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THE RELAXED MAXIMUM PRINCIPLE FOR G-STOCHASTIC CONTROL
SYSTEMS WITH CONTROLLED JUMPS

H. Ben Gherbal', A. Redjil, and O. Kebiri

ABSTRACT. This paper is concerned with optimal control of systems driven by G-
stochastic differential equations (G-SDEs), with controlled jump term. We study
the relaxed problem, in which admissible controls are measure-valued processes
and the state variable is governed by an G-SDE driven by a counting measure val-
ued process called relaxed Poisson measure such that the compensator is a prod-
uct measure. Under some conditions on the coefficients, using the G-chattering
lemma, we show that the strict and the relaxed control problems have the same
value function. Additionally, we derive a maximum principle for this control prob-
lem.

1. INTRODUCTION

We consider a stochastic control problem where the state variable is a solution
of a SDE driven by a G-Brownian motion with jumps, the control enters both the
drift and the jump term. More precisely the system evolves according to the SDE
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dzy=b(t, z,, u,)dt + o(t, z,)dB,+(t, x, u)d(B),

(11) +/f(t7xt—767ut)N(dtad9>
r
Top=— T

on some space of sublinear expectation (2, H, I@, F7), where F” is the universal
filtration, with P is a tight family of possibly mutually singular probability mea-
sures, and b, o, -y, f are given deterministic functions, u is the control process. We
consider here an independent Poisson random measure N; whose compensator is
given by v(df)dt.

The expected cost to be minimized over the class of admissible controls is de-
fined by:

T T
(1.2) J(z;u) =supE" |g(zy) + /h(t,xt,ut)dt =E |g(zr) + /h(t,xt,ut)dt :
PEP
0 0

where z is the initial condition of the process (x):cpo,r)-
We defined then the value function V' by:
(1.3) V(z) = 11LI€1£ J(z;u),
where U/ is the set of admissible controls, a control process that verify is
called optimal.

In the recent years the framework of G-expectation has found increasing ap-
plication in the domain of finance and economics, e.g., Epstein and Ji [|16,/17]]
study the asset pricing with ambiguity preferences, Beissner [5] who studies the
equilibrium theory with ambiguous volatility, and many others see e.g [6,48,49],
also see [25-27]]. for numerical methods. The motivation is that many systems
are subject to model uncertainty or ambiguity due to incomplete information, or
vague concepts and principles. Aspects of model ambiguity such as volatility un-
certainty have been studied by Peng (2007, 2008, 2010, [[39-41]) who introduced
a sublinear expectation with a process called G-Brownian motion, also by Denis
and Martini [13] who suggested a structure based on quasi-sure analysis from ab-
stract potential theory to construct a similar structure using a tight family P of
possibly mutually singular probability measures.
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The strict control problem may fail to have an optimal solution, if we don’t
impose some kind of convexity assumption. In this case, we must embed the
space of strict controls into a larger space that has nice properties of compactness
and convexity. This space is that of probability measures on A, where A is the
set of values taken by the strict control. These measure valued processes are
called relaxed controls. In the classical framework, the first existence result of an
optimal relaxed control is proved by Fleming [18]], for the SDEs with uncontrolled
diffusion coefficient and no jump term. For such systems of SDEs a maximum
principle has been established in [2,3,34]]. The case where the control variable
appears in the diffusion coefficient has been solved in [[14]. The existence of
an optimal relaxed control of SDEs, where the control variable enters in the jump
term was derived by Kushner [31], also recently the work given by H. Ben Gherbal
and B. Mezerdi [7] of relaxed stochastic maximum principle in optimal control of
diffusions with controlled jumps, for which the state variable is governed by a
SDE driven by a counting measure valued process called relaxed Poisson measure,
where the existence of an optimal relaxed control and a Pontryagin maximum
principle were proved.

In the G-framework, the existence of an optimal relaxed control is established
In 2018, by Redjil and Choutri [42], where a stochastic differential equation is
considered without jump term and an uncontrolled diffusion coefficient, the cele-
brate Chattering lemma was generalized in the G-framework and the existence of
relaxed optimal control was proved. The same result in the case with jump term
is recently proved by A. Redjil, H. Ben Gherbal and O. Kebiri [43]].

In this paper, we establish a Pontryagin maximum principle for the relaxed con-
trol problem given by and (2.2). More precisely we derive necessary con-
ditions for optimality satisfied by an optimal control. The proof is based on the
results obtained in [43]], Pontryagin’s maximum principle for nearly optimal strict
controls and some stability results of trajectories and adjoint processes with re-
spect to the control variable. In our case the diffusion coefficient is uncontrolled
because our control set is not convex, by this the controlled case require more
work and two-adjoint equation. We let this case as a future work.

The motivation of our work came from applications in finance when a jump
process models the stock price where we can’t estimate exactly the coefficients
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of the noise. The uncertainty in the noise coefficient will produce a G-SDE with
jump, if then we want to control this dynamic, this lead a controlled G-SDE with
jump.

The rest of the paper is organized as follows: in the next section, we formulate
the control problem, and introduce the assumptions of the model. Section 3 is
devoted to the proof of the approximation and stability results. In the last section,
we state and prove a maximum principle for our relaxed control problem, which
is the main result of this paper.

2. FORMULATION OF THE PROBLEM

2.1. G-Strict control problem. We consider a control problem of systems gov-
erned by stochastic differential equations on some sublinear expectation space
(0, H,E, FP), such that F” the universal filtration defined by F” = {]—A'Z’ }

>0

where F7 := ﬂ (FEVNp) fort > 0, such that F; := F," VNT(F,") is the right con-
PeP

tinous P—completed filtrations generated by a G—Brownian motion B and an in-

dependent Poisson measure N, with compensator v(df)dt, and Np := ﬂ/\/’ F(Foo)
PeP
the family of polar sets, where N¥(F,,) is the P—negligible sets. The jumps are

confined to a compact set I', and set
N(dt,df) = N(dt,dd) — v(d6)dt.

Consider a compact set A in R* and let &/ the class of measurable, adapted
processes u : [0; 7] x  —» A, such that u € Mg (0,T) . For any u € U, we consider
the following stochastic differential equation (SDE)

dry=b(t, z,, u,)dt + o(t, x,)dB,+(t, x, u)d(B),

2.1) + / J(t, 2, 0,u,) N (dt, d6)
r
To=— T,

where
b:[0;T] xR"x A— R"
o:[0;T] x R*" — M,,»q(R)
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v:[0;T] x R* x A — R™"
fi]0;T] xR*"xI'x A — R"

are bounded, measurable and continuous functions.
The expected cost is given by

T T
(2.2)  J(u) =supE" |g(z7) + /h(t,xt,ut)dt =E |g(zr) + /h(t,xt,ut)dt :
PEP

0 0

where,
g:R" —R
h:[0;T] xR"x A — R,

be bounded and continuous functions.

The problem is to minimize the functional J(.) over /. A control that solves this
problem is called optimal.

We note that from the result of [35]], equation has a unique solution, under
these assumptions (A):

(A1) Let be b, 0, v and f bounded and lipschitz continuous with respect to the
state variable z uniformly in (¢, u), also we suppose that (¢, z,.) is a symmetric
d x d matrix with each element.

(A2) For all (¢,z,60) € [0, T]xR"xTI the functions b(t, z, .), f(t,z,0,.) and y(t, z,.)
are continuous in u € Y.

(A3) b(.,z,.), v(.,x,.) and o(.,x) taking value in MZ(0,7T) and f(.,z, .,.) takes
value in HZ(0, 7).

(A4) The functions g and h(.,z,.) are taking value in MZ(0,7) and bounded.
Moreover we suppose that g is lipschitz continuous, and 4 is lipschitz continuous
with respect to the state variable x uniformly in time and control (¢, u).

2.2. The G-relaxed control problem. Let (A, d) be a separable metric space and
P(A) be the space of probability measures on the set A endowed with its Borel
o-algebra B(A). The class M ([0,T] x A) of relaxed controls we consider in this
paper is a subset of the set M ([0, 7] x A) of Radon measures v(dt,da) on [0,T] x A
equipped with the topology of stable convergence of measures, whose projections
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on [0, T] coincide with the Lebesgue measure dt, and whose projection on A coin-
cide with some probability measure 1;(da) € P(A) i.e. v(da,dt) := pi(da)dt. The
topology of stable convergence of measures is the coarsest topology which makes

q*—>/0T/Ago(t,a)q(dt7da)

continuous, for all bounded measurable functions ¢(¢,a) such that for fixed ¢,

the mapping

©(t, ) is continuous. Equipped with this topology, M := M ([0, T]x A) is a separable
metrizable space. Moreover, it is compact whenever A is compact. The topology
of stable convergence of measures implies the topology of its weak convergence.
For further details see [14,(15].

Now we present the following definitions:

Definition 2.1. Lip(1?) is the set of random variables of the form
g = ¢(3t17 Btzu cee 7Btn>

for some bounded Lipschitz continuous function ¢ on R¥>" and 0 < t; < t, < --- <
t, < T. The coordinate process (B;, t > 0) is called G-Brownian motion whenever
By is G-normally distributed under E -] and for each s,t > 0 and t,ts,...,t, € [0,1]
we have

~ ~

E[W(Btm <o 7Btn7 Bt+s - Bt)] = E[w(Btn SR Btn)]?

where (xy,...,x,) = IAE[go(xl, .., Xn,/$B1)]. This property implies that the incre-
ments of the G-Brownian motion are independent and that B;,, — B, and B, are
N(0, sX)-distributed.

Next, we introduce the class of relaxed stochastic controls on (Qr, H, E), where
H is a vector lattice of real functions on 2 such that Lip(Q2y) C H.

~

Definition 2.2. A relaxed stochastic control on (1, Lip(Q2r),E) is a random mea-
sure q(w,dt,da) = pi(w,da)dt such that for each subset C € B(A), the process
(11(C))eeo,r) is F7-progressively measurable i.e. for every t € [0,T), the mapping
[0,1] x Q — [0,1] defined by (s,w) — us(w, A) is B([0,t]) @ FF-measurable. In par-
ticular, the process (11:(C))iejo.r) is adapted to the universal filtration F”. We denote
by R the class of relaxed stochastic controls.

The set U ([0, T]) of strict controls constituted of F”-adapted processes u tak-
ing values in the set A, embeds into the set R of relaxed controls through the
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mapping:
O U(0,T]) 2 ur O(u)(dt,da) = d,,(da)dt € R.

Definition 2.3. Let ;1 a relaxed representation of an admissible control u , for each
I'gC T, TyisaBorelset (I'y € B(I')) and Ay C A, (Ap € B(A)), we define:

N"([0,1], Ag,Ty) = N”(t,AO,FO):/t/ 14, (us)N(ds,db).

we denote by

N" is the number of jumps of [, Jr, 0N (ds, df) on [0, t] with values in T'y and where
us € Ag at the jump times s.
Since 14,(us) = us(Ap); then the compensator of the counting measure valued
process N" is
v(dO) e (da)dt = py @ v(da,dd).

Definition 2.4. A relaxed Poisson measure N" is a counting measure valued process
such that its compensator is the product measure of the relaxed control i with the
compensator v of N such that for each T'y C I', Iy is a Borel set (I'y € B(I')) and
Ay C A, (Ag € B(A)), the processes

ZM = N"(t, Ay, To) = N"(t, Ao, Tg) — p(t, Ag)v(Tg)

are J?Z’—martingales and orthogonal for disjoint I'y x Aq, because according to [7],
the processes Z* are F;- martingales for each P € P, and so is an F} -martingale,
also are orthogonal for disjoint I'y x A,.

Proposition 2.1. For any bounded measurable function ¢ with real values, the pro-
cess Y given by:

Yt:/ot/r/Ago(s,a:s,H,a)N“(dt,dQ, da)—/ot/F/Ago(s,xs,@, 0)0(d0) s (da)ds

is an F] —martingale.

Proof. By the definition of G—martingale [41] YV is an ]?Z’ —martingale means that
Y is an F;-supermartingale for each probability sufficiently. And this is verified
in our case because from H. Ben Gherbal and B. Mezerdi [7] the process Y is an
FF-martingale for each P € P. O

Proposition 2.2. Consider a sequence of (u? ® v), converging weakly to s ® v on
Q x [0,T] x A x T, there exists a sequence of orthogonal martingale measures N"
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defined on Q) x [0,T] x A x T', such that for each bounded function ¢:

/// (s, X' ,6,a)N"(ds, df, da)

/ // s, X!",0,a)N N*(ds, df, da) quasi-surely.

Proof. Given a fixed probability measure, we have from [7]

IPGP:>/// sx,,HaN"(dsdea)

—>/ // s, 2" 0, a)N*(ds, df, da) P-surely,

this means that we have the convergence outside a polar set, which means that
we have quasi surely convergence. O

Now we present our relaxed controlled system, the G-SDE with controlled jumps
in terms of relaxed Poisson measure is given by:
dxt = fA b(t7 Q:t ) ),U,t(dCL)C’if + U(tv x?)dBt + fA 7(157 ZU?, a)“t(da)d<B>t
(2.3) +fA fr f(t,x i‘ ,0,a)N*(dt,df, da)

po_
xg = 0.

The cost functional is given by:

& { / ' [ ot ) de -+ g(at)

3. APPROXIMATION OF TRAJECTORIES AND STABILITY RESULTS

The next lemma, which called G-chattering lemma gives the approximation of
a relaxed control by a sequence of strict controls order for the relaxed control
problem. This result is considered essential in showing that the relaxed control
problem is a truly an extension of the strict one. We refer to [43]] to more detail
of this subsection.

Lemma 3.1 (see [42]). Let (A, d) be a separable metric space and assume that A
is a compact set. Let (11;); be an F”-progressively measurable process with values in
P(A). Then there exists a sequence (u}),>o of F”-progressively measurable processes
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with values in A such that the sequence of random measures d,»(da)dt converges in
the sense of stable convergence (thus, weakly) to yu(da)dt quasi-surely:

pi (da)dt = 6yp (da)dt — py(da)dt  quasi-surely.

Lemma 3.2 (See [[43]]). Under our assumption (A), for every P € P, it holds that
@)

(3.1 lim EF [ sup |z} — xfﬂ =0,
n—eo 0<t<T
and
(3.2) Jim JE (™) = J¥ ().
(2) Moreover,
(3.3) Inf J¥(u) = inf J* (1),

and there exists a relaxed control jip € R such that J*(jip) = inf,er J* ().

The next theorem gives the stability of the stochastic differential equations with
respect to the control variable, and that the two problems has the same infimum
of the expected costs.

Theorem 3.1 (See [[43].). Under our assumption (A) we have:

(1) Let pu be a relaxed control and let x* the corresponding trajectory. Then there
exists a sequence (u") of strict controls such that:

lim E { sup |zy — xﬂﬂ =0,
n—7oo 0<t<T
where z} denotes the trajectory associated to u".
(2) Let J(u") and J(u) be the cost functional corresponding respectively to u"
and p (where dtd,«(t)(da) converges weakly to dtu(da) quasi-surely). Then,
there exists a subsequence (u"*) of (u") such that

lim J(u™) = J(u).

k—o0
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4. MAXIMUM PRINCIPLE FOR RELAXED CONTROL PROBLEMS

Our main goal in this section is to establish optimality necessary conditions
for relaxed control problem, where the system is described by a G-SDE driven
by a relaxed Poisson measure. The proof is based on the G-chattering lemma,
we derive necessary conditions of near optimality satisfied by a sequence of strict
controls. By using stability properties of the state equations and adjoint processes,
we obtain the maximum principle for our relaxed problem.

4.1. The maximum principle for strict control. Under the above hypothesis,
has a unique strong solution and the cost functional is well defined
from U into R, for more details see [43]. The purpose of this subsection is to
derive optimality necessary conditions satisfied by an optimal strict control. The
proof is based on the strong perturbation of the optimal control «*, which defined
by:
i { v, if t € [toito + h]
! uf otherwise,

where 0 < tq < T is fixed, h is sufficiently small, and v is an arbitrary A—valued
F; —measurable random such that under every P € P, E¥ lv|> < oo. Let ] denotes
the trajectory associated with u/, then

( sh=ar t<t
dal = b(t, 2, vy)dt + o (t, 2?)dBy+y(t, 22, v,)d(B),
+/f(t,mf_,9,ut)ﬁ(dt,d9) to<t<to+h

dzh = b (t,xh up)dt + o(t, z0)d B+~ (t, 2, up)d(B),
/f ) tﬁut (dtd&) to+h<t<T.

\

We first have

Lemma 4.1. Under assumptions (A1)-(A>), we have for every P € P, it holds that

h—0

4.1) lim EF [ sup ‘xé‘ * 2} =0,
0<t<T
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and,

(4.2) lim B

h—0

2
sup ‘x,}f —xzi| | =0.
te€ftosT]

Proof. Under every P € P, the G-SDEs and becomes standard SDEs

driven by a standard Brownian motion B and a Poisson measure N, the proof of

follows from H. Ben Gherbal and B. Mezerdi [7]], we sketch it here. Using

the fact that under P € P, N is a martingale and B is a continuous martingale
d(B)t

whose quadratic variation process (B) is such that 7, = =3** is bounded by a

deterministic d x d symmetric positive definite matrix 7, and 2" satisfy

dx] = b(t, xl' v,)dt + o(t, 2})dBy+my(t, zf,v,)dt + / Stz 0, v,)N(dt,db),
r

then the result gives by a standard arguments from stochastic calculus, for more
detail see [7]].
For the second limit, set

2

)

h *
o= s [o

tefto;T]

if there is a § > 0 such that E [sn] > 0, we can find a probability P € P such
that E [sn] > 6 — e; ¢ — 0. Since P is weakly compact, there exists a subsequence
(P, )>, that converges weakly to some P € P, hence

. P _ N . P, > 1 . P, >0
Ry ol = g g B o 2 T In Bl 20

This contradicts (4.1)). This complete the proof. O

Since u* is optimal, then

Jw) < J(u") = J(u*) + hM

< i + o(h).

h=0

Thus, a necessary condition for optimality is that

h
WS,
dh

h=0
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Note that under every P € P, the following properties hold, because b(¢, z, u),
h(t,xz,u), v(t,z,u) and f(t,x;-,0,u) are sufficiently integrable.

t+h
1
(4.3) E/EP [1k(s, s, us) — k(t, 24, up)] } h—0Q0dt—a.e
t
t+h
(4.4) 1 E¥ [|7(s, 25, us) — Y(t, 24, uz) ]h 00d(B), —a.e
: h TS, Ts, Us 7 ty t t g
t
t+h

1
(45) E//E]P [|f(57 msfvevus) - f(taxt*707 ut)|2:| U(de) h— 9 0 dt — a.e,
Tt
where k stands for b or h.

Lemma 4.2. Under assumptions (A1)-(As), it holds that

T

Proof. We proceed as in H. Ben Gherbal and B. Mezerdi [[7], let

- h %
lim E LA
h—0

n_ T
Yy = 3 - Zt-

Then, we have for ¢ € [to.to + h]

\
U
<
==

+ + 4+ °=

[b(t, 7 + Wy + 2¢), ve) — b(t, x}, uf) — hby(t, z}, up) 2] dt

o(t,z; + h(y! + z)) — o(t,x}) — hoy(t,z})z] dB;

Yt xy + by + 20, m) = (o uf) = ha(t, o, uf) 2] d(B),

[ t,l‘t_ +h yt—+zt_>7yt)_f(taxt ’ ) hfx( ) t 7ut)zt_} N(dtade)

i

= = =

|ﬂ\

\ ytfi) = [b(th xytov Vto) - b(t07 l’:o, UIO)] .

Hence,

to+h
1
han =7 [ [tz + byt o+ 20,00) = b))

to
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to+h
+E / [b(t, 2}, vy) — b(t, 5, 1)) di

to
toth toth

* * 1 * ok * ok
_’_E / [b(t7 Lty Vt) - b(to, Lty Vt)} dt + E / [b(th Lty uto) - b(t7 Ly ut)] dt

to to
to+h

1
I / [0t 27 + h(y! + ) — o(t,27)] dB;
to
to+h

+% / (vt a5 + hyp + 20 ) = y(taf, v)] d(B),

to
to+h

+% / [7(757 I:, Vt) - V(t’ ]J:O, Vt)} d<B>t

to
to+h

1 . .
+E / [7({;7 xtm Vt) - 7(t07 xtov Vt)i| d<B>t

to

to+h
1

o / [t 3,0 ,) = (1,57, )] (B

to+h

/ / (t,p- + h(yl + 2-),0,v,)— f(t,z}-,0,v,)] N(dt,do)

to+h

+ / / (i 0,0 (1, 0,v)] N(dt, o)

to+h

1 ~

s [ [ [t 0w )= sty 00 R, db)
to I
to+h

+%//:f( o i 0, )=ty 0,0, | Nt d6)

to I
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to+h

1 ~
+E//[ toﬂcf,@ uzﬁo)_f(t,xff,e,u;‘)] N(dt, df)
o T

to+h to+h
—/bx(t,x:,u;‘)ztdt— /%(t,x;‘,u:)ztﬂB)t

to to

to+h to+h

/az(t x} )z dBy — //fx (t,x,0,u})zN(dt,db).

to

Then, under every P € P, we have

EH”!yi‘ﬁhfSC{EP sup |z}

to<t<to+h )
+ sup Ep|b(t,xfo,yt0) — b(tg,:z;fo,l/to)‘ dt
to<t<tot+h
to+h
2 2
+%]E]P/ |b(t0,$§0,u;“0) — b(t, xf,uy) sup !x,’f — Ty
to<t<to+h

to

2
+ sup EP |Py t xtoa Vto) - 7(75073::07 Vto)l d<B>t

to<t<to+h
to+h
w2
(46) +%E]P / |7(t07x:0’u;k0) _7(t7x;€k7ut) <B>t
to
to+h to+h

(d&)dt+Eﬂ”/ | 2| dt

+EP//‘1/ u;,
to

+ sup EP/’f T * L 0,14,) f(to,xt 0, v,)

to<t<to+h

" u(do)

to+h

2
+%]EP//’f tor i .~ (b, i 0.5)| (B
to T

By lemma (4.1)), and the properties (4.3)), (4.4) and (4.5)), it is easy to see that
for each P € P, E* \yt’ngh\Q tends to O as h — 0.

Finally, we deduce that E ‘yﬁ) +h‘2 tends to 0 as h — 0 by the same way as in the
proof of lemma (4.1). For ¢ € [t + h; T], we denote z/"* = zF + Ah(y} + ), then
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yh satisfies the following SDE:

+
D"’_‘?l’_‘?l*ﬁb —

[o(t, 2} + h(y + 2)) — o(t,27)] dB;

+

_|_

[f(t, w4 Ryl + o), 0,00~ f(t,xh 6, u;‘)} N(dt, d6)

—

—bgc(t,x;f,u;_f)z,tdt—Ugc(t,x;k)ztdBt—/fac L2, 0, u) 2N (dt, df),

then,
=yl // s, 2" ut)yhdNds + //0 y'd\dB,
tot+h 0 tot+h 0
1 ¢
o ot ntaram [ [ [rinetn o ntontion
to+h 0 0 to+h T
where,
// s, 2" ut)zed)ds + //a s, 2") 2, d\dB,
to+h 0 to+h 0
t 1
//% s, 2" ut)zdAd(B), + ///f s, 2" 0, u?) z,d AN (ds, dO)
tot+h 0 to+h 0 T
t t
—/b (s,xs,us)zsds—/’yx(s,xs,us)zsd<B)s— /ax(s,x;‘)zsst
to+h to+h to+h

—/t/fx (s,2i-,0,u)zs N (ds, dl), .

to+h T
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Hence, under every P € P, we have

2

Ep\yf|2éEP}y&+hl2+KEP/ / s, 2N ulyyldA| ds

to+h |0
t ] 1 2 t ] 1 2
+KIE“”/ /o—x ytdA ds+KEH”/ /% s, 2" uMyyhd)| d(B),
to+h |0 to+h |0

t 1 2
+K1EP// /fx 5,20, ul )yl dN| v(d8)ds + KEF |pf|”
to+h T 0

Since b,, 0., 7, and f, are bounded, then
P|, k|2 P| h 2 P h12 Pl Rhi2
EP [y F < E [yt | +0E/\ys| ds + KE” |}
0

We conclude by the continuity of b,, 0., 7, and f,, and the dominated conver-
gence that lim,_,o p = 0. Hence by the Gronwall lemma, and (4.6) we get

lim sup Ep|y‘
h=0 ¢y 4 h<t<T

Finally, we deduce that E ‘yt | tends to 0 as h — 0 by the same way as in the
proof of lemma (4.1)).
The second estimate is proved in a similar way. O

Choose t, such that (4.3)), (4.4) and (4.5) holds, then we have

Corollary 4.1. Under assumptions (A1)-(A3), one has

T
< E gx(x*T)zT—i—/hx(t,x:,uf)ztdt ,

0

dJ (u)
4.7) 0< an

h=0
where the process z is the solution of the linear SDE

dzy = by (t, xf, ul) zedt + 0, (t, 7)) 20d By + Yo (¢, 27, uf ) 2,d(B)y
(4.8) /fx L, 0,u) 2 N(dt,df); tg <t <T

21y = [blto, 73, v40) — blto, 5, )]
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We use the same notations as in the proof of lemma (4.2), to prove this corollary.

proof . We have by the definition of J that

T T
% [J(u") = J(u")] < %I@ /h(t 2l ulydt + g(ah) | =B /h t,xy,up)dt + g(xy) |
to to
then,
1 T 1
0<:[J(h)—Jw)] < E /gm(x:’pA)sz/\ - %//hx(t,xt ,ul)zrhd\dt
00

0
T 1
—l—//h (t, 2F, ul ™ ugdAdt |
00

From lemma (4.2)), we obtain (4.7) by letting & tend to 0.

Let us introduce the adjoint process, which is a G-backward stochastic differen-
tial equation (G-BSDE in short). We proceed as in [8], [47] and [7].
By the integration by parts formula, we can see that the solution of dz; is given
by z; = ¢n; where
dp(t, ) = by(t, x}, uf)o(t, 7)dt + o, (t, z7 )p(t, 7)dB;

[ foltszp, 0,u)) (", T)N(dE, dO) + 1o (t, 2}, up)d(B), V=T <t<T,

T

90(7—7 T) = Iq,

and
d77t = wt b t xt?ut /fu y t ,9 Ut UtU(d@) dt

—@f}t/ (folt 2y, 0,u7) + L)~ fult, 2 0, uf)u,N(dt, df)
T
byt vy )ud(B)y
L o = 07
with ¢, is the inverse of  satisfying suitable integrability conditions, and it is the

solution of the following equation
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( di(t,7) = {o(t, z))0(t, 7)o (t, xF) — b (t, xF, ul))(t, 7)
/fm cri, 0, uf )Yt T)u(dl) pdt

_Ux(tv xt)¢(t’ T)dBt - %v(ta x;tk’ u:)d<B>t
0t 1) [ (b 00 + 1) Folt 6, 0)N (dr, d0)

r
0<7<t<T,

\ ¢(T7 7—) = Id-
Remark 4.1.
(1) From Ito’s formula, we can easily check that
d(p(t, 7)¢(t, 7)) =0, and (7, 7)Y(7,7) = Ia.
(2) If 7 = 0, we simply write ¢(t,0) = ¢, and 1(t,0) = 1.

Then the equality (4.7) will become

dJ(u™)

(4.9) dh

= /{h (t,zr, ul)om + ho(t, xf, ul)uy } dt

h=0

+9x($T)90T77T] .

Set
T

X = /hx(t xy,up )y dt + go(27)er

0
t t

=E[X|F7] —/h (s, 2%, u’)p :ds+/dks,

0 0

then, we have

T T
) (X |FF] - /hx(s,xs,us) Zd8+/dkt
(4.10) L0 0

T
=X — /hx(s,xs,us) *ds = gu(xh) s + /dkt.
0 0
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Replacing (4.10) in (4.9), we obtain

dJ(u™)
dh

(4.11)

- I/E\: [/ {hx(t’x:ﬂ:)@:ﬁt + hu(t7$:>u:)ut} dt+ yTnT] .

h=0

By the Ito representation theorem of a G-martingale (see [41]]), there exist pro-
cesses Q € M2 (0,T), S € S(d) and R € L% (0,T) satisfying

t

t
E[X|F] =E[X]+ QSdBS+/g0§SSd<B)S—2/ “G(S ds+// N(ds, db),
0 0

where G the generator G : S(d) — R satisfying the uniformly elliptic condition,
i.e., there exists a 3 > 0 such that, for each A, A € S(d) with A > A,

G(A) — G(A) > ptr[A — A

Hence,

/ o(8, 25 ub) s + 205G(S5)) ds + /QsdB

/t/R( N(ds, d6) + /dk +/g0*Sd

Now, let us calculate E [y;n7], we have

Ay = — (hals, 25,0 )0y + 207 G(S,)) dit+QudBy+ / R(6)N(dt, d6) +dk, +S,d(B).,
by the integration by parts formula we get

d(yem) = yithr [ (t,z}, uf)u /fu t,z%, 0, u} utv(dﬁ)} dt

— Y- / (fo+1d)™" fuugN(dt, dO) — (i} he + 2002 G(Sy)) dt
I
+neQud By + /nth(G)N(dt, do)
T

+ {yebeva(t, o7, uf )ue + oanee; + il Se} d(B)y
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+ / Ry(O)6 (f, + 1d)™" fugo(dO)dt + g dh.

T
If we define the adjoint process by: p; = ;1 then

d(ymt) = pibyusdt — pt/fuutv(de)dt - pt/ (fx + Id)il fuutﬁ(dt7 d&)

r

T
—pt / (fo+Id)™" fuww(d0)dt — (nepihe + 2mpEG(Sy)) dt + mQ:d By
r
vt 7, up ) us + qoanipy + WtSOSSt} d< >t + ey dky

r

hence,

T
yrnr = /Ptb updt — //ptfuutv (do)d

/ / pe (fo +1d)7" fuugo(d6)dt

\’ﬂ

/Pt Jo+1d)” fuut (dt do)
r

T
(s he + 2005 G(Sy)) dt + /ntQtdBt
0

D\’ﬂ o

T
+ / {peyu(t, ), up)ue + qoamep; + mSi} d{B); + /Ut%}kdkt
0

T
/ / nR/(O)N(dt, d6) + O/ / 0V (fo+ Id) ™" Fuuv(do)dt,

take the G-expectation, we obtain

T

E lyrnr] = E |:/Pt by udit +/

0

/ )y (fo + Id)~"

r

—Py ((fx + Id) + Id)} fuugo(dO)dt + / {pvu(t, o5, uf)uy + qoeme;

T T
+0:05S¢} d(B): + /nt@dk& - / (mpihe + 200t G(Sy)) dt] .
0 0
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We define the adjoint process r by

re(0) = Re(0)¢ (fo + Id) ™ —py ((fo + Id)™ + Id)

hence

T
Elyrir] =E / pebuug + /Tt(e)fuutv(de) dt
0

T

T
- / (ngthe + 205 G(S) dt
0

T
+/ {lt, o7, u) ) + qeoanep; + nipsSe} d(B)y + /ms@f{dkt
0

By the replacing in (4.11]), we get

dJ(uh)
dh

= /{h S, x5 ul) + psbu(s, i, ul)

h=0

—I—/TS(H)fu s, xr, 0, ul)v(dl) p usds

(4.12) r

+ / {peva(t, 7, up )uy + qoenp] + nepsSe} d(B),

T T
0 0

Finally, based on the remark 5.2 in [47] if we assume that in equation (4.12))
k = 0 q.s, and we define the Hamiltonian H from [0; 7] x R" x A x R" x R"™*™ x [2,
into R by

H(t,z,u,p,q,r(.)) = h(t, s, up) + pb(t, x, up) + qo(t, z;)
(413) 4 [r®) s, 6,u)0(at),
T

and
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F(t,z,u,p,q,r /{pm (t,zy, up)uy + qonp; + nepsSe} d(B)y

T
/27715905
0

We get from (4.12) the next theorem.

Theorem 4.1 (maximum principle for strict control). Let u* be the optimal strict
control minimizing the cost J (.) over U, and denote by x* the corresponding optimal
trajectory. Then there exists a unique triple of square integrable adapted processes
(p, q, ) which is the unique solution of the backward G-SDE

(

dp; = —{hm(t,xf,u:) +ptbx(tax:7u:)

+/Tt(9)f(t,w?—,H,UI)v(dG)}dt
(4.14) r

- {%(ta 952'3 u:)pt + G0y (ta QJ:)} d<B>t
+ @dB, + / ro(0)N(dt, df) + dk,

T
pr = g:c(aj})a kO = 07

\
such that, if we assume that b = 0 and h = 0, then for all v € U the following
inequality holds

IE [H(tv ﬂf:, Vt7pt) - H(t’ 1’:, u;kvpt> + G(t? ZE:, U:J% 4, ’l“())] > 0.dt — a.e.
Where the Hamiltonian H is defined by (4.13).

4.2. The maximum principle for near optimal controls. In this subsection, we
establish necessary conditions of near optimality satisfied by a sequence of nearly
optimal strict controls. This result is based on Ekeland’s variational principle,
which is given by the following lemma.

Lemma 4.3. [Ekeland’s variational principle] Let (E,d) be a complete metric space
and f : E — R be lower semicontinuous and bounded from below. Given ¢ > 0,
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suppose u° € F satisfies f(u®) < inf(f) + . Then for any A\ > 0, there exists v € E
such that

- f(v) < fuw)
- duf,v) < A
- f(v) < f(w) + £d(w,v) forall w # v.

To apply Ekeland’s variational principle, we have to endow the set I/ of strict
controls with an appropriate metric. For any v and v € U, we set

diu,v) =P@dt{(w,t) € Qx [0;T];u(t,w) # v(t,w)},

where P ® dt is the product measure of P with the Lebesgue measure dt.

Remark 4.2. It is easy to see that (U, d) is a complete metric space, and it well known
that the cost functional J is continuous from U into R. For more detail see [32)].

Now, let ;1* € R be an optimal relaxed control and denote by z*" the trajectory
of the system controlled by p*. From lemma (3.1)), there exists a sequence (u") of
strict controls such that

i (da)dt = 6,7 (da)dt — py(da)dt — quasi-surely,

2
|-o

where 2" is the solution of (2.3) corresponding to u".
According to the optimality of ;* and lemma (4.3), there exists a sequence (&,,)

and for every P € P

n w*
Ty — Iy

lim E* [
n—oo
of positive numbers with lim,, ., £, = 0 such that
J) = J(u") < J(W) +en = in£ J(u) + ep.
uec

A suitable version of lemma (4.3) implies that, given any ¢, > 0, there exists
u™ € U such that

(4.15) J(u") < J(u) + epd(u”, u), Yu € U.
Let us define the perturbation

n.h Vi lf t - [t07t0+h]
Uy =
! uy otherwise.
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From (4.15) we have

0 < Ju™) — J(u") + e,d(u™", u™).
Using the definition of d it holds that
(4.16) 0 < Ju™") — J(u") +¢,Ch,

where C' is a positive constant.
Now, we can introduce the next theorem which is the main result of this section.

Theorem 4.2. For each ¢,, > 0, there exists (u") € U such that there exists a unique
triple of square integrable adapted processes (p",q",r™) which is the solution of the
backward SDE

( dp? - = {hz (t7 J]?, u?) + p?bﬂs (tv $?, u?)

—l—/rf(&)f(t,x?.,&,uf)v(dé’) dt
r

(4.17) — {Va(t, 2}, u))p + g} on(t, x)) } d(B),

+ ¢ dB; + / r(Q)N(dt,dd) + dk}
T
| Pr = 92(7), kg =0,
such that, if we assume that in equation

Vn, hy(t o) uft) = 0,0, (8, 2, ') = 0,
then forallv e U
E[H(t, xf, v, p}') — H(E, 2, uf, py)
+G"(t, 2}, u;,p,q,7(.))] +Ce,, >0 dt —a.e..

(4.18)

Here C' is a positive constant.

Proof. From the inequality (4.16), we use the same method as in the previous
subsection, we obtain (4.18)). O

4.3. The relaxed stochastic maximum principle. Now, we can introduce the
next theorem, which is the main result of this section.



RELAXED MAXIMUM PRINCIPLE FOR G-STOCHASTIC CONTROL SYSTEMS 1337

Theorem 4.3. [The relaxed stochastic maximum principle] Let p* be an optimal
relaxed control minimizing the functional J over R, and let ! be the corresponding
optimal trajectory. Then there exists a unique triple of square integrable and adapted
processes (p *,q* ,r #") which is the solution of the backward SDE

.

=~ / hults () + [ttt i (o
A
//rt 7 t 79; ),ut ®U<da d@) dt

(4.19)
- {w, ot )y pi(da) + ¢t o (b 2t") f d(B): + ¢t dB:

/ / “(dt,db, da) + dk!"

\ pT :gx(xT)v kg :07

such that if we assume that b = 0 and h = 0, then for all v € U

(4.20) OS]/E H(t, i 7Vt7pt aq /H (t N 7a Py 7q (.)),u;f(da)

+G* (t, 2}, up,p,g,r()] dE—ae.

The proof of this theorem is based on the following stability result of G-BSDEs
with jumps. Note that this theorem is proved in the classical problems by Hu and
Peng [23]], and by H. Ben Gherbal and B. Mezerdi [7] in the case with jump.

4.3.1. Stability theorem for G-BSDEs with jump. Let us denote by M2 (0,T) the
subset of £% (0,T') consisting of F;—progressively measurable processes. consider
the following G-BSDE with jump depending on a parameter n. Using the fact that
under P € P, N is a martingale and B is a continuous martingale whose quadratic

d(B)¢
d

variation process (B) is such that m; = is bounded by a deterministic d x d

symmetric positive definite matrix &, and p}* satisfy
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)
dp? = —{hx(t, ) + pf (by(t, 2 ) — meye(t, o, uf)

- 7thtn0'z(t7l’?) + /Tf(8>f(t,$?,8, u?)U(d@)}dt

(4.21) 2

+ ¢dB; + /rf(@)N(dt, df) + dk;
r

| P17 = g2(a7); kg = 0.

Then we have
T

T T
Py = p%—l—/F"(s,p?,q;‘,T?)ds—/q?dBS—//r?(H)N”(ds,d9)—K§3+Kt" te0;7],
t t t T
with
Fn(‘S?p?? qg’ r?) = _hw(tv CL’?, u?) + p? (bw(tv ZL’?, u?) - Wt’yw(ta x:tk’ u:))

- mafo(tal) + [ f(t a6, o(ds).
r
Using the linearity of the adjoint equation, it is not difficult to check that the
following assumptions are verified:
(1) For any n, (p,q,7) € R™ x R™4 x R, F"(.,p,q,r) € MZ(0,T) and p} €
L£%(0,7).
(2) There exists a constant C, > 0 such that

|Fn(37p17q1ar1) - Fn(S,p27q27T2)|
< Collpr —p2|+ |2 — 2| + / |y — ro| v(dB) Pa.s ae t€|0;T],
r

(3) E (Ipy —pyl*) n—= X0,
(4) vt € [0;T],

2

T
lim EF /(F"(s,pz,q;‘,r;‘) — F*(s,p%, ¢k, 1)) ds =0.
t

n—oo
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Theorem 4.4 (Stability theorem for G-BSDEs with jumps). Let (p™,q",r ™) and
(p*,q* r*), be the solutions of (4.17) and (4.19)), respectively. We have

T T
lim B lp”—p*\2+/\q"—q*rzds+//|r"—r*!2v<d9>ds+\kn_m? ~0.
t t T

Proof. Under every P € P, we have

T T
E* Ip?—pi‘|2+/IQQ—Q§\2d8+//!7”?—TZIQU(dé’)dS
t t T
T

< 9B o] 4 2E” / F7 (5,07 g0 ™) — F™(s, it gty 1)) ds

t
T
<2EF|al)? + 2(T — )E | |F™(s,p", q" 1) — F™(s,pt, ¢¢, v ds,
t s71s s s11s7 " s
t

with
T
a?zp%—pm/[F"<s,p:,q:,r:>—F*(s,pz,q:,rm ds + (K — )
t

+ (ki — k).

Because of the assumption 2, we get

T

p 1
(4.22) EP [p — pi|* < gEP!a?\2+6/EP p? — pil* ds
t
T 4 T
2

(4.23) ]EP/ " — ¢t ds < gEP af? + g/EP P — pil* ds

t t

T T

4 2

(4.24) EP// re =3[P u(df)ds < JEF o} + g/Ep e —pif*ds .

t T t

By the assumptions 3, 4 and the stability theorem of G-BSDE without jump,
see [21], we deduce that lim EF |a|” = 0, then lim EF |p? — p}|* = 0 and
n—o0 n—o0
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11mEP/]qS —¢?ds = 0.

Hence, by we get
T
lim EP// r® — > 0(df)ds =
Ty r
Finally, by the aggregation property we conclude the desired result. O

Proof of Theorem (4.3) . By passing to the limit in inequality (4.18), and using

lemma (4.3]), we get easily the inequality (4.20). O
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