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This paper first makes an attempt to investigate the near-optimal control of systems governed by fully nonlinear coupled forward-
backward stochastic differential equations (FBSDEs) under the assumption of a convex control domain. By Ekeland’s variational
principle and some basic estimates for state processes and adjoint processes, we establish the necessary conditions for any e-near
optimal control in a local form with an error order of exact &'/>. Moreover, under additional convexity conditions on Hamiltonian
function, we prove that an e-maximum condition in terms of the Hamiltonian in the integral form is sufficient for near-optimality

of order &'/2,

1. Introduction

Bismut [1] first investigated linear backward stochastic differ-
ential equations (BSDEs in short) as the adjoint equation of
the forward stochastic system. The existence and uniqueness
of BSDEs with nonlinear generators under Lipschitz con-
dition were first proved by Pardoux and Peng [2] in 1990.
Since then, the theory of BSDEs has extensive applications in
both mathematical finance and stochastic control. Forward-
backward stochastic differential equations (FBSDEs in short)
consist of forward stochastic differential equations (SDEs in
short) of Ité type and BSDEs of Pardoux-Peng. Forward-
backward stochastic equations (FBSDEs) not only are widely
used in stochastic control and differential games but also
have profound applications in mathematical economics and
mathematical finance. Therefore, it is natural to investigate
control problems for systems governed by this kind of
stochastic equations. In mathematical finance, FBSDEs can
be formulated as the price equations of financial assets under
model uncertainty. In the stochastic optimal control problem,
FBSDE: arise as the Hamilton system which is composed of
the optimality conditions, the adjoint equation, and the state
equation and which completely characterizes the optimal
control.

A classical approach for optimal control problems is to
derive necessary conditions satisfied by an optimum, such as
Pontryagin’s maximum principle. Now the maximum prin-
ciples for optimal controls of FBSDEs have rich literatures
which can be referred to [3-12] and references therein.

The references stated in the above are all concerned with
(exact) optimal control. But, in fact, the (exact) optimal
control may not exist in many situations. So it becomes
very important to study near-optimal controls which are
more available and much easier to be obtained than optimal
ones, both analytically and numerically. The near-optimal
deterministic control problems have been investigated in [13-
15]. Near-optimal control problems for SDEs with controlled
diffusion coeflicients were first investigated in 1998 by Zhou
[16], where necessary and sufficient conditions are established
by introducing second adjoint equation, for all near-optimal
controls. Inspired by Zhou [16], we refer to [16-20] on the
near-optimal control of other forward stochastic systems.

For forward-backward stochastic systems, Huang et al.
[21] in 2010 and Bahlali et al. [22] in 2009, respectively,
established the corresponding stochastic maximum principle
for the near-optimal control of linear systems and nonlinear
systems, where diffusion coefficients and control variables are
each independently based on Ekeland’s principle and spike
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variation. In 2011, Hui et al. [23] studied the near-optimal
control of nonlinear FBSDEs, where diffusion coefficients can
be dependent on the control variable, with the assumption
that the control domain is convex. In 2012, for linear FBSDEs,
Zhang et al. [24] extended the results of [21-23] to the general
case of control domains based on the Ekeland’s principle,
spike variation, reduction technique developed recently by
Yong [25], and the methodology recently introduced by Wu
[26].

The control systems of FBSDEs studied in references [21-
24] are nonfully coupled which are only coupled in BSDE
and not in SDE. For the control systems of fully coupled
FBSDEs, the existing literatures mainly focused on exact
optimal control problems and few on near-optimal control
problems. The purpose of the present paper is to make the
first attempt to discuss the near-optimal control for fully
coupled FBSDEs. Its main contribution is the developments
of maximum principle and verification theorem of the near-
optimal control in a uniform manner by Ekeland’s variational
principle. Compared with references [21-24], this paper
mainly has three advantages as follows. Firstly, our systems
studied are fully coupled FBSDEs, which are coupled not
only in BSDEs but also in SDEs. Secondly, we get necessary
optimality conditions for near-optimal control with an error
order of exact £'/?, which is better than all in the existing
literature on the cases of FBSDEs, where the error orders
are almost ¢'/%. In fact, by Ekeland’s variational principle,
we know that the error order of exact £/? for the near-
optimal control is the best error order. Thirdly, different from
[21-24], by continuous dependence theorem of FBSDEs (see
Lemma 4), we obtain directly the basic estimates for state
processes and adjoint processes (see Lemmas 10, 11,12, and 14)
which play a very important role in proving our main results.
Therefore, our approach is simpler and more quickly.

The paper is organized as follows. In Section 2, we present
the notations and give main theory on FBSDEs. In Section 3,
the problem studied is formulated and basic assumptions
are given. In Section 4, we prove some prior estimates for
state trajectories and adjoint equation. In Section 5, we
obtain a variational formula for the performance functional.
Sections 6 and 7 are devoted to deriving verification theorem
and stochastic maximum principle by Ekeland’s variational
principle. In Section 8, we conclude our paper.

2. Preliminary Notations and Basic
Theory for FBSDEs

Now we first introduce some preliminary notations which
will be used throughout this paper. Let (Q,%,P) be a
probability space. Let {W(t),0 < ¢t < T} be a d-dimensional
Brownian motion. Let {#,},,,.; be P-completed natural
filtration generated by {W(¢),0 < t < T}. Let E be a
Euclidean space, where the inner product and norm are
denoted by (-,-) and | - |, respectively. For a given function,
¢ : R" — R, we denote its gradient and Hessian by ¢,
and ¢, respectively. If ¢ : R" — R* (with k > 2),
then ¢, = (a¢,./axj) is the corresponding (k x n) Jacobian
matrix. By & we denote the predictable o field on Q x [0, T']
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and by JB(A) the Borel o-algebra of any topological space
A. Denote by M;(O, T; E) the space of all 9-measurable E-
valued stochastic processes f = {f(t,w),(t,w) € [0,T] x

. . o T
Q} satisfying ||f||M;(0,T;E) 2 4E .[0 |f@®)2dt < o0, by

S;(O, T; E), the space of all #,-adapted E-valued stochastic
cadlag processes f = {f(t,w),(t,w) € [0,T] x Q}
such that ||f||szg(0)T;E) 2 \/E supg,.rl f()?dt < +o0, by
L*(Q, %, P;E), and the set of all E-valued random variables

&on (Q, #, P) such that [|€]| 2 & p.gy = VEIE|* < co. Finally,
we define the space

M? [0, T] := S (0, T;R") x S%, (0, T; R™)
®
x Mz, (0,T;R™7).

Then M*[0,T] is a Banach space with respect to the norm
| -l given by
T
1© ()12 = E sup |x (0)> + E sup |y + E L Iz (t)Pdt,

0<t<T 0<t<T
(2

for () = (x(-), y(-), 2(-)) € M*[0, T].

Now we are in position to present the preliminary results
of fully coupled FBSDEs. Consider a general FBSDE as
follows:

dx(t) =b(t,x(t),y(t),z())dt
+o(t,x(t),y(t),z(t)dB(t),
y)=—f(tx(),yt),z(t)dt +z({t)dB(t), (3)
x(0) = a,
y(T) = h(x(T)).

Here f: [0,T] x Q x R" x R™ x R™4 — R™ b : [0,T] x

QxR"xR"xR™ - R, h:QxR" - R" and

0: [0, TIxQOxR"xR™xR™9 — R™ are given mappings

and a € R". For a given full-rank m x n matrix G, we use the

notations v = (;) and A(t,u) = <_(G;bf >, where G* is the
z Go

transpose matrix of G.

Definition 1. A stochastic process (x(-), ¥(-),z(-)) € M2[0,T]
for the coeflicients (a,b,o0, f,h) is said to be an adapted
solution of (3) if, for any t € [0, T, it follows almost surely

t

x(t) =a+J b(r,x(r),y(r),z(r)dr

0
+ Jo o(r,x(r),y(r),z(r))dB(r),
(4)

T

y () =h(x(T))+I f(rx(r),y(r),z(r))dr

t

T
—J z(r)dB(r).
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Furthermore, FBSDE (3) is said to be solvable if it has an
adapted solution. An FBSDE is said to be nonsolvable if it is
not solvable.

In order to get the solvability of FBSDE (3), we make the
basic assumptions as follows.

Assumption 2. (i) The random mappings b, o, and f are  ®
BR") © BR™) x BR™) measurable with b(-,0,0,0) €
MZ(0,T;R"),0(-,0,0,0) € M2 (0, T; R™%),and £(-,0,0,0) €
M;(O, T;R™). And his F x B(R™) measurable with h(0) €
L*(Q, F 1, P;R™). Moreover, b, 0, and f are uniformly Lip-
schitz continuous in (x, y,z) and h is uniformly Lipschitz
continuous in x.
(ii) Monotonicity conditions

(A(t,u) — A(t,u),u—u)
<Gz’ -1, (IG" 7" +1G°2[). 5)
(x -%,h(x) - h(Xx) > 0,|GxI",
or
(A(t,u) - A(t,7),u— 1)
> G2+, (|G 3" +[G2["), (6)
(h(x) -h(X),x %) < -0,|Gx|%,

forallu = (x,y,z) and i = (X, 9,2), X =x-%y =y -,
Z = z — z, where y;, y, and 0, are nonnegative constants with
Y1+ 79, = 0,y, +0; > 0. Moreover, we have y; > 0,60, > 0
(resp., y, > 0), if m > n (resp., m < n).

The following two lemmas present the solvability results
and continuous dependence theorem of FBSDE (3), respec-
tively, which will be used to demonstrate the basic estimates
for the state equation and adjoint equation (see Lemmas 10,
11,12, and 14).

Lemma 3. Let Assumption 2 be satisfied. Then (3) admits a
unique solution (x(), y(-), z(-)) € M*[0, T1.

The proof can be found in Peng and Wu [27].

Lemma 4. Let (x(-), y(-),z(:)) and (x(-),y(-),z(:)) be the
solutions of the FBSDE (3) corresponding to two given
coefficients (b, , f,h,a) and (b,0, f,h,a) which both satisfy
Assumption 2, respectively. Then there exists a constant such
that

[CIORZORAC)] e
<K [Ia -al’
T
B[ px0.50).20)

b(rx (.71, Z ()| dr

3
T
+E L lo(r,x(r),y(r),z(r))
G (rn%(r),7(n),Z2()[dr
T
+E L |f (n% (1), 5 (r),2(r))
F(rE®. . Z2@)| dr
+E[n(x (1) - E(E(T))r] .
™)

Particularly, if (b0, 7’ h,a) = (0,0,0,0), we have
1)y sz Oz gorry

T T
<K [|a|2 + EJ b (t,0,0,0)dt + EJ o (t,0,0,0)|°dt
0 0
T ) )
+E | |f(£,0,0,0)|°dt + E[h (0)|" | .
0
(8)
The proof can be found in Lin [28].

3. Statement of the Problem and
Basic Assumptions

Suppose that U is a given compact convex subset of R. The
stochastic process u(-) : [0,T] x Q — R* is said to be
admissible, if it is an F,-adopted process taking values in U.
We denote all admissible controls by the set <.

For any admissible control u(-) € o/, we consider the
following controlled FBSDE:

dx(s)=b(r,x(r),y(r),z(r),u(r)dr
+0(r,x(r),y(r),z(r),u(r))dB(r),
dy(r)==f(r,x(r),y (r),z(r),u(r))dr+z(r)dB(r),
x(0)=acR",
y(T)=h(x(T)),
©)
with the performance functional
J(u()) =E[JOTl(t,X(t),y(t),z(t),u(t))dt 0
+¢ (x (T) +y (¥ (0)] -

In the above, b, 0, f, h,1, ¢, and y are given random mappings.
b:[0,TIx QxR"xR™"xR™¥xU — R",0:[0,T] x Qx
R" x R™ x R™9 x U — R™, £:[0,T] x Q x R" x R™ x
R™4xU — R™1:[0,T]xQxR"xR"xR™4xU — R!,
h:QOxR"xR,y: QxR™ - R, and¢: QxR" — R
are given measurable mappings.



The basic assumptions on coeflicients (b, o, f,h,1,¢,y)
are given as follows.

Assumption 5. (i) For any u € U, (a,b,0, f,h) satisfy
Assumption 2. Moreover, b, f, and o are differentiable in
(x, ¥,z,u), h is differentiable in x, and the corresponding
derivatives are continuous and uniformly bounded for all
(t,w) € [0, T] x Q.

(i) 1 : [0, TIXQXR"xR™xR™4xU — R!is continuous
differentiable in (x, y,z,u), ¢ : Q x R" — R! is continuous
differentiable in x,and y : Q x R” — R’ is continuous
differentiablein y. Forall (t, w) € [0, T]x€), thereisa constant

C such that, for all (x, y,z,u) € R" x R™ x R™4 x U,
1< C(1+ |y +Ix + 12 + ul?),

|y|SC(|y|2+1), |¢>|SC(|x|2+1),

L+ L]+ ]+ [ < C(+ 12l + 1l + [y] + Jul)
6. < C(Ix|+1),

= c(yl+1).
(11)

Under Assumption 5, from Lemma 3, we know that, for
every u(-) € &, (9) has a unique solution. The corre-
sponding strong solution is denoted by (x"(-), ¥*(-), 2“("))
or (x(-), y(:),z()). Then (x(:), y(-),z(-)) is said to be the
state processes associated with the admissible control u(-)
and (u(-); x(-), y(-), z(+)) is called the admissible control pair.
Moreover, under Assumption 5, using a priori estimates (8),
we can deduce the fact that

7 (u ()] < oo. (12)

The so-called stochastic optimal control problem is to
minimize the cost function J(u(-)), over all u(-) € <. The
corresponding value function is defined as

Vi@ = inf J ). (13)

We denote the above problem (9)-(13) by PRO. Any u(-) €
g is said to be an optimal control of Problem PRO, if
u(-) achieves the infimum of J(u(-)) over &f. The state
process (x(-), ¥(-),z()) is said to be the optimal state. And
(@(-); %(-), ¥(-), 2()) is called an optimal pair of Problem PRO.

Since this paper is devoted to discussing the near-optimal
problem of FBSDEs, we recall the definition of the near-
optimal control, following [16].

Definition 6. An admissible control pair (u(-); x*(-), ¥°(-),
z°(+)) is said to be an e-optimal control for some & > 0, if

7w () -V(a)| <e (14)

Definition 7. The set of parameterized admissible control
pairs {(u(-); x*(-), ¥°(:), 2°(-))} is said to be near-optimal for
sufficient small &, if

[T (" () -V (@@)|<r(e). (15)
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Here r is a function with respect to ¢ satisfying r(¢) — 0 as

& — 0. We call the estimate r(¢) an error bound. If (&) = ce?
for some § > 0 independent of the constant ¢, then we call

u°(-) the near-optimal control with order &

Before we conclude this section, let us recall the definition
of the Clarke generalized gradient as well as Ekeland’s
variational principle which will be used to prove our main
results.

Definition 8 (see Zhou [16]). Let X be a convex set in R and
let #(-) : — R be a locally Lipschitz function. At any given
x € X, we define the generalized gradient of # as a set given

by

1 (y+hp)—n(x

W {5 (&, B)y<  lim  sup p ,

y— x,yEX,hJ,O

for any f8 € Rd} .
(16)

Lemma 9 (Ekeland’s variational principle [29]). Suppose that
(S,d) is a complete metric space and p(-) : S — R is bounded
from below and lower-semi-continuous. For ¢ > 0, let u® € S
satisfy the following inequality:

p(u) < infp (u) +&. (17)

Then, for any A > 0, there exists u” such that

(1) pu) < pu?),
) d(*, uf) < A,
(3) p(u™) < p(u) + (e/V)d(*, u), for all u € S.

4. Some Prior Estimates for State Trajectories
and Adjoint Equations

In order to apply Ekeland’s variational principle to obtain
our main result, we must define a distance d on the space
of admissible controls such that (&, d) is a complete metric
space. For any given v(-), u(-) € o, we define

1/2

T
d(v(-),u(-))=[EJ0 () —u@))Pdr| . (18)

To simplify our notation, for any admissible control pair
(@(); x"(), (), 2()), we set

Q" (1) = (x"(t),y" (t),z" (1)). (19)
The following is devoted to proving the boundedness and
continuity of the state and adjoint processes with the control

processes under the metric (18). Note that, in the following,
C is a generic constants, which may change from line to line.

Lemma 10. Let Assumption 5 be satisfied. Then there exists a
constant C s.t. that, for every admissible pair (u(-); ®"(-)) =

(w() x“(), ¥4 (), 24 (),
19" ()] < C. (20)
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Proof. Under Assumption 5, by the estimate (8), we have
T
[0“ ()| <C [EJ b (£,0,0,0,u (1) dt
0
T
+E J o (t,0,0,0,u (t)|dt
0
T 2
+EJ |f (£,0,0,0,u(1))| dt
0

+E|h (0)* + |a|2]

. (21)

<C [EJ Ib(t,0,0,0,0)dt
0

T

+E J o (t,0,0,0,0)|°dt
0
T 2

+EJ |f (£,0,0,0,0)|"dt
0

+EIh (0)] +1 + |a|2] ,

where the last inequality is obtained by the boundedness of

the control domain U. The proof is complete. O

Lemma 11. Let Assumption 5 be satisfied. Then there is a
positive constant C s.t. for any given two admissible pairs
W();0() = (u()x"(),y*(),2"()) and (v(:0"()) =
() x"(): " (): 2" ()

[©“() =@ ()5 < Cd(u (), v ()™ (22)

Proof. Under Assumption 5, from the estimate (7), we have
u v 2
[©“() = @ ()|

T
<C [E J |b(r, ©"(r), u(r)) - b(r, ®"(r), v(r))|2dr
0
T
+E J. |lo(r, ©"(r), u(r)) — o(r, ®"(r), v(r))lzdr
0

T
+E L |f(r, ®“(r), u(r)) = f(r, ©"“(r), v(r)['dr

T

< CEJ lu(r) — v ()| dr

0
= Cd(u(),v (),
(23)

where the second inequality is obtained by the mean value
theorem and the boundedness of b,, 0,,, and f,,. The proof is
complete. O

We know that the adjoint process plays a key role in
establishing stochastic maximum principle. In the following,
we will study certain boundedness and continuity of adjoint
processes with the control variable under the metric d.

For a given admissible pair (u(-); ©*(-)), corresponding
adjoint process A“(-) = (K*(-), p“(-),q“(-)) is defined as the
solution to the following FBSDE:

dk, = = [b; (10" (1), u (1) p, + 0, (10" (1), u () q,
~f, (60" (), u(®))k,
+1, (£, 0" (1), u(t))] dt
-6 (0" (1), u®) p;
+0, (0" (t),u(t))q,
—f; (60" (), u(®)k, +1,(t,0"(t),u(t)]dB,
dp, = - [b; (10" (1), u(®)) p,
+0, (60" (1), ut)q, - f; (60" (1), u(t)k,
+, (£, 0" (t),u(t))] dt + q,dB,,
ko ==y, (" (0),
pr =~ (x" (D) k(D) + ¢, (x* (1)),
0<t<T.

(24)

The adjoint equation (24) is a linear FBSDE whose
solution consists of (p“(-), g“(-), k"(-)). Under Assumption 5,
by Lemma 3, the adjoint equation has a unique solution
AC) = (KC), p*0), 44()) € M2,

Next, the Hamiltonian H : [0, T] x R” x R™ x R™? x U x
R™ x R" x R™? — R is defined as follows:

H(t,x, y,z,u.k, p,q)

= (k.~f(txy.zu)) +(pb(tx y,z,u)) (25
+(go(t,x y,z,u))+1(t,x, y,2,u).

Then (24) can be rewritten in Hamiltonian system as follows:

dk(t) = -H, (t,0" (t),u(t), A" (t))dt
—H, (t,0" (t),u(t), A" (t))dB(t),
dp (t) = —H, (£,0" (t),u (t) A" (1)) dt + q (t) dB (1), (26)
ko = -y, (v (0)),
p®) = ~hy (x* (D) k(T) + ¢, (x(T)).

Lemma 12. Let Assumption 5 be satisfied. Then there is a
constant C s.t. for all control pairs (u(-); O()) = (u(-); x"(-),
¥*(-),2%(-)); it holds

A% O)llye < C. (27)



Proof. Under Assumption 5, by the estimate (8), we have
T
A )]l < C {E L |l (r,©" (r),u (r))lzdr

T 2
+E J 'ly (r,@"(r),u (r))| dr

0

T
+E J I, (. ©"(), u(r)[*dr 28)

0
+5lg. (=" ) + Ely, O O |

< Clle" Ol +11<C.

where the last inequality is obtained by Lemma 10. The proof
is complete. O

Assumption 13. There is a constant C > 0 s.t. for every
(&, 6,u) = (t,x, y,z,u), (1,60,u) = (£, %, y,2,u) € [0, T] xR" x
R™ x R™4 x U and as. w € Q,

|l (£, 6,) = 1, (£,0,20)| < C (1% + 2] + | 7] + |al) »

|6 () = 6 ()| < C Iz, (29)

'Yy(y)_)}y(y)' SC|)7|’
where o = x, y, z, u.
Lemma 14. Let Assumptions 5 and 13 be satisfied. Let
A = (K*C), p*(),q"() and A() = (K"(), p"(),q"(")
be adjoint processes corresponding to two admissible pairs
W(;0%() = (u()x"(), y*(),2"() and (v(;0"()) =
v(-);x"(-), ¥"(-), 2" (")), respectively. Then we have

A" () = A O < CAw (), v (). (30)

Proof. Under Assumptions 5 and 13, from the estimate (7), we
have

JA% () = A ()
<cle jOT L (0" (). u ()
+1, (1,0 (1), u () + 1, (. 0" (1), u (1)
1, (1@ (1), v(") -1, (r.©" (1), v (1)
1, (r, 0" (r), v (r))[dr

+ E|p, (x* (T)) = ¢, (x" (T))[*

+Ely, (5" (0)) = . (" (0))|2}

T
<C {||® ()-© (.)||§A]2 +E L |u(r) - v(r)|2dr}
< Cd(u(),v (),
(31)

where the last inequality is obtained by Lemma 11 directly.
O
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5. A Variational Formula

The purpose of this section is to obtain a variational formula
for the cost functional (10). For any two given control pairs
@(-)0"()) = @();x"(), y*(),2"()) and (u(-); ®“(")) =
(u(-); x"(-), y*(-),2"(-)), from the convex property of the
control domain U, we can define an admissible control
process as follows:

LO=uO)+8wE)-u(), 0<5<1.  (32)

We denote the corresponding state process by ®”8(-) =
(0,97 (), 2% ().

In the following, using the Hamiltonian H (see (25)) and
adjoint process A() = (K*(), pﬁ(‘), qﬁ(‘)) associated with
the admissible control pair (@(-); ©%(-)), we will state and
prove a presentation for the difference J W) - J@()).

Lemma 15. Let Assumption 5 be satisfied. Then we get

u()

~
—~
<
j=)
—
=
S—
|
N~
—

- E LT (1 (.0 (7,4 (1), A7)
—H (r,0"(r),u(r), A" (r))
~ H, (0" (r), i (r), A" (1))
x (2 (1) - 5" (1)
—H, (r,@" (r),u(r), A" (r))
x (3 1) -y 1)
~ H, (r, 0" (r),u (r), A" (r))
x (2 (- 2" ()] dr
+E[¢(x (D) - ¢ (=" (1)
~¢, (" (M) (x* () - 5" (D)]
+E[y (5" @) -y (/" ©)
-1, (7 @) (" © - )]
~E[(n (x”6 (T)) - h(x"(T)), K (T))
~(h (=" M) (x“‘s (T) - <" (T)) ,kﬁ(T))]

2 ‘B(u ) .
(33)
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Proof. Applying the definitions of J(u(-)) and Hamilton H, we
obtain

J(’ () =T @)
~5 [ [1(r 0" (0.4 (),07 )
~H (r,0" (r),u(r), A" (r))
-(b(r0" ).’ )
~b(r,0" (1,7 (1)), p" (1))
~(o(re’ ).’ ) (34)
~o (10" (1), 7 (1).q" ()
+(f (e m.u*m)
~f (10" (1, 8() K" (1)) | dr
+E[¢(x () - ¢ (x" ()]
+E[y (" @)-v(" )]

Applying It6 formula to (pﬁ(r),xué(r) - x%(r) + (K“(r),

24 (1) = (1)), we have
E JOT [(5(r 0" 0.4 ) - (0" (1, 7()). 5" )
+(o(rne 0.4’ )
o (10" (1), (n),q" ()
- (f (f’ 0 (r),u’ (r))
(O (1,7 ). K () | dr
5[ [0 0,502 0) (- 0)
+H, (0" (1), 5 (r), A" ()
x(r" -y )
+ H, (0" (), 7 (r), A" (1))
(- 0)]ar
+E[g.(+" ) (+ 0 -2"(D)]

+E [y, (" @) (5 0 -y )]

+E[(n(x () - h (=" (1), K (1))
~(h (") - (x (0 - <" (D), K (D))
(35)

Now putting (35) into (34), we deduce the fact that (33) holds.
The proof is complete. 0

Remark 16. According to the above proof, it is easy to check
that °(-) can be changed as any admissible control and need
not have the form of the convex variation u® () = %(-)+6(u(-)-

u()).

Now we state and prove the variational formula for the
cost functional (10) as follows.

Theorem 17. Suppose that Assumption 5 holds. Let u(-) be any
given admissible control. Then we have

d o —
= J@(C)+8 () —u())se0o

i L #O+ O ~u () T @ ()
= l1m

§—-0 1)

=E LT (H, (r,©" (), (r), A" (r)),u(r) - u (r)) dr,
(36)

where u(-) is any given admissible control and & > 0.

Proof. Define W) = ul) + () — u(-)); by Lemma 15, we
have

J (1 () =T @)
=J @O+ @) —u () - J @)

=E LT H, (r,®" (r),u(r), A" () (u* (1) - u (1)) dr

+ B - LT H, (r,0" (), 7 (r), A" (r))
X (uS r-u (f’)) dr

T _ _
=8 | H, (10" (1.5, A" () () - 7 1) dr
0

+B0 - p LT H, (r,©" (r), i (r), A" ()

X (ua r)-u (r)) dr.
(37)
Applying Lemma 11 and Assumption 5, we get
5 — T — —
B —E | H,(r,0" (r),u(r), A" (r)
Jo ( ) (38)
x (U’ (r) = (r))dr=0(5).



Hence, by (38) and (37), we get

I O)-T@)
m

§—0 é

=E JT (Hu (7': ®H(T) ,u(r) ,Aﬁ(r)) ,v(r) - ﬁ(?‘)) dr.
0
(39)

The proof is complete. O

6. Necessary Conditions for Near-Optimality

In this section, we will state and prove our main results,
that is, the stochastic maximum principle of the near-optimal
control of Problem PRO. Moreover, we give the additional
assumption as follows.

Assumption 18. There is a constant C > 0 s.t. for all (¢, x,
V,2,%, ¥, 2, U, u) and a.s. w € Q,

[1(t,x, 2, y,u) = 1(t,%, 2, y, u)|
<C(|x| +|z| + |)7| + 1)

Theorem 19. Suppose that Assumptions 5 and 13 hold. Let
W) 0°() = W () x°(), ¥°(-), 2°(")) be e-optimal pair of
problem PRO. Then, for any given € > 0, there is a positive
constant C s.t.:

H, (r, ©° (1), (), AS () - (1 — " (1) _Ce', "
YueU, ae. (r,w) € [0,T] xQ,

where A°() = (K°(), p°(),4°()) is the adjoint process
corresponding to (u®(-); ®°(+)).

Proof. By Lemma 11 and Assumption 13, we can deduce the
fact that J(u(-)) is continuous on & with respect to the
metric (18). Using Ekeland’s variational principle (see [16])

with 8 = €'/, there exists an admissible pair (ﬁs(-);@s(.)) =
@ (-);x°(-), 7°(-), 2°(-)) such that

d(u (), 7 () <’ (42)

Jw) - J (@ () = -"%d (u(),a (),
Yu () e d.

(43)

Now we define a convex perturbed control () of w() as
WO =u O +hE O -ul), (44)

where u(-) € ¢ is an arbitrary given admissible control and
0<h<l.

Then by the variational formula (36), (43), and the fact
that

d(u™ (), % () < Ch, (45)
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we have

T
E J H, (68 (1), (1), K () - () -7 () dt
0

T (u () =T @ ()

= lim
e—0" h (46)
—Sl/zd us,h . ,EE .
> lim ( v ())
e— 0" h
> —Cel/z,

where A° = (fs(-),qs(-)je(-)) is the adjoint process corre-
sponding to (u°(-); ().

Now in order to obtain the optimal condition (41), we now
have to estimate the following formula:

T
If:=E J H, (t,0° (r),u’ (r),A°(r)) - (u(r) —u® (r)) dr
0

T
- EJ H, (.0 (), (1), X (1) - (u(r) =@ (1) dr.
’ (47)

First, by adding and subtracting E jOT H,(t,®%(r), u(r),
A°(r)) - (u(r) — u*(r))dr, we have

T
- EJ H, (£, 0 (r),uf (r), A (1) - (& (r) — o (r)) dr
0

T
+E L (H, (r,0° (), (1), A° (1))

-H,(t,0 (r), 7 (r), X (1))
(u(r)-u(r)dr

=I[+1,.
(48)

Next, using Lemmas 11 and 14 and (42), we have

T
IIf| < CE L |, (1,0° (), u (1), A° (1))
~H, (t,8° (1,7 (r), A" (n)|dr
T
< CEJ |H, (t,0° (r),u® (r), A (1))
0
~H, (£,8° (r),7 (r), A°(n))|dr

T

+CEJ
0

H, (£, (r), 7 (r),A° (1))

-H, (60" (), 7 (r), K (n)|dr
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1/2
< C(E sup |x° (r) — x° (r) |2)

0<r<T

1/2
+ C(E sup [p° (r) - p°(r) |2)

0<r<T
T 1/2
+ C(E J I7° (r) —q° (r) [*dr
0
T 1/2
+ C(E J [#° (r) - u* (r)|2dr
0
3 1/2
+ <E sup [k (r) —Kk° (r) |2>
0<r<T
1/2

T
< C(E J [#° (r) - uf (r)|2dr>
0
< Ce'.
(49)

Then, combining Schwarz’s inequality and Lemmas 10 and 12
and (42), we have

1/2

T
IHE E<L |H,, (t,©° (), u (r), A° (r))lzdr)

T 1/2
X (EJ [#° (r) — u (r)]zdr>
0

1/2

(50)
T

< C<E j & (t) - uf (r)|2dr>
0

< Cce?,

Therefore, combining (46), (47), (49), and (50), we have

T
E J H, (r,®° (r),u (t),A°(r)) - (u(r) —u® (r)) dr
0

T —
~E| H,(68 0.7 0.5 0)
0

(u(r)-u ()dr+ I (51)
T — —€
= EJ H, (r,® (r), @ (r), X (r))
0
() -u()dr+I; +1;
> —Ce!/?

which implies that (41) holds. The proof is complete. O

7. Sufficient Optimality Conditions

In this section, we will show that, under certain convex
conditions, the near-maximum condition of the Hamiltonian
function in the integral form is sufficient for near-optimality.

Theorem 20. Under Assumption 5, let (u°(-); ©°(-)) = (u°(:);
x°(-), ¥°(-), 2°(-)) be an admissible pair with y(T) = Mx*(T),
M € L*(Q, Fp, P;R™"). Let A°(:) = (p°(-),q°(-), k(")) be
the adjoint process associated with (u®(-); ©°(-)). Assume that
foralmost all (t, w) € [0, T1xQ, H(t, x, y, 2z, u, A°(t)) is convex
in (x,y,z,u), Y(y) is convex in y, and ¢(x) is convex in x,
respectively, and for some ¢, the optimality conditions,

T
E J H(r,® (r),u" (r),A°(r))dr
0

. (52)
< E inf J H(r,® (r),u(r),A°(r))dr +e¢,
u(yed Jo
hold. Then
= ey

where C, is a constant independent of ¢.

Proof. In the following, C, is a constant which may change
from line to line and is independent of ¢.
According to Lemma 15, we deduce the fact that

J () =T (1 ()
_E LT [H (£, 0" (r), u(r), A° (1))

—H (r,©" (r),u" (), A° (1))
~H, (r,©° (r),u’ (), A" (r))
x (x (r) = x°(r))
—H,, (r,0° (r),u" (), A° ()
x (5" () - ¥ (1) (54)
- H, (r,0°(r), u" (r), A" (1))
x (2" (r) = 2° (r))] dr

+E[¢(x"(T)) - ¢ (x°(T))

—0, (x°(T)) - (x* (R) - x°(T))]
+E [y (5" (0) -y (5 (0))

-1, () - (5" (0) - ¥ (0)) ],

where (u(-); x"(-), y(), 2"(-)) are any given admissible con-
trol pairs. By the convexity of H, ¢, and y, we have

H(t,0"(r),u(r), A" (r))
—H(r,®° (r),u’ (r), A" (r))
>H, (r,0° (r),u" (r), A" (r)) (x* (r) = x° (1))
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+H, (r, @ (r),u" (r), A° () (v (r) = ¥° (1))
+H, (r,0° (r),u’ (r), A" (r)) (2" (r) = 2° (1))
+H, (r,®° (r),u’ (r), A°(r)) (u(r) —u (1)),

E[¢p(x" (1) - (x° (T))
—</>x (x (1)) - (x"(T) - x*(T))]
Efy(y" (0))—y(y 0)
-1, (0" (@) - (5 (0) -y ()] = 0
(55)
Putting (55) into (54), we have

J () =T ()
T
]

Therefore, the rest of the proof is only to estimate the term
H,(r, ®(r), u*(r), A*(r))(u(r)—u(r)). To this end, for a given
€ > 0, let us introduce a new metric d on < as follows:

H, (r,0° (r),u (r), A° () (u(r) — u° (1)) dr.
(56)

T
d(u)u' () =E L V() |ur) - ()| dr,  (57)

where
Vi(r)=1+|p° (1| +|q° ()| +|k*(r)| > 1. (58)

Now on & we define a new functional F by

T
F(u())=E jo H(r® (r).u(r), A° () dr.  (59)

It is easy to check that

T
|F (u(-)-F (u' (.))| <CE Jo Ve (r) |u (r) - (r)| dr.
(60)
Therefore F is continuous on & with respect to metric d.

Using (52) and Ekeland’s variational principle, we can find an
admissible control u°(-) € & such that

d(uf (), () <e’? (61)
T
EJ H(r,® (r),u (r), A (r))
0

(62)

T
= J?.fé@E L H(t,0° (r),u(r),A*(r),

where
H(t,0° (r),u(r), A (r))

= H(t,0° (r),u(r),A° (r)) — "V () |u (r) - ()]

(63)

By standard methods, the maximum condition (52) implies
that

H(t, 0" (r),u" (r), A" (r))
- maxﬁ(t O° (r),u(r),A*(r)), (64)

ae. (r,w) € [0,T] x Q.
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Applying Proposition 2.3.2 in [30], we have
(r), A" (1))
(r), A" (r)) (65)

0€0,H(t,0O (r),u
c3,H (0 (r), i
[ 1/2 s(r) 81/2 S(T)]

which implies that there exists f°(r) € [—&'/2v*(r), e/*v*(r)]

such that
H,(r,0" (r),u (r), A" () + p°(r) =0.  (66)
Therefore, under Assumptions 13 and 5,
|H, (r,®° (r),u" (r), A* (r))
~H, (r, 0" (r),u" (r), A° (1)
+|H, (r,®° (r),u’ (r), A" (1))
<C+p M|+l M+ KO (67)
12,

X |uf () —u® ()| + &

<CQ+[p (M| +|g° |+
X (|u£ (r)—u" ()] + 81/2).

Then, applying Holder’s inequality and Lemma 12 and (61),
we deduce

[ (n)])

T
EJ |H, (1,07 (1), u (1), A° ()| dr
0

<d(uf (), 7 () + Ce'l? (68)
< Ce'?,

By (56) and (68), we get
J () < T () +Ce. (69)

Since u(-) is arbitrary, u(-) is a near-optimal control with order
1/2
e’ O

8. Conclusion

This paper is the near-optimal control problem for a stochas-
tic system driven by fully coupled FBSDEs. Stochastic max-
imum principle and verification theory of the near-optimal
control are obtained. The control variable appears in both
drift and diffusion coefficients of the FBSDEs. The control
domain is assumed to be convex. The reviewers suggest that
the data-driven control has extensive applications in industry
and finance (see, e.g., [31-33] and the references therein)
and the model discussed in this present paper may has the
potential to achieve more practical oriented results under
data-driven framework. Some investigations on this topic will
be studied and carried out in our future publications.
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