.24)
t Jt
Notice that D(t,s) = Y(t,s)D1(s) and
(DTxPx5)(t) = D1(t) " Gi(t)o(t), t e [to,T].
Combining it with (A.23), we then have that
T s B
k(t) = Di(t) ' Ga(t)o(t) + / | / (Bi(t)", Ba(t +0) ", F(0,1) " Bs(6) ")1(s,,0) " (s, )d6
t t
+D1(t)TT(s,t)T§(s7t)}ds. (A.25)
This naturally implies the desired conclusion of Lemma A.1. ]
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The proof of Theorem 3.6:
Proof. The basic idea of the following arguments is to explicitly construct the desired five-tuple closed-loop
*) in Lemma A.1. To this end, we divide the proof into

strategy by the causal feedback strategy (E*,T*

six steps.
Step 1: Given Z*(-),I"*(-,-) in (3.14), we decompose them as follows for later convenience
E*(t) = [Ei(t% E; (t)7 Eg(tﬂ ) F*(S’ t) = [FT (S’ t)’ F;(& t)7 F;(S’ t)} .

In this step, we prove that the following process is an optimal closed-loop outcome control of Problem (P)

on [to, TY:
u*(t) = / K (t,s)x™(s)ds + Kj(t / K (t, s)u*(s)ds +v*(t), (A.26)
where
T s
Ki(t) = E1(t) + /t [Pis.1) FT3 0L () () /t T3 (s, 6)F (s, 0)d0 | d (A.27)
T
K3 (t,) = Sy (1,5) + T3 +6,01 7, () + /t T%(0,1)F (8, s)d6 (A.28)
Ki(t) = E5(1), (A.29)
Ki(t,s)= { / +6[r (1) +T3(r) L (s26.00) (M) Ljo.1—s) (E)+ / +F6§(r, t)F(r,a)de}drBQ(sw)}
T pT
X1p—51—0] // Li(r,t) + T5(r, )1ty 7-5)(0') Ljto.7—5) () L (07 4.5.00) ()
+ / D ) F(r, 9)d9> Bs(0)F (0, s)drdd, (A.30)
TA(to+9) to T
R A R AR A LCURR - GO TR
(A.31)

X1, 7—s) (1) / S L3(r, ) F(r, 9)d9} drBa(s + 5)}§(8 — t0)ds1{sy.1044)(t)
s+

and w*(-) is defined by (A.22).
*) in Lemma A.1, the following process is an optimal control

According to Proposition 3.1, given (Z*,T'*
of Problem (P):
T
ut(t) = ()X () + / T*(s,)0%(s,t)ds + w*(t), to <t < T, (A.32)
t
T

where X*(-) = [m*(-)T,y*(- .
o(s) + /t [A(s, r)X*(r) + B(s,r)u*(r) + B(s, r)} dr

O%(s,t) =
0
¢
+/ |:O(S,’/‘)X*(T) + D(s,r)u*(r) + o (s, 7’)] dW(r), to<t<s<T
to
Our next idea is to rewrite (A.32) into (A.26). For later convenience, let ©*(-,-) = [05(-,-)",03(-,-) ", 03(,)
It then yields
¢
w*(t) = 27 ()" () + Z5()z* (¢ — §) + Z5(t) / F(t,s)z"(s)ds
to
(A.33)

T
—|—/t [F (s,8)O7(s,t) + T'5(s,t)O5(s,t) + T'5(s,¢)O5(s, t) | ds + w* (¢),
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where

t

(to+9d)As
Ol =0+ [ Balrlstr—to f5>dr+/ [A1< ) (1) + Aar)y” (1) + As(r)=" (1)
+ Bi(r)u”(r) + Ba(r 4+ 0)1y,s—6) (7 / Bs(0)F (6, r)d0u* )—l—b(r)]dr
+/t [Cl(r)x*(r) + Co(r)y*(r) + Cs(r)z*(r) + D1 (r)u”(r) + 0'(7’):| dW(r), to <t<s<T, (A.34)

and
(to+3)A(5=0)
O3 (5,1) = £(5 = 6 ~ 10) Lty 10451 (5) + Leg45,00)(){£(0) + /t Ba(r)s(r — to - 0)dr}
tA(s—5)
of [A1< ) (1) + Aa(r)y” (r) + As(r)2*(r) + B (r) + Ba(r + 0)u* (1)1, aasy ()

tA(s—8)
/ Bs(0)F(0,r)d0u*(r) + b(r)} drl(ty+s,00)(8) + /t [Cl (r)z*(r) + Co(r)y* (r)
+C5(r)z*(r) + Dy (r)u™(r) + a(r)} AW (1)1 16,00)(8), to <t <s<T, (A.35)

and

t

@g(s,t)/:F(s,r)<§(0)Jr/ttOMBg(@)g(@to 5)1[t0,)(0)d0)dr+/ [£(s,m) (A1 ()" (1) + As ()" (1)

+A3(r)z*(r) + Bi(r)u*(r)) + E(s,r + 6) Ba(r + §)u* /53933 F(0,7)d0u*(r)

t

+€(s,7")b(r)]dr+ E(s,r) {cl(r)x () + Co(r)y* (r) + C3(r)2* (r)

to

+D1(r)u*(r) + 0(7‘)] dW(r), to<t<s<T.

As to ©F, ©3, ©%, by the Fubini theorem, we obtain

SA(t+46) s t
Of (s, t) = z*(t) + / By (r)u* (r — 8)dr + / Bs(r) / F(r,0)u*(0)dbdr, (A.36)
t t to
and
@;(S,t) = 5(8 — 5 — to)l[t07t0+§](8) —+ 1(6+t0,oo)(s){l'*(t A (S — 6))
(t+8)A(s—06) s5—6 t
+ / Bo(r)u (r — 8)dr + / By(r) [ E(r.0)u* (@)dodr ). (A37)
tA(s—08) tA(s—08) to
and

03(s,t) = /ts F(s,r)x*(t Ar)dr

s (t+6)/\r
+/ F(S,r)[/ (0 — 5d0+/ / Bs(6)F (0,0 )u 0’)d0d9}d. (A.38)
to t

AT

By (A.33), (A.36)—(A.38), for t € [to, T], we derive

u(t) = [Ei(0) + /t " (s 0)ds + /(;)AT T3 (s, £)ds + /t ' / ! D3 (s, ) (s, r)dsdr] " ()
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T
$Z502 (0= 0)+ [ TH5.060 — to — )iy (515
t

t T

+ / [E5()F(t ) + Tals + 6,01 575 (5) + / T5(r, ) F(r, s)dr | (s)ds
t(t+5)AT T T !

/ [/ T (s, ) B(r )ds+/ T3 (s, ) Ba(r)dsly, 15 (1)

s/\(t+6) T
// )F(s,0)Ba(r d9d5+// I'5(s,t)F(s,0)Ba(r )d@dsl[oj_&)(t)]u*(rfd)dr
t+5

+/ / / T (s, 1) Bs (0)F (6, dsd0+/ / T (s, £)Bs(0)F(6, r)dfds1y, 1 (1)
to t 6

+/tT /ts /ta F§(S,t)F(8,9’)33(9)F(0,r)d9d9/d3} u* () 4w (2).

Notice that

/(t+6)AT {/TF*(S t)Ba(r )ds+/T T5(s, ) Ba(r)dslio.r—s)(t)

SA(t+6) T
// 5 (s,t)F(s,0)Ba(r d9ds—|—// T5(s,t)F(s,0)Bs(r )d@dsl[O’Tﬂ;)(t)}u*(r—é)dr

A(t46)

(t4+6)AT
/ [/ i (s,t) ds+/ ['5(s,t)ds1y m—s)( / / I'5(s,t)F (s 9)d9d8:|B (r)yu*(r —0)dr
r +6

(AT T
/t / (s, 1) +T5(5,8) 1 rqs,77(8) Lo, 7—5) () + / I'5(s,t)F(s,0)d G}dng( Yu*(r — d)dr,

T

a;

nd

t T T _
/ / T (s, £) By (0) F (0, v)dsdf + / / T (s, £) B3 (0) F (0, r)d0ds1 s, 1) (1)
to

0’

/ / / (s, 0" )Bs(G)F(o,r)dedo’ds] u* (r)dr
/t/ / (s,t) ds+/ I'5(s, t)dslyy 7—5)(0)1g,7—5) (t)—l—/f;(s,t)/esF(s,H’)dQ’ds) Bs(0)F (0, 7)d0u* (r)dr
/ / / F* (8,8) + T35, )1 10,5-8)(0)Ljto,7—5) (1) + T35, 1) /98 F(S,9’)d9')d533(9)ﬁ’(0,r)d&u*(r)dr.

Then, the optimal closed-loop outcome control (A.32) of Problem (P) becomes (A.26), and K (-), K3 (-, ), K3(-),
Kj;(-,-),v*(-) are given by (A.27)—(A.31).

Step 2: In this step, we give furthermore explicit representation of K; by means of (P(1), P(?)) and other
given coefficients of the optimal control problem. Let P = (P(l), P(2)) be the solution to the Riccati—Volterra

equation (3.11), and decompose them as P()(-) = (Pi(jl)('))1<ij<3 and PA)(.) = (Pi(jQ)('))1<ij<3' Then, by
(3.14) and (3.10), for i = 1,2, 3, we have
Er(t) = —R(t)"'Di(t) TG (t)Ci(t), to<t<T,
T
. _ T
Ti(s,t) = —R(t) " / B(0,0) (11(s,£,0) 14, (O) [P ()T, P (5) T PLP (9)T] (A.39)
t

T
—|—/ H(T,t,G)T[Pl(?)(r,s,t)T,P(Q)(r s t) Pg(f)(r,&t)—r]—rdr)dﬁ, to<t<s<T.
9

By (A.27) and (A.39), we derive
T rs
Kf(t):—R(t)_l{Dl(t)Tgl(t)Cl(t)—l—/ / B(6,t) (s, t,0)T PM(s)T(I,0,0) " dods
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T s T s
+/ /B(e,t)TH(s,t,9)TP<1>(S)T(0,1,0)Tdeds+/ /B(e,t)Tn(s,t,e)TP“)(s)T
t+8)AT t t
s T T r
x(0,0,1)" / F(s,0")d0'dods + / / / B(6,t) 1(r,t,0)" PP (s, 7, )" (I,0,0)" dbdrds
t t t t
T T T
+ / / / B(6,t) " 11(r,t,0) " P@(s,7,t)7(0,1,0)" dodrds
t+8)AT

T pT pr s
+/ / /B(e,t)TH(r,t,e)TP@)(s,r,t)T(o,o,I)T/ F(s,9’)d9’d9drds}.
t t t t

It then follows from some basic calculations that
Ki(t)=—R(t)~ 1{ L) TG (1) / / B(0,) TI(s,t,0)7

><p(l)() (I 11 t+6/\TOO) / F(s, ¢ Tde d9d5+///69t

H(Ta tve)TP(Q)(S7T? t) (Iall((tJr&)/\T,oo)( )7/ (Sve)TdQ) d@drds}

t

which then implies

T T
K7 (0) =R {Du(0 G0+ Be.07[ [ Mat.0)TPO(@) T (0 t)da
t 6
T T
a TP (r,a,t) Y (r, t)dadr .
+/t /0 (e, t,0)T P (r a, ) T (r, 1)d d]do}

Step 3: In this step, we turn to calculate K3 and K. From (A.28) and (A.39), we deduce

s+0
K;(t,s) :—R(t)‘l{Dl(t)Tgl(t)Cg,(t)F(t,s)+/ B(6,t) " TI(s +6,t,0) " PY (s + )"
t
T pr
x(0,1,0) " 1y_s7_g(s)d6 + / / B(0,t)TI(r,t,0) " PP (s+0,7,t)7(0,1,0) "dodrl_s s (s)
t Jt
T r0
+// B(6',t)T11(8,t,6") T P (9)T(0,0,1)T F(6, 5)db’db
t t

T pT pr
+///B(af,t)Tn(r,t,9')TP<2>(e,r,t)T(o,o,I)TF(e,s)dG’drda}.
t t t

Applying Fubini theorem, we obtain

Kg(t,s):—n(t)—l{ 1(t) T Gi(t)Cs(t)F (¢, s) /Bet (s +6,6,60) P (s+0) 1445 (0)

T

T
+ / (r,t,6)" PP(s + 0,7, t)Tdr) (0,1,0) "1—s7—5(s) + / I(a,t,0) P () (0,0, 1) " F(a, 5)dar
0 0

T T
+/ / H(a,t,@)TP(Q)(r, a,t)7(0,0,1)T F(r, s)dadr] dG}.
t Jo
Finally by (3.12), (A.29), we derive
K3(t) = =R() "' D1(t) ' Gi(1)Ca(t).-
Step 4: In this step, we turn to look at the case of K. From (A.30), we have

T
K;(t,5) ={ / é[r”;<r,t>+rz<r,t>1(s+%,oo>(r)l[to,T_@ (t) (A.40)
s+
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+/ F;’;(r,t)F(r,G)dé)}dng(sqLé)}l[t 51— / / (r,t) +T5(r, t)
5+0 ’

Aty (O ir-5)(0) + | T3 OF(r.0)a0) B0 P (0" s)r s

= Li(t, s +0)1p_sr—5(s) + I2(t, 5),
which implies that

T T
I(t, s) :/ [F*l‘(r,t)—l-FS(r,t)l(sﬂg,oo)(r)l[tO,T,(;) (t)+/F§(r, t)F(r,@)dG}dng(s).
By (A.39), we get
Ii(t,s) = // otante)TPU()(Iooné)dr+/ / 0,t) ' T(r,t,0)"
+6
xPW(r)7(0,1,0) " dbdr1y g (t / / / B(O',t) " TI(r,t,6") " PM (1) 7(0,0,1) " F(r,8)d6’ dodr
T T a
+/ / / BO,) (a1, 0)T PO (r, 0, 8)7(1,0,0) T dfdadr +/ / BO (o t,0) PO (1)
s t t s+oJt Jt
T pr
x(0,1,0) "dfdadrly g (t) +/ / / / B, t) (a, t,0") TP (r,a, 1) 7(0,0, 1) TF(r, 0)d0’dad0dr}82(s).
It then follows from some calculations that
T T
hits) =R [ 8007 [ 100007 PO0T (L0 (0)
t sV
r T T T
xl[O’T,(;](t)I,/ F(r, 9’)Td9') dr—i—/ / (e, t,0)" P®) (r,a,t)" (A.41)
s s 6

r T
< (100 (DL s (1)1, / Flr.0)Tdo') dodr] o} Ba(s)

Similarly, by (A.39), we obtain

Iy(t,s) / B6,t)" / II(r, t,0) " PY (1) (/K(e/ s) B3(0")Tde’, /NX(@’ s) Bs(0")Tde’,
// F(0,5)"Bs(0') " F(r,)Tdo'dp) Tdr+/ / (a,t,0) T PP (r a,t) / F(0',s)" Bs(0')"do’,
/t (0, 5)T By (0)) T do' / / F(o @) F(r,8)Tdo’ dB)Tdadr}dG} (A.42)

Substituting (A.41) and (A.42) into (A.40), we deduce

[e3

§
Ki(t,s) = / B(0,1)T / (0, £,6)"PO(0) { (1 1125000 (@)1 0r 5 ()L, | Fla,0) )

s+3

« B T a—34 B T
X1 (sys,1)()Ba(s +0)1s75(s) + (/ (Bs(0")F(6',s)) del,/f (Bs(0")F(0',5)) de,

t

/afﬁ(F(a,6)33(9’)F(9’,s))TdG’dﬁ)T}da+/T /GTH(Oz,t,&)TP@)(r,a,t)T

r T
<L (1 Lsr2s00 (M) 1075 (D, / R e’ﬁw’) Lo (1) Ba(s + )1 s.75(s)
s+

+( /t (Bo(6)E (', )) a6, /t r(ég(e’) Tdo, / / (r,8)Bs(0)F(¢',)) " d6'aB) " }dadr|do |
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Step 5: In this step, we calculate v*. Recalling (A.39), we have

/4

+/ L5(r t)F (r, 9)d9} drBa(s + 5)}((5 — to)dsly, 1o46)(t)
546

T T to
-1 / BO.0)T | / Ti(r, £,6) TP (1) T / 100 ()
t % t—9

r T
X (I, 1(s+25,oo) (’)")1(0771_5) (t)], / 5 _F(r7 Ql)TdQ/) B (3 + 5)((8 — tO)dSI[tU,t0+5] (t)dT’
s+

T
[ [P0+ T30 002 ()10 0
s+

T ,pT to
+/ A H(a,t,e)TP@) (7’70[,]5)—'— / 5 1(54_5700)(7") (Ial(s+26,oo) (T)1(07T_5)(t).[,
t t—

T T
F(r, a'ﬂw’) Ba(5+0)s(s — to)dsl sy 1o1s) (t)dadr} d.
s+0

Similarly, we obtain

T
/ T3(s, 0€(5 — to — )Ly 1y (5)ds
t

— R /t ' ( /t "B, T(s, £, 6) 0P V()T (0, 1,0)T (A.43)

T pr
+/ / B(Q,t)TH(r,t,H)TP(Q)(T,s,t)(O,I,O)Tder>§(s—5—to)l[tmtﬁg] (s)ds.
tJt

Finally, by the Fubini theorem,
T pT pr
/ / / B(0,6)T(r,£,0)T P (r, 5,6)(0, 1,0)TdBdre(s — 6 —to) 15y gos) ()ds
t t t

T
:/// B(H,t)TH(a,t,G)TP(2)(a7r,t)(0,I,O)Tdad9§(s—(5—t0)1[t07t0+5](3)d3,

which and (A.22), (A.31), (A.43) imply that

v*(t ):—R(t)—l{ 1) TG1 (1) /D1 )" (a,t) ¢(a,t) da+// B(6,t) " (a,t,0) 'n(a, t)dadd

/B 9 t / o, t Q)TP(U( ) ((0717 O)Tg(afa — tO)l[to,to—i-é] (Oé)+/ }(9/4_5700)(0[)(],1(9/_;'_25700)(04)
t7

T,T
x1(o.7—8)(t)1, / F(oy 5)Tdﬁ)TBQ(9’+5)<(9Lto)d0’1[tmtm](t))da+/ /6 (a,t,0) PP (r,a,t)"
t

0'+6

to
X((O, 1,0)T€(r—0—1t0) 1ty 40+4] (7“)+/ 61(9/+6,oo) ()T, L (g 426,00) (7)1 0,7—5) (1)1,
t7

F(r, 8)4B)T Bo(6'+3)s(0 — to)d0' 110, 10 45 (t))dadr} de}.
0’46
Step 6: In this step, we show that (K3 (-), K3(-,-), K3(-), Ki(-,-),v*(:)) is the optimal closed-loop strategy
of Problem (P) on [tg,T] in terms of Definition 2.4.
In fact, by the optimality in Step 1, it is sufficient to prove that (K7 (-), K3 (-, ), Ka(-), K;(-,-),v*(-)) € L.
Next we prove that K;(-) € L?(to, T; R"*™). Since (P, P(?)) € TI(0, T), we have

Nl=

esssup [P (#)] + / / sup | P@(sy, 59, )|%ds1dsz)? < . (A.44)
te(0,T) te[0,51 As2]
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By the boundedness of F(-,-), we obtain

T T S 2
sup / |T(s,t) T PM ()Y (s,t)|ds < M esssup |[PU (¢ )|/ ’1 +/ |F(S,T‘)|d’f“ ds < o0, (A.45)
te(0,T) te(0,T) 0 0

and
sup / / 817 )(817827t) (827 )|d81d82
te(0,T) (A.46)
1
M / / sup |P( )(s1, 82, t t)] dslclsz)2 0,

te[0,s1As2]

where M is a generic constant. Thus (A.45) and (A.46) imply the boundedness of Gi(-). Recall Theorem
3.3, R(-) = BI for some constant § > O Then, the boundedness of Ri(-), Rao(-), D1(+) imply that R(-)~!
bounded. Notice that

/t / / B(9.1) / (P@)(a,r, t)H(?",t,9))TdrT(a,t)dad0 “at
</t /t B(6,t) I/ / —+1+—\5(r t)|+—|8(r t+0)| + |E(r, 9)|) (AA4T)

<[ PD (a7, t)|(1 n \E(Q,t)|)dozdrd0’ dt.

By the boundedness of F(-,-), Bi(-), Ba(:) and Bs(+), we deduce

T, T T T 9
/ ‘/ \B(G,t)|/ / —|P(2)(a,r,t)||5(a,t)|dadrd9‘ it
to

/ / / |B(6,t) \/ PO (a,r,t)||E (e, t)|dodbdr it
to
. , (A.48)
</ / / |B(0,t)\d9—) dr/ (/ PO (o, )€ 0, O]dar) drdt
to Jt t r—t t t
T T
< M/ / sup [P (a, 7, t)[2dadr < oo,
te[0,anr]
and
T T T T g 2
[ meor [ [ —ewolp®er bl ldadras] as
to t o Ji T—1
T T pr T 1 2
= / / / |B(6,1)] / —t|£(r7t)||P(2)(a,r,t)||8(a,t)|dad9dr‘ dt (A.49)
to t Jit t T

T T

< M/ / sup [P (a, 7, t)[2dadr < co.
te[0,aAT]

Similar to (A.48) and (A.49), we can deal with other terms in (A.47) and prove that K1 (-) € L?(tg, T; R™™).

Furthermore, we can verify that (K7 (-), K;(-,-), K5(-), K;(-,-),v*(+)) € L. 1

Before proving Corollary 4.1 and Corollary 4.3, we firstly decompose the Riccati system (3.11) and the
Type-1II extended backward SVIE (3.13).

Let P = (PM, P®) be the solution to the Riccati-Volterra equation (3.11) and decompose them as
follows:

1 1 1 2 2 2
P PY(t) PY() P (s,t,r) P3(s,t,r) P& (s,t,r)
PO = PPy PR PY®)| PPstr) = | PR(s,t,r) PR (s.tr) PR (s.t.r)
1 1 1 2 2 2
PYt) PR PRt P& (s,t,1)  PY(s,t,r) P33 (s,t,r)
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Recall that (3.11) is equivalent to (A.8). Then, we decompose its coefficients as follows:

T (s,8) TR (s.8) T (s.0) Tog(s,1)
(PxA)(s,t) = [TE(s,8) TH(s,1) 7'(23)( ], (PxB)(s,t) = |TSA(s,t)
T (s,t) TS (s,0) TED (s,1) Tin(s.1)

In this case, we have
TED(5,8) = [P (5) + PY(5)Lets.00(5) + P (5)E(5,1)] 45(1)
T
+/ [Pi(lz) (s, t)+PZ-(22) (s,r, t)l(t+57m)(r)+Pi(;)(s, r, t)E(r, t)} drA;(t), 0<t<s<T,i,j=1,2,3, (A.50)
t
and

. T
TEh(s.) = { P () + S (5)105-5)(t) + PG (5)E(s, ) + / [P (.m0 + PG (5,1, 010,05 (1

t

+PD (5, )E(r,)|dr f B () + { P (5)110,05) (1) + P (5)Li0.0-25) (1) + P (5)E (s, + 0)

T
+ / [P (5,7 10,—5) (8) + P (5,710,025, (8) + P (5,7, )€1, t + 6) | dr  Ba(t + 0)
t

S T rr
4 [ [P0+ PP 0s00) + PO 925, 0)| Ba@F@. 0+ [ [ [P0
t t t
+PS (5,7, )105-5) (0) + PG (5,7, )E(r,0)| B3(6) (0, 1)d0r, i = 1,2,3, (A.51)

Hence, by (A.12)—(A.15), we derive the following decomposed coupled Riccati equation:

P (1) = Qi(t) + Ci(1) TG (1) C(t) — Ci(1) TG (1) D1 ()R (1) " Dy (1) TGa (1) Ci(1),
0<t<T, i=1,2,3,
P () = Ci(t) TG1(HC;(t) — Ci(t) TG (8) D1 (R(1) " D(8) TG1 ()T (1),
0<t<T, i#j, i,j=1,23,
Pig2)(81,82, t) = TPB(Sh R(t )‘1T(j)(52,t)T, 0<t<(s1Asy)<T, i,j=1,23,
PP (s,t,0) = PO (t,5,6)T = TS (5,1) = A5 (s, )R D1() TG (1) Ci(1), 0<t<s<T,

(A.52)

where R(-), G1(-), T;’j)( -) and ’T(Z)( -) are defined by (3.12), (A.50), (A.51), and the decomposed G (+) has
a specific representation in the subsequent special cases, which is omitted here. Similarly one can decompose
the Type-II extended backward SVIE (3.13). We will not go into the details.

The proof of Corollary 4.1:

Proof. In this special case, by (A.52) we get
P (t) = Q1(t) + C1() TG (1)Ci(t) — CL(t) TG ()DL ()R() ™ D1 () TG (£)Ci(t), 0 <t < T,

and
P (s,t,t) = 54 (s,0) = Tog (s, 8R(E) D1 () TG () Ci(t), 0<t<s<T, (A.53)
P (s1,50,8) = TEg (51, ORI TEP (52, 8) T, 0 <t < (51 A s2) < T (A.54)
PZ(JI)(),PZ(J2)(77> =0, (4,5)=1(1,2),(1,3),(2,1),(2,2),(2,3),(3,1),(3,2),(3,3), 0<t<T,

where T;g(~7 -) is given as follows:
(1) (1) T (2) (1) g (2)
T3 = (PP + [ PR 0ar} 510 + (PP 010000 + / P (5,1, 010,5) (1)dr
xBQ(t+5)+Pf}>(s)/ By(0)F(0,1)d0 +/ @ (s,m.0)| / By(0)F (0. 1)d0]dr.i = 1,2,3.
t t
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In addition,
T 1 T T 9
Ql(t):/ Pf1>(s)ds+/ / P& (51,50, t)dsydsy = Pi(t, t,t) = So(t),
t t t

R(t) = Ri(t) + Di(t) " Gu () Di(t),

TG0 = [P0+ [ P o)

From (4.2) and (4.4), for r € [t — §,t], we have

T
Su(t,r —t) = Ba(r +8) T Pu(t t,1 + ) + / B0, r)T Bs(0)) T Py(tt,0')d0).
t

0’, we have

Notice that for ¢t <
T T T
Pit.t,0) = | P (s)ds+ / / PP (s, a,t)dads.
6’ 6’ t

Therefore,

0 @) T e
—P1(t,t,0) P11 s,t,t)d Py (s, a,t)dads

ot
T
:_/ p”(s,t,t)ds—[ Tpg(s t)ds] *1[/ Tglg(a,t)Tda]
’ 0’ t

It then follows from some calculations that

%Pl(t,t,ﬁ’) = / Pl(l) dsAq(t / / Pl(f (s,r,t)drdsA;(t)
(Pl(t t,0")By(t) + P1(t, t +6,0")Ba(t + 9) +/ Pi(t,0,0")Bs(0) (67t)d9)
t
T

xR(t) ™' Di(t) " G1(t)Cy( )+(731(t,t,0’)31(t) + Pi(t, t +6,0")Ba(t + ) +/ Pi(t,0,0")B3(0)F (6 t)d0>

XR( )‘1(Pl(m,t)Bl(t)JrPl(m+6,t)Bz(t+5)+/TP1(t,0,t)B3(9) (0,1) 6>T, a.e. t.

Then, we deduce

T
9 Sitr—t) = —By(r + 5)T/ P (s)ds Ay () — Ba(r + ) / /
r+48 +4

ot
+By(r +6) (Pl(t t, 7+ 8)By(t) + Pr(t,t + 6,7 + 0)Ba(t + 8) + / Pi(t,0,r + 8)B3(0)F(0 t)d@)

xR 1Dy () TG (¢) ()+Bg(r—f—§)T(P1(t,t,r+6)Bl(t)+7>1(t,t+5,r+5)Bg(t+6)

(s, 7,t)dTdsA1(t)

/ Pu(t,0,r + 8)Bs(0)F (0, t)d&)R(t)*l (Pl(t, £, 6)Bi(t) + Pr(t, ¢+ 6,8) Bt + 6)
F(t,r)"Bs(t) TPy (¢, 1, 1) / F(o )TBg(a')T/e /Pl(i)(s)dsAl(t)dG’

/PlthBg, a3 (0t)d0>
/ F@r) T By(0) (Pi(t,1.0)Bi()

/ F(0',r)" B3(0) / / Pl(1 (s,7,t)drdsdf’ Ay (t

+P1(t,t +6,0")Ba(t + 6) +/ Pl(t,0,9’)33(0)F(0,t)d@)R(t)_lDl(t)Tgl(t)C’ (t)do’
/ FO,r)TBy(0)T (Pl(t,t,Q’)Bl(t) Pyt t+6,8')Ba(t + ) +/T791(t,9,9’)33(9) (H,t)dH)
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T T
xR(t)—l(Pl(t,t,t)Bl(t) + Pit,t+6,6)Ba(t + ) +/ Py (t,e,t)Bg(e)F(e,t)de) do'. ae. t.
It yields
%Sl (t,r —t) + F(t,r) " B3(t) T So(t) + Si(t,r — t) A1 (t) — [Si(t,r — t) By (t)
+8a(t, 7 —t,0)|R(t) " [B1(t) TSo(t) + Si(t,0) + D1 (t) "So(t)Ci(t)] =0, awe. t € [to, T,

which implies that (4.7) holds. The proofs for (4.6) and (4.8) are similar.
Recalling (3.15)—(3.20), in this case the optimal closed-loop outcome control is as follows:

w (8) = =R (DO So(C1(8) + Ba(6) So(t) + Balt +8) Pa(t,t +8,8)7

+ /T F(0,t)" B3(0) T P(t, e,t)Tde)x*(t) + /M(T_a)

(t—68)Vio

[BiO) Pulttr+0)T
T
+By(t+0) Pi(t,t +6,r+6)" + / F(0,t)" Bs(0) "Py(t, 0,7 + 5)%9} By(r + 8)u* (r)dr
t

t T T
[ [ [B@ P 0) 4 Bale 4 TP+ 5607+ [ F 0,07 Ba(0) Pue.0,6)Tdo
to Jt ¢
ng(H')F(é)',r)u*(r)de/dr}.
By the definitions of (4.3)—(4.5), we deduce (4.9) and thus complete the proof of Corollary 4.1.

The proof of Corollary 4.3:

Proof. In this case, by (A.52) we get
PP (1), P (1), P (8) = 0, i = 1,2,3, j =1,2, t € (0,T),
and other Pi(jl) and Pi(f) satisfy (A.52), ¢,7 = 1,2. By the definition (4.11) of Ps(+,-), we have

oPs(t, 0 T
% = PO, = PR (0.t +0,0)T +/t {Pfi)(r) + PO (1)) (t)

T
+ / (P, 0t) + PR (r, ) 10,0-5) (1) ) da|dr By (Ry + DI Pa(t)Dy) BT [P (0)"
t

T
PO 0050+ [ (PR6.0.07 + PR 0.0, Lo 5)(®)da]
i

T T
+ / 5 [PQ(P(T)+P2(;)(r)1[0’r,5)(t)+ / (Péf)(r,a,t)+Pg(g)(r,a,t)l[o’a,g)(t))da}dr
t+ t
1 1 r 2
xBi1(Ry + D{ Py(t)Dy) "B/ [p2§1>(9)T + PR (0) 1100—s5) (1) +/ (p2<1>(9,a,t)T
t

+P2 (0,0,1) 1.0 s (t))da} _

Notice that
T
0,607 = AT [BO7 + PP O 10000 - [ AT [P 0.0

+P5)(0,0,0) Ljo,0 ()| dar + CTPo()Dr(Ry + DI Pa(t)Dy) ' BT [P (0)

T
+P2(§)(9)T1[0,975)(t) +/ (Péf)(&a,t)T +P2(§)(9?a7t)—r1[0,a75)(t))dai|7
t
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and

P20, t 45,67 = —P20,t+6,0)T / POt + 6,0, 5)ds

= [P+ 8) + PS4+ 0)1 0,00 (1) Az—/e (Pt +6,0,0) + Pt 4 6,0,0)1(545,00) (@) ) Azda

T
+{P2(11)(t +8) + PR (t+8) 19,00 () + / (ng) (t+8,0,0) + P33 (¢ + 8,0, 0)1 (915,00 (a))da}
0

6
<By(Ry + DI Po(t)D) DT Po(t)Cat [ [P+ 8) + PR(E+ )10
t

T
+ / (PRt +6,008) + PR+ 6,0, 15.00) (@) ) da| Bi (By + DI Pa()D1) BT [P (0)T

T
FPRO Lwos(6)+ [ (B 0.0.9)7 + P (0.0.9) Lo () da] Buds.

S

Then, for t € (T —6,T}, 0 € (t,T], with some calculations we deduce

OPs(t,0)

ST = ATPs(t,0) — (B] Pa(t) + DI Pa(t)Ch) ' (Ry+ DY Pa(t)D1) ™ B Ps(t,6),

ot
and for t € [0,T — 9], 6 € (t,t+ J], we get

_9Ps(t,0)

5 = AIPs(1,0) = (BI Pa(t) + DI Po(t)C1) ' (Ry + DI Po(t) D1) ™ B Ps(1,0)

+P5(0,t 4 6)T Ay — (B Ps(6,1+6))T (R + D] Pa(t)Ds) ' DyPy(t)Cs
4
7/ (BI Ps(s,t +6)) " (Ry + D] Pa(t)Dy) " Bl Ps(s,0)ds
t
For Ps(t,t), by (A.52) we have

Ps(t,t) = Cf Py(t)Cy — C} Pa(t)Dy(Ry + D Po(t)D1) 2 D] Py(t)Ca
.
+[A2P2()T = CTPo(t)TD1(Ry + DI Po(t) 1) B Pa(t)|

(A.55)

(A.56)

(A.57)

Finally, (A.55)-(A.57) imply that the parts for Ps(-,-) in (4.12)—(4.13) hold, similarly we can also verify the
parts for Pa(-). In this case, (3.15)—(3.20) show that (4.14) is the optimal closed-loop outcome control. 1
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