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CONTROLLABILITY GRAMIAN AND KALMAN RANK
CONDITION FOR MEAN-FIELD CONTROL SYSTEMS*

ZHIYONG YU**

Abstract. This paper is concerned with the exact controllability of linear mean-field stochastic
systems with deterministic coefficients. With the help of the theory of mean-field backward stochastic
differential equations (MF-BSDEs, for short) and some delicate analysis, we obtain a mean-field version
of the Gramian matrix criterion for the general time-variant case, and a mean-field version of the
Kalman rank condition for the special time-invariant case.
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1. INTRODUCTION

This paper is concerned with the following controlled linear stochastic differential equation with McKean-
Vlasov type, a kind of mean-field type (MF-SDE, for short):

da(t) = {A(t)x(t) + A(E[x(t)] + B(t)u(t) + B(t)E[u(t)]} dt -
+{C(t)a(t) + COE[®)] + DE)u(t) + DOEu()] } AW (), te[0,7), '

where W () is a 1-dimensional standard Brownian motion, A(-), B(:), etc. are suitable matrix-valued determin-
istic processes, T' > 0 is a fixed time horizon, u(-) is the control process, and z(-) is the state process. The system
(1.1) is called ezact controllable if for every initial state zy € R™, where R™ is the n-dimensional Euclidean space,
and every terminal state zp € L%—T(Q;R"), whose rigorous definition will be given in the next section, there
exists a control u(-) such that

z(0) = w0, x(T) = xr. (1.2)
In this paper, we are interested in the exact controllability of (1.1).
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It is well known that controllability is one of the most important concepts in the control theory. For an
extensive surveys of this issue on deterministic systems, one can refer to Lee and Markus [12] for ordinary
differential equation (ODE, for short) systems and Russell [19], Lions [13], and Zuazua [27] for partial differential
equation (PDE, for short) systems. In the research on ODE systems, the controllability Gramian and the
Kalman rank condition are the most important results for time-variant systems and time-invariant systems,
respectively.

Among the literature on stochastic differential equation (SDE, for short) systems, we would like to mention
the following results which are more related to our present work. By virtue of the theory of backward stochastic
differential equations (BSDEs, for short), Peng [17] proved a rank condition to characterize the exact control-
lability for stochastic systems when the coefficients are deterministic and time-invariant. However, the matrix
related to Peng’s rank condition consists of infinitely many columns, which brings some difficulty of verifica-
tion. Recently, Lii and Zhang [15] simplified Peng’s rank condition from infinite many columns to finite many
columns and obtained a stochastic Kalman-type rank condition. When the coefficients are deterministic but
allowed to be time-variant, Liu and Peng [14] obtained a stochastic version of controllability Gramian. Along
this line, Bi et al. [1] further characterized the reachability of a particular point. For time-variant and random
coefficients, Wang et al. [21] got some equivalent conditions. Recently, Wang and Yu [22] extended the notion
of exact controllability and proposed a notion of partial controllability, then extended the results of [21]. Zhang
and Guo [26] introduced a new kind of stochastic game-based control systems and investigated the related exact
controllability. Different from the exact controllability, there exists another kind of notion, named approzimate
controllability, in the literature, which only requires that the control process steers the state to a neighborhood
of the target. In this direction, one can refer to Buckdahn et al. [5] and Goreac [7]. We notice that in [7] the
author proved that the approximate controllability and the exact controllability are not equivalent to each
other.

The McKean-Vlasov type SDEs were first introduced when Kac [10] studied plasma dynamics equations and
further developed by McKean [16]. Accompanying a recent surge of interest in mean-field games originally for-
mulated by Huang et al. [9] and Lasry and Lions [11], the McKean-Vlasov SDEs and their numerous applications
have received a great development in the past ten years. Especially for the corresponding optimal control and
game theory, one can refer to Yong [25], Buckdahn et al. [2], Carmona and Delarue [6], Pham and Wei, Tian
et al. [20], and so on. Meanwhile, there exists a little research on the controllability of McKean-Valsov SDEs.
Goreac [8] investigated the approximate controllability of (1.1) with deterministic time-invariant coefficients.
Recently, Ye and Yu [24] were interested in the exact controllability of (1.1) (but with random time-variant
coefficients) and obtained the equivalence with exact observability of a dual system. As a continuation, the
present paper is devoted to getting the controllability Gramian and the Kalman rank condition for (1.1).

We notice that, for the ODE version of controllability, the terminal state zp is required to be every point
of R™ (compared with (1.2)). This is a finite-dimensional space. Now, for our system (1.1), the space R™ is
replaced by an infinite-dimensional one L%—T (©;R™). From finite to infinite dimensions makes the difficulty of
the problem increase abruptly. Fortunately, this difficulty has already arisen in the case of SDE systems, and
Peng [17] and Wang et al. [21] proposed two different approaches to overcome the difficulty for time-invariant
and time-variant systems, respectively. In the present paper, the approach of Wang et al. [21] is adopted since
the sytem (1.1) is time-variant. On the other hand, because Peng’s approach for the special time-invariant case
of (1.1) has some reference value from another viewpoint, then it is put in the appendix.

In this paper, in order for the approach in [21] (and the other approach in [17]) to be successfully applied
to the MF-SDE case, we need to combine the following two characteristics of the system (1.1): (i) The setting
of deterministic coefficients allows them to freely enter or exit the mathematical expectation operator, such
as E[A(-)z(-)] = A()E[z(-)]; (i) In many mean-field problems, the decomposition on a random variable £ =
(& — E[¢]) + E[¢] often plays a key role, because the first term (£ — E[£]) has zero mean and the second term
E[¢] is deterministic.
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In fact, under suitable conditions (see Assumption (H) in Sect. 3), the system (1.1) will be reduced to the
following one:

dxz(t) = {A(t)fﬂ(t) + A(OE[z(t)] + A1(t)q(t) + A1 (1)E[g(t)]
+B()u(t) + B(t)IE[v(t)]} dt +q(t) AW (), te0,T], (1.3)
z(T) =0,

where A(+), Ai(:), B(:), etc. will be defined in Section 3. Comparing it with the original system (1.1), a zero
terminal condition is added into the system (1.3). Limiting the terminal state from every point in L% (€;R™)
to zero shifts the problem from an infinite-dimensional framework to a finite-dimensional one. In other words,
now we only need, for every initial state xy € R™, find a control v(-) such that (compared with (1.2))

:E(O) = Xo.- (14)

Different from the system (1.1), the new system (1.3) should be understood as an MF-BSDE. In fact, the system
(1.3) corresponds to an exact null-controllability in the classical sense. In this paper, we write the zero terminal
value directly into the system (1.3) to highlight the viewpoint of MF-BSDEs.

For the ODE systems, it is well known that the proof of Kalman rank condition essentially depends on the
following expression of a related fundamental matrix:

A e tt Al
et =>" 1€ [0, 7). (1.5)
i=0

This expression is too restrictive such that the classical proof cannot be generalized to the MF-BSDE system
(1.3) we care about. We notice that a similar difficulty has already arisen in the case of BSDE systems. But,
unfortunately, the corresponding proof is missing in Peng [17]. In the present paper, although the fundamental
matrix ®(-) (see the definition (5.22)) to a related MF-SDE does not admit an expression similar to (1.5), we
instead introduce an approximation sequence {®*)(-)}2 | for ®(-). By proving the relevant properties of ®(*) ()
(k=1,2,...) and sending k — oo, we overcome this difficulty and obtain the desired Kalman rank condition.
As a corollary, our approach reduced to the special case of BSDE systems fills the gap in [17].

In order to state and prove the Kalman rank condition, especially to analyze the mean-field dependence, in
this paper, we introduce a couple of new multiplication operations: “®” and “o” (see Def. 5.1 and Eq. (5.31)).
The first one is called a block-tensor product which can be regarded as a combination of the classical product
and the tensor product of matrices. The second one can be regarded as a combination of the classical matrix
product with a scalar and the classical inner product of vectors. Moreover, a family of auxiliary scalar-valued
stochastic processes n](k) (k=1,2,...; 7=0,1,2,...,28"1) are also introduced (see (5.29)). These operations
and processes are subtlely designed and work together to complete the proofs.

The rest of this paper is organized as follows. In Section 2, we introduce some notations and do some
preliminary works. In Section 3, we reduce the system (1.1) to the system (1.3). Then, for the exact controllability
of (1.3), a mean-field version of controllability Gramian (see Thm. 4.1) is obtained in Section 4, and a mean-field
version of Kalman rank condition (see Thm. 5.9) is also obtained in Section 5.

2. PRELIMINARIES

Recall that R™ is the n-dimensional Euclidean space equipped with the Euclidean inner product (-, -) and
the induced norm | - |. Let R™*™ be the set of all (n x m) matrices. With the inner product

(A, B) =tr [ATB] for any A, B € R"™*"™,
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R™ ™ is also a Euclidean space. Here and hereafter, the superscript “T” denotes the transpose of a vector or a
matrix.

Let (2, F,F,P) be a complete filtered probability space on which a 1-dimensional Brownian motion W (-)
is defined. In this paper, we set the dimension of Brownian motion d = 1 for simplicity. The case d > 1 can
be discussed similarly. Let F = {F;}ic[o,7] be the natural filtration of T (-) augmented by all P-null sets, and
F = Fr.

For any Euclidean space R™, we introduce some Banach (sometimes more accurately, Hilbert) spaces as
follows.

— L*>(0,T;R"™) is the set of all Lebesgue measurable deterministic processes valued in R™ and essentially
bounded;
L% (S R™) is the set of all Fr-measurable random variables ¢ valued in R" such that

E[|¢°] < oo

L2(0,T;R™) is the set of all F-progressively measurable processes f(-) valued in R" such that

T
IE/O F(8)[2 dt < oo

— LZ(Q;C(0,T;R™)) is the set of all F-progressively measurable processes f(-) valued in R” such that for
almost all w € Q, t — f(t,w) is continuous and

| s 70| <o

t€[0,T]

and give the rigorous assumptions on the coefficients: A(Y),
D(-), D(-) € L*(0,T;R™*™). By Proposition 2.6 in [25] (see

We now return to our mean-field system (1.1)
any zo € R" and any u(-) € LZ(0,T;R™), the MF-SDE (1.1)
#(

1
A(), C(), C(-) € L=(0,T;R™*™) and B(-), B(-)

also Prop. 2.2 in [23] for a wider situation), for
admits a unique solution x(-) = x(-;zg,u(-)) € L2(Q; C(0,T;R™)). Next, we give the rigorous definition of exact
controllability.

Definition 2.1. The system (1.1) is called exactly controllable on [0, 7], if for any o € R" and any zr €
L3 (S R™), there exists a u(-) € L§(0, T;R™) such that the unique solution z(-) = x(-; xo,u(-)) to (1.1) satisfies
x(T) = x(T; z0,u(")) = 7.

In this paper, we use the following notations for convenience:
A()=A()+A(), B()=B()+B(:), C()=C()+C(), D(-)=D()+D(). (2.1)

Then, the controlled system (1.1) can be rewritten as (the argument ¢ is suppressed for simplicity)

dx:{A(x_E[x])+EE[x]+B(u_E[u])+§E[u]}dt )
2.2
+{C(v~Els]) + CE[] + D(u — Elu]) + DE[u]} aW, te [0,7).

First of all, we can easily get a couple of necessary conditions for the exact controllability of (1.1). Indeed,
by taking the expectation to MF-SDE (1.1), we get an ODE:

~

d(Elz(t)]) = {X(t)E[x(t)] + B(t)IE[u(t)]} dt, telo,1]. (2.3)
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Let us focus temporarily on ODE (2.3). We introduce a deterministic matrix-valued process </15() to denote the
solution of the following ODE:

{ dd(t) = —d(t)A(t)dt, te[0,T], 2.4

d(0) = 1.

It is clear that </I\>() is indeed the inverse of the classical fundamental matrix to ODE (2.3). Based on C/I;(), we
define a symmetric matrix as follows:

~ o~

U = /T d(t)Bt)B(t) (1) dt. (2.5)
0

As corollaries of the controllability Gramian and the Kalman rank condition for the ODE system (2.3), we have

Proposition 2.2. (7). If the system (1.1) is exactly controllable on [0,T], then the matriz T s non-singular.
(ii). If we have an additional condition that both A(-) and B(+) are time-invariant, then the exact controllability
of (1.1) implies

Rank (E, EE, A\zﬁ, cee /T"flﬁ) =n. (2.6)

In the rest of this paper, we aim to find some non-trivial sufficient conditions or equivalent conditions for the
exact controllability of (1.1).

3. EXACT NULL-CONTROLLABILITY AND MF-BSDE

In this section, we shall reduce the original system (1.1) to the simpler one (1.3) along the approach in [21].
This reduction is a preparation for the controllability Gramian in Section 4 and the Kalman rank condition in
Section 5.

For the reduction, we need the following assumptions on the coefficients.

Assumption (H). There exists a constant § > 0 such that
D)D", D(t)D(t)T >8I for almost all ¢ € [0,T]. (3.1)

In this case, [D(£)D(t)T]~* and [D(£)D(t) 7]~ exist and essentially bounded. Moreover, it is clear that, in the
special case that D(-) and D(-) are time-invariant, Assumption (H) is equivalent to

Assumption (H'). Rank D = n and Rank D = n.

Obviously, Assumption (H') (or Assumption (H)) implies that the dimension of the control is bigger or equal to
that of the state. We notice that, when all of the coefficients in the system (1.1) are time-invariant, Goreac [8,
Proposition 2| proved that Rank D=nisa necessary condition for the exact controllability. Then he continued
to obtain that Assumption (H') is a sufficient condition for the ezact terminal controllability (see [8], Prop. 5).
Here, the exact terminal controllability is a weaker notion than exact controllability. In the present paper,
we shall work under Assumption (H) to investigate the exact controllability of (1.1) with time-variant and
time-invariant coefficients.



Let
A() = A() - B(OD(O)T[D()D()T] ()
Ai()=B()D()T[D(DH)T] (3.2)
B() = B()(I - D()T[D()D()T] D)
A()=A() - B(DO)T[D()D()T] ()
Ai()=B()D()T[D(DH)T] (3.3)
B() = B()(1- D) [D()D()T]'D())
and

AC)=A()—A(), Ai()=Ai()=Ai(), B()=B()-B(). (3.4)
We introduce the third controlled system:

dz(t) = {A(t)w(t) +AME[z(t)] + A1(t)q(t) + A1 (t)E[g()]

+B()u(t) + B(t)E[v(t)]} dt + q(t) dW(t), te[0,T],

where z(-) is the state process and (g(-),v(+)) is a pair of control processes. Equivalently (the argument ¢ is
suppressed ),

de = {A(x—IE[:z:]) + AE[z] + Ay (¢ — Elq]) + A,E[g] o)
3.6
+B(v—E[]) + B(t)IE[v]} dt + q¢dW, te0,T).
Proposition 3.1. Under Assumption (H), the exact controllability of (1.1) is equivalent to that of (3.5).
Proof. (Necessity). Let (zo, 27) € R™ x L% (€;R™) be given. Since the system (1.1) is exactly controllable, then
there exists a pair (z(-),u(-)) € LZ(Q;C(0,T;R™)) x L2(0,T;R™) satisfying
de = {A(x — E[z]) + AE[z] + B(u — E[u]) + E]E[u]} dt
+ {C’(J: —E[z]) + CE[z] + D(u — E[u]) + f)E[u]} aw, teo,T], (3.7)
z(0) = w0, z(T) = xr.

Define

(3.8)



CONTROLLABILITY GRAMIAN AND KALMAN RANK CONDITION

which is equivalent to

CE[z] + DE[u],  q—E[g] = C(z — E[z]) + D(u — E[u)),
v—E] =u—E[u].

—N
= =
=R
I
=
£

It is easy to verify that (q(-),v(-)) € L2(0,T;R™) x L2(0,T;R™). We calculate
Eju) = D' [DD'] ' DE[u] + (I ~-DT[DD] ‘113)E[u]
— DT[DDT] "' (E[g] - CE[x]) + (1 ~DT[DDT] *lﬁ)Em.
By the definition (3.3),

BE[u] = BDT[DDT] 'Elg] - BD"[DD]"'CEls] + B(1~ DT [DDT] ' D)Ely]
= AE[g] + (A - A)E[s] + BE[v],
AE[z] + BE[u] = AE[z] + A,E[q] + BE[v].

Similarly,

u—Eu] = D" [DD"]"{ (¢~ Ela)) - C(= — Ela]) } + (1 = DT [DDT] 7' D) (v ~ E[t]),
and by the definition (3.2),

Afx ~ Els]) + B(u— E[u]) = Az~ Elz]) + A (q - Elg)) + B(v ~ Elt]).
Due to (3.8), (3.10) and (3.12), we rewrite (3.7) as
do = {A(x —El2]) + AE[z] + Ay (¢ — E[g]) + A E[g]

+B(v—E[]) + ﬁ(t)E[v]} dt + ¢dW, te0,T],
2(0) = wo, z(T) = xr.

(3.10)

(3.11)

(3.12)

(3.13)

This means that the pair of the controls (¢(-),v(-)) defined by (3.8) steers the state z(-) from z(0) = z( to

x(T) = xr. By the arbitrariness of (xq, z1), we prove the exact controllability of (3.5).

(Sufficiency). Let (zo,z7) € R™ x L% (€;R™) be given. Since the system (3.5) is exactly controllable, then
there exists a triple (x(-), q(-),v(:)) € LA(Q; C(0,T;R™)) x L(0,T;R") x L&(0,T;R™) satisfying (3.13). Based

on this triple, we define

w=D"[DDT]"{(¢—Elg) - C(x ~Elz]) } + (1 - D [DDT] ' D) (v ~ E[v))

+DT[DDT]"" (Elg] - CEla]) + (1 - DT[DDT) ™' D)Ely]

(3.14)
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which is equivalent to
E[u] = DT[DDT] " (Elg] - CE[s]) + (1 - DT [DDT] ™' D)Elv],
u—Efu] = D" [DDT]"{ (¢~ Elg)) - C(¢ - Ela]) } + (1~ DT[DDT] "' D) (v - Elu]).

Obviously the above defined u(-) € LZ(0,T;R™). Comparing to (3.9) and (3.11), it is clear that the derivations
of (3.10) and (3.12) are still valid. Moreover, a direct calculation leads to

DE[u] = E[q] — CE[z] (3.15)
and
D(u—E[u]) = (¢ — E[g]) — C(z — E[z]). (3.16)

Then, (3.10), (3.12), (3.15) and (3.16) work together to ensure that (3.13) can be rewritten as (3.7) with the
setting (3.14). This proves that the exact controllability of (3.5) implies that of (1.1). The whole proof is
finished. J

In the direction of the above proposition, we turn to consider the exact controllability of (3.5). Besides the
notion of exact controllability, the following notion of exact null-controllability is also needed.

Definition 3.2. The system (3.5) is said to be exactly null-controllable on [0, 7], if for any zy € R™, there
exists a pair of control processes (q(-),v(-)) € L2(0,T;R™) x L(0,T; R™) steering the state x(-) from z(0) = o
to z(T) = 0.

Proposition 3.3. For the system (3.5), the exact controllability is equivalent to the exact null-controllability.

Proof. The necessity is obvious, and we focus on the sufficiency. Let (zg,z7) € R™ X L%-T (; R™) be given. on
the one hand, by the theory of MF-BSDEs (see [3], Thm. 3.1, [4], Thm. 3.1, or [23], Prop. 2.6 for example),
there exists a unique solution

(2°(-),4°() = (@°(527),¢° (5 27)) € LE(Q; C(0, T;R™)) x Lg(0, T;R™)
satisfying the following MF-BSDE:
da(t) = {A()2"(t) + AWE[R"(1)] + Ar(1)g" (1) + Ax (DB (1)] } dt

+¢°(t)dw (t), telo,T], (3.17)

2°(T) = xp.

On the other hand, since the system (3.5) is exactly null-controllable, then there exists a triple (2(-),q(-),v(+))
satisfying

dz(t) = {A(t)f(t) AME[E(H)] + A1(H)q(t) + A (DE[q(1)]
+ B(t)v(t) B(t)JE[u(t)]} dt +q(t)dw (t), te€0,T], (3.18)

z(0) = o — 2°(0), z(T) = 0.

_|_
+
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Let
w()=2C)+2(),  q()=¢°()+q().

Then the linearity of equations implies that (z(-),q(-),v(:)) satisfies

da(t) = {A(t)x(t) +AE[(H)] + A1 (t)q(t) + A1 (H)E[q(t)]
+B(Ho(t) + BOE[()]} dt + q(t) aw (1), t € [0,7],
2(0) =20,  2(T) =z,
In other words, the pair (¢(-), v(-)) steers z(-) from (0) = zo to #(T) = x7. The exact controllability of (3.5)

follows from the arbitrariness of (zg,z7). O

Remark 3.4. We notice that, in the above proof of Proposition 3.3, the result of MF-BSDEs can be used
because the system (3.5) satisfies the form of MF-BSDEs, i.e., its diffusion term is ¢(-). In other words, the
system (3.5) has an advantage: It can be regarded as either an MF-SDE or an MF-BSDE. However, this proof
of Proposition 3.3 cannot be applied to the original system (1.1).

At the end of this section, we describe the results we have obtained in a more intuitive form. By adding the
zero terminal condition into the system (3.5), we get the system (1.3) which has been proposed in Section 1.
The addition of the zero terminal condition means that we consider the system (1.3) as an MF-BSDE. From
the system (1.1) to the system (3.5), then to the system (1.3), we transform an MF-SDE to an MF-BSDE.

Definition 3.5. (i). The system (1.3) is said to be exactly controllable on [0, 7] if and only if the system (3.5)
is exactly null-controllable on [0, T.
(ii). Due to the linearity, the set

J = {z(0;v()) | v() € LE(0, T;R™)}, (3.19)

where (z(5v(+)),q(;;v(+))) € LE(;C(0,T;R™)) x LZ(0,T;R™) denotes the unique solution to MF-BSDE (1.3)
under the control process v(-) (see [23], Prop. 2.6), forms a linear subspace of R™. We call it the controllable
subspace of the system (1.3).

Consequently, the system (1.3) is exactly controllable if and only if the corresponding controllable subspace
J = R". With the help of the theory of MF-BSDEs (see the proof of Prop. 3.3), we have obtained the result:

Theorem 3.6. Under Assumption (H), the exact controllability of (1.1) is equivalent to that of (1.3).

4. CONTROLLABILITY GRAMIAN IN TIME-VARIANT CASE
Now, we introduce a matrix-valued linear MF-SDE:
dY (t) = —{Y(t)A(t) + E[Y(t)}[x(t)} dt
- {Y(t)Al(t) + E[Y(t)]Al(t)} dw(t), telo,T], (4.1)
Y(0) = I.

Based on it, we define a symmetrical matrix:
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This matrix can be regarded as a mean-field version of the traditional Gramian matrix. Similar to the classical

theory, we have the following result which can be regarded as a mean-field version of Gramian criterion for exact
controllability.

Theorem 4.1. Let the space J be defined by (3.19) and the matriz G be defined by (4.2). Then,
J = Span G. (4.3)

Consequently, the system (1.3) is exactly controllable if and only if G is non-singular.

We notice that, in (4.3), Span G denotes the vector space spanned by the column vectors of the matrix G.

Proof. Clearly, it is equivalent to proving the following result: For any given vector g € R™,
B8 LJ ifandonlyif 5L G. (4.4)

For any v(-) € L&(0,T;R™), we denote the solution to MF-BSDE (1.3) by (z(-),q()) = (z(-;v(-)), q¢(-;v(-))).
Applying Itd’s formula to Y (-)z(-) yields

—2(0) = E[Y(T)2(T)] — Y (0)z(0) = E /0 {Y(t)B(t)v(t) + Y(t)B(t)]E[v(t)]} dt
T .
_ IE/O {¥(B() + EIY (0B Jo(t) dr.
Making the inner product with g leads to
T —
—3Tz(0) =E / ,BT{Y(t)B(t) + E[Y(t)]B(t)}v(t) dt. (4.5)
0
(Necessity of (4.4)). Since 8 L J, then (4.5) implies
T
IE/ ﬂT{Y(t)B(t) +E[Y(t)]B(t)}v(t) dt =0 for any v(-) € L3(0,T;R™).

In particular, taking v(-) to be each column of {B(-)TY ()T +B(-)TE[Y(-) ]} yields BT G = 0 by the definition
of G.
(Sufficiency of (4.4)). Since 5 L G, then

0=8TGg = E/T ﬁT{Y(t)B(t) + E[Y(t)]B(t)}{B(t)Ty(t)T + B(t)TE[Y(t)T]}ﬁ dt
OT T T D T T 2
_ IE/O {BO Y () +B()EY ()} ar
Therefore,
{B(t)TY(t)T + B(t)TE[Y(t)T]}ﬂ =0 for almost all ¢ € [0, 7] and almost all w € €.

Substituting the above equation into (4.5) leads to 8Tx(0) = 0. By the arbitrariness of v(-), we have 8 L J.
The proof is completed. O
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The non-singularity of the matrix G defined by (4.2) provides a nice criterion for the exact controllability
of (1.3). Like the classical case, we call G the controllability Gramian. However, the definition of G is based on
the matrix-valued MF-SDE (4.1). Obviously, reducing the complexity of (4.1) will make the use of this criterion
easier. The next corollary will try to reduce the MF-SDE (4.1) to an ODE, then provide a sufficient condition
and a necessary condition, respectively.

By taking the expectation on (4.1), we get an ODE:

d(E[Y (t)]) = ~E[Y (t)]A(t)dt, te [0,T], (16)
E[Y(0)] =1 '
Based on the solution E[Y(-)] to ODE (4.6), we define a couple of symmetrical matrices:
~ T o~ ~
G— [ EY@ARW®AT OBy (0 d (4.7)
0
and
T
G= / E[Y ()] B(t)B(t)TE[Y (t)T] dt. (4.8)
0

We notice that (4.6) and G are different from (2.4) and U since A() and ]AB() are different from X() and ﬁ(),
respectively.

Corollary 4.2. (i). If G is non-singular, then the system (1.3) is exactly controllable on [0,T].
(i1). If the system (1.3) is exactly controllable on [0,T), then (G + G) is non-singular.

Proof. (i). A direct calculation leads to

Here, for any symmetrical matrices A and B, the inequality A > B means that (A — B) is positive semi-definite.
Then, by the definitions, G > G. Consequently, the non-singularity of G implies that of G. Theorem 4.1 works
to obtain the exact controllability of the system (1.3).

(ii). Taking the expectation on the system (3.5) yields

~ ~ ~

A(E[=(t)]) = { AME()] + Ai()E[a()] + BOEW®)] | dt, ¢ € [0,7]

We notice that the pair (E[g(-)],E[v(-)]) is regarded as the control for the above deterministic system.
Proposition 2.2-(i) shows that, when the system (3.5) is exactly controllable, then the matrix

T N N A1 T ~ o~
/O B ()] ((Aut) B ) ( ‘%(Sf))T >E[Y(t)T] dt=G+G
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(refer to the definitions (4.7) and (4.8)) is non-singular. Proposition 3.3 together with Definition 3.5-(i) shows
that the exact controllability of (3.5) is equivalent to that of (1.3), which completes the proof. O

5. KALMAN RANK CONDITION IN TIME-INVARIANT CASE

In this section, all the coefficients in the system (1.3) are restricted to be time-invariant, i.e., A(-) = A,
A=A A(")=A1, A ())=A,,B(-) =B, B(:) = B, and then A\() =A, Kl() =A,, ]§() = B. Obviously,
this restriction can be implied by the setting: Let all the coefficients in the original system (1.1) be time-invariant.
For convenience, we rewrite the time-invariant case of (1.3) as follows:

da(t) = {Am(t) + AE[z(t)] + A1q(t) + A E[q(t)] + Bo(t) + BE[v(t)}} dt
Fqt)dW(b), tel0,T], (5.1)
x(T) = 0.

Compared with the controllability Gramian studied in the previous section, this section is devoted to looking
for a simpler criterion, named a Kalman rank condition, for the exact controllability of the time-invariant
system (5.1).

As a start, we combine the classical product and the tensor product of matrices to define a new multiplication
operation.

Definition 5.1. For any given block matrices

All A12 e Aln Bll B12 e qu
AQl AZQ e AQTL BQl BZQ e BQ(]
A Apo o Ay Bpl BPQ e qu

their block-tensor product is defined as follows:

All]Rll All]BlZ e All]qu ot AlnBll AlnB12 co Alnl[glq
AHIB%21 AHBZ2 to A11E%2q Tttt A17118321 AlnBZZ T AlnBQq
All}Bpl Allﬁ;ﬂ e A11]:831011 oot A1n]ng1 AlnBPQ e AlnIqu
ARB= B (5.3)
AmlBll AmlBIZ o Am,lIqu Tttt A&mnﬁll A&mnIB%lZ T AmnBIq
ApiBor ApiBos -0 ApiBog oo o0 AppBor AnnBae o AgBog
Arnl]Bpl Arnl]BpQ e Aml]qu oo Amn]Bpl A7nan2 e ATnanq

provided all the involved classical products A;;B,; are well-posed (i =1,2,...,m;j=1,2,...,n h=1,2,...,p;
1=1,2,...,q).

We notice that, the block-tensor product (5.3) depends on the block form (5.2) of matrices A and B. Different
block forms will bring different calculation results.

Remark 5.2. In our analysis below, the following two simple properties will be used.
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(i). The above defined block-tensor product obeys the following combination rule:
(AB)C=ABeC)=AB&C.

For simplicity, the following notation will also be introduced:

the number is k

—_—
ARA® - @A = A®F
(i1). We have the relationships:
(An®B) =BT ®A], and (A®By) =B, AT

__ With the help of the above defined block-tensor operation, based on the coefficients A, .& Aq, ;&1, B, and
B of the system (5.1), we recursively define

./41 = ]/_5)7
As :=( AoA, A ®B ), (5.4)
Ak‘, ::< A&@Akfh Al@( A7 Al )®(k72)®B )7 k:3547

Here and hereafter, for the block-tensor operation, the matrices A, ./AX, A4, Kl, B, ]§, and their products are
the basic block units. We will not repeat this point since it does not cause confusion. Clearly, we have

i=1,2,....k—1
A= | AF'B, A*?AB, ..., A"27A, @ (A, A)% @B,
(5.5)
Kl@ (A7 A1)®(k_2) ®B) ’ k:2737

For more intuitiveness, besides A; = B given in the above (5.4), we would like to list also the calculation results
of A, Az, and Ay as follows:

Az

(4B, AB),

Ay = (&&ﬁ, AA,B, A,AB, f&lAlB),

Ay = (KKKE AAA,B, AA,AB, AAAB,
A,AAB, A;AA,B, A,AAB, AlAlAlB).

The matrices Ay (k=1,2,...) will be used to construct the desired Kalman rank condition below. Now, let
us do some preparations on them.

Lemma 5.3. (7). Let

By :=B, k=2,3,... (5.7)
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Then, the following recursive relation hold:

Av=(AoA,, AieBii ),  k=23.. (5.8)
(ii). Let
=N Ck = ( A®Ck—17 :&1 ®( A, A1 >®(k72) )
CQ = 1A17 R R 5 k:3,4, (59)
= ( AFZAY, Cra ®( A, A ) )
Then, Ay can be represented by Ci as
Ay=(A*'B, Gi@B ), k=23, (5.10)

Proof. (i). The equal sign in (5.7) can be easily derived by virtue of Definition 5.1 and Remark 5.2-(i). The
relation (5.8) is obvious.
(ii). By an induction argument, the relation (5.10) can be easily obtained from the definition in (5.9). The
remaining thing is to prove the equal sign in (5.9). In fact, the induction method will be employed for this aim.
Firstly, when k = 3, by the definitions of C3 and Cs, we verify

G=(Aec, Ae(A A))=(AA, Go(A A)),

i.e., the conclusion holds for k = 3.
Secondly, we assume that the conclusion holds for k£ — 1, i.e.,

Cior = ((A*PA, Ga® (A A ). (5.11)

Next we try to prove that the conclusion also holds for k. Indeed, by the definition of Cx_1, we have (“RHS” is
short for “the right hand side of the equal sign in (5.9)”)

RHS = (A*2A;, G (A A))
= ( AF2A, ( A@Cs Are( A, A )*FY )®( A, A )
= ( AR, ARG Lo (A, A ), Aie(A A )" Ve(A A )
- ( Ao (AR, Gao (A A) ), Ao(A A )T )

By (5.11) and the definition of Cx, we obtain

RHS = < AwC 1, Ae(A A )Y ) = LHS,

where “LHS” is short for “the left hand side of the equal sign in (5.9)”. The proof is completed. O

As the same style as Theorem 4.1, we propose
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Theorem 5.4. Let J defined by (3.19) be the controllable subspace of the system (5.1). Let Ay, (k=1,2,...)
be defined by (5.4). Then

J =Span (A;, Ag, As, ...). (5.12)
Consequently, the system (5.1) is exactly controllable if and only if
Rank (Ah As, As, ) =n. (5.13)
Proof. 1t is equivalent to proving the following result: For any given g € R™,
BLJ ifandonlyif AL (A4, As, Az, ...). (5.14)
We split the whole proof into three steps.
Step 1: 8 L J is equivalent to (5.18) below.

Inspired by Peng [17], for any 8 € R™, we introduce a linear MF-SDE which is called a dual equation to the
system (5.1):

dp(t) = ~{ATp(t) + ATEp()} ot - {ATp(0) + ATEPOI} W), teT)
p(0) = B.
Clearly, it is equivalent to the following system (the argument s is suppressed for simplicity):
t ~
Bp(t) =5~ [ ATEplds. te o)
0 (5.16)

p(0) ~Bp(0)] = = | ATl ds— [ {ATER+ AT (- Epl) }aW. te 0.7

By applying Itd’s formula to (p(-), x(-)) where (z(-),¢(-)) = (z(;;v(-)), ¢(-;v(-))) denotes the unique solution to

MF-BSDE (5.1), we have

T
v T B = - z(0;v(-))).
£ [ (u(t). BTp0) + BTER()])dt = ~(8, 2(0:0()
Therefore, § L J if and only if
IE/T <v(t), BTp(t) + BT]E[p(t)]> dt =0, Yo()e L0, T;R™),
0
which is also equivalent to
Bp() + BTE[p(-)] = 0. (5.17)
In other words,
B'E[p()]=0 and B’ (p(-)—E[p(-)]) =0. (5.18)

Step 2: (5.18) implies 8 L (A1, Az, Az, ...).
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By Definitions (5.4) and (5.7), we rewrite (5.18) as
Al @Ep()] =0,  B{ ® (p() —E[p(-)]) = 0. (5.19)
Then, (5.19) and (5.16) lead to
t o~
ATes [ AT o ATEplds =0,
0
t t
— | Bl ®@AT(p—E[p])ds — / {B’lT ® A{E[p] + B @ A{ (p —E[p]) } dW = 0.
0 0

By noticing Remark 5.2-(ii), (5.8) and (5.7), we have

(weal )= ((rean)s (srean) )

( A A, A®B )TzAZT

and
( g%gi} ) —(A®B, A®B ) =B
Therefore,
Al @B=0 (5.20)
and
A @Ep()] =0, By @ (p() —Elp(-)]) = 0. (5.21)

The above procedure can be repeated infinitely. With the help of the induction method, we obtain
Al @B=0, k=1,2,...,

which is equivalent to 8 L (A1, Az, As, ...).
Step 3: 8 L (A1, Az, Az, ...) implies (5.18).
We introduce a matrix-valued MF-SDE:

{ ad(t) = ~{ATe() + ATE[R()] } dt — {ATB(0) + ATE®()} AW (), ¢ [0,7], 522)

®(0) =1,
which is equivalent to (the argument s is suppressed)
t ~
E[®(t)] =1 - / ATE[®]ds, t€]0,T]

T ¢ (5.23)
@(t)—ﬂi[(b(t)]:—/o AT(@—E[cb])ds—/o {KIE[¢]+AI(¢>—E[@])}dW te0,7).
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It is clear that ®(:) is indeed the fundamental matrix to SDE (5.15). Then we have p(-) = ®(-)3. Therefore,
(5.18) becomes

B'E[®()]f=0 and BT (®(-) - E[®()])5=0. (5.24)
We continue to recursively define
oWy =T1 (5.25)
and
Ao () = f{Ach(’“’l)(t) + ATIE[<I>(’“*1)(1€)]} dt

- {A1T¢><k—1><t) + AIE[q»(k—l)(t)]} aw(t), telo, 1), k=23, .. (5.26)
o™ (0) =1,

Clearly, the above (5.26) is equivalent to
t ~
E[®® ()] =1 — / ATE[@*Y])ds, te0,T],
0
t
) (1) —E[@®) (1)] = 7/ ATE[@*-D]1aw
0

, k=23,... (5.27)
—/ AT (%D —E[@*1]) ds
0

t
7/ Al (@%Y —E[@*D]) aw, te (0,17,
0

Due to the theory of SDEs, it is clear that ®(*)(-) — &(-) in L2(Q; C(0, T; R™ ™)) as k — oc. Therefore, (5.24)
(equivalently (5.18)) can be implied by

B'E@W())g=0, BT (@¥()-E@®()])s=0, foranyk=1,2,... (5.28)
Corollary 5.6 below shows that 8 L (A;, As, As, ...) implies the above (5.28). Then, the proof is completed.

However, the proofs of Corollary 5.6 and its main argument: Lemma 5.5 are a bit complicated. We would like
to split them out of this proof. O

Let us introduce some notations and do some preparatory works for Lemma 5.5 and Corollary 5.6 below. We
define a pair of scalar-valued processes:

w0 = [ Das o= [(nave. e

It is clear that 7)8))(), 778; (-) € LE(Q;C(0,T;R)). We continue to define four scalar-valued processes as follows:

t
77(00) (1) ds, nééi)() _/0 (‘778;(5)) dW (s),

t € 0,T7.

o\o\W

’7<1o>

t
2 1
77(1) ds, 513)(25) = /0 ( 77&;(5)) dW(s),
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It is clear that the above defined four processes also belong to the space L2(£2; C'(0,7;R)). We notice the naming
rules: (i) The number of integrals is written in the superscript of #; (ii) When we have a Lebesgue’s integral of
time s, we write a 0 in the subscript; Symmetrically, when we have a It6’s integral of Brownian motion W(s),
we write a 1 in the subscript; (iii) For the early integral, the corresponding 0 or 1 appears on the left.

The above recursive definitions can be repeated infinitely. However, a large superscript will cause a bad result:
The related subscript will be too long to be convenient to use. Due to this, we regard the string of numbers
consisting of 0 and 1 as a binary integer, and rewrite it as its decimal integer form. For example, 7782)01)(-) is

rewritten as 775(,4)(-). With these new notations, the recursive definitions are re-given as follows:

() = A(aum,nﬁ<y A(=UMW@, te 0,7,
0= [ (@) s o= [ (-aPe) e, cepr O
k=1,2,..., j=0,1,2,...,28 —1.

Moreover, we denote

i) = (70, i 0l 0)
k=1,2,...

= (n" (). %), ;

We notice that, for any k = 2,3,. .., the block matrix C;, defined by (5.9) consists of 2¥=1 — 1 blocks. If we
denote its j-th block by C; (j = 1,2,...,2¥=1 — 1), then

(5.30)

Ck = (Ck‘,l, Ck-,Q, ey Ck72k—1_1).
For the convenience of subsequent analysis, we denote
2k—1_1

S eel = }: YOk, k=23, (5.31)

[1PN2

The above defined operation “o” can be regarded as a certain combination of the classical matrix product with
a scalar and the classical inner product of vectors.
With the above preparations, we give the following result:

Lemma 5.5. Let ®*) () (k =1,2,...) be defined by (5.25) and (5.26). Then, we have

E[eW()] =1, g
() ~E[eM ()] =0 .

and

BIB0 ()] = Elat-D ()] + () (R4)
o™ () ~E[@® ()] = o* V() ~E[@* V()] + 'V () o],

k=2,3,..., (5.33)

where the involved notations are given by (5.9), (5.29), (5.30), and (5.31).
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Proof. (5.32) is obvious. To prove (5.33), we will once again employ the induction method.
Setp 1: Prove the first equation in (5.33).
When k = 2, by the definition of E[®®)(.)], for any t € [0,T], we calculate

~

E[®® (1) =1 - /Ot AT ds =E[oW ()] + (/Ot(—l) ds) AT =E@D (1) +nV(H)AT,

i.e., the conclusion holds for k = 2.
Let k = 3,4,... be given. We assume that the first equation in (5.33) holds for k — 1, i.e.,

E[@(h—l)()] — E[(I)(k:72)()] + n(()k—Q)(.) (;&kiz)T'

Based on this, we are going to prove the same conclusion also holds for k. Indeed, by the recursive definitions
of E[®®*)(-)] and E[®*~1)] and the above equation, we calculate

E[®® ()] =1 — /t ATE[®* D (s)]ds
0
—I- / t AT{E[@“NS)] + a8 (s) (AH)T} ds

= (1= [ Armetepas) « ([ (=af ) as) (B

— Bl (@] + V(1) (B4

which is just the first equation in (5.33). The proof of Step 1 is finished.
Setp 2: Prove the second equation in (5.33).
Let k = 2. By the definition of ®®)(-) — E[®(2)(-)], we calculate

0 (0) ~ Bjo® (o) = - [ AT awts) = (200 - sl @) + ([ (-1aw(s) AT
0 0

= (@) - B2 ) + 0" AT = (20(1) ~E@V (0)]) + 1551 0 ¢5

We have verified that the second equation in (5.33) holds for k = 2. Since Step 2 is a bit complicated and
the case of k = 2 is too simple to reveal the essence, we continue to calculate the case of k = 3 for a better
comprehension.
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Let k = 3. From the recursive definitions of ®®)(-) — E[®®)(-)] and ®2)(.) — E[®?)(.)], the first equation in
(5.33), and the above equation,

t t
= —/ ATE@@]dw - [ AT (2@ —E[@®)]) /AT (2@ — E[@®]) dW
0

AT E[(D(l)]+nél)f&T}dW—/ AT{(<I>(1)—E[<I>(1)])+7711 c;}ds
0

= (@(2)(75) - E[<I>(2>(t)]) + {/Ot (— nél)) dW] A[AT
(=) dW] o (ATC)).

(k) (k)

[P

By the definitions of n; and 7 and the notation “o”, we have

(2@ (1) - E@® 1)) - (22(1) — E[2® (1)])
~ T
= 1P (O)(AA1) "+ (1)(C2A) "+ (1)(C2A1)
T
= n(f)(t) (AAlv CA, C2A1)
2) ~ T

I OTOR (AAl, C® (A, Al)) .
We notice that, in the above derivation, we have used (C2 ® A, C2 ® A1) = (C2A, C2A1) =C2® (A, Ay). This
equation holds true since Co = :&1 which consists of only one block. In the analysis for £ > 4, the related Cg
consists of many blocks. Then, for the corresponding equation holds true, we must exchange some columns of

matrices. This will be explained in detail later. Now let us return to the case of k = 3 and finish the verification
of this case. In fact, (5.9) in Lemma 5.3 implies

(2@ (1)~ E@® (1)) - (22 (0) ~ E@® (1)]) = % (t) 0 ]
Let £k =4,5,... be given. We assume that the second equation in (5.33) holds for k — 1, i.e.,
o D() —E[@EI () = 02 () —E[@* D ()] + 5 () oy (5.34)

Similar to the case of k = 3, by the recursive definitions of ®*)(-) — E[®®*)(.)] and ®*~1(.) — E[@(*—1)(.)], the
first equation in (5.33), and the above equation, we have

o™ (1) ~ E[o") (1))

e ek [ (o] 1 5
+ [/Ot( 1% ds} o (AT@Cl,) + [/Ot( ) dW] o (A] ®C/y).
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From the definitions of (5.29) and (5.30),
" ke2) (k—1)
/0 (—770 )dW=n1 (1),

/Ot<_n(_k0—2)> ds — (/Ot (_ngk—2)> ds, /Ot (—Uék_2)> ds, ..., /Ot (—ng,fff)_l) ds)

k— k— k—
= (@ VO, L),
and
" k-2) YO k-2) Y k-2 " k-2)
/ (_77—0 )dW: (/ (—m )dm / (—?72 )dW, / (—an_Q_l)dW)
0 0 0 0
k— k— k—
= (@, V@, @),

Therefore,

(2@ () - E[@® (1)]) - (2% D (1) - E[p*D(0)])

_ ngk U(t) (Ak 2A1) + (nék 1)’ nik 1), RN né§,312)(t) o (Ck—l ® A)
- - - T
+ (nék VoY néliff)_l)(t)o (Cr-1® Ay)
k—1 k—1 k—1 k—1 k—1 k—1 k—1
= (n§ s NS L G N nék_l),l)(t)

PN T
o (Ak72A1, Cho1 @A, Cho1 ® A1> .
Rearranging the subscripts of n(k_l)(~) in the natural order (i.e., from j =1 to j = 2¥~! — 1) leads to

(290~ E®(0)]) - (2 () - E@*D (1))

k—1 k-1 k—1 k—1 k-1 g T
= (775 ), ﬂé )7 77:(3 )7 cee 77;1%1),2» nék—l),l)(t)o (Ak 2A1, Cr_1 ® (A, A1)> .

Thanks to (5.9) in Lemma 5.3 once again, we can obtain the desired result and complete the proof.
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Corollary 5.6. Let 8 € R" be given and 8 L (A1, Az, As, ...). Let ®F)(\) (k =1,2,...) be defined by (5.25)

and (5.26). Then, (5.28) holds true.

Proof. The induction method will be used once again. First of all, we directly verify
B'E[@V()3=B"I8=A =0
and
BT (e)() ~E[e ()] )8 =BT08 =0,

i.e., (5.28) holds for k = 1.
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Let k > 2. We assume that (5.28) holds for £ — 1, and try to prove that (5.28) also holds for k. In fact, with
the help of Lemma 5.5, Equation (5.10), and S L (A;, Az, As, ...), we derive

BTE[® ()3 = BT {Bla ()] + 7 () (A1) Th =l V() (AB) =0,
and
BT (¢ () ~E[@®()])8 = BT{o¢1() ~E[e* V()] + 'y V() o] }8
=[50 BT e s =040 [(CheB) @8] =0,

The proof is finished. O

Theorem 5.4 provides a rank condition to characterize the exact controllability of (5.1). Now, we give a pair
of corollaries of it.

Corollary 5.7. (i). Let B = 0. The system (5.1) is exact controllable if and only if
Rank (B, AB, A’B, ..., A" 'B) =n. (5.35)

We notice that, in this case, there is actually no random items involved. The condition (5.35) is exactly
the classical Kalman rank condition for ODE system.
(ii). Let A= A1 =0 and B = 0. The system (5.1) is exact controllable if and only if

Rank (B, (A, A )®B, (A, A )PeB, ..., (A, A ) eB, ) =n. (5.36)
We notice that, in this case, there is no mean-field items involved. The condition (5.36) is exactly the

result of Theorem 8.2 in Peng [17].
Proof. (i). Let B = O. Due to (5.4) and (5.10), the Kalman rank condition (5.13) in this case is rewritten as

Rank (]/?;7 :&]/?;, A\Qﬁ, e ;&"_1]/?;, ) =n.
By virtue of the classical Hamilton-Cayley Theorem, we know that
Rauk (B, AB, A?B, ..., A"'B, -..) — Rank (B, AB, A’B, ..., A"'B).

This proves (5.35). B
(ii). Let A = A; = O and B = O. By employing the induction method, we can easily derive (5.36) from (5.4)
and (5.7). O

We notice that, the matrix (A;, Aa, Az, ---) appearing in Theorem 5.4 consists of infinitely many columns,
which brings some difficulty of verification for actual use. Recently, for the stochastic system without mean-field
items, Lii and Zhang [15] simplified Peng’s rank condition (see (5.36)) from infinite many columns to finite
many columns. Now let us recall this result as follows:

Lemma 5.8 (Lii and Zhang [15], Thm. 6.10).

Span (B, (A, A))®B, (A, A)®eB, ..., (A, A) B, )

o ) (5.37)
~soan (B, (A A)eB, (A A)7eB . (A A)""VeB).



CONTROLLABILITY GRAMIAN AND KALMAN RANK CONDITION 23
With the help of the above Lemma 5.8, we can also simplify the rank condition in Theorem 5.4 to obtain a
mean-field version of the Kalman rank condition to characterize the exact controllability of (5.1).

Based on the matrix Ay (k= 1,2,...) (see (5.4) and (5.5)), let us define
Ae, k=1,2,...,n+1,
D= { (A*'B, A*?AB, A*PA @ (A, A)®B, (5.38)

Kki(n‘kl).&l ® (A7 A1)®(n71) ® B) ) k=n + 2; n+ 37 e

Then we have

Theorem 5.9. Let J defined by (3.19) be the controllable subspace of the system (5.1). Let Dy, (k=1,2,...)
be defined by (5.38). Then

J =Span (Dy, D2, D3, ..., Day). (5.39)
Consequently, the system (5.1) is exactly controllable if and only if
Rank (Dl, Do, Ds, ..., Dgn) =n. (5.40)
Proof. Due to Theorem 5.4, it is clear that the remaining this is to prove
Span (./41, Ao, As, ) = Span (Dl, Dy, Ds3, ..., Dgn) ) (5.41)
Step 1: Prove that Span (A;, Az, ---)=Span (D, Dj, ---).
Obviously, by the definitions, we only need to prove Span (A;, Az, ---) C Span (D1, Dz, ---) when
k > n + 2. In fact, we shall prove that, for any k > n + 2,
Span (.Al, D Ak) C Span (Dl, Dy, ..., Dk). (5.42)
Firstly, we consider the case: k = n + 2. It is clear that

(A17 A27 ceey An+17 An+2)
= (Ala AQ; ey An+1a Dn+2; ;&1 ® (A7 A1)®n®B) .

Since Lemma 5.8 implies that

Span (A, A1)®n ® B

cSpan (B, (A, A)®B, (A, A)PeB, ... (A, A)°"VeB),
then
Span A; @ (A, A)*" @B
C Span (KlB, A e(A, A)®B, ..., A (A, A1)®("71)®B)
C Span (Az, Az, ..., Api1).

Therefore, (5.42) is proved when k =n + 2.
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With the help of the induction argument, we can prove in the same way that (5.42) holds for all k > n + 2.
Step 2: Prove that Span (DL D, ) = Span (’Dl, Dy, ..., Dzn).
Firstly, for the first parts of all Dy, (k=1,2,3,...):
B, AB, A’B, ..., A!B, ..,

The classical Hamilton-Cayley Theorem leads to

Span (]§, AB, A’B, ..., AFIB, )
= Span (]§, AB, A®’B, ..., K”‘@) (5.43)
C Span (D1, D, ..., D).

The same argument can be applied to the j-th parts of all Dy, (k=1,2,...) to yield

span (R; @ (A, A)°9? @B, Akio(A, A)°U 7 eB,
., AR @ (A, AP eB, ) (5.44)

CSpan (Dj, Dj+1, ey Dj+n—1)7 7=23,...,n+1,

where we have used the notation (A, A1)®0 := I for simplicity.
From (5.43) and (5.44), we conclude that

Span (Dl, DQ, s ) = Span (Dh Dg, ey Dgn) . (545)
We finish the whole proof. O

At the end of this paper, we would like to give an example to illustrate the use of Theorem 5.9.

Example 5.10. Let n = 3 and m = 1. Let

0 0 O 0 0 O 0 0
A=A, =1 00], A=[0o 0 o], A,=[-1 1 0|, B=-B=
0 0 0 0 10 0 1
Then the system (5.1) turns to
dz1(t) = (E[ql(t)] +o(t) — E[v(t)]) dt + q1(t) dW (t), te€[0,T],
= (1) + @u(t) ~ Elav (0] + Elaa(1)]) dt + q2() W (1), t € 0,7,

(
das(t) = (Elas(6)] + Elas (1)) dt + gs() AW (1), ¢ € [0,7),
.Z'l(T) = .Z'Q(T) = .Z'g(T) =0.

da(t) (5.46)

We directly calculate

~ 1 ~ 0 0 0\ /1 0
AB=B=[0|, AAB=AB=[10 0]l0o]=]1],
0 00 0/ \o 0
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and

Therefore (see (5.6)),

By Theorem 5.9 (or Thm. 5.4), the system (5.46) is exactly controllable.

In this example, we only have a 1-dimensional control v(-) — E[v(+)] with zero-mean. (i) The control directly
affects the first component x;(-) of the state; (ii) Moreover, it affects the second component za(-) of the state
through (x1(-),q1(:) — E[q1(+)]); (iii) Furthermore, it affects the third component z3(-) of the state through
E[z2(+)]. The overall effect is that the control process v(-) — E[v(+)] can exactly control all three components of
the state.

APPENDIX A. ANOTHER REDUCTION FROM INFINITE TO FINITE
DIMENSIONS IN TIME-INVARIANT CASE

In this appendix, all the coefficients in (1.1) are restricted to be time-invariant. For clarity, we represent the
time-invariant version of (1.1) as follows:

da(t) = {Aa:(t) + ARE[x(t)] + Bu(t) + B]E[u(t)]} dt
i i (A1)
+ {C’x(t) + CE[z(t)] + Du(t) + DE[u(t)]} aw(t), telo,T).

In Section 3, inspired by Wang et al. [21], we have reduced the general time-variant system (1.1) to the system
(1.3). However, for the time-invariant stochastic system without mean-field terms (i.e., (A.1) without mean-field
terms), Peng [17] introduced a different approach to reduce his problem from the infinite to the finite dimensions.
Although Peng’s approach is not suitable for time-variant stochastic systems (with or without mean-field terms),
but it can be extended to deal with the time-invariant mean-field system (A.1). In this appendix, we shall show
this different approach.

In fact, the system (A.1) will be reduced to the following one under Assumption (H'):

dx(t) = {Cx(t) + CE[z(t)] + C12(t) + C1E[2(t)] + Da(t) + DE[a(t)]} dt

+2(t)dW (t), tel0,T], (A2)
xz(T) =0,

where C, C, C;, C; € R™*" and D, D € R™*("~") will be defined below (see (A.7), (A.8) and the related (A.3),
(A.4)). Similar to (5.1) or its time-variant version (1.3), the system (A.2) is also an MF-BSDE, in which «a(-) €
L2(0,T;R™~") is the control process and (z(-), z(*)) = (z(-; a(+)), 2(:; a(+))) € LE(Q; C(0,T;R™)) x L2(0,T;R"™)
is the solution to (A.2). We notice that, compared with the dimension m of the control v(-) in (5.1), the
dimension of the control a(-) in (A.2) is (m — n). This is a difference between these two approaches. Besides,
this new approach will provide another understanding from a different viewpoint.
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Now, we begin our derivation to reduce (A.1) to (A.2) which is inspired by Peng [17] and Goreac [8]. Let
Assumption (H’) hold. Then, there exist two non-singular matrices M, M € R™*™ such that

DM = (I, Opsn-my) and DM = (I, Opsn) ) (A.3)
Let a pair of processes (z(-), u(-)) € L2(Q; C(0, T;R™)) x L3(0, T;R™) satisfy (A.1). We calculate
do = {A(az — E[z]) + AE[x] + BMM ™ (u — E[u]) + Eﬁﬁ—lE[u]} dt
+{C(w—Ela]) + CE[] + DMM~" (u — E[u]) + DA M 'E[u] } dW.
We denote the following block representations for matrices:
BM = ({BM},, {BM},), BN =({BM}, {BM},),

U . e (A4)
e (T Y rm - ()

with suitable dimensions. With the help of (A.3), we have

do = {A(x —E[e]) + AB[z] + {BM} {M " (u ~ Elu]) }, + {BM},{M " (u — Elu])},
+ {BM},{M B[]}, + {BM},{M 'Elu]}, } at
+{C’(xf E[z]) + CElz] + {M ! (u - u])}1+{z\7*11a[u]}1}dw
Let us define
{ZC(I E[]) + CE[2] + {M~*(u—E[u])}, + {ME[u]},, "
O‘:{M (U_ u)}2+{M IE }2
which is equivalent to
E[z] = CE[z] + {M'E[u]},,
Z—E[Z]:C(I—E )—|—{M (u—E[u])}l, (A.6)
{M 'Eu]},, '
a—E {M ( E[u])}2

Clearly, (2(-), a(-)) € LZ(0,T;R™) x L&(0,T; R™~™). Therefore,

dz = {(A —{BM},C) (x - Elu]) + (2_ {BM},C)E[s] + {BM}, (= — E[2])

+{BM},E[z] + {BM},(a — E[a]) + { BM},E| } dt + 2 dW.
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Denote

¢, C ={BM}, D={BM}, o
G- A-{BM},C, € —{Bi}, D-{Bi}, (A1)

and
C=C-c=A- ({BM},C-{BM}C),
C,=C, - C,={BM}, - {BM},, (A.8)
D

With these notations, we have
dz = {c(x —E[z]) + CE[z] + C1(z — E[2]) + C1E[2] + D (o — E[a]) + f)E[a]} dt + zdW.
Equivalently,
da = {C:c + CE[2] + Cy2 + C1E[2] + Da + DE[a]} dt +zdw, telo,T). (A.9)

Proposition A.1. Under Assumption (H ), the exact controllability of (A.1) is equivalent to that of (A.9).

Proof. The necessity is obtained from the above derivation. For the sufficiency, we notice that the transformation
(A.5) from u(-) to (z(+),«(+)) is invertible. In fact,

w= M( El+] E[SEM ) M ( C E[Z]O? __]g[gj]” ~ Elx]) ) . (A.10)

The remaining calculation is in the opposite direction of the previous derivation, and we would like to omit
them. -

Next, the same procedure as Proposition 3.3 leads to
Theorem A.2. Under Assumption (H' ), the exact controllability of (A.1) is equivalent to that of (A.2).

We notice that, if we replace the system (5.1) by (A.2), then all the derivations and results in Section 5 will
be still valid.
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