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STOCHASTIC MAXIMUM PRINCIPLE FOR OPTIMAL CONTROL
PROBLEM OF FORWARD AND BACKWARD SYSTEM
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Abstract

The maximum principle for optimal control problems of stochastic systems consisting of
forward and backward state variables is proved, under the assumption that the diffusion
coefficient does not contain the control variable, but the control domain need not be convex.

1. Introduction

The stochastic optimal control problem is important in control theory. A lot of
work has been done on the forward stochastic system. See, for example, Ahmed [2],
Bensoussan [5], Cadenillas and Karatzas [7], Elliott [8], H. J. Kushner [10], Peng [12].
Recently, another kind of stochastic system, the forward and backward stochastic
system, has been developed and studied for its applications in the financial market.
In [13], Peng studied the optimal control problem of such a system. The maximum
principle he obtained is in local form.

In this paper, we discuss a simplified problem of one in [13], in which the diffusion
coefficient does not contain control. We use the "spike variation" method to derive
the maximum principle in global form. Thus the control domain is not necessarily
convex. For the case when there are initial state constraints and final state constraints,
we also obtain a global result by using Ekeland’s variational principle. Since some
financial models are in the form of forward and backward stochastic systems, our
results may have applications in the financial market.

Since the existence problem of optimal control is a different issue, we do not
incorporate it in this paper. Some results in this field can be seen in Ahmed [1], [2].

This paper is organized as follows. In Section 2, we state the problem and our
main assumptions. In Section 3, we study the variational equations and variational
inequality. In Section 4, we obtain the maximum principle in global form. In the last
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section, we show how to obtain the maximum principle in case initial and final state
contraints are imposed.

2. Statement of the problem

Let (2, &, P) be a probability space with filtration .#* and W(.) a R?-valued
standard Wiener process. We assume F' = o{W(s) : 0 < s < r}. We consider the
following forward and backward stochastic control system:

dx = f(x,v,0)dt + o (x,t)dW,,
x(0) = xo,

dy =g(x,y,z,v,t)dt + zdW,,
¥(T) = h(x(T)),

D

where

:R" x R* x [0, T] = R",

:R" x [0, T] > Z(R% R"),

:R" x R™ x (R R™) x R* x [0, T] > R™,
:R" — R™.

> 0 Q

Let U be a non-empty subset of R*. We set
Uy = {v() € ,2’;(0, T;RY:v(@t) €U, ae.a.s.).
Our optimal control problem is to minimize the cost function
J(w() = Ey(y(0)),
over %4, where y : R™ — R!.
We assume:

(H,) f. g, 0, h, y are continuously differentiable with respect to (x, y, z);
(H,) the derivatives of f, g and o with respect to x, y, z are bounded,

If:l <C, for fe= fri 0x, 821 8y 82s

and
lhel < CA + |x|), vyl < C(A + |yD).
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3. Variational equations and variational inequality

The purpose of this section is to introduce the usual first order variational equations
and to derive variational inequality. Let (u(-), x(-), y(-), z(-)) be an optimal solution
of the problem. We introduce the following spike variational control:

() = v, T<t=<T7T+E€,
u(t), otherwise,

where € > 0 is sufficiently small, v is an arbitrary #™-measurable random variable
with valuesin U, 0 <t < T, and sup,,., |v(w)] < 00. Let (x¢(-), y¢(-), z°(:)) be the
trajectory of system (1) corresponding to contiol u¢(-).

We introduce the following variational equations:

dx; = [fox1 + f) — f@)]dt + o.x,dW,,
x1(0) =0,

dy, = [gex1 + gy + 21 + g(uf) — gw)]dt + z,dW,,
yW(T) = h (x(T))x,(T).

For convenience, we use the following notation in this paper.

fo & flx@®),u@),r), 8- 8. (x(®), y(©), z(2), u(®), 1),
fws) & fx@),u@),1), f@) fx@),u@),t), etc.

The variational inequality can be obtained from the fact J(u¢(-)) — J(u(-)) > 0. The
following lemmas are needed to establish the inequality.

2

e >

LEMMA 1. Suppose (H,) and (H,) hold. For the first order variations x,, y,, z;, we
have the following estimations:

sup E|x,(t)]* < Cé?, (3)
0=t<T
sup Ejx;(1)|* < Ce*, (4)
0<t<T
sup Ely(1)]> < C€?, 5)
0=t<T
sup Ely (1) < Ce*, 6
0=t<T
T
E f (@(s)ds < Ce, 0
0
T 2
E ( f (z,(5))? ds) < Cé*. ®)
0
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PROOF. We first prove (3) and (4). The first equation of (2) yields

t

t 2
Ex®OP =E ( f [fexi + f@s) = fa)]ds + f 0 Xy dwx)
0 0

' 2 ' 2 t
<3 [E ( / fexa ds) +E ( f [f9) - Fw)] ds) +E / (axx.)zds]
0 0 0
t t 2
< 6C2TE/ x;2ds +3E (/ (F@®) — fw) ds) .
0 0
Applying Gronwall’s inequality,
Elx,(t)]* < C€?, for t€[0,T] uniformly.
Similarly (4) holds.
We next estimate y; and z,. Squaring both sides of

T
() — f 21(s) AW,

T
= —h,(x(T))x(T) + / (8:x1 + gyy1 + 821 + g(u°) — g(w)) ds,

and using the fact that
T
Ex) [ 2(s)aW, =0,
t

we get

T
En®F + E / (2 () ds
2

T
=K (—hx(x(T))xn(T) +/ (8ex1 4+ gy)1 + 8221 + g(uf) — g(w)) dS)

T T
_<_5C2Ex12(T)+5C2TEf xX(s) ds+5C2TE/ yi(s)ds

T T 2
+5CX(T — t)E/ z3(s)ds + SE ([ () — gw)) ds) .

Thus

T

1 T
Ely(0O1* + EE/ Z2(s)ds < 5C2Ex12(T)+5C2TE/ x2(s)ds
1 0

2

T T
+5C2TE/ y,z(s)ds+5E(/ (g(u‘)—-g(u))dS) ,
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1
ithd = —, T-6,T)].
wi T0e2 te| ]

Applying Gronwall’s inequality,

Ely®P <Ce?,  te[T-85,T],

T
E/ Z2(s)ds < Ce?, tel[T —86,TI
t

Similarly we have
T-§
=) —/ zi(s) dW;
t

T-5
==Y (T -$§) +/ (g,,x, + gy + 821 + g(u) — g(u)) ds.
t

So
T-$8 T-8
Elyi O + Ef z2(s)ds < SE|y(T — 8)* + 5C2TE/ xi(s)ds
t s t
+5C*TE / y2(s) ds
' T-6
+5CHT — 8 — t)Ef 22(s)ds
T-5 2

+5E ( f () — gw)) ds) .

Thus

Ely () <Ce®,  te[T -28T],
T-6
E/ Zi(s)ds < Ce*, te[T —26,TI
t

After a finite number of iterations, (5) and (7) are obtained. (6) and (8) can be proved
by using a similar method and the inequality
2

T T
E(/ zl(s)dWs> zﬂE(/ zf(s)ds), B > 0.

LEMMA 2. Suppose (H,) and (H;) hold. Then we have the following estimations:

4

sup E|x¢(t) —x(8) —x (1) < Ce?, C.—0, €))

0=t<T
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sup E|y“(t) — y(1) —n () < Ce?, C.—0, (10
0<t<T
T
E/ |z6(t) — z(t) — z; ()P ds < C.€* C.— 0. (11
0

PROOF. To prove (9), we observe that
t t
/ flx+x,u)ds +/ olx +x)dw;
0 0
t 1
=_/ [f(x,u‘)+/ f,(x+Ax|,u‘)dAx1:| ds

0 0

t 1

+[ [a(x) +/ Jx(x+Axl)dAx1] dw,
0 0

=_/ f(x,u)dS+/ cr(x)dWs+/ [fexi + fu®) — f(u)]ds
0 0

0

t 1 t
+/ oxxldWS+/ A‘ds-i—/ B dW,
0 0 0

t t
=x(t)—xo+x1(t)+/ A‘ds+/ B dWw,
0 0

in which
1
AC = / [fx(x + Axp, uf) — fo(x, u)] dlxy,
0

1
B¢ = / [ax(x + Ax;) — ax(x)] dix;.
0

It follows easily from Lemma 1 that
t 2 t 2
sup E [(/ A€ ds) + (/ B‘dWs) } = o(€?). (12)
0<t=<T 0 0

x‘(t)—xo=/tf(x‘,u‘)ds+/ o(x)dWw,,
0 0

Since

we get

x‘(z)—x(z)—xl(t)=/ CG(s)(x‘—x—xl>ds+/ DY) (x* — x — x,) dW,
0 0
+/ Aeds-i-/ B¢ dw,,
Q 0
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with
1
Ce(s) =/ Fulk 43+ A = x — x1), 4) dA,
1]
1
De(s) = f o (x +x + A —x —x)), u)dAx.
0

Using Gronwall’s inequality, (9) follows from the above relation and (12).
We next prove (10) and (11). It can be easily checked that

T T
/ g(x+x1,Y+)’1,Z+Z|,uE)ds+/ (Z(S)‘*‘Z](S))dws
t t

T
=h(x(T)) + he(x(T)x1(T) — y(t) — » (@) +/ G ds,

where
i
G* =f (8:(x + Axy, y 4+ Ayr, z 4+ Azp, u€) — g,) dAxy
0
1
+/ (gy(x +Ax;, Y+ Ay, z+ Az, uf) — gy) dry,
0
1
+/ (8:(x +Axy, y + Ayr, 2 + Az, uf) — g;) dAzy.
0
So we have

(@ =y — »@) = =(RG(T) = h(x(T)) + h x(T)x:(T)
+[[g(x€, ¥, 25 u) —g(x +x1,y + yi,z + 21, u)]ds
+[T (z5(s) — 2(s) — z1(5))d W, +fT G* ds.

Thus it follows that

T
Ely @) = y(@) =y OF + E f 125(s) — 2(5) — 21 (s) P ds

H

= E{ — (h(x*(T)) = h(x(T) + x,(T)))

1 T
= [ e + a5, = hen)arnmy + [ Geas
0 1

T 2
+/ [g(x‘, Y, 25 uf) —glx+x,y+y, 2 +z,,u‘)]ds} .
I3
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From Lemma 1 and (9), we see that

T 2

sup E (f G* ds) = o(¢e?),

0<t<T t

E[h(x*(T)) — h(x(T) + x(T)]" = o(é?).

We get (10) and (11) by applying the iterative method used in Lemma 1 to the above
relation.

LEMMA 3. Under the assumptions (H;) and (), the following variational inequality
holds:

Ey,(y(0)y1(0) > o(e).

PROOE. From Lemma 2, we have the estimation

E[y (5*(0)) — y (3(0) + y1(0))] = o(e).

Therefore

0 < E[y(y(0) + »1(0)) — y (y(0))] + o(¢)
= Ey,(y(0))y1(0) + o(e).

4. The maximum principle in global form

We introduce the adjoint equations and the Hamilton function for our problem.
From the variational inequality obtained in Lemma 3, the maximum principle can be
proved by applying It6’s formula.

The adjoint equations are

—dp = (f{p + g;q + o;k)dt — kdW,,
p(T) = —=h3;(x(T))q(T),

—dq = g;qdt + g;qdW,,

q(0) = —y,(y(O)),

and the Hamiltonian function is

13)

H(x,y,z,v,p,q,k, t) £ (p, f(x,v,0)) + (g, 8(x, y,2,v,1)) + (k, o (x)),
where

H: R"xR™x Z(R% R™) x R* x R" x R™ x Z(R%; R")
x[0,T] > R".
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Relations (13) can be rewritten as

—dp = H.dt — kdW,,
p(T) = —h;(x(T))q(T),
—dq = H,dt + H.dW,,
q(0) = -y, (¥(0)).

From (14) and Lemma 3, we have

(14)

THEOREM 1. Suppose (H;) and (H,) hold. Let (u(-), x(-), y(-), z(-)) be an optimal
control and its corresponding trajectory of (1), (p(-), ¢(-), k() be the corresponding
solution of (14). Then the maximum principle holds, that is

H(x(t), y(),z(t), v, p(t),q(), k(2), 1)
> Hx@), y@),z(@),u), p(t), q@t), k@), 1), Yve U, a.e.,as. (15)

PROOF. By applying It6’s formula to {p, x;) and (g, yi}, it follows from (2) and (14)
that

o(¢) < Ey,(y(0)y:(0)
T
—E f [H (@), y(). 200, (@), p), 0), k()
0
_H(-x(t)’ )’(t)’ Z(t)s u(t)a p(t)’ CI(t), k(t)] dt'

From the above inequality, (15) can be easily derived.

5. Problem with state constraints

In this section, we discuss briefly the case when there are initial state constraints
and final state constraints on the state variables:

EG,(x(T)) =0,
EGo(y(0)) =0,

where
G, : R"—> R™, n, <n,

Gy : R"— R™, m; < m.

We assume
(H5) Gy, G, are continuously differentiable and G,, G, are bounded;
(H,) the control domain U is closed.
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We apply Ekeland’s variational principle to solve this optimal control problem. We
first define the metric in %,4. For u(-), v(-) € %4, let

d(-),v(-)) = Emes{t € [0, T] : u(t) # v(n)}.

With this metric, (%4, d(-, -)) is a complete space.
Let (u(-), x(-), y(-), z(-)) be an optimal solution of the problem. For v(:) € %4,
we define

J,w(")) = {EIG\(x(T; W)I* + E|Go(y(©0; v)|?
+HEy(y©; v) - Ey(y(©0) + o]},
It can be checked that J,(v(-)) : %a — R' is continuous, and

L) 20, Yu() € Za,
J,w()) = p.

Obviously, we have
L) < inf J,0w0) +p.

From Ekeland’s variational principle, there exists v,(-) € %,q4 such that

M) Jo(v, (1)) = J,(u()) = p,
(2 d(,(),u()) < /p, (16)
3) (W) = Jp(v,() — /pd(w(), v, (1)), for w() € %a.

Making "spike variation”

v, T<t<71+tE¢,
v,(t), otherwise,

v (1) = [
for v, as in Section 3, it follows from (16) that

Jp (5 (D) = Jp(v,() + /pd (v, (-); v,(1)) = 0. a7

Let (x,, ¥, 2,) and (x;, y5, z;(*)) be the corresponding trajectories to v, (-) and v (-)
respectively. The variational equations is the same as the one in Section 3, with (x(-),
¥(), 2()) = (x,(2), ()5 2,(-)), u(-) = v,(-). Similarly to the approach in Lemma 2,
it can be shown that

sup E|x5(t) — x,(t) —x1(1))* < Ce?,  C. -0,

0<t<T
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sup E|y5(t) — ,(t) — yu (O < C€?,  Cc— 0,

0<t<T

T
E/ |26(1) = z,(t) — 2,1 (D)I? < Ce?, C.— 0.
0
Thus

J2WE()) — 2 (0,()) = 2{EG(x,(T)), EG1,(x,(T)x,(T))
+2{EGo(y,(0)), EGo,(y,(0)y,1(0)) (18)
F2{E( (5,(0)) — vy (¥(0)) + p), Eyy(¥,(0))y,1(0)) + o(e).

Let

e _ 2EG.(x,,(T))

PL () + T (0, ()

e _ _ 2EGy(,(0)

227 TLws () + J,(0,())

e — 2E5p0) — y 5G©) + ]

#0 L) + J,w0,(0)

Since

J,(v() >0, S5 ()) > 0, Lo (5 ()) = J,(v, (), € —0,
it follows from (17) and (18) that

(ho1s EGre(xo(TNxp1 (T)) + (hS,, EGor(7,(0))y,1(0))
+{h50 EVy(3,(00),1(0) + €/p + 0(e) > 0. (19)

Let (p;, k;, ;) be the solution of

_dp; = [fx*(xpa Up)Pf, + g;(xp, Yos Zps Up‘)q; + Gf(xp)k;]dt - k;de

Po(T) = Gue(xp(THhpi* ~ by (x,(T))q(T), 20)
_dq; = g;(xp, Yos 2p, vp)q;dt + gz(xp, Yo Zps Up)‘]f,dW:,

q;0) = —(Goc (¥, (0N A5, + vy (3, (0))R5y).

Using Itd’s formula, (19) can be rewritten as

T
E / [H s Yor 290 1 Do 50 k) Q@)
0

—H (Xp, Yp» 251 Vp, Pl 45, k) dt + €/D + 0(€) > 0,
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where
H(x,y,z,v,p,q,k) £ (p, f(x,v)) + (g, g(x, y,2,v)) + (k, o (x)).

Since
lim(Uhol” + 1A+ 1A I1) = 1.

there exists a convergent subsequence (h5,, h;, s h;z) with

(hé h:l’ h:Z) - (hp07 hph hp2)7 € > 01 (22)

p0°

lhool® + 1o |1” + llAp)I* = 1.
Let (p,, 4,. k,) be the solution of

—dp, = [fx*(x/” V) Pp + 81 (X0, Yor 255 Up)gp + ":(xp)kp] dt — k,dw,,
Po(T) = G (x,(T)h,y — B (x,(T))q,(T),

—dq, = g;‘(x,,, Yos Zps Vp)q4pdt + 85 (Xp, ¥y 2p, Vp)q,d Wi,

qp(o) = _(GOx (y;o(o))hﬂ + )’y()’p(o))hpo)‘

It can be easily proved that

p; - pp in z;(oa T’ R”)1
q; -> qp in ;(Oa Ta Rm)y
kS — k, in  Z;0,T, £(R, R").

So from (21) we have
H (X5, ¥p» 201 Vs Pps Gp» k)
- H(xpy Yp1 205 Vps Pp>qp» kp)'f‘\/-lsz 0. Vv € U, a.e.da.s. (23)

Similarly from (22), there exists a subsequence of (/,9, /1,1, h,,) which converges to
(ho, hy, hy) with
thol? + [l I* + lAa|? = 1.

Since v,(-) = u(-) p — 0, consequently,

x,() = x(°) in  Zz0,T,R",

%) = ¥() in  £30,T,R"),

2,(-) = z() in  Z20,T, £ R"Y),
Xp1(-) = x1() in  £2(0,T, R",
Yor () = yi() in £, T,R"),
2 () = 2;() in  ZL0,T, LR, RY),
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where (x;(-), y1(-), z1(+)) is the solution of the variational equations whose forms are
the same as (2).
We introduce the adjoint equations of the above variational equations as

—dp = [f}(x,w)p+ gi(x,y,z,u)q + o} (x)k]dt — kdW,,

pP(T) = G (x(THh — hy(x(T))q(T), 4)
—dq = gj(x, y,z,u)qdt + g;(x, y,z,u)qdW,,

q(0) = —(Gox (y(0) iz + v, (y(0)hy).

It can be proved that

po(:) = p() in £, T,R",
q,(:) = q() in ZLE0,T, R,
k,(-) = k() in ZLLO,T, L(R, R™)).

Let p — 0in (23). Then the following inequality holds.

H(X(t), y(t)a Z(t)’ v, P(t)’ ‘I(t), k(t)) -
Hx(@@), y@),z(@), u@®), pt),q@), k(1)) >0, VYvelU, a.e.,as. (25

So we have the following theorem.

THEOREM 2. Assume (H,), (H,), (H3) and (H,) hold. Let (u(-), x(-), y(-), z(-)) be an
optimal solution of the optimal control problem stated at the beginning of this section,
and (p(-), g(-), k(-)) be the corresponding solution of the adjoint equations (24). Then
the maximum principle (25) holds.

Remark

For the forward stochastic system in which control enters into the diffusion co-
efficient, the maximum principle in global form can be found in Arkin and Saksonov
[4], Bismut [6], Cadenillas and Karatzas [7], and Peng [12]. But for the forward and
backward stochastic system, such an optimal control problem is still an open problem.
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