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ON THE PARTIAL CONTROLLABILITY OF SDES AND THE
EXACT CONTROLLABILITY OF FBSDES*

YANQING WANG! AND ZHIYONG YU?**

Abstract. A notion of partial controllability (also can be called directional controllability or output
controllability) is proposed for linear controlled (forward) stochastic differential equations (SDEs),
which characterizes the ability of the state to reach some given random hyperplane. It generalizes the
classical notion of exact controllability. For time-invariant system, checkable rank conditions ensuring
SDEs’ partial controllability are provided. With some special setting, the partial controllability for
SDEs is proved to be equivalent to the exact controllability for linear controlled forward-backward
stochastic differential equations (FBSDESs). Moreover, we obtain some equivalent conclusions to partial
controllability for SDEs or exact controllability for FBSDEs, including the validity of observability
inequalities for the adjoint equations, the solvability of some optimal control problems, the solvability
of norm optimal control problems, and the non-singularity of a random version of Gramian matrix.
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1. INTRODUCTION

In this paper, we consider the following controlled linear stochastic system:
d
AX () = [Ao() X (8) + Bo(t)u(t)] dt + > [A4; ()X (1) + B;(0)o(t) | aw; (), ¢ e 0,7, (1.1)
j=1

where W (-) = (W1 (-), Wa(-),...,Wa(:)) T is a d-dimensional Brownian motion and 4;(-), B;(*) (j =0,1,...,d)
are given matrix-valued stochastic processes (which will be defined precisely in the next section). In the above,
X(-) is the state process valued in R™ and v(-) is the control process valued in R¥.

System (1.1) is called ezxactly controllable on [0,T] if for any initial state Xo € R™ and any terminal state
€ € L% (;R™) (the definition is given in the next section), there exists a control process v(-) such that

X(T; Xo,0()) =& (1.2)
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The notion of exact controllability characterizes the ability of the system to attain accurately any given terminal
point from an arbitrary initial point. Controllability is one of the most important concepts in the determinis-
tic/stochastic control theory, and there exist extensive works on this topic. Among them, for a comprehensive
survey of the controllability theory on deterministic systems, one can refer to [11] for ordinary differential equa-
tion (ODE, for short) systems and [5] for partial differential equation (PDE, for short) systems. For stochastic
systems, there mainly exist two different definitions of controllability. One is driving the state to the target
exactly (exact controllability, see [1, 12, 13, 15, 18, 19, 24], and so on) or to a neighborhood of the target under
an appropriate norm (approximate controllability, see [4, 6, 10, 16]), which is similar with that in deterministic
systems. The other one is driving the state to the target with a positive probability (stochastic controllability,
see [2, 7, 20, 26], and the reference therein).

According to the notion of exact controllability, one can classify all the linear SDE systems (1.1) into two
classes: one is exactly controllable and the other is not. However, the exact controllability is dichotomic, and
some weaker concepts should be introduced to get some detailed classification. Inspired by this point, in this
paper, we introduce a notion called H-partial controllability. In detail, let H € L%, (Q;R™™) be a given Fr-
measurable matrix-valued bounded random variable. System (1.1) is said to be H-partially controllable on [0, T]
if for any X € R™ and any & € L% (€ R(H)), where R(H) denote the range of H, there exists a control process
v(-) such that

HX (T Xo,0() = €. (1.3)

If £ = 0, system (1.1) is called H-partially null-controllable on [0, T]. Clearly, by selecting H to be the identity
matrix I, one can find that the I-partial controllability coincides with the classical notion of exact controllability.
Therefore, the H-partial controllability can be regarded as a natural generalization of exact controllability.
Moreover, the notion of H-partial null-controllability characterizes the ability of system (1.1) to reach a random
subspace of R™ (i.e., N(H), the kernel of H) from an arbitrary initial state. Similarly, the notion of H-partial
controllability characterizes the ability to reach any given random hyperplane which parallel N'(H). In other
words, instead of exact controllability, the H-partial controllability provides a more detailed classification for all
linear SDE systems (1.1). Partial controllability is also proposed in [3], which generalizes the notion of stochastic
controllability, and is different from our definition.

Inspired by the duality relation between the notions of controllability and observability (which is equivalent
to an inequality named observability inequality), and the powerful effectiveness of observability in studying
controllability for ODE, PDE and SDE systems, we introduce a new observability inequality for the adjoint
equation, the validity of which is proved to be equivalent to the H-partial controllability of system (1.1). This
provides an approach to study the H-partial controllability by establishing an inequality for backward stochastic
differential equation (BSDE, for short) which, at least conceptually, is a simpler problem. Moreover, we introduce
a family of optimal control problems for the adjoint equation (see Problem (O) in the next section), and the
solvability of these optimal control problems is also proved to be equivalent to the H-partial controllability of
system (1.1). In other words, we provide a second alternative method to study the H-partial controllability
through optimal control theory. Furthermore, we introduce another family of norm optimal control problems
for the original system (1.1) (see Problem (N) in the next section), and we prove the equivalence between the
H-partial controllability and the solvability of this family of norm optimal control problems.

The norm optimal control problem for ODE and PDE systems has been widely investigated (see, for example,
[21, 22]), while there exist a few works on the SDE systems (see [9, 23, 24]). Notice that in [9, 24] the norm
optimal control problems were studied under the assumption that the system is exactly controllable (see (1.2)).
However, in the present paper, we study the problem under the constraint that the system is H-partially
controllable (see (1.3)).

Denote X (-)T = (x(-)T,y(-)T), where 2(-) and y(-) take values in R* and R™ respectively, with n’ +m’ = n.
Denote v(-)T = (u(-)T,21(-)7, ..., 2za(-)T), where u(-) and z;(:) (j = 1,2,...,d) take values in R* and R™
respectively, with k& = k' +m/d. Moreover, let H = (—M, I,,,/) and the system (1.1) satisfy a special setting (see
Setting (FB) in Section 4 for detail) or it can be transformed into this special setting (see Appendix for detail).
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Then the H-partial controllability and H-partial null-controllability of system (1.1) are equivalent, and both of
them are also equivalent to the exact controllability of the following system:

d
da(t) = [Co(t)a(t) + Do(tyu()|dt + 3 [C5(Da(t) + D; (tyu()|aw;(v), ¢ € [0,T],
j=1

d d 1.4
dy(t) = [F(t)x(t) + G(t)u(t) + R(t)y(t) + Z Sj(t)zj(t)} de + Z z;(t)dW;(t), te[0,T7, (14

j=1 j=1

y(T) = Ma(T),

where Co(-), Do(-), C;(-), D;(-), F(-), G(-), R(-), S;(-) (j = 1,2,...d) are given matrix-valued stochastic
processes. With any given initial value zo of x(-) and u(-), (1.4) becomes a forward-backward stochastic
differential equation (FBSDE, for short), which admits a unique solution (x(-),y(-),z(-)) where we denote
z2(:) = (#1(+), 22(*), - . -, za(+)). In the viewpoint of FBSDEs, (x(-),y(:), 2(:)) is the state process and wu(-) is the
control process. Similarly, system (1.4) is called ezactly controllable on [0, T] if for any xg € R"™ and any yo € Rm/7
there exists a control process u(-) such that

y(0; w0, u(-)) = yo- (1.5)

The equivalence between the H-partial controllability of SDE system (1.1) and the exact controllability of
FBSDE system (1.4) provides a nice motivation to study the controllability theory for FBSDE systems. For
(1.4) with any given x(0) = 2y and u(-), we can firstly solve z(-) from the forward equation, and then solve
(y(+), z(+)) from the backward equation. Since FBSDE systems are well-defined dynamic systems, besides the
relation with H-partial controllability of SDE system (1.1), it is also natural and appealing to study the exact
controllability of FBSDE system (1.4) in its own right. For more details on the theory of BSDEs and FBSDEs,
one can refer to [8, 14] and the reference therein.

It is worth noting that, although they are equivalent, there are two different viewpoints between the H-
partial controllability of (1.1) and the exact controllability of (1.4). For the former one, both u(-) and z(-) are
regarded as control processes (noticing that v(:)" = (u(-)",2z1(-)T,..., 24(-) ")), and for the latter one, only u(-)
is regarded as a control process, while z(-) is regarded as a state process (noticing that (z(-),y(+), z(-)) is the
solution to the FBSDE). There are some subtle differences in these two viewpoints. Keeping the last viewpoint
in mind, we develop some different and deeper conclusions. In detail, we obtain the equivalence among the
exact controllability of the FBSDE system (1.4), the validity of a new observability inequality for the adjoint
equation (which is also a FBSDE system), the existence of minimizers to a family of functions (see Problem
(O’) in Sect. 4), the solvability of a new family of norm optimal control problems (see Problem (N') in Sect. 4),
and the non-singularity of a random version of Gramian matrix. We point out the last equivalent condition
is not obtained for the H-partial controllability of system (1.1). With the help of Gramian matrix and some
other techniques, for the one dimensional case with deterministic time-invariant coefficients, we give a clear
characterization for the exact controllability of (1.4) (see Prop. 4.7 in Sect. 4.1).

The rest of this paper is organized as follows. In Section 2, we introduce some notations, and then study
the H-partial controllability for SDE system (1.1). In Section 3, we provide checkable necessary condition and
equivalent Kalman type rank condition ensuring time-invariant system’s partial controllability. In Section 4 we
devote ourselves to investigating the exact controllability for FBSDE system (1.4).

2. NOTATIONS AND PARTIAL CONTROLLABILITY OF SDESs

Recall that R™ is the n-dimensional Euclidean space with Euclidean scalar product (-, -) and the induced
Euclidean norm | - |. Let R™*™ be the collection of (m x n) matrices which is an (m x n)-dimensional Euclidean
space obviously. Let (2, F,F,P) be a complete filtered probability space on which a d-dimensional standard
Brownian motion W (-) = (Wy(-), Wa(-),..., Wg(-)) " is defined, where the superscript T denotes the transpose
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of a vector or a matrix, such that F = {F;};>0 is its natural filtration augmented by all the P-null sets. Let
T > 0 be a fixed time horizon. Now we introduce some spaces.

~ L% (;R"), the set of Fr-measurable random variables & : @ — R™ such that H§||L3TT(Q;R”) =

{E[EP)}2 < oo;

~ LE (;R"), the subset of L% (Q; R™) where each element ¢ is essentially bounded;

~ LZ(0,T;R™), the set of F-progressively measurable stochastic processes x : Q x [0,7] — R™ such that
leO)ll 30z = (B fy [2(t)dt}F < oo;

— L2°(0,T;R™), the subset of L2(0,T;R™) where each element z(-) is essentially bounded;

— S2(0,T;R™), the subset of L2(0,T;R™), in which each element x(-) has continuous paths and satisfies

()l s20.7:mm) = {E[SuPsefo,7) 2 ()2} < oo.

Let us begin with the following controlled linear stochastic system (which is (1.1), for convenience, we rewrite
it here):

d
AX(t) = [Ao(t)X(t) + Bo(t)v(t)]dt +3 [Aj(t)X(t) + Bt |dw; ), telo,T), (2.1)

where 4;(-) € L (0, T;R™") and B;() € L (0, T;R™*) for j = 0,1,2,...,d. Obviously, with any given initial
value X (0) = Xy € R™ and any given v(-) € L2(0,T;RF), (2.1) becomes a (forward) SDE. By the classical result,
SDE (2.1) admits a unique solution X (-) = X (+; Xo,v(-)) € S2(0,T;R"™).

For the system (2.1), we will propose a concept which can be regarded as a generalization of the traditional

notion of exact controllability (see [18] for example). For this aim, we introduce a matrix-valued random variable
H € LE (2;R™"). Define

X = {5 € L% (%R | £(w) € R(H(w)), P-as. w e Q}

where R(H (w)) denotes the range of H(w). It is easy to know X is a Hilbert space. Particularly, when the rank
of H equals to [ P-a.s., we have X = L% ((;R!).

Definition 2.1. Let a matrix H € LE (Q,R"™") be given.

(i). System (2.1) is called H-partially controllable on the time interval [0, T, if for any (Xo, &) € R™ x X, there
exists a v(-) € L2(0,T;R¥) such that the solution X(-; Xo,v(:)) to the SDE (2.1) with the initial condition
X(0) = X, satisfies HX(T) = ¢ P-as.

(ii). System (2.1) is called H-partially null-controllable on the time interval [0,T], if for any X, € R", there
exists a v(-) € L2(0,T;R¥) such that the solution X (-; Xo,v(:)) to the SDE (2.1) with the initial condition
X (0) = X, satisfies HX(T) =0 P-as.

Remark 2.2. 1. Clearly, when H = I which is the (n x n) identity matrix, the corresponding I-partial
controllability coincides with the traditional notion of exzact controllability [18, 23].

2. The notion of H-partial null-controllability characterizes the ability of the terminal state to reach a

random subspace of R" (i.e., N (H), the kernel of H) from an arbitrary initial state. Moreover, the notion

of H-partial controllability characterizes the ability to reach all given random hyperplanes which parallel

N(H).

As we know that for linear ODE systems and SDE systems [24], the exact controllability of the original
systems is equivalent to the observability of the adjoint equations. We would like to see how such a result will
look like for our generalized H-partial controllability. For this aim, we introduce the adjoint equation of (2.1)
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as follows:

d d
Ay (t) = —|Ao(t) 'Y (t) + ; A" Z; (t)} dt + ; Z;(t)dw;(t), te[o,T], 22)

By the classical result on BSDEs, for any n € X, (2.2) admits a unique solution (Y(-), Z(-)) € S2(0,T;R") x
L2(0, T;R™*4) where we denote Z(-) = (Z1(), Za("), ..., Za(-)) for simplicity. By applying It6’s formula to
(X(+), Y(-)) on the interval [0,T], we have the following duality:

T
E/ <v(t) ) + ZB >dt+ (Xo, Y(0)) — E(HX(T), n) = 0. (2.3)
0
For any (Xo,v(:)) € R™ x L2(0,T;R¥), let X(-) = X (-; Xo,v(-)) be the unique solution to (2.1). Due to the
linearity of (2.1), we have

Define

Lo(-) = X(T;0,v(-)), VY wv(-) € LE(0,T;R). (24)

{]LOXO = X(T; X,,0), V Xo€R",
By the linearity and stability result of (2.1) (see [8]), both Lo : R™ — L% (Q;R") and L : L§(0, T;R¥) —
L%, (9 R™) are bounded linear operators. Denote L : L%, (Q;R") — R" and L* : L3 (;R™) — Lg(0,T;R¥),
the adjoint operators of Ly and L, respectively. From the duality relation (2.3), we have

(Xo. Y(0) = E(HX(T: X.0), 1) = E(HLoXo. 1) = (X0.Lj(H " n)) (25)
and
.
B [ (o), B Y0 + 3 B0 20 26)
= EGHX(T30,00)), ) = ELo(), HTn) = (o0), L () sz0me)
Hence

(Lo H )p=Lg(H n) =Y (0), neX,

d
(Lo H )y =17 (H n) = Bo() Y () + > Bi() Z(), ne, 27
j=1

where (Y (+), Z(-)) is the unique solution to BSDE (2.2) with the terminal value Y (T) = H .

Definition 2.3. (i) The composition operator L* o H given by (2.7) is called an observer of system (2.2) on
the time interval [0, .

(ii). System (2.2) is said to be exactly observable on the time interval [0, T if from the observation (L*o H T )n, the
random variable 7 € X’ can be uniquely determined, i.e., the composition operator L* o H' : X — L2(0,T; RF)
is injective.
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Remark 2.4. In the viewpoint of Banach inverse operator theorem, system (2.2) is exactly observable if and
only if, there exists a constant 6 > 0 such that

I o H )l p20,mme) = 0lnllce, oz, ¥ 0 € X, (2.8)

where L* o HT is defined by (2.7). Equivalently,

d
1Bo() Y () + D Bi() " ZOllnzo,rmey = dlnllez, omy, ¥ € X, (2.9)
j=1

where (Y'(+), Z(+)) is the unique solution to (2.2). The above inequality is called the observability inequality for
equation (2.2).

Now, we introduce a family of functionals which is associated with the adjoint equation (2.2). In detail, for
any (Xo,&) € R" x X, we define J(+; Xo,&) : X — R as follows:

J naX()v = 7|| OHT)nHiZ 0,T;R¥) + <X05 (]LS OHT)W> 7]E<€7 T]>

p (2.10)
= —IE/ ‘Bo HTY () Z ‘ dt + (Xo, Y(0)) —E(¢, n), neZX,

where L* o H" and L o HT are given by (2.7), and (Y (-), Z(-)) is the unique solution to BSDE (2.2). We pose
an optimal control problem as follows.

Problem (O). For any (Xo,{) € R” x X, find a 77 € X such that

J(7; Xo,&) = nlrelg J(n; Xo,6).

We also introduce a family of norm optimal control problems which is associated with the original system
(2.1). For any (Xo,&) € R™ x X, we define an admissible control set

V(Xo,6) = {0() € LEO, TsR) | HX(T3 Xo,0()) =€},
Problem (N). For any (Xo,¢) € R” x X, find a 9(-) € V(Xo, ) such that

50 0 =, 30 0Oz

We are in the position to give the main result of this section.

Theorem 2.5. For any given H € LF, (Q;RX™) | the following statements are equivalent:
(i). System (2.1) s H-partially controllable;

(ii). The observability inequality (2.8) for the adjoint equation (2.2) holds true;

(iii). Problem (O) admits a unique solution 1 € X;

(iv). Problem (N) admits a unique solution v(-) € V(Xo,§&).

Moreover, the unique norm optimal control ¥(-) to Problem (N) is given by

d
0() = (L* o H")ij = Bo()Y () + Z B;()" Z;(), (2.11)

where ) € X is the unique optimal solution to Problem (0), L* o H' is given by (2.7), and (Y(), Z(-)) is the
solution to BSDE (2.2) with the terminal value Y (T) = H '. Furthermore, the minimal norm to Problem (N)
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1s given by

186520y = \/EGE. ) — (Xo, (Lgo HT)i) = \E(E, 7) — (X0, ¥(0). (2.12)
The minimal value of functional J(-; Xo,£) is given by

T X0, ©) = = 5100 B0 ey = 5 (BLE, ) — (X0, F(0)). (213)

In [24], the exact controllability for SDEs (i.e., the special case: H = I') was studied. The above Theorem 2.5
can be regarded as a generalization of some corresponding results in [24]. Moreover, in what follows, we shall
give a different proof to the one appearing in [24]. Since the proof is long, we split it into several parts.

Lemma 2.6. If the system (2.1) is H-partially controllable, then the observability inequality (2.8) for the system
(2.2) holds true.

Proof. Setting X (0) = 0 in (2.1), we recall the bounded linear operator H oL : L4(0,T;R*) — X where L is
defined by (2.4). Due to the H-partial controllability, H oL is also an onto map. By the classical Open Mapping
Theorem, we get that H oL is an open mapping. Then for the unit open ball BL%(O’T;R;C)(O, 1), there exists a
constant ¢ > 0 such that Bx(0,26) C (H o L)(Brz(,1;rr)(0,1)).

For any n € X, if n = 0, then the observability inequality (2.8) holds true obviously. Next we assume 7 # 0.
Let

1)
n' = ——————mn € Bx(0,20).
||77||L2 (RY)

Then there exists a v'() € Brz(o,rrr)(0,1) such that (H o L)v'(-) =n'. Let

B HnHLﬁrT(Q;Rl) ,
1)

By the linearity of H oL, we have (H oLL)v(:) = n. Then, with the help of Hélder’s inequality and the definition
of v(-), we derive

HUH%;T(Q;RZ) = ((H o L)v(-), U>L;T(Q;Rl) = (v(-), (L~ OHT)77>L§(0,T;]RI<)

< Nlo()l 20,75 (" 0 H N)ll 220,755
ml L2 (RY)
< I o B il i

where IL* is the adjoint operator of L. Subsequently, we obtain that the observability inequality (2.8) holds
true. O

Lemma 2.7. For any (Xo,&) € R® x X, the functional J(-;X0,§) defined by (2.10) is weak lower semi-
continuous.

Proof. Let {n'}3°, be a sequence converging to n weakly in X. Let (Y(-), Z*(-)) (i=1,2,...) and (Y (-), Z("))
denote the solutions to the system (2.2) with terminal values H "7’ and H "7 respectively. For any X, € R,
and any v(-) € L2(0,T;R¥), let X(-) be the solution to SDE (2.1). From the duality relation (2.3), we have

E(HX(T), n') = (Xo, (Lgo H " )n') + (v(), (L* 0 H " )') 20 7k
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and
E(HX(T), n) = (Xo, (IL§oH "))+ (v(-), (L*o HT)U>L§(O,T;R’€)7
respectively. Due to the arbitrariness of Xo, v(+) and the fact Zgrgo E(HX(T), n') = E(HX(T), n), we have
(L*o H")n* — (L* o H")n weakly in L§(0, T; R),
(Ly o H )y — (L§ o H )y in R™.

By virtue of the weak lower semi-continuity of the norms to Banach spaces, we obtained the weak lower
semi-continuity of J(-; Xo, £). O

We shall use the standard notion of coercivity. For the convenience of readers, we would like to present it in
this paper.

Definition 2.8. A functional L(-) is called to be coercive in X if lim; . L(n%) = oo, where {1'}$2, C X is any
given sequence satisfying lim; H771||L’j; (R!) = O0.
T

Lemma 2.9. If the observability inequality (2.8) for the system (2.2) holds true, then J(-; Xo,&) defined by
(2.10) is coercive and strictly convex in X. Moreover, Problem (O) admits a unique optimal control.

Proof. Firstly, we prove the coercivity of J(-; Xo,&). Let {n'}2, C X be an arbitrary sequence such that
lim; o0 ||771||L2f (o;r1) = 00. By the observability inequality (2.8),
T
i & i T i i
J(n'; Xo,&) > 5”77 ”L%_.T(Q;Rl) — | Xoll[Lg o H " [[|In ”L%_.T(Q;Rl) - ||§HL§TT(Q;RL)||77 HL;T(Q;RI),
which yields the coercivity of J(-; Xy, &).

Secondly, we prove the existence of infimum of J(-; Xg,£). For any M > 0, and any n € X satisfying
Inllzz (o) < M, since L* o HT and L} o H' are bounded linear operators, we have
T

1., .
|J(77§X0a€)| < §HL o HT||2H77||2L§T(Q;RZ) + |XO|||LU © HT||||77HL§;T(Q;R") + Hf”[,?fT(Q;RZ)H77HL2fT(Q;Rz)7
which implies J(-; Xo, &) is bounded in the open ball By (0, M). Especially, there exists a Ky > 0 such that
|J(n; Xo,€)| < K1, V€ Bx(0,1).

Now we consider the values of J(-; Xy, &) outside Bx(0,1). We assert that there exists another positive number
K5 such that

|J (5 X0,8)| > =Ko, Vn ¢ Bx(0,1).

If not, then there exists a sequence {'}22; such that lim; . J(n%; Xo,£) = —oco. Obviously, there exists a
subsequence {17 }52, such that lim;_, ||n* ||szT(Q;Rz) = 00, which is a contradiction with the coercivity. We
obtain the existence of infimum.

Thirdly, we prove the existence of minimum. Denote x = inf,cx J(1; Xo,§). Then there exists a sequence
{n?}22, such that

. 1
Kk < J(n" Xo,§) <I€+g.
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By the coercivity, there exists a constant M > 0 such that |\77i||L2f (@rly < M for any i € N. Then there exists
T

a subsequence {n }32, converging to some 7 weakly in L%_—T (4 RY) as j — oo. Since the functional J(-; X, €)
is weak lower semi-continuous (see Lem. 2.7), then

- 1
B < (0 X0, €) < lim J(3 Xo,€) < lim (k4 —) =
j—oo j—roo ij
We obtain that 7 is a minimizer of the functional J(+; X, ).

Due to the fact that the uniqueness of the minimizer is a consequence of the strict convexity of J(-; X, £),
hence the remaining thing is to examine the strict convexity. From the definition (2.10) of J(+; Xo,£) and the
linearity of (Xo, (Lo H")n) and E(£, ), the requirement is reduced to prove the strict convexity of ||(IL* o
HT)T]H%%(O,T;]R’“)' For any n",n® e X satisfying ||n(") — 77(2)||L2fT(Q;Rz) # 0, by the observability inequality

(28), |(L* 0 HTn® — (L* o HT I | 120 z) # 0. For any A € (0,1), we have

1@ o HDYGn® + (1= )30,

=A@ o H )n™ + (1 = N)(L* o HT)W(Q)lﬁg(o,T;Rk)
T, (1 T, (2 2 (2.14)
< [ o HDnO [z0ziy + (L= DI o H Il 20,100

< A(@Fo HT)U(1)||2L[’;‘(0,T;W) + (1= A)[[(L*" o HT)n(Q)H%H%(O,T;R’“)'

The above (2.14) implies the convexity of ||(L* o HT)n||2L%(O,T;R,€
|(IL* o H T )n( [ z2(0,7;mr) # 0. In the above (2.14), both the last two equalities hold true if and only if

) Without loss of generality, we assume that

(a). AML*oH)n® =¢(1 = A)(L* o H")n®, for some constant ¢ > 0;
(b). L o H )W 20, 2wy = IL* 0 H )P | 120 1),

which is equivalent to (L* o H " )n™) = (L* o H")n(). This contradiction implies that the last two equations in
(2.14) cannot hold true at the same time. Then we get

I* o HTY W + (1= M) 720 7m0
< A(L*o HT)n(l)HZL%(O,T;]Rk) + (1 =N[I(L"o HT)W(2)||2L§(0,T;Rk)'

We obtain the strict convexity of J(-; Xo,£), and finish the proof. O

Moreover, for Problem (O), the variational analysis leads to the following necessary condition.

Lemma 2.10 (Euler-Lagrange equation). Let 7j € X be an optimal control of Problem (0), and (Y (-), Z(-))
denote the solution to BSDE (2.2) with terminal value H' 7. For any n € X, we also use (Y (-), Z(+)) to denote
the solution to BSDE (2.2) with terminal value H 7. Then

0= ((L* o H"), (L* o H")n)2(0,rmr) + (Xo, (LgoH )n) —E(E, n)
T d
= ]E/ <Bo(t)ﬁ7(t)+ZBj(t)TZj(t), Bo(t)TY(t)+ZBj(t)sz(t)>dt (2.15)
0 =
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Proof. Let 71 € X be an optimal control of Problem (O). For any n € X, any —1 < € < 1, we take the variational
control n° = 71 + en. Since 7 is optimal, we have

0= lim ~[J(n"; Xo.8) ~ J(7: Xo.6)|

e—=0 ¢

. 1y1 * ~ * 1 * =
= lim —{ @ 0 BT)i+ (L 0 Bl 0 rimey — 51" 0 B )il 2207z}
+ <X0a (LS © HT)77> - E<fa 77>
1 d * ~ * *
= s {Iw e H i+ e o H iz gy | + (X0, (Lo HT)m) — EXE, )
2d5 ]F(v ) e=0

= ((L* o HT)ij, (L* o H)n)pz0,rme) + (Xos (Lg o H ")) —E(E, n).
That completes the proof. O
With the above preparations, now we can prove Theorem 2.5.

Proof of Theorem 2.5. By Lemma 2.6, the statement (i) implies the statement (ii). By Lemma 2.9, the statement
(ii) implies the statement (iii).

(iii) = (i). For any (Xo,§) € R™ x X, we denote the unique optimal control of Problem (O) by #. By
Lemma 2.10, the corresponding Euler-Lagrange equation is read as follows (see (2.15)):

<6()7 (]L* o HT)U>L§(0,T;]R’C) + <X07 (IL’S °© HT)U) - E<£7 77> =0, v ne Xa (216)

where 0(+) is defined by (2.11). On the other hand, the duality between X (-) and Y'(+) is read as (see (2.3)):

(v(-), (L*o HT)U>L%(O,T;]R"’) + (Xo, (IL§o H ) —E(HX(T; Xo,v(-)), n) =0, (2.17)
). .

VneX, Yuo()eL3(0,T;RF
Then, letting v(-) = 9(-) in (2.17), and comparing with (2.16), we have

That is HX(T; Xo,9(-)) = £ P-a.s. Hence the system (2.1) is H-partially controllable.
(iii) = (iv). From the proof of the previous part, o(-) defined by (2.11) is an admissible control of Problem
(N), i.e., 9(-) € V(Xp,&). By letting n = 7 in both (2.16) and (2.17), we obtain

15O 20,700y = BAE, ) — (Xo, (Lo o HT)i) = (v(), 0())rzormey,  Vol-) € V(Xo,€).
By Holder’s inequality, we have
10C) Lz, rrey < 0220, mirE), — YU(0) € V(X0,8).

We get the optimality of 9(-) defined by (2.11). The uniqueness of the optimal control to Problem (N) follows
immediately from the classical parallelogram rule of the norm [ - || 2(o, 7zr)-

Let us come back to the Euler-Lagrange equation. Letting n = 7 and from the definition (2.11) of o(-), (2.15)
is reduced to

1O 0.y = E(E ) — (Xo, (Lo HT )i,

which implies (2.12). Then we calculate

1

- 1, . - - -
J (75 Xo,§) = 5“”(')||%§(0,T;Rk) +(Xo, (Lgo HT)i) —E(¢, 7) = _§HU(')||%§(O,T;R’C)’
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which is (2.13).

(iv) = (i). Since for any (Xp,&) € R™ x X, Problem (N) admits an optimal control, then the corresponding
admissible control set V(Xo,§) is nonempty. Therefore, system (2.1) is H-partially controllable. The proof is
completed. O

3. PARTIAL CONTROLLABILITY OF TIME-INVARIANT SDES

In this section, we assume that all the matrices in system (2.1) and H are deterministic and time-invariant,
and the dimension of the Brownian motion d = 1. Under aforementioned assumptions, we tend to investigate a
necessary condition and a Kalman type rank criterion ensuring system (2.1)’s H-partial controllability.

Let H € R™" be given. If Rank(H) = [ < I, then there exists an invertible matrix P € R'*! such that
PH = (g) satisfying H € RX™ and Rank(H) = . The following proposition shows that, in this case, we can
substitute H for H to investigate the corresponding H-partial controllability.

Proposition 3.1. System (2.1) is H-partially controllable if and only if system (2.1) is H-partially controllable.

Proof. (=). For any Xo € R” and any £ € X = {{ € L%—T(Q;RZ) | {(w) € R(H),P —as. weN}= Lfl-T(Q;]Ri)7
we want to find a control v(+) such that HX (T; Xo,v(-)) = £. Indeed, since £ € X, for P-a.s. w € Q, there exists

a B(w) satisfying HB(w) = &(w). Therefore,
HBw)\ _ (&)
<Oﬂ(w)>_< o ,a.8.w € Q)
which implies that PHB = (£> Denote ¢ = P71 (g) = Hp. Clearly £ € X. By the H-partial controlla-

O

bility of system (2.1), there exists a v(-) such that HX(T; Xo,v(:)) = £ = P71 (g), which is equivalent to

(g) X(T; Xo,v(+)) = (g) This proves system (2.1)’s H-partially controllability.

(«<=). For any Xy € R™ and any £ € X, we tend to find a control process v(-) such that HX (T; Xo,v()) =¢.
Indeed, since & € X for P-a.s. w € Q, then there exists a S(w) satisfying Hf(w) = {(w). Then PHB(w) =

Pé(w), which is (Hﬂo(w)) _ (gggz;;;) Hence, one gets (P€); € & and (P€)s = O. Denote & = (PE€),.

By the H-partial controllability of system (2.1), we know that there exists a v(-) € L2(0,T;R™) satisfying
HX(T; Xo,v(:)) = & Therefore,
(HX(T;XO,UC))) _ ((Pf)l)
OX(T'; Xo,v(-)) (P€)2)
which implies HX (T'; Xy, v(-)) = & We complete the proof. O

Applying Proposition 3.1, from now on, we suppose that Rank(H) = [. The following result states a necessary
condition ensuring (2.1)’s partial controllability.

Theorem 3.2. Suppose that Rank(H) = 1. If system (2.1) is H-partially controllable, then

Rank(HD) = 1. (3.1)
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Proof. We borrow the idea from ([18], Prop. 2.1). If Rank(H D) < [, then there exists a nonzero vector vy € R/,
T

satisfying v" HD = 0. Take £ = HHT'y/ n(t)dW(t) € X. Here 7(-) is defined as follows:
0

) = 1, te[(l-3)T,(1—5=)T), i=0,1,2,...
= —1, others.

For such n(-), we know that there exists a positive constant S, such that for any ¢ € R, ¢ € [0, T,
T
/ In(s) — c|*ds > 468(T —t). (3.2)
t
Since (2.1) is H-partially controllable, for any X, € R", there exists a control v(-) € L&(0,T;R™), such that
T T T
HH / (AW (1) = HXo + / H (AX(t) + Bu(t)) dt + / H(CX(t) + Do(t)) dW(1).
0 0 0
And then
T
THETy [ a(dw )
0
T T
=y THXy+ / y"H (AX(t) + Bo(t))dt + / v H (CX(t) + Do(t)) dW (t)
0 0
T T
=~ THX, + / yTH (AX(t) + Bo(t)) dt + / yTHCX (t)dW ().
0

0

Taking conditional expectation with respect to F;, one has
T T ! 1 T
v HH 7/0 (77(5) T THET HCX(5)> dW (s)
t T
=~y HX, +/ yTH (AX(s) + Bu(s))ds + E (/ v H(AX(s) + Bv(s))ds‘]—}) .
0 t

Here we use the fact HH | is positive, which is deduced by Rank(H) = [. Above two equalities yield
T T g 1 T
THET [ (09) - e THOX() ) 4w
T T
:/ yTH (AX(s) + Bu(s))ds — E (/ v H (AX(s) + Bu(s)) ds‘]—}) .
t t

Squaring and taking expectation, one gets

2
ds

T
T T2 1 T
Iy HH | E/t ‘W(S)—MWW HCX(s)
2

(3.3)

<E /fT v H (AX(s) + Bo(s)) ds

T 2
<(T - t)]E/t |v"H (AX(s) + Bu(s))| ds.
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On the other side, since X(-) € L($;C([0, T];R™)), lin%IE\X(T) — X (5)[* = 0. Then there exists Ty € [0,T),
5—
such that

2
< B, Vs € [Ty, T). (3.4)

STHH (YTHCX(T) -y "HCX(s))

And then by (3.2) and (3.4), for any t € [Ty, T'), one has

T
1
E/t W(S)—W’Y
1T 1
ZiE/t U(S)*m’)’
T
_E/t YyTHHTy
>26(T —t) — B(T —t)
>B(T —1).

2

THCX(s)| ds

2

THCOX(T)| ds

2

(vTHCX(T) —y"HCX(s))| ds

(3.3) and (3.5) yield
r 2
E/ |v"H (AX(s) + Bu(s))| ds > B, Vt € [Ty, T),
¢
which is in contradiction with X(-) € L2(0,7;R") and v(-) € LZ(0,T;R™). That completes the proof. O

Now we tend to search a sufficient condition guaranteeing (2.1)’s partial controllability. By Theorem 3.2,
Rank(H D) = I, then there exists an invertible matrix K, such that HDK = (Il, O). Setting

K-ly() = (ij HBK — (A3, B1) . (3.6)
one can get
HX(t) =HXo + /t(HAX(s) + HBKK 'v(s))ds + /t(HCX(s) + HDKK tv(s))dW (s)
0 0
:HX0+/O <HAX(s) + (A9, By) <Z’;’8>> ds
+ /0 <HCX(5) 4 (1,,0) (zfg)) AW (s) (3.7)
=HXy+ /t (HA— AsHCO)X (s) + A2(HC X (s) + v2(s)) + Byvi(s)) ds
0
-l-/ (HCOX(s) + va(s)) dW (s).
0
Taking u(-) = HCX(+) + v2(+), by (3.7), one has
HX(t)= HXo + /t ((HA — AsHC)X (s) + Asu(s) + Bivi(s)) ds + /t u(s)dW (s). (3.8)
0 0

The following result provides a verifiable algebra rank criterion guaranteeing (2.1)’s partial controllability.
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Theorem 3.3. Suppose that there exist A, C € RP*P, satisfying
HA=AH, HC = CH. (3.9)
Then, system (2.1) is H-partially controllable if and only if
Rank(By, A1 By, AyB1, A2By, A1 Ay By, A3By, Ay A1 By, .. ) =1, (3.10)
where A1 = A — A5C.
Proof. Setting X(-) = HX(-), by (3.8) and (3.9), one obtains that (2.1)’s H-partial controllability is equivalent

to the solvability of the following stochastic system:

- , (3.11)

dX (t) = (A1 X (t) + Agu(t) + Byoy(t))dt + u(t)dW (t), t € [0, T
X(0) = HXo, X(T) = ¢,

for any Xg € R", £ € LQFT (; RY). Hence, system (2.1)’s H-partial controllability is equivalent to system (3.11)’s
controllability, by Theorem 3.2 in [18], which is equivalent to (3.10). That completes the proof. O

We can adopt the idea appeared in the above result to explore other sufficient conditions. The following
example gives another condition, under which, (3.10) can guarantee (2.1)’s partial controllability.

Example 3.4. If

H
Rank(H) = Rank [ A | =1, (3.12)
C
then, there exists a invertible matrix Ko € R™*™ such that
H I, O
Al Koy=[4 O]. (3.13)
C Co O
Therefore, setting K, ' X(-) = (?28)

(), (3.14)

and applying (3.8), we have

dX(t) = (HAg — Ao HCy) X1 (t) + Agu(t) + Byvy (t))dt + u(t)dW (t), t € [0,T) (3.15)
Xl(O):HXO, Xl(T):g7 '
for any Xo € R", € € L%—T(Q; RY). Applying Theorem 3.3, we know that if
Rank(Bl, AlBl, AQBl, A%Bl, AlAQBl, A%Bl, A2A1B1, . ) = l, (316)

then system (2.1) is H-partially controllable, where Ay, Cp is defined in (3.13), and A1 = HAg — A2 HC).
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4. EXACT CONTROLLABILITY OF FBSDES

In Section 2, for any given H € L¥ (;R!), we studied the H-partial controllability for SDE (2.1), and
obtained some equivalent conditions. In this section, we continue to study an important special case. For this
special case, we will obtain some further conclusions. In detail, we introduce the following

Setting (FB). Let X(-)T = («(-)7,y(-)T), where z(-) and y(-) take values in R” and R™ respectively, with

n' +m' =n. Let v(-)T = (u(-)T,21()7,...,2a(-)T), where u(-) and z;(-) (j = 1,2,...,d) take values in R¥" and
R™' respectively, with k = k' + m/d. Let

— < F() R() )» By(-) = ( G() Si() - Sal) >v
C() O ([ Di() O - O - O .
)< 0 O)’ Bj(')< O O - I, - 0>’ i=1,2,....d,
where C’o(-),Cj(-) € I/]I‘?O(O,T;Rn’m/)7 Do(-),Dj(-) c L%"(O,T;R”/Xk/), F() € L]Ego(o’T;Rm’xﬂ>7 G() €

L2 (0, T;R™ XK and R(-),8;(-) € Lg(0, T;R™>™) for j = 1,2,...,d. Let H = (—M, I,,;) where M &
LE (G R™ 1),

Ao(*)

Aj(-

When the general situation does not satisfy Setting (FB), sometimes we can do some transformation to
change it into Setting (FB). In Appendix, we provide an example for this aim.

Proposition 4.1. With Setting (FB), system (2.1) is H-partially controllable on [0,T] if and only if system
(2.1) is H-partially null-controllable on [0,T].

Proof. The necessity is trivial. Now we consider the sufficiency. For any Xy = (gv(—)r , y(;r )T e R™+m" and EeX =
L% (% R™), we need prove the following system on [0, T7:

d
da(t) = [co(t)x(t) + Do(t)u(t)} dt+ 3 [cj(t)x(t) + Dj(t)u(t)} AW, (t),

d d
dy(t) = [F(O(t) + GOu(t) + ROy®) + 3 Si(0)z(0)]at + 3 z)aw; @),

j=1 j=1
z(0) =z0, y(0)=ywo, y(T)=Mxz(T)+¢

has a solution (z(-),y(-),u(-),2(-)) € S2(0, T; R™) x S2(0, T; R™) x LZ(0, T;R*") x L2(0, T; R"™ *?) where we
denote z(-) = (21(+), 22(*), . . ., za(+)) for simplicity.

Firstly, by the classical results on SDEs and BSDEs, the following forward-backward stochastic differential
equation on [0, T:

d
da’(t) = Co(®)’(t)dt + Y C; () (£)dW; (1),
d

d
dy’ (1) = [F(0)2°(0) + Ry (0) + Y S;(0=0(0)]at + 3 D @)dw; o),
j=1

j=1

(4.2)

2%(0) =0, y*(T) = Ma"(T)+¢
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admits a unique solution (z°(-),°(),2°(-)) € S2(0, T;R™) x S2(0, T;R™') x LZ(0,T;R™ *9). Secondly, the
H-partial null-controllability leads to the solvability of the following system

dz(t) = [Co(t)' (1) + Do (1) }dt+z[ 1) + D; (0l ()] W5 1),

(4.3)
dyl(t) = [F(t)xl (t) + Gty (t) + ) + Z S;( ]dt + Z 2l
z'(0) = zo, Y (0) = yo —°(0), yl(T):Mx (T).

We denote the solution by (z'(-),y'(-),u'(-),2'(-)) € S2(0,T;R™) x S2(0,T;R™) x L2(0,T;R*) x
L2(0,T;R™*4). By the linearity, (z°(-) + z'(-),4°(-) + y*(-),u' (), 2°(:) + 2!()) solves (4.1). We get the
sufficiency. O

Under Setting (FB), the H-partial null-controllability can be reformulated by the notion of exact con-
trollability for some forward-backward system. Precisely, let us introduce the following controlled linear
forward-backward stochastic system:

da(t) = [Co(t)a(t) + Do(tyu(t)|dt + Z (G5t (t) + Ds(yu()|aw,(v), e 0,71,

d d (4.4)
dy(t) = [F(Da(t) + GOult) + RWy(E) + Y 8,02, 0]de + 30 =AW, (1), ¢ € [0.7),
y(T) = Mx(T).

Clearly, with any given initial value z(0) = xo € R, and any given u(-) € L2(0,T;R*"), (4.4) becomes a
decoupled forward-backward stochastic differential equation. By the classical results on SDEs and BSDEs,
FBSDE (4.4) admits a unique solution (z(-),y(-), 2(-)) € S2(0, T; R™) x S2(0,T; R™') x L2(0,T;R™ *9) where
we denote z(-) = (21(+), 22(+), . . ., z4(+)) for simplicity.

We now give a precise definition of exact controllability for system (4.4).

Definition 4.2. System (4.4) is said to be exactly controllable on the time interval [0, T, if for any (z¢,yo) €
R™ x R™ | there exists a u(-) € L2(0,T;R*) such that the solution (z(-),y(-),2(:)) to FBSDE (4.4) with
2(0) = z¢ and u(-) satisfies y(0) = yo.

Remark 4.3. By Proposition 4.1, it is clear that under Setting (FB), the H-partial controllability of system
(2.1) is equivalent to the exact controllability of system (4.4). However, we take two different viewpoints for
these two notions. Precisely, in the viewpoint of the H-partial controllability of system (2.1), both u(-) and z(+)
are regarded as control processes (noticing that v(-)" = (u(:)T,z1()7,...,24(-)7)). While, when we consider
the exact controllability of system (4.4), u(-) is regarded as a control process, and z(-) is regarded as a state
process.

Now keeping the new viewpoint stated in Remark 4.3, we reconsider the issues studied in Section 2,
and try to find some different conclusions. We introduce the adjoint equation of system (4.4) as
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follows:

dp(t) = —R(®)Tp(H)dt = 3 8;(0) T pHAW; (1), t € [0.7],
i d d (4.5)
dg(t) = = [F(OTp(t) + Col) Ta(t) + Y C5(0) Try(1)] dt + Dy (AW, (1), ¢ € [0,7)

j=1 j=1

p(0) =po,  q(T)=—-M"p(T).

For any p(0) = pg € R™, the classical results on SDEs and BSDEs work again to ensure that FBSDE (4.5)
admits a unique solution (p(-),q(-),7(-)) € S2(0,T;R™) x S2(0,T;R™) x L2(0,T;R"™ *%), where we denote
r(-) = (r1(),r2("), ..., ra(*)) similarly. By applying It6’s formula to (x(-), q(-)) + (y(:), p(-)) on the interval
[0,T], we have the following duality:

T d
E /O (u(t), GO Tp() + Do) Ta(t) + - Di(H) r5(8) )dt + (wo, a(0)) + (y(0), po) =0.  (4.6)

j=1

We define two bounded linear operators Ky : R" - R™ and K : L2(0,T; Rk/) — R™ as follows

{ Koﬂfo = 9(07 Zo, 0)) v Ty € Rn/7 (47)

Ku() = y(0;0,u(), ¥ u() € LF(0,T;RY).

Denote KG : R™ — R™ and K* : R™ — L3(0,T; Rk/) be the adjoint operators of K and K, respectively. From
the duality relation (4.6), we have

Kipo = —q(0), Vpo €R™,
* T T - T m' (4.8)
K'po = = [G()Tp() + Do() Ta() + > D;() T r()], ¥ po € R,
j=1
where (p(+),q(+),r(-)) is the unique solution to FBSDE (4.5) with the initial value p(0) = po.
Definition 4.4. (i). The operator K* defined by (4.8) is called an observer of system (4.5) on the time interval
[0, 7).
(ii). System (4.5) is said to be exactly observable on the time interval [0, 7] if from the observation K*py,

the initial value py € R™ of p(+) can be uniquely determined, i.e., the operator K* : R™ — L2(0,T; Rk/) is
injective.

Remark 4.5. In the viewpoint of Banach inverse operator theorem, system (4.5) is exactly observable if and
only if, there exists a constant § > 0 such that

||K*p0||L]§(O,T;]Rk/) 2 5‘170‘, V po € le, (49)

where K* is defined by (4.8). Equivalently,

d
GO To0) + Do) al) + 30 Di() )| > dlpol, ¥ po €R™, (4.10)

j=1

L2(0,T;R¥)

where (p(+), q(+),r(-)) is the unique solution to (4.5). The above inequality is called the observability inequality
for system (4.5).
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The main purpose of this section is to get the equivalence among the exact controllability of the original
system (4.4), the validity of the observability inequality (4.9) for the adjoint equation (4.5), the non-singularity
of a random version of Gramian matrix, the existence of minimizers to a family of functions, and the solvability
of a family of norm optimal control problems.

Firstly, we introduce a matrix-valued decoupled FBSDE as follows:

d
d®(t) = —R(t) T ®(t)dt — > S;(t)TR(t)AW;,(t), t€[0,T],

d d
AU(t) = — [F()T@(t) + Col(t) "W (t) + > C;()TT; (t)} dt + T (0dw;(t), te 0,7,

J=1

(4.11)

®(0)=1, Y(T)=-M"d(T),

which admits a unique solution. Moreover, we defined a matrix which can be regarded as a random version of
Gramian matrix:

d T
> Dy(1) Ty (1)
d
x [G(t)ﬂp(t) + Do) w(t) + . D, (t)TFj(t)] dt.

j=1

T
A= IE/O (G Ta() + Do) w () +
(4.12)

Obviously, A is positive semi-definite. Comparing with the adjoint equation (4.5), by the linearity, we have
With the above relation, (4.8) reads

Kipo = —(0)po, ¥ po € R™,

- - d - , (4.14)
K'po = ~[G()T®() + Do()T¥() + Y D;()Ti()|po, ¥ po e R™.
j=1

Secondly, for any (zo,70) € R™ x R™, we introduce a function f(-;zo,50) : R™ — R by

1. *
f(po; xo,y0) = 5”1K pOHi%(QT;Rk’) — (%0, Kgpo) + (yo, po)

T d
11E/O ‘G(t)Tp(t) + Do(t) Tq(t) +ZDj(t)Trj(t)’2dt+ (o, 9(0)) + (W0, po) (4.15)

2

j=1

1 ,
§<Ap0a p0> + <\I’(O)Tx0 + Yo, p0>a Po € R™ 5

where K* and K§ are given by (4.8), (p(+),¢(-),7(-)) solves FBSDE (4.5) with the initial value p(0) = pg, and A
defined by (4.12). Similarly, we pose the following

Problem (O'). For any (zq,0) € R x R" | find a py € R™ such that

f(Poiwo,yo) = inf  f(po; o, yo)-
poER™
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Similar with that in Section 2, we also pose a family of norm optimal control problems. For any (xg,yo) €
R™ x R™ | we introduce an admissible control set

U, y0) = {u() € LA, TiRY) | y(0;20,u() = vo },
and pose the following

Problem (N'). For any (zo,y0) € R" x R™ , find a u(-) € U(xo,yo) such that

u(- RE = inf u(- RF Y-
70 20rmey = o J0E Ol sz
As a counterpart of Theorem 2.5, we present the following result. We notice that, besides the first four
equivalent statements corresponding to the ones appearing in Theorem 2.5, we also have the fifth equivalent
statement which is on the Gramian matrix A.

Theorem 4.6. The following statements are equivalent:

(i"). The original system (4.4) is exactly controllable;

(ii"). The observability inequality (4.9) for the adjoint equation (4.5) holds true;
(iii'). Problem (O') admits a unique solution py € R™ ;
(
(

11

!/
iv'). Problem (N') admits a unique solution u(-) € U(xo,yo);
v'). The matriz A defined by (4.12) is non-singular.

Moreover, in this case, the optimal solution of Problem (0') is given by
]30 = —A_l(\I/(O)TZ‘O + yo), (416)
and the minimum of function f(-;xo,yo) is given by

f(Po; o, yo) = —%<A_1(‘I’(0)T$0 +0), (¥(0) o+ yo)>, (4.17)

where (O(-), U(-),T'()) is the solution to (4.11). Furthermore, the unique norm optimal control to Problem (N')
s given by

d
1) = ~K*p0 = [GOTB0) + Do) W) + 30 D30T o, (118)
where P is given by (4.16), and the minimal norm is
||a(.)|\L%(O7T;Rk/) = \/<A—1 (¥(0)T@o +y0), (¥(0)Tzo+ yo)>. (4.19)

Proof. (") = (ii’). The proof is similar with the one of Lemma 2.6. Here we would like to omit it.
(ii") = (v'). We notice that

T d 2
IK*poll 220, 7ip) :IE/O (G @t) + Do) W () + 3 D) T5(0))po dt = (Apo, po).  (4:20)
j=1

By the observability inequality (4.9), there exists a constant 6 > 0 such that

(Apo, po) > dlpol?, ¥V po € R™,

which means A is a positive definite matrix. Consequently, it is non-singular.
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(v') = (iii’). Since A is non-singular and positive semi-definite, then it is positive definite. From the third
representation (see (4.15)) of function f(-;xo,yo), we calculate

1
f(posxo,%0) = §<Ap0, po) + (¥(0) 2o + yo, po)

1/, _

= §<A ! [Apo + (T(0) "o + yo)}, [Apo + (W(0) "z + yO)D
1/, _

- §<A H(w(0) w0 + o), (W(0) wo + yo)>~
Therefore, Problem (O) is uniquely solvable. Moreover, its unique optimal solution is given by (4.16), and the
minimum of function f(-;xo,yo) is given by (4.17).

(iii") = (i'). Now, for any given (zo,%0) € R™ x R™, we look for an admissible control in U(z,yo). For
any u(-) € L2(0, T;R*), let (x(-;20,u(-)),y(+; z0,u(:)), 2(-; 70, u(-))) be the solution to (4.4). By means of the
solution (®(-), U(-),T'(+)) to (4.11), the duality relation (4.6) can be rewritten as

E/OT <u(t), {G(t)ch( )+ Do(t )+ ZD } 0>dt

+{0(0) Txo + y(0;20,u(-)), po) =0, Yu(-)e L2(0,T;R¥), ¥ py € R™.

(4.21)

Let py be the unique minimizer of Problem (O’), and @(-) be given by (4.18). Selecting u(-) = () in (4.21) and
noticing the definition of A (see (4.12)), we have

(Apo + (¥(0) T2o + y(0;20,4(+))), po) =0, Vpo€ R™.
Due to the arbitrariness of pg, we have
Apo + (2(0) " zg + y(0; 79, u(+))) = 0.
Noticing that py satisfies (4.16), i.e., APy + (¥(0) "zo + 39) = 0, we obtain
y(0; 2o, u(+)) = yo-
We proved the exact controllability of system (4.4).
(iii') = (iv’). From the proof of the previous part, @(-) defined by (4.18) is an admissible control to Problem
(N"), i.e., u(-) € U(zo,yo). By letting pg = po, for any u(-) € U(xo,yo), from (4.21), we have
T d
B[ (u(t), [G@7 00 + Do) W) + 3 Dy 0)] o
0 j=1
- _<\II(0)T:EO+:UO7 ﬁ0>7 VU() eu(x07y0)a
i.€.,
()12 0 gy = —(2(0) "o + w0, Po) = (u(-), @())r20mmery ¥ ul) € Ulzo, yo)- (4.22)
By Holder’s inequality, we have
||ﬂ(')HL%(0,T;Rk’) < ||U(')||L;;‘(0,T;Rk’)a Vou(-) € U(zo, yo).

We get the optimality of @(-) defined by (4.18). Moreover, (4.22) and (4.16) lead to the value (4.19) of minimal
norm.
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The uniqueness of the optimal control to Problem (N') follows immediately from the classical parallelogram
rule of the norm || - ||L§(0,T;]Rk’)-

(iv’) = (i'). The proof is the same as the corresponding part of the proof of Theorem 2.5. We omit it. [

4.1. A special case

In order to describe in depth the results of Theorem 4.6, we would like to reduce it to a simple case, i.e.
n’ =m/ = d =1 (noticing that in general k¥’ # 1) and all the coefficients are deterministic and time-invariant.
In this case, we can solve FBSDE (4.11) explicitly.

Firstly, by the classical theory of SDEs, it is well known that the process ®(-) can be given by

L o
o(1) —exp{(—R—isl)t—SlW(t)}, te0,7]. (4.23)
Secondly, in order to solve the process ¥(-), we introduce a family of SDEs parameterized by ¢ € [0, T:

dX(t,s) = CoX(t, s)ds + C1X(t, s)dW (s), se€[t, T,
X(t,t) =1.

Applying It6’s formula to X(t,-)¥(-) on the interval [t,T], we have
T
wm:—M&k@Tpaﬂ+F/1&km@ﬂ@P& (4.24)
t
where E;[-] = E[-|F%]. Applying It&’s formula to X(¢,-)®(-), we have

dX(t,s)®(s) = (Co — R — C151)X(t, 5)®(s)ds + (C1 — S1)X(t, s)®(s)dW (s), se€[t,T],
X(t,6)®(t) = ®(1).

Then,
%Et [X(t.92(5)] = (Co ~ R~ 8B [X(L.9)0(s)]. s € (1T,
E, [X(t,t)i)(t)] = ®(1).

Explicitly,

E, [X(t,s)cp(s)} — ®(t) exp {(c0 ~R—C181)(s — t)}, se[t,T].
Substituting the above equation into (4.24), we obtain
U(t) = ®(t)p(t), te][0,T], (4.25)
where ®(+) is given by (4.23) and we denote

F F
M —R- Tl — &
Co R _Ci5, }EXP{(CO R—C151)( )} Co_R_C.5,

p) = when Cp — R— (1.5, 0, (4.26)

—M—l—F(T—t), when Cy — R — C15; =0.

Thirdly, we introduce some technique of Malliavin analysis to solve the process I'(+) explicitly. By the result of
[8, Proposition 5.3] (see also [17, 25]), the solution (®(-), ¥(-),I'(-)) to FBSDE (4.11) is Malliavin differentiable
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and D.U(-) provides a version of process I'(-). Precisely, for any 6 € [0, 7],

T'(0) = Dg¥(0), (4.27)
where the Malliavin derivative processes (Dg®(-), DgW(+), DpI'(+)) satisfies the following FBSDE:

dDy®(t) = — RDy®(t)dt — S, De®(t)dW (1), ¢ € [0, T),
dDQ\I/(t) = — FDQ(I)(t) + Cng\I/(t) + ClDQF(t) dt + DgF(t)dW(t), te [Q,T], (428)
Do®(8) = —S10(6), DyU(T) = —M Dyd(T).

Comparing with (4.11), we notice that the above FBSDE (4.28) just has a different initial pair (0, —S1®(0)).
Therefore, by the same derivation, we have

Dg¥(t) = Dg®(t)p(t), te[0,T).
By virtue of (4.27) and the initial condition Dy®(0) = —S1P(6) (see (4.28)), we obtain

L(t) = -519(t)p(t), te€][0,T], (4.29)
where ®(+) is given by (4.23) and p(-) is given by (4.26).

Proposition 4.7. Let n’ = m’ = d =1 and all the coefficients are deterministic and time-invariant. System
(4.4) is ezxactly controllable if and only if

F
G' —(Dy —D{S$1)M #0, when Co—R—C1S1 #0and ————— =M
(Dg 1 S1)M #0, when Cy 151 # 0 an Co_R_C.S, ; (4.30)
|GT|2 + }D(—)r - D1r.5'1|2 # 0, others.
Moreover, in this case, the optimal solution to Problem (0') is given by
po=—A""(p(0)zo + yo), (4.31)
and the minimum of function f(-;xo,yo0) is given by
1, _
f(Po; o, v0) = —51\ 1|P(0)$0 + Yo 2» (4.32)
where
r 2
A= / |GT + (Dg — Dy S1)p(t)]” exp{(—2R + |S1|*)t}dt, (4.33)
0

and p(-) is defined by (4.26). Furthermore, the unique norm optimal control to Problem (N') is given by
a(t) = —A~ (p(0)0 + yo) [GT + (D — DY $1)p(H)] (1), te [0,7], (4.34)

where ®(-) is given by (4.23), and the minimal norm is

_ 1
1a()ll 220, 7mey = A2 [p(0)0 + wol- (4.35)
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Proof. By virtue of the explicit representation of (®(-), U(-),T'(+)) (see (4.23), (4.25) and (4.29)), we provide an
explicit representation of A (which is defined by (4.12)) as follows:

A= /T\GT+ (DOT—DlTSl)p(t)|2]E[\<I>(t)|2]dt
0

T
:/ GT + (DI — DT $1)p(t)[* exp{(~2R + |y |2)}dt,
0

which is (4.33). By Theorem 4.6, system (4.4) is not exactly controllable if and only if A = 0 which is also
equivalent to

GT + (Dg — D{ Si)p(t)=0, Ytel0,T] (4.36)
When Cy — R— C1S1 #0 and F/(Cy — R — C151) = M, we have

F

- =M
Co—R—C15,

p(t) =
Then (4.36) reads
G" —(Dg —D{S1)M =0.
When Cp — R—C151 =0o0r F/(Cy — R— C151) # M, function p(-) is not a constant. Then (4.36) reads
IGT|>+|Dy =D s =o.
We have proved (4.30). The rest conclusions can be proved by a straightforward calculation. O
In the following example, we would calculate the norm optimal control of Problem (N’) and simulate the
state (z(-),y(+)).
Example 4.8. Suppose that the initial state zo =0, yo = 1, and in (4.4), d =T = 1, R = 2, and the other
coefficients are all equal to 1. Then (4.4) turns to
da(t) = [m(t) + u(t)} dt + [x(t) + u(t)} dw(t), telo,1],
dy(t) = [x(t) Fult) + 2y(t) + z(t)} dt + 2(t)dW (1), te[0,1], (4.37)
y(1) = z(1).

By Proposition 4.7, we can easily check that (4.37) is exactly controllable. We now calculate the norm optimal
control 4(-). By (4.23) and (4.26), we have

o(t) = exp { - gt ~wn}, elt) = % - gexp{2(t Y

Hence, the Gramian matrix turns out

1
1— _

A:/ exp{—3t}dt = 76){;){ 3}.

0

Therefore, we can get the norm optimal control to Problem (N'):

3

u(t) = —A""(p(0)wo + yo)®(t) = 1 oxp(—3}

exp{ - gtf W(t)}
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Optimal control u (R=2) State x and y (R=2)

optimal control u ‘

2 F
u
4+
-6 r
-8 : : : : -2 - - - -
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t t
Optimal control u (G,=2) State x and y (G,=2)
0 T T T 40 T T
optimal control u ‘ X
b —y
30
2 F
u X
Y 20
3+
10
4+
-5 : : - : 0 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
0 t t

FIGURE 1. The norm optimal control u and the related state x and y are simulated in the first
two figures in the case R = 2. The norm optimal control and the corresponding state in the
case Cp = 2 are simulated in the last two figures.

Similarly, when we suppose that g =0, yo = 1, and in (4.4), d =T = 1, Cy = 2 and other coefficients are
all 1, we obtain the corresponding norm optimal control to Problem (N'):

1

1)

exp{ - gt— W(t)}

To illustrate intuitively, in the following figures, we simulate the norm optimal control « and the related
state (z, y) in the above two cases (Case 1: R = 2; Case 2: Cy = 2). In the first two figures, we simulate the
optimal control and the related state, respectively, in the case R = 2. Particularly, in the second figure, firstly,
we simulate the state x (solution to forward SDE with u(-) = @(-) and z(0) = 0), and we get the terminal value
y(1) (= (1)) of the BSDE in (4.37), then we could simulate the state y. In the last two figures, we simulate
the same issues in the case Cp = 2. By the figures, we see that the initial state y(0) is approximately equal to
1 (in Case 1, |y(0) — 1| = 0.0094, and in Case 2, |y(0) — 1| = 0.1415).



ON THE PARTIAL CONTROLLABILITY OF SDES AND THE EXACT CONTROLLABILITY OF FBSDES 25

APPENDIX A. TRANSFORM THE GENERAL CASE TO FBSDE CASE
SATISFYING SETTING (FB)

In this appendix, we consider the problem how to transform the general situation on the H-partial
controllability of system (2.1) to satisfy Setting (FB). Our analysis will be under some assumptions.
(H1). The dimension of Brownian motion d = 1. All the coefficients Ag(-), A1(:), Bo(:), Bi(-) and H are

deterministic and time-invariant.
(H2). Rank(H) = [ and the last ! column vectors of H are linearly independent. Moreover, | < n.

For convenience, we denote m’ =1, n’ = n —m’. Then we can rewrite H = (Hy, Hs), where H; € R xn/
and Hy € R™ *™ | Since H, is invertible, it is easy to check that, the H-partial controllability of system (2.1)
is equivalent to the (H, ' H)-partial controllability. Denote

M =—Hy"H,.

Clearly, we have Hy ' H = (—M, I,,,») which coincides with the corresponding part of Setting (FB).
We also denote X (-)T = (2(-)7,y(-)T) where z(-) and y(-) take values in R” and R™ respectively. Denote

() s () e (5). m(8),
With the above notations, we can write system (2.1) as follows (here and after, the argument ¢ is suppressed):
dz = {A(l)lx + Af%y + Bév} dt + [A%lx + A%y + B%v} dw,
dy = {A%lx + A%y + Bgv} dt + [A%lx + APy + B%v} dw.
Now, we introduce the following hypothesis:

(H3). Rank(B?) = m’. Moreover, m’ < k.

Under the assumption (H3), we know that there exists an invertible matrix N € R¥*¥ such that B?N =
(I, O). Setting

N~ly= < zl > eR™ xRF-™ BIN = (B!, BY?), BZN = (B?,B%), BIN=(B',B}?),

dz = {A(l)lx + Ay + Bgtog + B(%Qw} dt + [A%lx + A%y + Bilvy + 3112’02:| dw,
dy = {A%lm + A%y + B2ty + B§2v2} dt + [A%lx + A%y + Ul} dw.
Denote z = A3'z + A3?y + v;. By the above equation, one has
do = [(A}! = Byt Ao + (A — By AR)y + Byl + Biup|at
+ {(A%l — BI'AM)z + (A2 — B{' A2y + Bi'z + B%Q’Ug} dw,
dy = [(A3' — B3 AT)o + (AZ? — BE'AP)y + B3z + Biup|dt + 2dW.

For further processing, we introduce

(H4). k> 2n' +m/.
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We denote

, L 12 121 pl22
vy = < U;1 ) e R* x RF™ 2 < giﬁ > = ( g?m 5?22 >v BE? = (B3*', B§™),

. ’ ’ ’ _ /_ ! ’ ’
where matrices B§*', B{?' € R»*(2n)  Bl22 B2 ¢ Rrx(k—m/=2nf) - g2l o pm'x@n) - and B2 €
Rm’x(k—m’—2n’)
) 121

921
Bl

With the help of (H5), we choose

-1
_(BENTAR-BRAR B (y
V21 = 31121 A%Q . 311114%2 B111 P

(H5). The matrix ( ) is invertible.

Then,
do = [(Agl ~ BllAyg ¢ Bg%} dt + [(A}l —BlAy, Bi%} aw,
dy = {(A(Z)1 — B3 AiYa 4 B3y
-1
22 po1 422 poon [ Bt A% — Bt A2
+ |AG” — By A" — B; ( Bl21 A2 plig2 Y
B2t -1 Bl
+ B21 _ 3221 ( 0 ) ( 0 ) z dt + ZdW
0 0 B1121 B%l
Denote

Co=Ay' —By'AY',  Do=B;*?,  Ci=A{'-B'Al',  Di=B%,
F=A3' - B'Al', G =B,

-1
R= A% - B3P - B3 ( B! ) ( A — BiLAZ? )

Al _ plia®
pl21 \ "1/ pu
52321_3221< 0 ) ( 0 )
1 0 0 3%21 B%l

Therefore, by the above analysis, system (2.1) can be written as the form in Setting (FB):
z\ Cy O x Dy O u
(- 1% ()2 2) ()
Cl O T D1 0] u ’
(5 8)(5) (8 2 ) ()]

To sum up, we give the following result.
Theorem A.1. Under the assumptions (H1)-(H5), system (2.1) is H-partially controllable on the time interval
[0, T] if and only if system (A.1) is (Hy ' H)-partially controllable on the time interval [0, T).
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