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OPEN-LOOP AND CLOSED-LOOP SOLVABILITIES FOR
STOCHASTIC LINEAR QUADRATIC OPTIMAL CONTROL
PROBLEMS OF MARKOVIAN REGIME SWITCHING SYSTEM*

XIN ZHANG!, XUN L1?> AND JIE XIONG?**

Abstract. This paper investigates the stochastic linear quadratic (LQ, for short) optimal control
problem of Markovian regime switching system. The representation of the cost functional for the
stochastic LQ optimal control problem of Markovian regime switching system is derived by the tech-
nique of Itd’s formula with jumps. For the stochastic LQ optimal control problem of Markovian regime
switching system, we establish the equivalence between the open-loop (closed-loop, resp.) solvability
and the existence of an adapted solution to the corresponding forward-backward stochastic differential
equation with constraint. (i.e., the existence of a regular solution to Riccati equations). Also, we ana-
lyze the interrelationship between the strongly regular solvability of Riccati equations and the uniform
convexity of the cost functional. Finally, we present an example which is open-loop solvable but not
closed-loop solvable.
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1. INTRODUCTION

Linear-quadratic (LQ) optimal control problem plays an important role in control theory. It is a classical
yet fundamental problem in the fields of control theory. In the past few decades, both the deterministic and
stochastic linear quadratic (LQ) control problems have been widely studied. Stochastic LQ optimal control
problem was first carried out by Kushner [12] via dynamic programming method. Later, Wonham [27] studied
the generalized version of the matrix Riccati equation arose in the problems of stochastic control and filtering.
Using functional analysis techniques, Bismut [1] proved the existence of the Riccati equation and derived the
existence of the optimal control in a random feedback form for stochastic LQ optimal control with random
coefficients. Tang [24] discussed the existence and uniqueness of the associated stochastic Riccati equation for
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general stochastic LQ optimal control problems with random coefficients and state control dependent noise
via the method of stochastic flow, which can be applied to Bismut and Peng’s long-standing open problems.
Moreover, Tang provided a rigorous derivation of the interrelationship between the Riccati equation and the
stochastic Hamilton system as two different but equivalent tools for the stochastic LQ problem. For more details
on the progress of the stochastic Riccati equation, interested readers may refer to [8-11, 21, 25].

Under some mild conditions on the weighting coefficients in the cost functional, such as positive definite
quadratic weighting control martix, and so on, the stochastic LQ optimal control problems can be solved
elegantly via the Riccati equation approach, see Chapter 6 of [30]. Chen et al. [2] was the first to start the
pioneering work of stochastic LQ optimal control problems with indefinite quadratic weighting control matrix,
which turns out to be useful in solving the continuous-time mean-variance portfolio selection problems. Since
then, there has been an increasing interest in the so-called indefinite stochastic LQ optimal control, see, for
example, Chen and Yong [3], Li and Zhou [14], Li et al. [15, 16], and so on.

Another extension to stochastic LQ optimal control problems involves random jumps in the state systems,
such as Poisson jumps or the regime switching jumps. Wu and Wang [28] considered the stochastic LQ optimal
control problems with Poisson jumps and derived the existence and uniqueness of the deterministic Riccati
equation. Using the technique of completing squares, Hu and Oksendal [4] discussed the stochastic LQ optimal
control prblmlem with Poisson jumps and partial information. Existence and uniqueness of the stochastic Riccati
equation with jumps and connections between the stochastic Riccati equation with jumps and the associated
Hamilton systems of stochastic LQ optimal control problem were also presented. Yu [31] investigated a kind
of infinite horizon backward stochastic LQ optimal control problems and differential game problems under the
jump-diffusion model state system. Li et al. [13] solved the indefinite stochastic LQ optimal control problem
with Poisson jumps.

The stochastic control problems involving regime switching jumps are of interest and of practical importance
in various fields such as science, engineering, financial management and economics. The past few years have
witnessed a dramatically increasing interest in financial market models whose key parameters, such as interest
rate, stocks return and volatility, are modulated by Markov processes. In particular, one could face two market
regimes in financial markets, one of which stands for a bull market with price increase, while the other for a
bear market with price drop. One such formulation is the so-called regime switching model, where the market
parameters depend on market modes that switch among a finite number of regimes. More recently, the regime
switching models and related topics have been extensively studied in the areas of stochastic controls as well as
their financial applications, see, for examples, [14-16, 19, 29, 35-39]. Ji and Chizeck [6, 7] formulated a class of
continuous-time LQ optimal controls with Markovian jumps. Zhang and Yin [34] developed hybrid controls of
a class of LQ systems modulated by a finite-state Markov chain. Li and Zhou [14], Li et al. [15, 16] introduced
indefinite stochastic LQ optimal controls with regime switching jumps. Liu et al. [17] considered near-optimal
controls of regime switching L(Q problems with indefinite control weight costs.

Recently, Sun and Yong [22] investigated the two-person zero-sum stochastic LQ differential games. It was
shown in Sun and Yong [22] that the open-loop solvability is equivalent to the existence of an adapted solution
to a forward-backward stochastic differential equation (FBSDE, for short) with constraint and closed-loop
solvability is equivalent to the existence of a regular solution to the Riccati equation. As a continuation work
of Sun and Yong [22], Sun et al. [20] considered the open-loop and closed-loop solvabilities for stochastic LQ
optimal control problems. Moreover, the equivalence between the strongly regular solvability of the Riccati
equation and the uniform convexity of the cost functional was established. This naturally calls for us to study
the open-loop and closed-loop solvabilities within the framework of regime switching jumps. Moreover, if there
is only one regime jump state in our model and then it can be reduced to that model of Sun et al. [20]. The
aim of this paper is to further develop the results in Sun et al. [20] to the case of stochastic LQ optimal control
problems with regime switching jumps. Although the only difference between our model and their one is the
regime switching jumps, it is not easy for one to obtain the similar results. The first difficulty we encounter is the
uniformly convexity characterization of the cost functional J(¢,z,4;u(-)). In Sun et al. [20], however, it is hard
to understand the relationships of the uniformly convexity among JO(t, z;u(-)), JO(¢,0;u(-)) and J(¢, z;u(-)),
because they just briefly mentioned “uniformly convexity” and did not clearly prsent readers its fundamental
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definition. Thus, one cannot directly deal with the similar control works including the regime switching case.
Therefore, in our work, we definitely and strictly introduce the definition of “uniformly convexity” from Zalinescu
[32, 33]. Then, using this definition, we prove that the uniformly convexity of the cost functional J(¢,x,d;u(-))
is equivalent to the positive definiteness of the operator Ms(t, i) (see (3.2) or (3.8)). From this equivalence,
we can further obtain the relationships of the uniformly convexity among JO(t,x,4;u(-)), JO(¢,0,4;u(-)) and
J(t,x;u(+)). The second difficulty in our model is to prove the equivalence between the closed-loop solvability
and the existence of regular solution to Riccati equation. In the model without regime switching jumps, this
equivalence was studied in Sun and Yong [22] and Sun et al. [20]. In order to prove the equivalence, Sun and
Yong [22] constructed two matrix valued stochastic processes X(-) and Y(-) (see Egs. (5.16) and (5.17) in [22])
and set P(s) := Y(s)X(s)~!. Then the authors prove that P(s) satisfies the Riccati equation. In our case, note
that solution P(s,4) of Riccati equation (5.2) depends on state a(s) = i. However, Y(s)X(s)~! may not equal to
P(s,a(s)) even though the evolution of the matrix valued processes Y(s) and X(s) depend on the Markov chain
a. Thus, if we adopt the technique in Sun and Yong [22], we may not parallelly derive P(s,«(s)). Therefore,
the method adopted in [22] no longer works in our model. Wang [26] provided a new method to avoid the
procedures of defining P(s) := Y(s)X(s)~! for the model without regime switching. The method adopted by
[26] can also be applied for the model with regime switching. In this paper, we develop a different method to
overcome the above mentioned difficulty of defining P(s, a(s)) in our model arisen in the proof of Theorem 5.2.
We think that the definition of P(s,a(s)) provides additional insight to our proof. In fact, if we interpret
the solution of (5.11) as the flow of the initial state (t,z,4) and define the matrix valued stochastic processes
X(s;t,4) and Y(s;t,4) in (5.13), then we can prove that Y (s;t,i) = P(s,a(s))X (s;t,4) under the definition of
P(t,i) := Y (t;t,i),i € S. Since X (s;¢,4) is a.s. inverse at each s € [t,T], we finally derive the expression of
P(s,a(s)) = Y(s;t,i) X (s;t,i)~t. Furthermore, our method is more general and also can be applied to solving
the problems in [20, 22] with random coefficients.

It is worthy to mention that Lv et al. [18] established the characterization of closed-loop optimal control
when the coefficients are adapted processes with respect to the filtration generated by the Brownian motion,
and Huang and Yu [5] derived some equivalent conditions for closed-loop optimal control for deterministic case.
If there is only one regime jump state in our model, our characterization of the closed-loop optimal control
becomes a special case of [18]. Furthermore, the equivalence between the uniform convex and the strongly
regular solution of Riccati equation (Thm. 6.3) implies that Ris uniformly positive, which is the same as the
statement (ii) of Theorem 4.6 of [5].

The first main contribution of our paper is to develop a new method for obtaining the representation of the
cost functional for the stochastic LQ optimal control problem with regime switching jumps. In Sun et al. [20],
the representation of the cost functional, which is the summary results of Yong and Zhou [30], is fundamental to
prove the above equivalence. Unlike the techniques of analysis established in [20, 30], our method for deriving the
representation of the cost functional is mainly based on the technique of It6’s formula with jumps. The second
main contribution of our paper is to adopt the stochastic flow theory for proving the equivalence between
the closed-loop solvability and the existence of regular solution to the Riccati equation. Due to incorporating
the regime switching jumps, the method applied in Sun et al. [20] no longer works for proving the equivalence
between the closed-loop solvability and the existence of regular solution to the Riccati equation when one studies
the stochastic LQ optimal control problem with regime switching jumps.

The rest of the paper is organized as follows. Section 2 introduces some useful notation, collect some pre-
liminary results and state the stochastic LQ optimal control problem with regime switching jumps. Section 3 is
devoted to deriving the representation of the cost functional using the technique of It6’s formula with jumps.
In Sections 4 and 5, we prove the equivalence between the open-loop (closed-loop) solvability and the existence
of an adapted solution to the corresponding FBSDE with constraint (i.e., the existence of a regular solution
to the Riccati equation) for the stochastic LQ optimal control problem of Markovian regime switching system.
The equivalence between the strongly regular solvability of the Riccati equation and the uniform convexity of
the cost functional is established in Section 6. In the last section, we present an example which is open-loop
solvable but not closed-loop solvable.
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2. PRELIMINARIES AND MODEL FORMULATION

Let (2, F,F,P) be a complete filtered probability space on which a standard one-dimensional Brownian
motion W = {W(¢);0 < ¢t < oo} and a continuous time, finite-state, Markov chain o = {a(t);0 < ¢t < oo} are
defined, where F = {F; },>¢ is the natural filtration of W and « augmented by all the P-null sets in F. In the

rest of our paper, we use the following notation:

N: the set of natural numbers;
Ry, R, : the sets [0,00) and [0, +-00] respectively;
R™ : the n-dimensional Euclidean space;
M7 : the transpose of any vector or matrix M:;
tr[M]: the trace of a square matrix M;
R(M) : the range of the matrix M;
(-,+) : the inner products in possibly different Hilbert spaces;
M':  the Moore-Penrose pseudo-inverse of the matrix M;
R"™*™ . the space of all n X m matrices endowed with the inner product
(M,N) +— tr [M " N] and the norm |M| = \/tr [M T M)];
S™(S%) : the set of all n x n symmetric (positive-definite) matrices.

Next, let T' > 0 be a fixed time horizon. For any ¢ € [0, T) and Euclidean space H, we set

C([t,T]; H) = {<p :[t,T] — H | ¢(-) is continuous },

tT—>H’/

Lp(t,T;H):{ |pds<oo} 1<p <o,

L*t,T;H) = qp:[t,T] — H | esssup|¢(s)| < 00 p,
s€ft,T]
and
L}-T (G H) = {5 Q—H | ¢ is Fr-measurable, E[¢]? < oo}
T
LAt,T;H) =< o: [t,T] x Q= H | (-) is F-progressively measurable,E/ lp(s)[2ds < oo
¢
LE(Q; C([t, T); {<p [t,T] x Q — H | ¢(-) is F-adapted, continuous, E l sup |<p(s)|2] < oo},
s€t,T]

2

T
LE(Q LY(¢, T H)) = < ¢« [t,T] x © — H | ¢(+) is F-progressively measurable, E (/ |g0(s)|ds> < oo
t

For an S™-valued function F'(-) on [¢,T], we use the notation F'(-) > 0 to indicate that F'(-) is uniformly positive
definite on [t, T, i.e., there exists a constant § > 0 such that

F(s) > 41, a.e. s€t,T].
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Now we start to formulate our system. We identify the state space of the chain « with a finite set S :=
{1,2...,D}, where D € N. Without loss of generality, we assume that the Markov chain is irreducible. To
specify the statistical or probabilistic properties of the chain ¢, we define the generator A(t) := [Ai;(¢)]i j=1,2,....D
of the chain under P. Here, for each 4, j = 1,2,..., D, X;;(t) is the constant transition intensity of the chain from
state i to state j at time ¢. Note that A;;(t) > 0, for i # j and ijzl Aij(t) =0, s0 \j;(t) < 0. In what follows,
for each 4,5 = 1,2,..., D with i # j, we suppose that A;;(t) > 0, so A;;(t) < 0. For each fixed j =1,2,...,D,
let N;;(t) be the number of jumps from state ¢ into state j up to time ¢ and set

with 5\1-]- (t) = fg Aij(8)I{a(s—)=iyds. Then for each i, j =1,2,..., D, the term ]\Nfij(t) is an (F,P)-martingale.
Consider the following controlled Markovian regime switching linear stochastic differential equation on the
finite horizon [¢, T:

dX“(s;t,@,i) = [A(s,o(s)) X" (s;t,2,1) + B(s, a(s))u(s) + b(s)]ds
+ [C(s,a(s)) X" (s3t,2,1) + D(s,(s))u(s) + o(s)|[dW(s), s€t,T], (2.1)
Xt t,x,1) =z, «t) =1,

(07

where A(-,-),B(-,-),C(-,-), D(-,-) are given deterministic matrix-valued functions of proper dimensions, and
b(+), () are vector-valued F-progressively measurable processes. In the above, X*(-;t,x,1), valued in R", is the
state process, and u(-), valued in R™, is the control process. u(-) is called an admissible control on [t, T, if it
belongs to the following Hilbert space:

T
Uuit,T) = {u :[t,T] x @ — R™ | u(-) is F-progressively measurable, IE/ lu(s)|?ds < oo} .
t

For any admissible control u(-), we consider the following general quadratic cost functional:
J(t 05 u() £ E{<G<T,a<T>>X“<T; toa,i) + 29(T, (1)), X" (T3 t,2,1))
T
+ [ (@0 x i)+ 20(5,0060). X520 (2:2)
t

+ 2<S(s, a(s)X“(s;t,x,1), u(5)> + <R(8, a(s))u(s) + 2p(s, a(s)), u(s)>] ds},

where G(T, %) is a symmetric matrix, Q(-,4), S(-,7), R(-,4),7 =1,2,..., D are deterministic matrix-valued func-
tions of proper dimensions with Q(-,i)" = Q(-,i), R(-,4)" = R(-,i); g(T,-) is allowed to be an Fr-measurable
random variable and ¢(-,-), p(+, ) are allowed to be vector-valued F-progressively measurable processes.

The following standard assumptions will be in force throughout this paper.

(H1) The coefficients of the state equation satisfy the following: for each i € S,

A(-i) € LY0, T; R ™), B(-,i) € L2(0,T; R™ ™), b(-) € L2(; L} (0, T; R™)),
C(-i) € L2(0, T;R™™),  D(-,i) € L=(0, T;R™*™), o(-) € L2(0,T;R").
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(H2) The weighting coefficients in the cost functional satisfy the following: for each i € S

G(T,i) €S™, Qi) € L'(0,T;S™), S(-,i)€ L*(0,T;R™™), R(-,i) € L>(0,T;S™),
9(T,i) € L%, (G R™),  q(-,49) € LE(Q LY(0, T;R™)),  p(-,4) € L3(0,T;R™).

Now we state the stochastic LQ optimal control problem for the Markovian regime switching system as
follows.

Problem 2.1. (M-SLQ) For any given initial pair (¢,2,7) € [0,T) x R™ x S, find a u*(-) € U[t, T], such that

J(t,z,iu*(4) = u(-)ielllfff[t,T] J(t, 2, isu(-) = V(t,x,1). (2.3)

Any u*(-) € U[t, T] satistying (2.3) is called an optimal control of Problem (M-SLQ) for the initial pair (¢,z,1%),
and the corresponding path X*(-) = X“ (-;t,x,i) is called an optimal state process; the pair (X*(-),u*(-))
is called an optimal pair. The function V(-,-,-) is called the wvalue function of Problem (M-SLQ). When
b(-),a(-),9(T, "), q(-,-), p(-,-) = 0, we denote the corresponding Problem (M-SLQ) by Problem (M-SLQ). The
corresponding cost functional and value function are denoted by JO(t,z,i;u(-)) and VO(¢, z,1), respectively.

Similar to Sun et al. [20], we introduce the following definitions of open-loop (closed-loop) optimal control.

Definition 2.2. (Open-loop) For given t € [0,7], an element u*(-) € U[t,T] is called an open-loop optimal
control of Problem (M-SLQ) for the initial pair (¢,,i) € [0,T] x R™ x § if

J(t,x,iu(4) < J(tx i u(r),  Vu(r) € U[t,T). (2.4)

Definition 2.3. (Closed-loop) For given ¢ € [0,T7], let O(:,+) : [t,T] x S — R™*™ be a deterministic function
and v(-) : [t,T] x © — R™ be an F-progressively measurable process.

(i) We call (O(+,-),v()) a closed-loop strategy on [t, T if
T
IE/ |9(s, a(s))|*ds < oo and v(-) € U[t, T).
¢

The set of all closed-loop strategies (O(-,-),v(:)) on [t,T] is denoted by G[t, T'.
(ii) A pair (©*(-,-),v*(:)) € G[t,T] is called a closed-loop optimal strategy of Problem (M-SLQ) on [¢,T] if

J(t, 2,50 (L a( )X () +u*(1) < J(t,x,4;u(r), VY(x,i) e R" xS, u(-) € U[t,T], (2.5)

where X*(-) is the strong solution to the following closed-loop system:

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

+{ [C(s,a(s)) + D(s,a(5))0* (s, (5))] X*(s) + D(s, a(s))v*(s) + a(s)}dW(s), (2.6)

X*(t) a(t) = i.

Remark 2.4. (i) The inequality (2.5) in defining the closed-loop optimal strategy can be replaced by the
following inequality:

J(t,x, ;0 (L a(-)X*()+v" (") < J(t,z,50(,a(:)X() +v(-),V¥(z,i) e R" x S, (O(+,-),v(-)) € G[t,T]. (2.7)
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In fact, using the similar method of Sun and Yong [23] (see Prop. 2.1.5), we can prove the equivalence of (2.5)
and (2.7). Therefore, we can take (2.7) for defining the closed-loop optimal strategy.

(ii) We emphasize that in the definition of closed-loop optimal strategy, (2.5) must be true for all (z,) €
R™ x S. One sees that if (0*(-, a(-)),v*(+)) is a closed-loop optimal strategy of problem (M-SLQ) on [¢,T], then
the outcome u*(-) = ©*(-, a(-)) X*(-) + v*(+) is an open-loop optimal control of Problem (M-SLQ) for the initial
pair (¢, X*(t),a(t)). Hence, the existence of closed-loop optimal strategies implies the existence of open-loop
optimal controls. However, the existence of open-loop optimal controls does not necessarily imply the existence
of a closed-loop optimal strategy, see an example in section 7 for more details.

To simplify the notation of our further analysis, we introduce the following forward-backward stochastic
differential equation (FBSDE for short) on a finite horizon [¢t, T:

dX"(s;t,2,1) =[A(s, a(s)) X "“(s;t,x,7) + B(s, a(s))u(s) + b(s)]|ds
+ [C’(s,a(s))X (s;t,x,1) + D(s,a(s))u(s) + (s)}dW(s),
dY*“(s;t,z,i) = — [A(s,a(s))TY (s;t,2,4) + C(s,a(s)) " Z%(s;t,x,1)
Qs () X (55,3,1) + S(s, a(s)) Tuls) + (s, a(s)]ds 28)
+ Z%(s;t,z,1)dW (s) ZF (s;t,2,i)dNy(s), s €[t T],
Lk=1
X (t;t,2,1) =z, at) =1, Y"(T;t,z,1)=G(T,a(T)X“(T;t,x,4) + g(T,a(T)).

The solution of the above FBSDE system is denoted by (X*“(-;t,2,4), Y*“(-;t,2,4), Z%(-; t,x,0), [¥(- 5 ¢, x, 1)),
where (-5 t, x,7) == (T}3.(- 51, , 1)), - If the control u(-) is chosen as O(-, a(-)) X (-) 4+ v(-), we use the notation
(XO0(st,2,0), YO (s t,m,0), Z9V (- s t,2,),[9V(- ¢, 2,1)) denoting the solution of the above FBSDE. If b(-) =
o(-)=q(-,-) = g(-,+) = 0, the solution of the above FBSDE system is denoted by

(Xt x,0), Yo' (5t x,0), Z8 (5 ty 2, 4), T (-5 8y 22, 9)).

3. REPRESENTATION OF THE COST FUNCTIONAL

In this section, we present a representation of the cost functional for Problem (M-SLQ), which plays a crucial
role in the study of open-loop/closed-loop solvability of Problem (M-SLQ). Unlike the method adopted in Yong
and Zhou [30], we derive the representation of the cost functional using the technique of Itd’s formula with
jumps.

Proposition 3.1. Let (H1)-(H2) hold and (X" (-;t,z,4),Y"(-;t,2,1), Z(-; t,x,4), T¥(- ; £, x,4)) be the solution
of (2.8). Then for (t,x,i) € [0,T] x R™ x S and u(-) € U[t, T,

Jo(t7 T, 1 U()) - <M2(ta i)uv u> + 2<M1 (tv i)xa U> + <M0(t7 i)xa ‘T>7

J(t, @, iu(c)) = (Ma(t, 1)u, u) + 2(My(t,4)x,u) + (Mo(t,4)x, ) + 2{ve, u) + 2(ys, ) + ct, (3:1)

where

My(t,i)x = E[YY (t;t,2,4)],

(M, (t,i)z)(s) = B(s,a(s)) 'Y (s;t,2,i) + D(s,a(s)) " Z0(s;t,x,1)
+ S(s,a(s)) X (s;t, x,1), s€et,T],
(Mt 1yu)(s) = B(s, a(s)) Vi (s:1,0,1) + D(s, a(s)) T Z8(5:1,0,4)
+ S(s,a(s)) Xy (s;t,0,4) + R(s, ae(s))ul(s), s € [t, T, (3.2)
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yr = E[Y°(t;,0,4)],
vi(s) = [B(s,a(s))] T Y (st,0,i) + D(s,a(s)) " Z°(s;t,0, 1)
+ S(s,a(s5)) X (s5t,0,0) + p(s, a(s)), s €t T,

¢ =E [ (G(T, o(T))X°(T;1,0,i) + 29(T, a(T)), X°(T;1,0,i)
+ / Qs () X0(s:,0,1) + 2405, (), X (s:1,0,) ds .
Proof. Let
I=E [<G(T, a(T)X(T;t, 2, 1), X (T t, z, z)>} ,
= e{ [ (@ ats) st X500,
#2865l X st u(s)) + (R (o)t uto) ) as .
then we have JO(t, z,4;u(-)) = I; + I». Observing
X (3t 2,0) = X§(34,0,0) + XS5 t,2,1), (3.3)
therefore
o = (T, a(T) X (T:0,0,0). X3(T32.0.0)).
+ 2(G(T, () XY (T:t,,), X§(T51,0,3) ) + (G(T, (1) X§ (T3t ,), X§(Tit., M :
I = E{ / : [<Q<s, () X3 (5510, X3 (552.0.0)) + Q5. () XS 51,2, XY s £.2,))
+ 2(Qs, () XB (s:t,,), X5 (5:1,0,1) ) +2( S5, () X8 (5:1,0,1), u(s))
+2(S(s, () X0 (s:t,2,1), u(s) ) + (R(s, a(s))uls), u<s>>] ds}.

Applying Itd’s formula to (Yg*(s;t,0,4), X&(s;t,0,4)), (Y (s5t,m,1), X§(s;t,0,4)) and (Y (s;t, 2,4), X§ (53¢, 2, 1)),
we obtain

JOt,z,iu(-)) =1 + I
T T
= E/t ((Ma(t,i)u)(s),u(s))ds+ ZE/t (M (t,i)z)(s),u(s) ) ds + (E[YQ(t; t, x,i)], 2 )

= <M2(tvi)u’u> + 2<M1(t,i)(£, 7.L> + <M0(t’i)xax>'

Let

Iy = E[<G(T, (T X (Tt x,7) + 2g(T,a(T)),X“(T;t,:c,i)>} :
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=] [ (@)X (5,2.) + 2o, 0(6), X510,
+2(S(.alo) X (st u(s)) + (RGs.a(o)u(s) + 20(s,0(5). (o)) s .
then J(t, a,i;u()) = I3 + I;. Observing
XUCstd) = X§(3t0) 4 X0(51,0,9) (3.4
therefore

I3 = I3y + I3p + I33, Iy = I + Luo + I3,
where

I3 = ]E<G(T, a(T))XE(T;t, x,4), X (T t7x,i)>,
Iz o= 2B(G(T, a(T))X°(T51,0,1) + (T, a(T)), X§ (T3, 2,7) ),

I33 := E<G(T, a(T))XO(T; t,0,4) + 29(T, a(T)), XO(T; t,0,1),
T
Iy = E/t [<Q(s,a(s))Xé‘(s;t,x,i),ng(s;t,x,i)>
+ 2<S(s, a(s)) Xy (s;t,x,1), u(s)> + <R(s, a(s))u(s), u(s)>} ds,
I;p :=2E /tT [<Q(s,a(s))X0(s;t,O,i) + q(s,a(s)),Xﬁ(s;t,x,i)>
+ 2<S’(s, as))XO(s;t,0,4) + p(s,a(s)), u(s)>] ds,
Iy = E/tT [<Q<s, o)) X°(s;t,0,1) + 2q(s, a(s»ﬁo(s;t’o”)ﬂ ds-

Applying Ito’s formula to (YO(s;t,0,4), X% (s;t, z,i) ) yields
T
I3o + Iyp = 2 (EY (;¢,0,4), x) +2E/ (v (s),u(s))ds =2(y,z)+2 (v, u).
t

Noting that JO(t,z,i;u(-)) = I3 + L1, ¢, = I33 + I3, we have

J(t,x,iu() = Is + Iy = (Isy + La1) + (Is2 + I42) + (I35 + Iu3)
- <M2(ta Z)U,U> + 2<M1(t,z)x,u> + <M0(t7l)$,$> + 2<Vt7u> + 2<yt7x> + Ct.

O

Next, we show that the above characterizations of operators My(t,4) and Mas(t,1) is equivalent to the results
obtained by the technique of functional analysis.
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Proposition 3.2. Fori=1,2,..., D, My(-,i) defined in 3.1 admits the following Feynman-Kac representation:

T
My(t,i) =E {@(T;t, i) G(T, o(T))®(T; ) —|—/t D(s;t,1) " Q(s,a(s))D(s;t,7)ds

where ®(-;t,4) is the solution to the following SDE for R™"*"-valued process:

O(t;t,i) =1, «t)=1.

{d@(s;t,i) = A(s,a(s))®(s;t,1)ds + C(s, a(s))P(s; t,)dW (s),

Furthermore, My(t,1) also solves the following ordinary differential equations

Mo(t, i) 4+ Mo(t,i)A(t, i) + A(t, i) T My(t, )
D

+ C(t,3) T Mo(t,)C(t,4) + Q(t,1) + > Aiw(t) Mo(t, k) = 0,

k=1
Mo(T,i) = G(T,i), i€S.

Proof. Let ®(-;t,7) be the solution to (3.6). Then it is easy to verify that
X3 (s;t,2,0) = ®(s;t,4).
Applying Ito’s formula to (Y (s;t,z,1), XJ(s;t,7,7) ), we can easily obtain

E[(G(T,a(T)X(T;t, z,4), X0 (T;t,2,4) ) |

s €t T,

(t,i) € [0,T] x S,

— (EYO(t:t, 2,1)] [/ XO(s:t, 2, 1) Q(s,a(s))Xg(s;t,x,i)ds].

Therefore,

(EYO(t:t,3,1)], ) = B[ (G(T, a(T) X(Tst,2,), X3(T:t,2,7)) ]
+E / X3(s;t, 2,1) Q(s,a(s))Xg(s;t,x,i)ds]
— E[(G(T, a(T)®(Tst, i)z, &(Tst,)a) |

- T
+E /t a:T<I>(s;t,i)TQ(s,a(s))@(s;t,i)xds}
=E[(®(T;t,i) G(T,a(T))®(T;t, i)z, )]

- T
—HE/t (<I>(s;t,i)TQ(s,a(s))@(s;t,i)x,x>ds]

= <IE[(I>(T;t,i)TG(T,a(T))é(T;t,i) —|—/t <I>(s;t,i)TQ(s,a(s))@(s;t,i)ds}x,x>.

Noting Mo (t, i)z = E[Y{ (t;t, x,)], we have

T
My(t,i) = IE[Q)(T; t,4)  G(T,o(T))®(T; t,4) —|—/f ®(s;t,4) ' Q(s, aus))D(s; t,i)ds].

(3.5)

(3.7)
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Suppose that M(,l) satisfy ODE (3.7). Next we prove that M(,z) = Mpy(-,4). Observing that

. D N D .
dM (s, a(s)) = M(s,a(s))ds+ > [M(s, k) — M(s,1)]d\i(s) + Y _ [M M{(s,1)]dNig(s).

1,k=1 1k=1
Hence, applying 1td’s formula to ®(s;t,7)T M (s, a(s))®(s;t, 1) leads to
M(t, i)=E [CD(T; t,i) T G(T,o(T))®(T;t,4) + ftT (s;t,1) T Q(s,a(s))®(s;t,7)ds
= MO(t7 Z)

Thus we complete our proof.

Proposition 3.3. The operator My(-,1) defined in 3.1 admits the following representation:

My (t,i) = L G(T, 1)) Ly + L;Q( () L + S(, () Le + Li S () T + R(, (),

where the operators
Lo UL, T) — L2, T;R™), Ly :U[t,T] — L2 (Q;R™)
are defined as follows:
(Lyw)(-) = ®(-; t,i){ / O(r;t,i)~ ! [B(r,oz(r)) — C(r,a(r))D(r, oz(r))]u(r)dr

+ /t <I>(r;t,i)_lD(na(r))u(r)dW(r)},
Lyu = (Lyu)(T),

and L} and Z;" are the adjoint operators of Ly and Et, respectively.

Proof. Noting that the solution X (+;¢,0,7) of (2.8) can be written as follows:

X§(s;t,0,4) = P(s;t, z){ /ts ®(r;t,i) " [B(r,a(r)) — C(r,a(r))D(r, a(r)) ] u(r)dr

+ /ts <I>(7";t7i)_lD(r,a(r))u(r)dW(r)}
= (Lyu)(s).

Applying It6’s formula to (Y (s;t,0,4), X{'(s;t,0,4) ) yields

((My(t,1))u,u) = ]E{ (G(T,a(T)) X (T531,0,4), Xq(T5¢,0,4))

T
+/t [<Q(Sva(8))X6J(S;t,O,i%XéJ(S;t,O,i)>+<S(57a(8))X3(S;t,O,i),U(S)>

+ (S(s, oz(s))—'—u(s)7 X (s;t,0,4) )+ (R(s, a(s))u(s), u(s)) } ds}

11

(3.10)

(3.11)
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=E[(G T))Lyu, Ltu>] (Q(-, (")) Ly, Lyw)
+(S ( ())Ltu u) +(SC,a()) Tu, Lyu) + (R( a())u,u)
= ([LiG(T, a(T)) Lo + L; Q- a() L + S(, a() L + Li S a(-) T + R(-,a(-)]u,u) .

Thus we complete the proof. O

From the representation of the cost functional, we have the following simple corollary.

Corollary 3.4. Let (H1)-(H2) hold and t € [0,T) be given. For any x € R™ e € R and u(-),v(-) € U[t,T], the
following holds:

T
J(t, w6 u(-) + ev(-)) = J(t, 2, u(-) + €J°(t,0,4;0(-)) +26]E/t (M(t,4)(z,u)(s),v(s) ) ds, (3.12)
where

M (t,i)(z,u)(s) :B(s,a(S))TY"(S;t,x,i)+D(Sva(S))TZ(“(S;t,x,i) (3.13)

T S(s,a(s) X" (55,3, 1)+ R(5, a(s))u(s) +p(s, als)), s € [t,T).
Consequently, the map u(-) — J(t,x,i;u(-)) is Fréchet differentiable with the Fréchet derivative given by
DJ(t,z,i;u())(s) = 2M (t,9)(z,u)(s), s € [t,T], (3.14)

and (3.12) can also be written as
T
J(t,xiu(-) +ev(-)) = J(t,z,5;u(-) + 2T, 0,45 0()) + eE/t (DJ(t,z,5;u(-))(s),v(s) ) ds. (3.15)

Proof. From Proposition 3.1, we have

J(t,z, i u() + ev(t))
= (Ma(t,i)(u+ev),u+ev) +2( My(t, i)z, u+ev)+ {( Mo(t, )z, z) +2 (v, u+ ev ) +2 (Y, T ) +c4
= (Ma(t,i)u,u) +2€ { Mo(t,i)u,v ) +€> ( Ma(t,i)v,v ) +2 ( My (t,8)z,u) +2e ( My (t, i)z, v) + ( Mo(t, i)z, 2 )
+2 (v, u) +26 (v, v) +2(yp, )+
= J(t,x,i;u(-)) + J(t,0;v(-)) + 2 { Ma(t,i)u + My (t,i)x +vi,v).

From the representation of Mj(¢,4), Ms(t,i) and v; in Proposition 3.1 and the fact
X5t 2,d) = X§(5t,2,0) + XO(-51,0,4),
we have

(Mo(t,i)u)(s) + (M (t,))x)(s) + ve(s) = B(s,a(s)) Y (s;t,x,i) + D(s,a(s)) " Z%(s;t, x,1)
+ S(s,a(s)) X" (s;t,2,4) + R(s, a(s))u(s) + p(s, a(s))
= M(t,i)(z,u)(s), s€][tT).
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4. OPEN-LOOP SOLVABILITIES

We first present the equivalence between the open-loop solvability and the corresponding forward-backward
differential equation system.

Theorem 4.1. Let (H1)—(H2) hold and (t,x,i) € [t,T] x R™ x S be given. An element u(-) € U[t,T] is an open-
loop optimal control of Problem (M-SLQ) if and only if JO(t,0,i;v(-)) > 0,Vu(:) € U[t,T] and the following
stationary condition hold:

B(s,a(s)) " Y"(s;t,2,i) + D(s,a(s)) " Z%(s;t, x,9)

4.1
£ S(5,0() X*(sit,,1) + R(s,a(s)us) + pls.a(s) =0, s e .7, 4y
where (X"(-;t,2,4), Y™ (-3 t,2,4), Z%(- s t,2,4), T%(- 5 ¢, 2,4)) is an adapted solution to FBSDE (2.8).
Proof. By definition, u(-) is an open-loop optimal control if and only if the following inequality holds:
Jt,z,u(-) +ev()) — J(t,x,i5u) =0, Yo(-) € U[t,T. (4.2)

From Corollary 3.4, we have
T —
J(t7x7i; U() + 6’(](')) - J(t,l‘,’t, u) = €2J0(t707i; U()) + 2€E/ <M(t,z)(x,u)(s),v(s) > ds.
t

Therefore, (4.2) holds if and only if JO(t,0,i;v(-)) > 0,Vo(-) € U[t, T] and M(t,i)(x,u)(s) = 0,s € [t,T]. Note
the definition of M in (3.13) and so the proof is completed. O

Note that if u(-) happens to be an open-loop optimal control of Problem (M-SLQ), then the stationarity
condition (4.1) holds. We call (2.8), together with the stationarity condition (4.1), the optimality system for the
open-loop optimal control of Problem (M-SLQ).

Next we investigate the relationships between open-loop solvability and uniform convexity of the cost
functional. We first introduce the definition of uniform convexity, which is from Zalinescu [33] or [32].

Definition 4.2. For a general normed space (H, |||), the function f : (H, ||-||) ~ R is said to be uniformly
convex if there exists h : Ry — Ry with h(t) > 0 for ¢ > 0 and h(0) = 0 such that

flex+ (1 —e)y) <ef(z) + (1 =€) f(y) —e(L = Oh([|z = yl), Va,y € domf, e € [0, 1].

Proposition 4.3. The cost functional J(t,z,i;u(-)) is uniformly convez if and only if Ms(t,i) > el for some
€ > 0, which is also equivalent to

T
Jo(t,O,i;u(-))>e]E/t lu(s)2ds,  Vu(-) € Ult, T), (4.3)

for some € > 0.
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Proof. From Proposition 3.1, we see that for any u(-),v(-) € U[t,T] and € € [0, 1],

J(t, z, i eu(-) + (1 —e)v(-))

= (Ms(t,i)(eu+ (1 — €)v,eu+ (1 — €)v) + 2(My(t,i)x, eu+ (1 — €)v)
+ (Mo(t, i)z, x) + 2(v, eu + (1 — €)v) + 2(ys, ) + ¢

= e[(Ma(t, i)u, u) + 2(My(t, i)z, u) + (Mo(t, i)z, z) + 2(ve, u) + 2(ye, ) + ¢
+ (1 = ) [{Ma(t, i)v,v) + 2(M;(t, i)z, v) + (Mo(t, i)z, z) + 2(ve, v) + 2(ys, ) + ¢
—€e(l—€){ Ma(t,i)(u —v),u—v).

Thus, it follows from the definition of uniformly convex that the cost functional J(t,z,4;u(-)) is uniformly
convex if and only if there exists h: Ry — Ry with h(¢) > 0 for ¢ > 0 and h(0) = 0 such that

(M(t,i)(u—v),u—v) 2 h(|lu— o),
which is equivalent to Ms(¢,4) > el for some € > 0. From Proposition 3.1, we have
JO(t,0,4;u(-)) = (Mo(t,i)u, u).

Therefore, Ms(t,i) > el for some € > 0 if and only if

JWn&auO)>eElThd@ﬁh, Vu() € Ut T

Thus the proof is completed. O

Remark 4.4. From the definition of uniform convexity, one can easily verify that JO(¢, z,i;u(+)) is uniformly
convex if and only if (4.3) is satisfied. Therefore, the uniform convexity of J(t,z,4;u(-)) is equivalent to the
uniform convexity of JO(t,x,i;u(-)).

It is obvious that if the following standard conditions
G(T,i) >0, R(s,i) >8I, Q(s,i)—S(s,i) R(s,i)"'S(s,i) =0, i€S, ae sc[0,T], (4.4)
hold for some § > 0, then

My(t,i) = L;G(T, o(T)) Ly + L [Q( () = S(, () TR a-) 7S (- )] L
+[LES( a() TR(,a()) "% + R(,a()) 2] [R(,a() "2 S( al)Le + R(- al)?]
2 07
which means that the functional u(-) — JO(t,0,4;u(-)) is convex. In fact, one actually has the uniform convexity

(
of the cost functional JO(¢,0,4;u(-)) under standard conditions (4.4). We first present a lemma for proving the
uniform convexity of JO(t,x,4;u(-)).

Lemma 4.5. For any u(-) € U[t,T], let X§(-;t,0,4) be the solution of (2.8) with x = 0,b(-) = o(-) =0. Then
for any O(-,i) € L2(t, T;R™ "), i € S, there exists a constant v > 0 such that

T ) T
]E/t lu(s) — O (s, a(s)) X (s;1,0,4)|"ds > ’yE/t lu(s)|*ds, Yu(-) € U[t, T). (4.5)
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Proof. The proof is similar to Lemma 2.3 of Sun et al. [20] and so we omit it here. O

Proposition 4.6. Let (H1)—(H2) and (4.4) hold. Then for any (t,i) € [0,T) x S, the map u(-) — JO(t,0,;u(-))
s uniformly conver.

Proof. By Lemma 4.5 (taking O(-, a(:)) = —R(-,a(:)) "1S(-, a(+))), we have
JO(t,0,4u()) = E{(G(T,a(T))Xé‘(T; t,0,1), X¢'(T5t,0,4))

+/tT [{Q(s, () X5 (5:,0,0), X§ (5:1,0,0))
+2(8(s,a(3)X¢ (5:1,0,1), u(s) ) + (Rls, a(s))u(s), u(s) )| ds}
> [ (@t a(6) X (651,0.0), X5651,0.0)
—|—2<S(s, a(s))xg(s;t,o,i),u(s)> + <R(s, a(s))u(s),u(s)ﬂds
~E / (@, a5~ (5, a(s) R a(s)) S (o)) X 51,0, X (558,0,))
+(R(s,a(s)) [u(s)+ R(s, a(s)) " S(s, a(5) X (5:1,0,0)],
u(s) +R(s,a(5)) 7S (s, a(s)) X5 (s:1,0,) )| ds
> g | " Juls) + R(s,a5) S (s, a(5) X3 (5£,0,0) s

T
> 57E/ lu(s)|*ds, Vu(-) € U[t, T,
t

for some v > 0. This completes the proof. O

Next, we show that the uniform convexity of JO(¢,x,4;u(-)) implies the open-loop solvability of Problem

(M-SLQ).

Theorem 4.7. Let (H1)-(H2) hold. Suppose the map u(-) — JO(t,0,i;u(-)) is uniformly convez. Then Problem
(M-SLQ) is uniquely open-loop solvable, and there exists a constant v € R such that

VOt w,i) = |z, Y(t,x,i) € [0,T] x R" x S. (4.6)

Note that in the above, the constant v does not have to be nonnegative.

Proof. First of all, by the uniform convexity of u(-) — JO(¢,0,4;u(-)), we may assume that
T
P05u() 2 AE [ fulo)Pds,  Val) cu0.T)
t

for some A > 0. Thus, u(-) = JO(¢, z,; u(-)) is uniformly convex given (¢, z,i) € [0,7) x R" x S. By Corollary 3.4,
we have

T
J(t,x,i;u(-)) = J(t,z,3;0) + JO(t,0,4;u(-)) + E/t (DJ(t,x,i;0)(s),u(s))ds
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T 1 T
> Tt 2,1:0) + JO, 0,4 u(-)) — %E/ lu(s)|2ds — ﬁ1[«:/ DJ(t, 2, 3;0)(s) 2ds (4.7)
t t
A (T ) , 1 (" , )
> 51[43 lu(s)|“ds + J(t,x,4;0) — ﬁE |DJ(t, x,i;0)(s)|"ds, Yu(-) € U[t, T).
t t

Consequently, by a standard argument involving minimizing sequence and locally weak compactness of Hilbert
spaces, we see that for any given initial pair (¢,z,i) € [0,T) x R™ x S, Problem (M-SLQ) admits a unique
open-loop optimal control. Moreover, when b(-),o(-),g(-,-),q(-, ), p(+,+) = 0, (4.7) implies that

1 T
VOt x,i) = JO(t, x,i;0) — 5]E/ |DJO(t, z,4;0)(s)|*ds. (4.8)
t

Note that the functions on the right-hand side of (4.8) are quadratic in x and continuous in ¢, (4.6) follows
immediately. O

5. CLOSED-LOOP SOLVABILITIES

In this section, we establish the equivalence between the closed-loop solvability and the existence of a regular
solution to Riccati equation. In the following, we first introduce some notation and Riccati equation. Let

Zf(& i) := B(s,i) P(s,i) + D(s,i) T P(s,4)C(s,) + S(s,1), 5.1)
R(s,4) := R(s,i) + D(s,i) "P(s,i)D(s,1).
The Riccati equation associated with Problem (M-SLQ) is
P(s,i) + P(s,i)A(s,i) + A(s,i) " P(s,4) + C(s,4) " P(s,7)C(s,1)
— 8(s,))TR(s,i)t5(s,i) + Q(s, 1) + ZD:AM(S)P(S, k)=0, ae. sc¢€ltT) (5.2)
k=1

P(T,i) = G(T,1), ieS.
Definition 5.1. A solution P(-,-) € C([t,T] x §;S™) of (5.2) is said to be regular if for any i € S
R(g(s,z)) - R(R\(s,z)), a.e. s€[t,T],
R(-i)tS(-,i) € L2(t, T R™™), (5.3)
R(s,i) >0, ae seltT).
A solution P(-,-) of (5.2) is said to be strongly regular if for any i € S

R(s,i) >\,  ae. se[tT), (5.4)

for some A > 0. The Riccati equation (5.2) is said to be (strongly) regularly solvable, if it admits a (strongly)
regular solution.

Clearly, condition (5.4) implies (5.3). Thus, a strongly regular solution P(:,-) must be regular. Moreover, if
a regular solution of (5.2) exists, it must be unique.
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Theorem 5.2. Let (H1)-(H2) hold. Problem (M-SLQ) is closed-loop solvable if and only if the Riccati equation
(5.2) admits a regular solution P(-,-) € C([t,T] x S;S™) and the solution (n(-),<(+),£(+)) of the following BSDE:

an(s) = —{ [A(s, a(5) = 55, ()T R(s, a(s)) B(s,a(s)) T]n(s)

satisfies

{ﬁ(s)eR(ﬁz(s,a(s))), a.e. as.
R(s,a(s))'p(s) € LE(0, T:R™),

with

p(s) = B(s,als)) 'n(s) + D(s,a(s)) "¢(s) + D(s,a(s)) " P(s,a(s))o(s) + pls, als)).

(5.7)

In this case, Problem (M-SLQ) is closed-loop solvable, and the closed-loop optimal strategy (©*(-,a(-)),v*(+))

admits the following representation:

~

{ 0*(s,a(s)) = —R(s,a(s))TS(s,a(s)) + [I — R(s,a(s))T R(s, a(s))] (s, a(s)),
v*(s) = —R(s,a(s))TA(s) + [I — R(s, a(s)) R(s, a(s))]v(s),

for some 11(-,i) € L2(t, T;R™*"™) and v(-) € LZ(t,T;R™), and the value function is given by

~

V(ta,i) = E{<P<t,z’>m,x> +20n(0).) + | [P - <E<s,a<s>>*ﬁ<s>,ﬁ<s>>}ds},

where ﬁ(s) = (P(s,a(s))a(s) +2¢(s),a(s)) + 2(n(s),b(s)).

Proof. Necessity. Let (©*(-,a(+)),v*(+)) be a closed-loop optimal strategy of Problem (M-SLQ) and set

(X*(.)7 Y*(')’ Z*(.)’ F*(')) = (Xe*,v* (. ; t? x’ i)’ Y®*7v* (' ;t7 x? i)? Ze*V,U* (. ;t’ 'T) Z‘)’ F@*7v* (' ;t7 x? l))'

Then the following stationary condition holds:

B(s,a(s))"Y*(s) + D(s,a(s)) " Z*(s) + [S(s,(s)) + R(s,(s))O* (s, a(s))] X*(s)
+ R(s,a(s))v*(s) + p(s,a(s)) =0 a.e. as..

(5.8)

(5.9)

(5.10)

Since the above admits a solution for each (x,i) € R" x &, and (0*(-,a(+)),v*(+)) is independent of (z,7),
by subtracting soulutions corresponding to (z,7) and (0,%), the later from the former, we see that for any
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(x,i) € R" x S, as long as (X (5, 2,4),Y (-5 t,2,4), Z(+;t,2,1),['(+; ¢, 2,4)) is an adapted solution to the following
FBSDE

dX (s;t, @, i) =[A(s,a(s)) + B(s,(s))O* (s, a(s))| X (s; t, z, i)ds
(

)
+ [C(s,a(s)) + D(s,a(s)0* (s, a(s)) | X (s;t, z, 1)dW (s),
dY (s;t,z,i) = — {A(s,a(s)) Y (s;t,2,4) + C(s,as)) " Z(s;t,2,1)
+[Q(s, a(s)) + S(s,0(5)) TO* (s, a(s))] X (531, 2 z)} ds (5.11)
D ~
+ Z(s;t,x,0)dW(s) + Z Ty (s;t,x,)dN(s), se€t,T],
1k=1
X(t;t,x,i) =z, at)=1i, Y(T;t,z,i)=G(T,a(T))X(T;t,xz,1),
one can have the following stationary condition:
B(s,a(s)) Y (sit,2,i) + D(s,a(s)) " Z(s;t,x,1) (5.12)
+ [S(s,(s)) + R(s,a(s))O*(s,a(s))| X (s; t,2,i) =0, a.e. as.. .
Clearly,
(X(5t,2,0), Y (-5 t,2,4), Z(-5t,2,0), (-5 8, 2, 4))
= (X()®*7O( ; t7 €, 2)7 YE)®*7O(' ; ta €, Z)a Z()®*70(' 7ta z, 7’)7 F(?*7O(' ; ta x, Z))
Let e; denote the unit vector of R™ whose i-th component is one. Define, for ¢t < s <T
X(37ta7’) :(X(37t76171)77X(87t7en’7'))? Y(S,t,l) = (Y(S,t,€171)7,Y(S,t,ey“Z)), (5 13)
Z(s;t,1) :=(Z(s;t,e1,1),...,2(s;t,en,t)), Tr(s;t i) = (Tr(s;t,e1,i), ..., Tr(s;t, en, ). '
It is easy to verify that, for t < s < T
X(s;t,x,1) = X(s;t,0)x, Y(s;t,x,i) =Y (s;t,i)x, (5.14)
Z(s;tyx,i) = Z(s;t,0)x, Tr(s;t,x,i) = Ti(s;t, ). '
In particular, if we set P(¢,4) := Y (¢;t,1), then
Y(t;t,z,i) =Y (t;t,0)x = P(t,0)z.
Therefore,
Y(sit,i)z =Y (sit,2,i) = Y(s; s, X(s3¢,2,1),a(s)) = Y(s35,a(s)) X (s, 2, 9)
= P(s,a(8)) X (s;t,4)x, for any x € R",
which leads to
(5.15)

Y (s;t,i) = P(s,a(s)) X (s;t,1).
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Note that X (s;t,4)~! exists, and so
P(s,a(s)) = Y (s;t,4) X (s;t,9) L.

Thus the differentiability of P(-,-) follows from the differentiability of Y'(-;¢,i) and X (-;¢,4) in the above. Let
P(s,4) be the partial derivative of P with respect to s. Applying Itd’s formula to P(-, a(-)) X (+;¢,) yields

d[P(s,a(s)) X (s;t,1)] = {P(s, a(s)) + P(s,a(s))[A(s, a(s)) + B(s, a(s))O* (s, a(s))]

+Z)\a(s (s, k) — P(s, a(s—))] X (s;t,i)ds
(5.16)

P(s,a( ))[C(s,a(s)) + D(s,a(s))O" (s, a(s))| X (s5¢, )W (s)
D
P(s,0)] X (s;t,9)dNik(s).

k=

+
[P
I,k=1

Also, we observe that Y (s;t,4) satisfies the following BSDE

dY (s;t,1) = — [A(s,oz(s))TY(s; t,i) + C(s,a(s)) " Z(s;t,17)

+ [Q(s,a(s)) + S(s,(5))0" (s, (5) ]X(S;ti)]ds

D (5.17)
+ Z(sit,0)dW (s) + Y Tuelsit,i)dNw(s), s € [t T,
l,k=1

Y(T:t,i) =G(T, a(T)) X (T; 1, ).

Comparing the coefficients of (5.16) and (5.17), we have

N
N
®

Py

-
Nad?

Il

P(s,a(s))[C(s,a(s)) + D(s, a(s))0*(s,a(s))| X (s; ¢,7),

’ _ (5.18)
Fk(s;t,z)z[P(s k) — P(s, a(s—))]X(s;t,z),

and

{P(s, a(s)) + A(s, a(s))TP(s, a(s)) + P(s,a(s))A(s,a(s)) + C(s, a(s))TP(s, a(s))C(s,a(s))

+ [P(S,Q(S))B(S»Q(S)) +C(s,a(s)) T P(s,a(s))D(s,a(s)) + S(s,a(s)) T |07 (s, a(s)) (5.19)
D

+Q(s, () + Y Aagsys(5) [P(s, k) = P(s, a(s—))] }X(S; t,1) =0.

k=1
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Observing that the inverse of X (s;t,4) exists, therefore the last equation reduces to

P(s7 a(s)) + A(s, a(s))TP(s, a(s)) + P(s,a(s))A(s,a(s)) + C(s, a(s))TP(s, a(s))C(s,a(s))

+ {P(s7 a(s))B(s,a(s)) + C(s,a(s)) " P(s,a(s))D(s,a(s)) + S(s, a(s)) " |©*(s,a(s))
(5.20)

+ Q(s, af +Z)\a(s (s,k) — P(s,a(s—))] = 0.

Now, if we replace a(s—) by «a(s) in the above equation, it is still satisfied except countable points of [¢t,T] due
to the right continuous with left limit property of the path of Markov chain «. That is,

P(s,a(5)) + Als, a(3))T P(s,a(s)) + P(s,a(s)) A(s, a(s)) + C(s, a(s)) T P(s, a(s))C(5, a(s))
+ [P(s, a(s))B(s,a(s)) + C(s, oz(s))TP(s7 a(s))D(s,a(s)) + S(s,a(s))T O0%(s,a(s))

+Q(s,a(s)) + Z)‘O‘(S (s,k) — P(s,a(s))] =0, ae. sel[tT]
Observing Z,?zl Aik(s) = 0, we can also rewrite the above equation into the following form

D
Z{ s,1) + A(s,4) " P(s,i) + P(s,i)A(s,4) + C(s,1) " P(s,7)C(s,1)

i=1

+ {P(s,z’)B(s,i) + C(s,4) " P(s,1)D(s,i) 4+ S(s,) " |©*(s,7) (5.21)
D
Q(s,1) + Z Aik(s)P(s, k)}la(s)_i =0, ae seltT].
k=1

Therefore, by taking «(t) for all initial (¢,%), we have

P(s,i) 4+ A(s,i) " P(s,i) + P(s,i)A(s,i) + C(s,i) " P(s,1)C(s,1)

. . NT . ; NT10*(s. 4
+ [P(s,1)B(s,4) + C(s,4) ' P(s,4)D(s,i) + S(s,1) ' |©7(s,1) (5.22)

Q(s,i) + > Aik(s)P(s,k) =0, i € S, ae. s € [t,T].

It follows from (5.14), (5.15) and (5.18), and the definitions of S(-,-) and R(-,-) in (5.1) that the stationary
condition (5.12) can be rewritten as

~

[g(s,a(s)) + R(s,a(s))0%(s,a(s))] X (s;t,1) =0, a.e. ass.,

which yields
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Thus, from the irreducibility of the Markov chain, we have

S(s,i) + R(s,i)0%(s,i) =0, Vi€ S, a.e., (5.23)

which implies

R(§(s7z) C ’R(ﬁ(s,i)), a.e. s€lt,T].
Using (5.23), we can rewrite (5.22) as
P(s,4) + [A(s, i) + B(s,0)0%(s,9)] | P(s,i) + P(s,i)[A(s,4) + B(s,1)0" (s,1)]
+ [C(s,4) + D(s,7)0%(s, i)]TP(s,i) [C(s,7) + D(s,1)0"(s,1)] + ©*(s,7) " R(s,1)©*(s,1) (5.24)

D
+8(s,4) ' ©%(5,4) + ©%(5,4) " S(s,1) + Q5,4) + > _ Aik(s)P(s,k) =0, ae. s € [t,T).
k=1

Since P(T,i) = G(T,i) € S™ and Q(,-), R(-,-) are symmetric, we must have P(-,-) € C([t,T] x S;S™) due to
the uniqueness of the solution of (5.24). Let R(,-)! be the pseudo inverse of R(-,-), then the solution of (5.23)

admits the following representation
©*(s,i) = —R(s,i)TS(s,4) + (I — R(s,i) R(s,4))1I(s, 1), (5.25)
for some I1(-,i) € L2(t, T; R™*™). Thus, making use of (5.23), we have

S(s,i)T©%(s, i)
= —O%(s,i)" R(s,1)0"(s,1) (5.26)
= —0%(s,4) " R(s,i)[ — R(s,4)1S(s,i) + (I — R(s,9)T R(s,4))1I(s,4)]

= —S(s,i) T R(s,i)TS(s, ).

R
R

Substituting the above equation into (5.22) we obtain

P(s,i) + A(s,i) T P(s,i) + P(s,i)A(s, i) + C(s,4) " P(s,i)C(s,1)
D (5.27)

— S(s,i) " R(s,)1S(s,1) + Q(s5,0) + >_ Nir(s)P(s,k) =0, ace. s€[t,T].
k=1

Therefore, Riccati equation (5.2) follows.
Next, we figure out v*(-). For s € [¢,T], let

n(s) =Y"(s) = P(s,a(s)) X" (s),
((s) = Z7(s) = P(s,(s))[C(s, afs)) + D(s, a(s))0" (s, a(s))| X" (s)
— P(s,a(s))D(s, a(s))v"(s) — P(s, a(s))o(s),

€in(s) = Ty (s) — [P(s, k) — P(s,1)] X" ().

)

S,

Then

dn(s) = dY™*(s) — dP(s,a(s)) - X*(s) — P(s,a(s))dX*(s)
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= — {A(s, a(s))TY*(s) + C(s,a(s))TZ*(s) + (Q(s, a(s)) + S(s, a(s))T@*(s, a(s)))X*(s)

D
+5(s, () Tv*(s) + q(s, a(s))} ds+ Z*(s)dW(s) + Y Tp(s)dNuk(s)

= - {A(S, a(s)) Tn(s) + C(s,a(s)) T¢(s) + S(s, () [0 (s, () X" (s) + v*(s)]

+C(s,0() T P(5,a())a(s) + P(s,a(s))b(s) + a5, a(s))
805, a(8) T Rls. ) (s,0(5) X" (9)|ds + (s £ (o) Nuls

l,k=1

== {A(s, o)) T(s) + C(s,0()) "¢(s) + S(s,a(s)) "v*(5) + Cls, als)) T P(s, a(s))o (s)

P, a()H) +als.a(9)] ds + () £ o) Fuls

l,k=1

where the last equality follows from equation (5.26).
According to (5.10), we have

+[S(s,a(s)) + R(s, a(5))07 (s, a(s))| X7 (s) + R(s, a(s))v” (s) + p(s, a(s))
=[S(s,a(s)) + R(s,a(s))0" (s, a(s))] X *(s) + pls) + (s, a(s))v"(s)
=(s) + R(s,a(s))v" (s),

(5.28)
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where p(s) is defined by (5.7). Thus, we have
P(s) € R(R(s,a(s)),

and

~ ~ ~

v*(s) = —R(s,a(s))"p(s) + [I — R(s, a(s)) ' R(s, a(s))]v(s),

for some v(-) € LZ(t,T;R™). Consequently,

~

S(s,a(s)) "0 (s) = =0 (s,a(s)) T R(s, a(s))v"(s)
= 0" (s, a(s)) " R(s, a(s)

= —S8(s,a(s)) TR(s,a(s)) p(s
Observing the definition of p(s) and substituting the above equation into (5.28), we get the desired result of

equation (5.5).
Sufficiency. Applying Itd’s formula to s — (P(s,a(s)) X (s) + 2n(s), X (s)) yields

J(t,x, i u(v)) = IE{ (P(t,i)x +2n(t),z)

where

Q(s,i) := P(s,i) + P(s,i)A(s,i) + A(s, i) P(s,i)

D 5.30
+C(s,i) " P(s,i)C(s,1) + Q(s,1) + Y _ Ni(s)P(s, k). (5:50)

k=1

Substituting these equations into (5.29) leads to
J(t,x, i u(-))

= E{ (P(t, i)z +2n(t),z) +/t [ (P(s,a(s))a(s)+2¢(s),0(s)) +2({n(s),b(s)) |ds
—I—/t [<@*(s,a(s))T§(s,a(s))@*(s,a(s))X(s),X(s)>
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~

+ (Ris,a(s))uls) — 2R(s,a(5))[6" (5, a(s)) X () + v*(s)], u(s) )
+2(6"(5,0(6) T Rls.a(e))0” (5, X(0)) as |

—5{ (P + 200,0)+ [ ' [ (Pls.als)als) + 26(5).005))
2 (3(6),006)) — (Rs. ()" (5)0”(6)) s

+/t <§(s, a(s)) [u(s) —0%(s,a(s)X(s) — v*(s)],u(s) —O%(s,a(s)X(s) — U*(s)>ds}
= J(t,2,i;0%(-, () X"() +v*(-)

+ E/t <1§(s, a(s)) [u(s) — O%(s,a(s)) X (s) — v*(s)],u(s) — O*(s,(s)) X (s) — v*(s)>ds.

From the definition of the regular solution of Riccati equation (5.2), we know that

~

R(s,a(s)) >0, a.e. seltT]
Therefore,
J(t, 2,107 (a() X () + 0*()) < (b, iru(), Vu() € Ul T),

which yields that (©*(-,a(-)),v*(:)) is the closed-loop optimal strategy of Problem (M-SLQ). Finally, the
representation of the value function follows from the identity

(R(s, a(s))v*(s),v"(s)) = (R(s, () T(s), pls)) -

6. UNIFORM CONVEXITY OF THE COST FUNCTIONAL AND THE STRONGLY
REGULAR SOLUTION OF THE RICCATI EQUATION
We first present some properties for the solution to Lyapunov equation, which play a crucial role on estab-

lishing the equivalence between uniform convexity of the cost functional and the strongly regular solution of
the Riccati equation.

Lemma 6.1. Let (H1)-(H2) hold and ©(-,4) € L?(t,T;R™*") fori € S. Let P(-,i) € C([t,T];S"),i € S be the
solution to the following Lyapunov equation:

P(s,i) + P(s,i)A(s,3) + A(s,3) " P(s,i) + C(s,3) " P(s,i)C(s,1)
+ 8(s,1) TO(s,1) + O(s,i) T5(s,i) + O(s, i) R(s,1)O(s, 1)

D 6.1
+Q(s,1) + Y _Nin(s)P(s, k) =0,  ae. se[tT], (6.1)
k=1
P(T,i) = G(T\,i).
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Then for any (t,z,i) € [0,T) x R™ x S and u(-) € U[t,T], we have
Tt 2,60, () X5 (51, 2,1) + u(-))

T
— (P(t, i)z, z) + ]E/t {(Thu(s),u(s)) +2 (T2X" (st ,1), u(s) ) pds.

where X(?’”(- ;t,x,1) is the solution of (2.8) and

~

(- a())u()
[SCoa() + R, a(-)O(, a()] X5 (-3t 2, ).

«

Tlu(-) =
T2XE (it 2,0) =

Proof. For any (t,z,i) € [0,T) x R" x S and u(-) € U[t, T, let X" be the solution of (2.8) and set

T(SX(?,u(' it Z) = P(v a()) + P('a O‘('))A(" a()) + A(" O‘('))TP(W a()) + C('a a('))TP('> a())C(, a())

+5(,a() O, a() +6(,a()) 'S, al)) + O, a(-) T R( a()O(- ()

+Q(al) + 3 Ak OPCR] XSt

k=1
Applying It6’s formula to s — (P(s,a(s))X (s), X(s)), we have
Tt 2,1 0(, a())Xg (- t,2,4) + ul-))

= E{(G(T, Q(T)XS " (Tst.,), X5 (Tst)) + [ ' KQ(S,Q(S))X?’“(S;L 2.), X0 (sit,2.1) )
+2(S(s,a(s) X5 (53t 2.8),uls) ) + (R, a(s))u(s»u(s)ﬂ ds}

= (P(t)e.2) +E [ TS, 0), X (s28,2.1)) + (Thu(s) () 42 TEXS (528, 2.),u(s)) s

= (P(t0je.2) + B [ (T, ) 42 (TEXE " (55t .0, (o)) .

This completes the proof. O

Proposition 6.2. Let (H1)-(H2) and (4.3) hold. Then for any ©(-,i) € L*(t,T; R™*™), the solution P(-,i) €
C([t,T);S™) to the Lyapunov equation (6.1) satisfies

R(s,i) 2 A, a.e. s€][t,T], and P(s,i) = ~I, Vselt,T], (6.2)

where v € R and appears in (4.6).
Proof. Let ©(-,i) € L%(t,T;R™*") and let P(-,i) be the solution to (6.1). By (4.3) and Lemma 6.1, we have

T
/\IE/t O(r, a(r)) XS (r;t,0,4) +u(r)|2dr < JO(t,0,4; 0(, () X5 (-3, 0,1) + u(-))
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~

T fay o~
=]E/t {<R(7"7@(7"))U(7“),u(7')>—|—2<[S(r,a(r))+R(r,a(r))@(r a(r)] XS (r;t,0,4), u(r)) }dr_

Hence, for any u(-) € U[t,T], the following holds:

]E/ {2<[§(T,a(r))+ (R(r,a(r)) = AI)O(r, a(r))] Xg " (r;£,0,4), u(r) )
¢ (6.3)

R T
+{ (R(r,a(r)) - )J)u(r),u(r)) }dr > )\IE/O |@(T,a(r))Xoe’u(r;t,O,i)|2dr >0

Let ®©(-;t,4) := (Xg)’o(- ity e1,1), - ,Xg)’o( it,en,1)). Then it is easy to verify that ®©(-;¢,4) is the solution
to the following SDE for R™*"-valued process:

d®®(s;t,i) = [A(s, a(s)) + B(s,a(s))@(s,a(s))}@e(s;t,i)ds
s,a(s)) + D(s,a(s))0(s, a(s))] @O (s;t,i)dW (s), s € [t, T, (6.4)
OO (t;t,0) =1, oft) =i.

Thus, X?’“C ;t,0,1) can be written as
Xg " (s5t,0,1)

:(be(s;t,i){/ts ée(v;t,i)_l[B(v,a( )) — [C(v, a(v)) + D(v, a(v))© (v,a(v))]D(v,a(v))]u(v)dv

+/ ®°(v;t,4) ' D(v, v }
t
<

Now, fix any ug € R™, take u(r) = ugl(s s1n)(r), with t < s < s+ h < T. Consequently, (6.3) becomes

E /+ {2080 .a() + (Rr,a(r) = A)O(r.a(r)|B(rit,i), uo) + ( (R(ra(r) = M)uo, uo) Jdr >0,
where
b(rst.0) = 0°(rst.){ [ 8% [Blv,(0) - [C0.a0) + Dlv.a(0)B(w,a()]Dlo. (o)) uads
+/ST cb@(v;t,z')1D(v,a(v))uodW(v)}~
Dividing both sides of the above by h and letting h — 0, we obtain

((R(s,i) = M)ug,up) =0,  ae. selt,T], YupeR™

Thus the first inequality in (6.2) follows. To prove the second, for any (s, z,4) € [t,T) X R" x S and u(-) € U]s, T
and by Proposition 4.7 and Lemma 6.1, we have

7|x\2 < Vo(s,x,i) < Jo(s,x,i;@(-,a(-))X(?’“(~ 8, x,1) +u(r))

T
= <P(s,i)m,z>+E/ {(ﬁ(r,a(r))u(r),u(r)}
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2 ([S(r,a(r)) + R(r,a(r)O(r, a(r)] X5 (r:t,0,0), u(r)) }dr.
In particular, by taking u(-) = 0 in the above, we obtain
(P(s,i)x,x) = 7|x\2, V(s,x,i) € [t,T] x R" x S,

and the second inequality therefore follows. O

Now we further prove the equivalence between the uniform convexity of the cost functional and the strongly
regular solution of Riccati equation.

Theorem 6.3. Let (H1)—(H2) hold. Then the following statements are equivalent:
(i) The map u(-) — JO(t,0,4;u(-)) is uniformly convez, i.e., there exists a A\ > 0 such that (4.3) holds.
(ii) The Riccati equation (5.2) admit a strongly regular solution P(-,-) € C([t,T] x S;S™).

Proof. (i) = (ii). Let Py(-,-) be the solution of
Po(s,4) + Po(s,9)A(s, i) + A(s, i) Py(s, 1)
+ C(s,4) " Po(5,4)C(s,7) + Q(s,7) + ED: Nir(s)Po(s, k) =0,  ae. secltT],
Py(T,i) = G(T,i). -

Applying Proposition 6.2 with ©(:) = 0, we obtain that

}A%(S,i) >N, Py(s,i) =1, a.e. s€elt,T].

Next, inductively, for n =0,1,2,..., we set
O,(s,1) = (s,z) ! [B(s i) P,(s,i) + D(s,i) " P,(s,4)C(s,4) + S(s,i)],
An(s,i) = A(s, 1) + B(s,1)04(s, 1), (6.5)
Cn(s,i) = C(s,1) + D(s,1)On(s, 1),

and let P41 be the solution of the iteration
Pn—i—l(sai)+Pn+1(svi)An(37i)+A ( .)TPn-‘rl( )

+C(5,7) " Pug1(s,1)Cn(s,i) + Qn(s,i) + Z)\m P,yi(s, k) =0, a.e. s€[t,T],
k=1
Ppia(T,i) = G(T,4).

By Proposition 6.2, we have

R(s,i) 4+ D(s,4) " Ppy1(s,i)D(s,i) = M,
P’n+1(sai)>fyla a.e. Se[t,T], n:O,1727"'

We further claim that {P,(s,4)}%2, converges uniformly in C([t, T];S™). To show this, let

An(s,i) & Py(s,i) — Puii(s,1), An(s,1) 2 0,_1(s,1) — Op(s,1), n>1.
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Then for n > 1, we have

—A,(5,3) =Ppy1(s,1) — Py(s,1)
=P, (5,1)An_1(5,0) + Apn_1(5,3) " Po(5,3) + Cn_1(5,7) " Pp(5,7)Cpn_1(s,7)
+0,_1(5,1) "R(5,1)0p_1(s,7) + S(5,1)  Opn_1(5,7) + Opn_1(s,7) " S(s,1)
= P (5,1)An(5,1) = An(5,0)T Pas1(5,9) — Ca(5,0) Py (5,9)Cn(s, )

(s,
D

—O,(s,1) " R(5,1)0,(s,1) — S(5,7) 'O (s,7) — Op( Z (6.7)
k=1

=A,(5,1)Ap(s,1) + An(s,i) T Ap(s,i) + Chn(s, i) Ap(s,i)Ch(s, i)
+ Po(5,9)(An_1(5,1) — Ap(s,7)) + (An_1(5,1) — Ap(s,4)) " Pa(s,4)
+ Cr1(5,4) T Pu(s,1)Cr_1(8,) — Cn(5,4) T Py (s,1)Cp(s,7)
+0,_1(5,1) "R(5,4)0,_1(s,7) — O (s, i)TR(s 1)On(s,17)

+5(5,3) T An(s, i) + An( (s,1 +Z>‘“€

By (6.5), we have the following:

An_1(8,1) — Ap(s,1) = B(s, i) Ay (s,1),

Crn-1(8,7) — Cpn(s,i) = D(s,4)An(s,1),

Cp_1(5,1) " Py(s5,i)Cr_1(5,7) — Cn(s,7) " Ppn(5,7)Cy(s,7)

= An(8,4) " D(s,i) " Pu(5,3)D(8,9)An(5,3) + Cn(s,3) " Po(s,4)D(s,i) A, (s,1) (6.8)
+ An(s,4) " D(5,3) " P, (s,i)Cn(s,i),

On_1(5,7) "R(5,1)0,_1(s,1) — ©,(s,1) " R(s,7)On(s5,7)

= An(s,0) T R(8,1)An(s,7) + Ap(s,i) T R(5,7)Op(s,7) + On(s,i) " R(s,i)An(s,1).

Note that

B(s,i) " Py(s,i) 4+ D(s,3) " Py(s,1)Cp(s,7) + R(s,1)On(s,1) + S(s,1)
= B(s,4)" Pu(s,i) + D(s,i) " P,(s,i)C(s,i) + S(s,4) + (R(s,i) + D(s,i) " Py(s,4)D(s,7))O,(s,4) = 0.

Thus, substituting (6.8) into (6.7) leads to

D
_ [An(s,z) + A (s,1)An(s,7) + An(s,1) T Ap(s,4) + Ch(s,1) T An(s,i)Cp(s,i) + Z Aik(8)An (s, k)]

+ Ch(s,4) " Po(s,4)D( n(8,0) 4+ A (5,4) " D(8,7) T Po(8,7)Ch(8,1) + An(s,4) " R(s,7)An(s,1)

+ A, (s Z)TR(S z)@n(s i)+ O,(5,7) " R(s,1)Apn(s,3) + S(5,4) Ap(s,3) + Ap(s,3) " S(s,4) (6.9)
= Ap(5,9) T [R(s,9) + D(s,4) " Py(s,1)D(s,1)| An(s,4)
[ ( )B( ) + Cp(s,4) " Py(s,i)D(s,i) + ©,(s,7) " R(s,i) + S(s, i)T]An(S, i)
+ A (s, )T[ (5,1) " Py(s,i) + D(s,3) " Pu(5,1)Cp(s,7) + R(s,1)0,(s,1) + S(s, i)l

= Po(s,1)B(s,i)An(5,3) + Ap(s,9) " B(s,1) T Pu(s,4) + Ap(s,4) " D(s,1) " Py(s,4)D(s,4)Ap(s,7)
s, 1)A
) +
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= An(5,9) " [R(s,9) + D(s,4) " Py(s,1)D(s,1)| An(s,4) > 0.
Noting that A, (T,i) = 0, and using Proposition 3.2 and (6.6), we obtain
Pi(s,4) = Pu(s,1) = Ppy1(s,i) = ol Vs e [t,T), Vn=1.

Therefore, the sequence {P,(s,7)}22; is uniformly bounded. Consequently, there exists a constant K > 0 such
that (noting (6.6))

)| <
K(|B(s, )|+|C(8 i) +18(s, 1)),

[On(s, )] < K ( a.e. s€[t,T|,Vie S,¥n>0, (6.10)
[An(s,1)| < [A(s,9)] + K|B(s,9)[(|B(s,9)| + |C(s,9)] + |S(s,9)]),
Cn(s,0)| <|C(s,9)| + K (|B(s,4)] + [C(s,0)| +S(s,9)])

where R, (s,i) = R(s,i) + D' (s,i)P,(s,i)D(s,). Since

An(s,1) = ©p_1(s,4) — On(s,1)
= R(s,4) " D(s,i) T Ap_1(5,9)D(s,3)Rn_1(s,9) " S, (s,4) (6.11)
— R, 1(s,9)7" [B(s, i) A1 (s,0) + D(s,i) T A, _1(s,7)C (s, i),

where S, (s, i) := B(s,i) T Pu(s,i) + D(s,i) T Py(s,4)C(s,i) + S(s, i), one has

[A(,8) Ru(s, D) An(5, )] < (100 (5,0)] + 1On-1(5,0)]) [R5, )] [On1(5,7) = Ouls, )|
(6.12)

2
K (1B(s, 0]+ 1CGs, )1+ 15(5,0)] ) An-1(5,)].

Equation (6.9), together with A, (T,¢) = 0, implies that

T
Ap(s,i) = / (A (r,9) An(r,i) + An(r, ) T AL (1,3) + Cr(r, 1) T A (1,3)Cr (7, 7)

+ A (r,8) Ry (r i) A (r, 1) + ) Nin(r)Ap(r, k)] dr.
Making use of (6.12), together with (6.10), we get
T D
An(s,9)] </ o) || Autr W) +1Anatri)l]dr, VselnT], W1, (6.13)
s k=1

where ¢(-) is a nonnegative integrable function independent of A, (-,-). Let

D
180 )| += i | A (5, ).
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Hence, from (6.13), we have

T
1)1 < [ e [180) + 180 )] dr W5 £T), Va1

By Gronwall’s inequality, we obtain

T T
|An(s)]| < elo £ / o) An_y ()| dr = / ()| A1 () | dr.

Set

A
= A .
a2 max ()]

By induction, we deduce that

T

1An ()l < afﬂ(/fsamdr)", vs € [t,T),

(6.14)

which implies the uniform convergence of {P,(+,)}22,. We denote P(-,-) the limit of { P, (+,-)}22,, then (noting

(6.6))

R(s,i) + D(s,i) " P(s,i)D(s,i) = lim R(s,i)+ D(s,i) " Pu(s,i)D(s,i) > €I, a.e. s€lt,T],

n—oo

and as n — oo,

On(s,i) — —R(s,i)S(s,i) = O(s,i) in L2,
Ap(s,i) = A(s,i) + B(s (s,1) in L1,

,1)0(s,1
Cn(s,i) — C(s,4) + D(s,4)O(s,4)  in L2

V2]
~

Therefore, P(-,-) satisfies the following equation:

P(s,) + P(s,1) [A(s,4) + B(s,1)0(s,4)| + [A(s, i) + B(s,1)O(s, i)]TP(s,i)

+[C(s,i) + D(s,1)O(s, )] TP(s, i)[C(s,4) + D(s,4)0(s,1)] + O(s,i) " R(s,1)O(s,1)
+5(s5,0)TO(s,7) + O(s,7) T S(5,4) + Q(5,0) + Sy Min(s)P(s,k) =0,  ae. selt,T),
P(T,1) = G(T,1),

which is equivalent to (5.2).
(ii) = (i). Let P(-,-) be the strongly regular solution of (5.2). Then there exists € > 0 such that

R(s,i) > eI, a.e. s€lt,T].
Set

~

O(s, as)) £ —R(s,o(s))S(s, a(s)) € L*(0, T; R™ ™).

(6.15)
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For any u(-) € U[t,T], let X{(-;t,0,4) be the solution of

dX§ (s;t,0,7) = [A(s, a(s)) X (s;£,0,4) + B(s, as))u(s)]ds
+[C(s,(5)) X (53¢,0,4) + D(s, as))u(s)|dW(s), s € [t, T,
Xg“t) =0, a(t)=1.
Applying It6’s formula to s — (P(s, a(s)) X (s;t,0,4), X§(s;t,0,4)), we have
JO(t,05u(-))

_ E{<G(T,a(T))Xg(T;t, 0,7), X;;(T;t,o,z')> + /tT [<Q(s, a(s))Xg;(s;t,o,i),Xg(s;t,o,i)>

+ 2<S(s7 a(s)) X (s;t,0,1), u(s)> + <R(s7 a(s))u(s), u(s)>} ds}

) [A(s, a(s)) X (5:¢,0,4) + B(s, a(s))u(s)], X§(s;t,0,4) )

VX (s35t,0,7), A(s, as)) X (s56,0,4) + B(s, a(s))u(s))
)[C (s, ()X (5:¢,0,4) + D(s, as))u(s)], C(s, a(s)) X (s5t,0,4) + D(s, a(s))u(s) )
)X (85¢,0,1), X0(5t01)> 2(S(s,a(s)) X (85¢,0,7),u(s))

+ (R(s, a(s))u ZAQ(S P(s, k) X2 (s:,0,1), X2 (5,0, z)>}d

T o~ ~ o~
= E/t {(Q(s, a(s)) X (s;t,0,4), X (5;t,0,2) Y +2 (S(s, a(s)) X (s;t,0,2),u(s) ) + ( R(s, a(s))u(s), u(s) ) |ds

T ~
= E/t [(O(s,a(s) " R(s, a(s))O(s, a(s)) X' (38,0, ), X5 (5:2,0,7) )
—2( R(s,a())O(s, a(s)) X§' (51, 0,1), u(s) ) + ( B(s, a(s))u(s), u(s) ) |ds

T o~
= E/t ( [R(&a(s)) [u(s) — O(s, a(s))Xa‘(s;t,OJ)],u(s) —O(s,a(s)) Xy (s;t,0,4) ) ds.

Noting (6.15) and making use of Lemma 4.5, we obtain

T ~
JO(t,0;u(-) = E/t (R(s,a(s))[u(s) — O(s,a(s)) X (s:¢,0,4)],u(s) — O(s, a(s)) X (s;t,0,4) ) ds
T
SXE [ fulo)Pds, Ya() Ut 1)

for some y > 0. Then (i) holds. O

Remark 6.4. From the first part of the proof of Theorem 4.6, we see that if (4.3) holds, then the strongly
regular solution of (5.2) satisfies (5.4) with the same constant A > 0.

Combining Theorem 5.2 and Theorem 6.3, we obtain the following corollary.
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Corollary 6.5. Let P(-,-) be the unique strongly regular solution of (5.2) with (n(-),{(+),&(+)) being the adapted
solution of (5.5). Suppose that (H1)—(H2) and (4.3) hold. Then Problem (M-SLQ) is uniquely open-loop solvable
at any (t,x,1) € [0,T) x R™ x S with the open-loop optimal control u*(-) being of a state feedback form:

g*

[

!
=
2
1
“\
2
g

!
=)

() ™'A() (6.16)

where R(-,-) and p(-) are defined by (5.1) and (5.7) respectively, and X*(-) is the solution of the following
closed-loop system:

dX*(s) = {[A(s,a(s)) - B(s,a(s))fi(s a(s))_lg(&a(s))}X*(s)

)
+{[C(s,a(s)) = D(s,a(s)R(s,a(s))~ 15(5 a(s))] X*(s) (6.17)
—D(s,a(s))R(s,o(s)) " p(s) + dw (s s e[t T),

Proof. By Theorem 6.3, the Riccati equation (5.2) admit a unique strongly regular solution P(-,-) €
C([t,T] x §;S™). Hence, the adapted solution (n(-), (), £(+)) of (5.5) satisfies (5.6) automatically. Now applying
Theorem 5.2 and noting the remark right after Definition 2.3, we get the desired result. O

Remark 6.6. Under the assumptions of Corollary 6.5, when b(-),o(-), g(-,-),q(-,-), p(+,-) = 0, the adapted
solution of (5.5) is (1(-),¢(-),€(-)) = (0,0,0). Thus, for Problem (M — SLQ)°, the unique optimal control u*(-)
at initial pair (¢,2,7) € [0,7) x R™ x S is given by

u*(:) = —R(,a() 7' S(,a() X7 (), (6.18)
with P(-,-) being the unique strongly regular solution of (5.2) and X*(-) being the solution of the following

closed-loop system:

~

(s, als
+[C(s,a(5)) = D(s,a(s)) R(s,a(s)) "1 S(s, a(s)) | X (s)dW (s), s € [t,T], (6.19)

{dX*(S) = [A(s,a(s)) = B(s,a(s))R(s,a(s)) 1 8(s, a(s))] X*(s)ds
X*(t) ==z, «at)=1.

Moreover, by (5.9), the value function of Problem (M — SLQ)0 is given by
VOt x,4) = (P(t, i)z, ), (t,2,i) € [0,T] x R" x S. (6.20)

7. EXAMPLE

In this section, we present an example of M-SLQ problem which is open-loop solvable but not closed-loop
solvable.

Example 7.1. Consider the following one-dimensional controlled Markovian regime switching state process

{ dX“(s;t,x, i) = [ - 2ea(s)X”(s; t,x,1) + ea(s)u(s)]ds + [Qea(s)/zX”(s; t,x, z)]dW(s)7 (71)
. .

X"t t,x,0) =z, at) =1,
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and the cost functional is defined by
J(t,x,0u(-) £ E[|X(Tst,2,7) ).
Noting that Q(-,i) = 0, R(-,i) = 0,D(-,i) = 0 for every i € S and 0 = 0, it is easy to see that Riccati

equation (5.2) becomes

D
Ps,i—i— Nik(s)P(s, k) =0, a.e. se€lt,T],
(00 3 Als) P ) . 7
P(T,i)=1.
Clearly, the unique solution of the above ordinary differential equation system is
P(s,i) =1, for (s,i) € [t,T] x S.
Thus, for any (s,7) € [t,T] x S, we have
=R, ~ ~
‘ = R(S(s,1)) € R(R(s,1)).
R(R(Sa Z)) = R(O) = {O}a
Now from Theorem 5.2, we can deduce that this M-SLQ problem is not closed-loop solvable.

In what follows, we show that this M-SLQ problem is open-loop solvable. In fact, if we let u*(-) be the control
defined by

u*(s) & ; fT exp {a(s) - 4/ ey + 2/75 eo‘(r)/QdW(r)}
¢

and X*(s;t,x,1) be the controlled state process corresponding to the initial state (¢,z,4) and the control uw*(-),
then by the variation of constant formula, we have

X*(s;t,xz,1) :exp{—4/ ea(r)dr+2/ eo‘(r)de(r)}
t t

- {an/ exp {4/ eo‘(”)dv72/ ea(”)/de(v)}6D‘(T)u*(r)dr}
¢ t t

S S —t
= xexp{—4/ e“Mdr + 2/ eo‘(’”)/QdW(r)} [1 + :_ T] , s € [t,T).

t t

Hence,
J(t,a, i 0" () = E[X*(T)]) = 0 < E[|X(Tst,2,9) ") = J(t, 2,35 u()),

which implies the open-loop solvability of the M-SLQ problem and u*(-) is open-loop optimal for the initial
state (t,x,1).

Acknowledgements. The authors would like to thank referees and editors for insightful comments that have significantly
improved the paper.
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