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Abstract

In this paper, we focus on a class of linear-quadratic (LQ) mean-field games driven
by forward-backward stochastic differential equations, in which the individual control
process is constrained in a closed convex subset. The decentralized strategies and con-
sistency condition are represented by a class of coupled mean-field forward-backward
stochastic differential equation (MF-FBSDE) with projection operators. The well-
posedness of consistency condition system is obtained using the monotonicity condi-
tion method. The e-Nash equilibrium property is discussed as well.
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1 Introduction

The control of stochastic multi-agent systems has attracted large attentions by many re-
searchers. As well-known, the large population systems arise naturally in various different
fields (e.g., biology, engineering, social science, economics and finance, operational re-
search and management, etc.). Readers interested in this topic may refer [25, 26, 27, 28|
for more details of their solid backgrounds and real applications. The agents (or players) in
large population system are individually negligible but their collective behaviors will make
some significant impact on all agents. This trait can be captured by the weakly-coupling
structure in the individual dynamics and cost functionals through the state-average. The
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individual behaviors of all agents in micro-scale can make their mass effects in the macro-
scale.

As for the controlled large population system, it is intractable for a given agent to collect
the of all agents due to the highly complex interactions among its colleagues. Consequently,
the centralized controls, which are built upon the full information of all agents, are not
implementable and not efficient in large population framework. Alternatively, it is more
reasonable and effective to study the decentralized strategies which depend on the local
information' only. The mean-field type stochastic control problem is of both great interest
and importance in various fields such as science, engineering, economics, management,
and particularly in financial investment. In contrast with the standard stochastic control
problems, the underlying dynamic system and the cost functional involve state processes
as well as their expected values (hence the name mean-field). In financial investment,
however, one frequently encounters interesting problems which are closely related to money
managers’ performance evaluation and incentive compensation mechanisms. Together with
MF-FSDEs, research is naturally required on optimal control problems based on mean-
field forward-backward stochastic differential equations (hereafter MF-FBSDEs). Hence,
one powerful tool employed is so-called mean-field games (see [33]). The basic idea is to
approximate the initial large population control problem by its limiting problem via some
mean-field term (i.e., the asymptotic limit of state-average). There are huge literature
can be found in [33, 3, 12, 11, 16, 13, 29, 32] for the study of mean-field games; [27] for
cooperative social optimization; [25], [34] and [35] and references therein for models with
a major player; [1, 4, 44] for optimal control with a mean term in the dynamics and cost,
ete.

The main contribution of this paper is to study the forward backward mean-field LQG
of large population systems for which the individual states follow some forward backward
stochastic differential equations (FBSDEs in short). This franework makes our setting very
different to existing works of mean-field LQG games wherein the individual states evolve
by some forward stochastic differential equations. In contrast to classical stochastic differ-
ential equations, the terminal condition of BSDE should be specified as the priori random
variable, which means, the BSDE will admit one pair of adapted solutions, in which the
second solution component (the diffusion term) is naturally appeared here by virtue of the
martingale representation theorem and the adaptiveness requirement for filtration. The
linear BSDEs are first introduced in [2] for studying the optimal control problems, and the
general nonlinear BSDEs are developed by Pardoux and Peng in 1992 [36]. Since then, the
study of BSDE has initiated consistent and intense discussions, moreover, it has been used
in many applications of diverse areas. For instance, the BSDE takes very important role
to characterize the nonlinear expectation (g-expectation, see [38|), or the stochastic differ-
ential recursive utility (see, [14]). Subsequently, El Karoui, Peng, and Quenez [30] presents
many applications of BSDE in mathematical finance and optimal control theory. Pardoux
and Peng establish a kind of stochastic partial differetnial equations with backward dou-

bly SDE (see [37]). Therefore, it is very natural to study its dynamic optimization in

'Here local information means the optimal control regulator for a given agent, is designed on its own
individual state and some quantity which can be obtained in off-line way.



large-population setting. Indeed, the dynamic optimization of backward large population
system is inspired by a variety of scenarios. For example, the dynamic economic models
for which the participants are of some recursive utilities or nonlinear expectations, or some
production planning problems with some tracking terminal objectives but affected by the
market price via production average.

Another example arises from the risk management when considering the relative or
comparable criteria based on the average performance of all other peers through the whole
sector. This is the case for a given pension fund to evaluate its own performance by
setting the average performance (say, average hedging cost or initial deposit, surplus) as
its benchmark. In addition, the controlled forward large population systems, which are
subjected to some terminal constraints, can be reformulated by some backward large pop-
ulation systems, as motivated by [31]. Applying to performance evaluation and incentive
compensation of fund managers in the field of financial engineering is of both academic
and practical importance. Findings from FBSDEs and mean-field stochastic optimal con-
trols will not only contribute to the academic literature by shedding light on performance
evaluation and incentive compensation schemes, but also provide practical applications to
fund management and risk control, especially under the current circumstances with on-
going economic recession. More importantly, research outcomes in this field are expected
to add to our knowledge based on economic theory about providing appropriate incentives
for managers in an agency framework. They can also be generalized to various indus-
tries and economic regions to provide policy makers with a theoretical basis during their
decision-making processes. Inspired by above mentioned motivations, this paper studies
the forward backward mean-field linear-quadratic-Gaussian (BMFLQG) games.

We concern on the linear-quadratic (LQ) mean-field game where the individual control
domain is convex subset of R™. The LQ problems with convex control domain comes
naturally from various practical applications. For instance, the no-shorting constraint in
portfolio selection leads to the LQ control with positive control (R, the positive orthant).
Moreover, due to general market accessibility constraint, it is also interesting to study the
LQ control with more general closed convex cone constraint (see [17]). As a response, this
paper investigates the LQ dynamic game of large-population system with general closed
convex control constraint.

The control constraint brings some new features to our study here: (1) The related
consistency condition (CC) system is no longer linear, and it becomes a class of nonlinear
FBSDE with projection operator. (2) Due to the nonlinearity of (1), the standard Riccati
equation with feedback control is no longer valid to represent the consistency condition of
limit state-average process. Instead, the consistency condition is embedded into a class of
mean-field coupled FBSDE with a generic driven Brownian motion.

Simialrly like in Hu et al. [22]. We first apply the stochastic maximum principle for
convex control domain of the optimal decentralized response through some Hamiltonian
system with projection operator upon the control set U. Then, the consistency condition
system is connected to the well-posedness of some mean-field coupled forward-backward
stochastic differential equation (MF-FBSDE). Next, we state some monotonicity condition
of this MF-FBSDE to obtain its uniqueness and existence. At last, the related approximate



Nash equilibrium property is also established. The MFG strategy derived is an open-
loop manner. Consequently, the approximate Nash equilibrium property is verified under
the open-loop strategies perturbation and some estimates of forward-backward SDE are
involved. In addition, all agents are set to be statistically identical thus the limiting control
problem and fixed-point arguments are given for a representative agent.

This paper is organized as follows. Section 2 formulates the LQ MFGs of BSDEs type
with convex control domain. The decentralized strategies are derived with the help of a
mean field forward-backward SDEs with projection operators. The consistency condition
is also established. Section 3 verifies the e-Nash equilibrium of the decentralized strategies.
Some proofs can be found in Section 4, Appendix.

2 Preliminaries

Throughout this paper, we denote the k-dimensional Euclidean space by R* with standard
Euclidean norm |- | and standard Euclidean inner product (-,-). The transpose of a vector
(or matrix) z is denoted by zT. Tr(A) denotes the trace of a square matrix A. Let R™*"
be the Hilbert space consisting of all (m x n)-matrices with the inner product (A, B) :=
Tr(ABT) and the norm |A| := (A, A) 2. Denote the set of symmetric kxk matrices with real
elements by S*. If M € S* is positive (semi)definite, we write M > (>) 0. L>(0,T;R¥)
is the space of uniformly bounded R¥—valued functions. If M(-) € L*>(0,T;S*) and
M(t) > (>) 0 for all t € [0,T], we say that M(-) is positive (semi) definite, which is
denoted by M(-) > (>) 0. L?(0,T;R¥) is the space of all R¥—valued functions satisfying
fo |z(t)[2dt < .

Consider a finite time horizon [0, T'] for fixed T' > 0. We assume (Q, F, {F; }o<i<T, P)
is a complete, filtered probability space on which a standard N-dimensional Brownian
motion {W;(t), 1 < i < N}o<i<r is defined. For given filtration F = {F;}o<i<r, let
L]%(O, T; Rk) denote the space of all Fj-progressively measurable R¥-valued processes sat-
isfying ]EfOT |z(t)2dt < oo. Let LIQF’SO (0,T;RF) ¢ L2(0,T;R¥) be the subspace satisfying
Ez, =0 for z € LIQF’&’(O,T :R¥). Let LIQFT (RF) denote the space of all Fp-measurable R*-
valued random variable satisfying E|¢|? < oo.

Now let us consider a large-population system with N weakly-coupled negligible agents
{Aiti<i<n. The state x yi for each A; satisfies the following controlled linear stochastic

system:
dai = (At:cg + Bui + Fal™ + bt> dt + (Dyui + o) AW,
dyp = - (Mtﬂfi + Ui + HtCL"EN) + VZ?JISN) + Kouj + ft) dt + z{dWy, (1)
xg = xER”,y%:@:E%, 0<t<T,
where z(V NZJU andy NZy ) is the state-average, (A, B, F,b,D,0, M,N,H,V,U, K,

are matrix-valued functlonb with appropriate dlmenmons to be identified. For sake of pre-
sentation, we set all agents are homogeneous or statistically symmetric with same coeffi-
cients (A, B, F,b,D,o0, M, U, H,V,U, K, f,®) and deterministic initial states z.



Now we identify the information structure of large population system: F' = {F} }o<t<r
is the natural filtration generated by {W;(t),0 < t < T'} and augmented by all P—null sets
in F. F = {Fi}o<t<r is the natural filtration generated by {W;(t),1 <¢ < N,0<t < T}
and augmented by all P—null sets in F. Thus, F? is the individual decentralized information
of " Brownian motion while F is the centralized information driven by all Brownian motion
components. Note that the heterogeneous noise W; is specific for individual agent A; but
#*(t) is adapted to F; instead of F} due to the coupling state-average (V).

The (centralized) admissible control u’ € ¢S, where the (centralized) admissible control

set UL, is defined as
Uy == {u'()[u'(-) € L§(0,T;U), 1<i< N},

where U C R™ is a closed convex set. By “centralized”, we mean I is the centralized
information generated by all Brownian motion components. Typical examples of such set
is U = R which represents the positive control. Moreover, we also define decentralized
control as u’ € Z/{C‘i’li, where the decentralized admissible control set Z/{;ic’li is defined as

U = [l ()|ui(-) € LE(0,T;U), 1<i<N}.

Note that both Ugj and US, are defined in open-loop sense, and L{gj C Ui, Let u =

(ul, - uf, - ,uN) denote the set of control strategies of all N agents and u_; =

(ul, - ut=t uttt ,uN) denote the control strategies set except the it agent A;.

Introduce the cost functional of A; as

Ji (u',u_g) = %E /OT [<Qt <a:§ — ng)) ,xh— ( )> + Ly ( i yﬁN)>
+ <Rtu§,ui>}dt + <G (:cép — x(TN)> Tk — J:(TN)>] : (2)

Remark 1. Observe that in (2), there should appear a term y(i] — y(()N). Nonetheless, it
is deterministic constant, whenever taking expectation, it will disappear (more details see

below). In contrast to Huang et al. [22, 23], our framework considers the state variables
(a, ) .

(Al) Assume A() ()7M( )7U() (), () S LOO(OvT; Sn)v and B()? D()? K() €
L0, T;R™™), b(-), (), f () € L0, T;R™);

(A2) Q(-), L(-) € L=(0,T;5™), Q(-), L(-) > 0, R(-) € L>(0,T;S™), R(-) > 0 and
RY(-) € L*>(0,T;8™), G € S™, G > 0.

From the theory of mean field BSDEs, under the assumptions (A1)-(A2), Eq. (1) ad-
mits a unique solution (z',y",2") € Ly (0, T; R™) x L2y (0, T;R™) x L2y (0, T;R™) under
admissible control u; € US, with (Al) and (A2). Now, we formulate the large population
LQG with control constraint (CC).



Problem (CC). Find an open-loop Nash equilibrium strategies set @ = (@', @2, - - - ,a')
satisfying
Ji(w'(-),u-i(-)) = inf = Fi(u'(), (),
ul(-)eus,
where @_; represents (@', - ,a'~ !, @'t - a?), the strategies of all agents except A;.

Observe that the problem (CC) is of large computational issue since the highly-
complicated coupling structure among these agents. Alternatively, the mean-field game
theory employed is to search the approximate Nash equilibrium, which bridges the “cen-
tralized" LQG to the limiting LQG control problems, as the number of agents tends to
infinity. Similar in [22], we need to construct some auxiliary control problem using the
frozen state-average limit. Based on it, we can find the decentralized strategies by consis-

tency condition. Consider the following auxiliary problem for A; :

dei® = (Atxi’o + Byl + Fyt + bt> dt + (D + o) AW,
dy;® = = (Miai® + Ul® + Hid} + Vid? + i + i) dt + 2p°awy,  (3)
xé’o = zeR", yélo = @xf}o, 0<t<T,

and limiting cost functional is given by

Ji (Uz) = %E /OT [<Qt (xio - Q#) axi’o - ¢%> + Ly (yZO - ¢?)2
+ <Rtu§,u§>}dt + <G (:UiT’Q - <;51T> ,a:f;p’o - ¢%>] (4)

where ¢, i = 1,2 are the average limit of realized states which should be determined by
the consistency-condition (CC) in our later analysis (see (10)). Note that the auxiliary
state <$i’<>, v, °, ztw) is different to the true state (zi, Yy, zi). Also, the admissible control
u'in (3), (4) € ch’li whereas in (1), (2), the admissible control € US, (for sake of simplicity,
we still denote them with the same notation).

Now we formulate the following limiting stochastic optimal control problem with control
constraint (LCC).

Problem (LCC). For the i*" agent, i = 1,2,--- , N, find u>*(-) € Ugj satisfying

Ji(u () = inf Ji(u'()).
wi(-)eud;

Then u"*(-) is called a decentralized optimal control for Problem (LCC). Now we apply

the well known maximum principle (Theorem 3.3 in [41]) to characterize u®* with the

optimal state 2**. To this end, let us introduce the following adjoint process

dpi = |Upi— Ly (yi* - ¢%)} dt,
dgf = |—Mpi — A + Qs (xt . ¢%)} dt + kiWj,
ph = —V(yi"—d8). ap = 2Tpk— G (o —o}).



The Hamiltonian function can be expressed by

= (p",Ma'+Uy' + H¢' + V> + Ku' + f)
+{(¢", Az’ + Bu' + F¢' +b) + (k', Du’ + o)

~5(Q" = o) = o) = (L~ ) v = )

5 <Rui,ui> . (5)

1
2

Since U is a closed convex set, then maximum principle reads as the following local form

OH? (t,pl’*, qz,*, kz,*7 1'7"*, yz,*’ Zl’*, uz,*)
out

JU— ul*> <0, forallu e U, ae. t €[0,T], P-as.
(6)

Hereafter, time argument is suppressed in case when no confusion occurs. Noticing (5),
then (6) yields that

<BTqi’* + KTp* + DTEY — Rub ,u — u’*> , forallu e U, ae. t €[0,T], P-as.
or equivalently (noticing R > 0),

(RY [R7Y (BTq™ + KTp" + DTRY) —u'*] RS (u— ™)), forall u € U, ae. £ €[0,T], P-as.
(7)

As R > 0, we take the following norm on U C R™ (which is equivalent to its Euclidean

norm)
|z|% = ((z,2)) == <R%$,R%:ﬁ>,
and by the well-known results of convex analysis, we obtain that (7) is equivalent to
u’ =Py [Rf_l (Bth,f’* + K py* + DtTki’*ﬂ ‘

where Py (+) is the projection mapping from R™ to its closed convex subset I' under the

norm || - [|g. For more details, see Appendix. Hereafter, denote
¢ (t,p,q.k) =Py [R;" (Bl ¢+ K/p+ D['k)]

Here, for simplicity, the dependence of ¢ on time variable t is suppressed. The related

Hamiltonian system becomes

[ dzj” = [Atﬂﬁi’* + By (pi’*, " k") + Figl + bt} dt
+ D (5" " ) + 0| aws,
dy* = = [Mia}" + Ui + Hioh + i} + Ko (b7 1" K)") + fi] dt 4+ 2" AW
ap;* = U} = Lo (47 - 67)| at,
dg)" = |=Mip}" — A" + Qi ()" — 0} )| dt + k"W,
\ e = zeRY, Y =k pit =0, ¢oF =0Tpr — G (.%‘ZT* — ¢%p) :



After above preparations, it follows that

N
1 . )
1 : 0,% %
== 1 - = E ’
0. m 5D TR ®)
=
2 7%
= li g .
(b' Ninﬁoo N y Ey' <9)

Here, the first equality of (8) and (9) is due to the consistency condition: the frozen term
¢! and ¢? should equal to the average limit of all realized states (:cl*,y‘*) ; the second
equality is due to the law of large numbers. Thus, by replacing (¢1, ¢2) by (Exi’*, Eyi’*)
in above Hamiltonian system, we get the following system

day* = [Atxt + By (pt Q7 k) + RE2 4 bt} dt
+ D <p;*,q;*,k”*) + oy | AW,
dyi’* = - Mtxt’ + Utyt’ + HtExi’* + VtE?/t + Ko (Pt th akz *) + ft} dé + Zz AWy,
dpy* = |Nipp™ — Ly (yi* - Eyz*)} dt + Uppl*dWj,
dgy" = |~Mp)" = Ag" + Qe ()"~ Eai”) | at + k7w,
:(:8* = =zcR" y%* = @xgl*, ph =0,
= (I)T“‘—G< ~Eaf’).

\

As all agents are statistically identical, thus we can suppress subscript “i” and the following

consistency condition system arises for generic agent:

de = [Az+ By (p,q,k) + FEx +b|dt + [Dy (p,q, k) + o] dW,

dy = —[Mz+Uy+ HEz+ VEy+ K¢ (p,q,k) + f]dt + zdWy,

dp = [Np-— L(y—Ey)]dt+ UpdW;, (10)
dg = [-Mp—Aq+ Q (x — Ex)]dt + kW,

rg = z €R™ yr=®xr, po =0,

qr = ®"pr — G (xr —Ear).

Here, W stands for a generic Brownian motion on (€2, F, P), and denote F" the natural
filtration generated by it and augmented by all null-sets. L?FW,L;’V{/O are defined in the
similar way with LIQF,L?F’S0 before. The system (10) is a nonlinear mean-field forward-
backward SDE (MF-FBSDE) with projection operator. It characterizes the state-average
limit ¢! = Ex,¢? = Ey and MFG strategies 4; = ©(p,q, k) for a generic agent in the
combined manner, which is totally different from [22, 23]. As you may concern, we need
to prove the above consistency condition system admits a unique solution. We have the

following uniqueness and existence result.

Theorem 2. Assume that (Al) and (A2) are in force. There exists a unique adapted
SOlUt’iOn (‘TJ Y,2,D,4, k) € L]%‘W (07 T7 Rn) X L]%‘W (07 T7 Rn) X L]%‘W (07 T7 Rn) X L]fr}i;/o (07 T7 Rn) X
Lf;v“g,o (0,T;R™) x L2y, (0,T;R™) to system (10).

For simplicity, we put the proof of Theorem 2 in the Appendix.



3 Main result

In above sections, we can characterize the decentralized strategies {u,1 <4 < N} of Prob-
lem (CC) through the auxiliary (LCC) and consistency condition system. For sake of pre-
sentation, we alter the notation of consistency condition system to be (af, 5¢,7%, %, k%, 7*):

dot = [Ao/ + By (Xi, B, fyi) + FEa' + b] dt + [Dgo (Xi, B, 'yi) + 0] dW,
dot = — [Mai+U9i+HEai+VEOi+ch (Xi,ﬂ",’yi) —|—f] dt + k'dW},
d = [Nxi—L (¢ —E6)]dt, "
dgt = [—Mxi —AB +Q (ai — IEo/)] dt +~'Wy,
ay = x€eR", 0 =k, x=0,
| 8~ @~ (o~ Eaf).

Now, we are in position to verify the e-Nash equilibrium of them. To this end, let us first

present the definition of e-Nash equilibrium.

Definition 3. A set of strategies, Ui € U, 1 <i <N, for N agents, is called to satisfy
an e-Nash equilibrium with respect to costs J', 1 < i < N, if there exists ¢ = ¢(N) >
0, lim €(N) =0, such that for any 1 <i < N, we have

N—Fo0
Ty ay ") < T uy, w ") + e, (12)

when any alternative strategy u’ € Ug,; 1s applied by A;.

Remark 4. If e =0, then Definition 3 is reduced to the usual exact Nash equilibrium.

Now, we give the main result of this paper and its proof will be shown step by step.

Theorem 5. Assume that (Al) and (A2) are in force. Then, (1, Uz, - ,un) is an e-Nash
equilibrium of Problem (CC).

In order to prove the main Theorem 5, we needs several lemmas which are pre-

sented later. For agent A;, recall that its decentralized open-loop optimal strategy is

S0

U = @ (Xi,ﬁi,’yi). The decentralized state (:):t,y ,/@i) , 18

d#' = [AF + By (X', B1,7) + F&N) +-b] dt + [De (', B',~1) + o] AW,

djf = —[M#F+ UG + H¥NV + Vi) + Ko (', 8, 7°) + f] dt + 21dW7,
do' = [Ad’ + By (', 8,7) + FEa' +b] dt + [Dy (x', B,77) + o] AW},

d0' = —[Ma'+ U0 + HEa' + VEO + Ko (X', 8%, 7") + f] dt + x'dW},
dx' = [Nx'— L (6 —E#)]dt, (13)
g = [-Mx'—AB +Q (o' — Ea')] dt + +' WY,

i’f) = Oé%) =z, gé“ = CD:EZJW

b = Pah, xb=—V (6 —E6),

B = ¥ -G (0~ Eaj).

where #() = %Zf\il 2 and y@) = %Zf\; y' Note that (o, 3,7, 0%, k', ") satisfies
(11).



For each 1 < i < N, the monotonic fully coupled FBSDEs (11) has a unique so-
lution (o, 3%, 7") € L2,(0,T;R™) x L2,(0,T;R™) x L%,(0,T;R"™). Thus, the system of
all first equation of (13), 1 < i < N, has also a unique solution ((&);, ("), (i");) €
(L2(0, T; R™))®N x (LA(0,T;R™))®N x (L4(0,T;R™))®N | where ® N denotes the n-tuple
Cartesian product. Moreover, since {W;}¥ | is N-dimensional Brownian motions whose
components are independent and identically distributed, we have (o, 8%,~%, 6%, k%, 7%), 1 <
1 < N are independent and identically distributed.

Lemma 6. If (Al) and (A2) hold, then
2

Eswp i@ < G
0<t<T

2
’ < Ch.

E sup ‘gj(N) t
0<t<T

The proof of Lemma 6 is classical by virtue of B-D-G inequality and Schwarz inequality,

So we omit it.

Lemma 7. If (Al) and (A2) hold, then

Eoi?ET’i(N)(t)_Eai(t)lz - O(%)’ (14)

Proof. Let us add up both sides of the first and second equation of (13) ith respect to
all1 <34 < N and multlply ~> we obtain (recall that & N = L Zl Lt ) = N Zl L

and ¥V NZZ L2

([ 4r) = [A:75<N> + LN Bo (i, B, 41) + 2 + b] dt

N
+7Z DSD 1751771) +U] thla

ag™) = [Ma:w + UGN + BN + Vi) + N K (X 877) + f] dt
1 s 7
+~ ; 2wy,
| V= o g = ealV
(16)

On the other hand, by taking the expectation on both sides of the second equation of (13),

it follows from Fubini’s theorem that Ea! satisfies the following equation:

d (Eai) = [AEOéi + BEg (Xi, G, vi) + FEo! + b] dt,
d (IEHZ) =— [MEai + UE# + HEo' + VE§' + KEo (X', ,9") + f] dt, (17)
Eaé =ux, EQiT = @EaiT.

From (16) and (17), by denoting

Al o =M@ —Eai(t), (18)
AZ o =y WN(t) —E6(t), (19)



we have
dA! = [AN + LN Bo (x, B1,77) — BEg (xi, B,) + FN} dt
irg: (Do (X', B'.7") + o] AW},
dA? = — MA1:+ NA? + HA' + VA2

Zfﬁp (' 81,7) — KB (i, 6'.7°) ]t + fvsz"dwz',
Al—o, 22 oAl -

and the inequality (x + y)? < 222 4 242 yields that, for any ¢ € [0, T,

E[sup ‘AHQ] < 2E sup
0<s<t 0<s<t

/OS[(A+F)A;

N
1 o o
+ > By (X', 8',7") — BE¢ (X', 8',7") }dr
=1

2

+2E sup
0<s<t

N
1 s o A
<> /0 (D (X', 6,7') + 0] dW;
1=1

From the well-known Cauchy-Schwartz inequality and the B-D-G inequality, we obtain
that there exists a constant Cy independent of N (which may vary line by line) such that

[ Q]dr

(20)

2

E[sup \A;ﬁ] < GEsuw | [ |[alf + | ZBW 8 1) — BEp (xs B,

0<s<t 0<s<t

Lo (X' 857") +0|2dt

Since (x%, 3%, 7%),1 < i < N are independent identically distributed, for each fixed s €
[0, 7], let us denote that u(s) = Ep(x?, 5%, 7)) (note that u does not depend on i), we
have

N
1 o S
E|% v (¢ 857) — Ee (', 7))
=1
1| 2
= B e (8 Y) —hs
=1
N .
= EZ!@ LB = sl
N ) 3 y . . .
N2]E Yo (e (B BLY) = s o (X, 8,77) — o)
i=1,j=1,j#i

11



Since (x%, 8%,7%),1 < i < N are independent, we have
E L D (e (L) — e (7, 897) — is)

N
2 o S
= 2 > (B (X' 87) — s B (X, 8,47) — ) = 0.

i=1j=1j#i

Then, due to the fact that (x*, 8%,7%),1 <i < N are identically distributed, there exists a
constant Cy independent of N such that

2
t|l1 XN S S
E/O NZBsO (x',8',7") = BEp (X', 5',7")
=1
1 & . ’
< C’o/ NZ B A" — ps| dr
Co al i i 2
_ Go ! - A A P
- ¥ OE\s@(X,ﬁw) ps|” dr

- of3)

where the last equality comes from the fact that o(x?, 5%,7) € L%__l- (0,7;T).
We proceed the second term of (20), using the fact that (x?,3",~) are identically
distributed as follows:

Co Yt i i i 2
E Z/O IDo(x', 8,7) + o(s)|” ds
i=1

Moreover, we obtain from (20) that

E sup |A12<CE/ |A12+O ) for any t € [0,7].
0<s<t

Consequently, by virtue of Gronwall’s inequality, we get the first estimate (18).
We now handle the estimates (19). Applying It6’s formula again, we have

N T T
\A?fﬂi,Z/t # s = |A3)? +2/t (A% MAl+ NA? + HA! + VA2
N
1 o S
v 2K (¢ 89) — KB (4,7 )ds

—2% i:; /tT <A2, zi>dW§.



Using B-D-G inequalities, we show that there exists a constant C, modifying C if neces-

sary,

u’L

sup |27+ L 2/

0<t<T
12 2 1 2 2
< E|oAL) +CiE /0 (A% MA) + (A% NA?)
+<A2,HA1> + <A2,VA2>
N
+<A2a%2 ( iaﬁi ’71) - K}EQD (Xzaﬁz)fyz) >d5
(i)
N =1
< E|oAL 4 OF / 2% (|ma| + [N

+|HAY + [VA?] 4+ ZKso (X' 8,7") = KEp (X', 5',7")

+= Z(/ A% ds)él.

Employing the classical Cauchy-Schwarz inequality and Gronwall’s inequality with estima-
tion (14), we get (15). O

)s

Lemma 8. Assume that (Al) and (A2) are in force. Then, we have

A 12 1

sup E | sup |Z; — o = O(—), (21)
1<i<N |o<t<T N
2 1

sup E | sup |y; — 6 = O(—) (22)
1<i<N | 0<t<T N

Proof. From (13) and (11), we have that

(

d#i = [A% + By (', B, 71) + Fi®™) + 8] dt + [Dg (', B,77) + o] AW},

djt = — [Mi#' + Uy + Hz™) + Vi) + Ko (', 8, 77) + f] dt + 2dW,

da' = [Aa’ + By (X', 8,7") + FEa' + b] dt + [De (X', B%,7") + o] AW}, (23)
40 = — [Ma' + U6 + HEa' + VEO' + Ko (x', 8,7') + f] dt + x'd W},

Th = af = x, i = Iy, 0 = Par,

(
where (8%, x%,~") is the unique solution to the following FBSDEs:

dxi = [Ny — L (6" — E6)] dt,

dpt = [—Mxi — AR+ Q (o/ — Eai)] de + ’inf,
=z, xh=-0 (93 —EH@) )

B =®Ix' — G (o, — Eady) .

13



From (23), we have

#(0) — z'(0) = 0.
The classical estimate for the SDE yields that

2

N — Eal| ds,

S

E sup
0<t<T

A 12 T
:ﬁ@-ag‘ SCOIE/O

where C is a constant independent of N. Noticing (14) of Lemma 7, we obtain (21). We

consider
A (5 — 0) = =M (& = o) + U (5 - )
+F (500 — Bai) + V(5 — E0°) |t + (5 — i) AWy,
i — 0 = ® (¥ — o).

By classical estimation for BSDE, we have

‘ |2 T o 9
sup E | sup |g; —6; -I-E/ 5’2—#‘ ds
1<i<N - |0<t<T 0

T N 12 N 12
< C’OE/ PACPRN +‘gj( ) — E6'
0
. 12 . 12
+z' =o'l + |y — 0 |ds.

where Cj is a constant independent of N. By Gronwall’s inequality, we get the desired
result. g

Lemma 9. For all1 <i < N, we have

Ji(@t, a_;) — J;(a)

~o(%)

Proof. From the definition of (2), (4) and (13), we have

[ @ (o= 8) ) (- ) - ™)

+ (R, ]dt + <G (if% - ng>> - i(TN)>]

; 1
Ji (wu-) = SE

and

JZ‘ (@z) = }E

5 /0 [<Qt (af — Eat) ,af — Eap) + (L; (0; — E6}) , 6; — E6;)

+ Ry, @) |dt + (G (o — Bak) , o — Eak)

14



then
) 4 1 T . . . 4 . .
i (@) = Ji (@) = SE / (@i (- ) 2 - ) = (Qu (0} — Eai) o} — Ea})
0

(L (- a™) gt = ™) = (Lo (6~ B6}) 6} — BO})

+(G (a5 —#) #p - 2)) - (G (o — Bak) , ok — Eap) | .(24)
We will use the following

(Q(a—1b),a—b) —(Q(c—d),c—d)
=(Qa—b—(c—d)),a—b—-(c—d)+2(Q(a—b—(c—d),c—d),

and Lemma 7, Lemma 8 as well as Esupy<;<p !oﬁ(t)‘2 < (), for some constant Cp inde-
pendent of N which may vary line by line in the following, we have

B| [ [(@r (5 - ) 3 - 4~ (@ (of - Ba) .of - Baf)

T . . 12
< 00/ E|# — ") - (of —Ea)| dt
0
T . (N) . . . .
—i—C'o/ E |2 — & — (af —Eof)| - ‘(ai—Eai)}dt
0
T , . T 12
< Co/ E\gt«;;—a;|2dt+00/ E ") — Eoi| dt
0 0
1
< 0O|l—=].
< ()
With similar argument, using (15) and (22), one can show that
vi 2w ()N R AN < BN
E KG (:cT Ty ),:cT Ty > <G (aT EaT) , QU EOJT>]‘ 0] <\/N>7
T
. 4 . L . 1
E/ Lt gz_gj(N) ,?jz—?j(N) o Lt 0 — Ep? 791_[@9@ dt < O<>
|Gz (™) i = ™) — (L (6~ 26) 0, — =6 o
The proof is completed by noticing (24). O
We will prove the control strategies set (!, u?, ..., av ) is an e-Nash equilibrium for

Problem (CC). For any fixed i, 1 < i < N, we consider the perturbation control u! € Z/{gj
and we have the following state dynamics (j # ):

(di' = [AZ' + Bu' + Fi™N) 4+ b] dt + [Dul + o] AW},
dj' = — [MZ + Uy + Hi™) + V™) + Ko + f] dt + 2'dW,
A&’ = [AZ + By (W, 87,77) + F2™) +b] dt + [Dy (X7, 87,7) + o] AW},
Ay = — [M#7 + U§ + Hz™ + Vi) 4 Ko (X7, 67,97) + f] dt + 2dw],  (25)
dod = [Aa? + By (x?,87,77) + FEa? + b dt + [Dy (x?,87,77) + o] dwy,
467 = — [Mad + UG + HEaI + VE® + Koo (xd, 87,~9) + f] dt + ridW7,

=Y -1 R ESER  9- S . =% RV R S
Ty =Ty = oy = x, Yp = @I, yp = T, 07 = Pap,

15



N
1 . 1 .
where z(V =N El =N E 7'. The wellposedness of above system is easily

1=
to obtain. To prove (@', @?,...,a") is an e-Nash equilibrium, we need to show that for
1<i<N,

inf Ji(u',u_;) > J;(a', i) — .

uZGZ/{Z

Then we only need to consider the perturbation u’ € Z/l;ij such that J;(u', u_;) < J; (4, ;).
Thus we have

T
E [/0 <Rui<t>7ui<t>>dt] < Ji(w' u) < Ji(u'asg) < Ji(u >+o(¢1ﬁ),
which implies that .
B [ li(Pd < Co, 20
0

where Cj is a constant independent of V.
Now, for the i*" agent, we consider the perturbation in the Problem (LCC). We

introduce the following system of the decentralized limiting state with perturbation control
(J # )

dit = [Aii + Bu' + FEo' + b] dt + [Dui + J] dW{,

dji = — [M:U LU + HES + VEG + Ku' + f] dt + AWy,

do' = [Aa' 4+ By (X', 8',4") + FEa' + b] dt + [Dy (X', 8,7") + o] dW}, (27)
40’ = — [Ma’ + U9 + HEQ' + VEO' + Ko (X', 5,7") + f] dt + &*dW},

| = af =, G = Bk, b = o,

We have the following results:

Lemma 10. Let (A1) and (A2) hold, then

e | [ -] = of3) 2
2 [ i -z = o(3). 2

Proof. By (25), we get

dz) = [(A +F) e + LBui+ £ S Be (W, 87,47)
o]t + & DuWi + & YL od Wy
4 S Be (X, ,47) WY,

dgN) = —{(M + H) ™) + (U +V) g™ + LKl
+ 5 SN LB (F,87,47) + f} dt+ & SN Zawy,

i g g i,

(30)

Let us denote



and recall (17) which is

dEa’ = [(A+ F)Ea’ + BEg (X', ,7") +b] dt,
dEY' = — [(M + H)Ea' + (U + V)Ef' + KEp (', ', 7") + f] dt,
Ea) = z, Ef, = ®Eal,

we have

,

dll = [ (A+ F) T+ 4 Bu'
+y DuWi+ 5 XL odW]
+% Z;V:Lj?si By (Xja 6j7 'Yj) thjv
dA = [(M+H)H+(U+V)A+ LKy
+ (% S vy Be (X 87") —EBp (X', B 'yi)> }dt
+x S, AW
Ty =0, Ay = ®TI7.

By the Cauchy-Schwartz inequality as well as the B-D-G inequality, we obtain that there
exists a constant Cy independent of N which may vary line by line such that, for any
te[0,T],

t 1 )
E sup |H$|2 §C’0E/ <|1‘[S|2 + N2|u§|2> ds
0

0<s<t
ti N S S ’
+COE/ N Z @(Xjaﬁjafyj) _]ESD(Xja/BJ?ryJ) ds
0 . ‘.
J=1,j#i
N (31)

j=1
Co [t Co Lt
+J\[2E/ ’u§’2ds+ﬁEZ /|<P(X]7537’Y]’2d5-
0 j=1,j#i "0

On the one hand, by denoting pu(s) := Ep(x?, #7,47) (note that since (x7, 37,47, 1 < j < N,
j # 1, are independent identically distributed, thus u is independent of j), we have

R :
1 i g mdy
Bl 2 o0 By) — s
J=137#i
N 2 2
1 o N-1 1
_ J R ~AJ) — _
<2E N.Z lw(x,ﬁyv) ps| + 2B | S
Jj=1,j#i
N 2
W) 1 i g~ 2 o
=2 EN_l‘;;lsO(x,B,v)—us + 7 Elus .
J=L4J7

Then, due to the fact that (X, 8%,7%),1 < i < N are identically distributed and ¢ (¢, 8%, ") €
Lfm’ (0,T;U), similarly to Lemma 7 we can obtain that there exists a constant Cp indepen-

17



dent of NV such that

2
N

. . . CO t )
E m ‘;7&‘90()(],/83’7])_#8 d8+]\f2/0 E’H5| ds
J=LJF

Co(N — 1 t . . ) C t
:O(NQ)/ E|o(x’,8,77) — s d5+Ng/ Elps|*ds
0 0

(k)

In addition, due to (26), we get

Cor ') i, Conn~ [1) p L
]:
and similarly, since (x/, 87,77), 1 < j < N, j # i, are identically distributed, we have
N
Co t S 1
N2l > / lo(x?, 87,77 Pds = O(ﬁ)-
i=1,#i"°

Therefore, from above estimates, we get from (31) that, for any ¢ € [0, 77,

¢ 1
E sup |II,|? < C’OE/ |Hs|2ds—|—0(—).
0<s<t 0 N

Finally, by using Gronwall’s inequality, we get (28). We now proceed the second inequality.
Applying [t0’s formula again, we have

N T
2 1 2 Lo
A +Nj2::1ztdt — Ag| +2/t (A, (M 4+ H)TL4 (U 4+ V) A + K
1 X o o
v > Be(x'.8.9") —EBe (x'. 8,7 >d8
=Lt

N

—2% z; /tT <At, zi>dW;.

18



Still using B-D-G inequalities, we show that there exists a constant Co, modifying Cy if

T

/0 (A, (M + H)TT)

+(A (U +V)A) + (A, %K“Z>

+<At, % zN:ch (X', 8',7") — KE¢ (x', 8',7") >d5
1 Y :
() et e) ]

T
IE\@NT|2+01E / |At|(|(M+H)H]+|(U+V)A|
t

necessary,

L/Z

sup |[A¢? + — Z/

0<t<T

IN

E |®A7|* + CoE

IA

Jat

N
+‘N +N;K¢(X7ﬂ,’y)—KEcp(x7ﬂ,’y)

N T i
1 2 2
— Z'|"dt .
w2 (f e |
By employing the classical Cauchy-Schwarz inequality and Gronwall’s inequality, we obtain
get (29). O

Lemma 11.

‘ 12
E[sup F - i ] - O(i), (32)
0<t<T N
. ) 1
E | sup |g —vyi = Ol—). 33
s Yt — Yy ] (N) ( )

Proof. From respectively the first equation of (25) and (27), we obtain
d(z— ') = [A(z" — i) + F (2 —Ea?)] dt
A - i) = = [M (@ =) + U @ - 5)
+H (i) — Ea) + V (§V) ~ ) |t + (3 - £) aw,
Ty — iy =0, g —vp = ® (& — &)
With the help of classical estimates of SDE and BSDE, Gronwall’s inequality and (28) and
(29) of Lemma 10, it is easily to obtain (32) and (33). The proof is completed. O

Lemma 12. For all 1 < i < N, for the perturbation control u', we have

Ti(u',i_q) — Ji(u®)

~o(%)

19



Proof. Recall (2), (4), (8), and (9), we have
i (i) = o)
1 g S =i <~ <~
= SE /0 [<Qt <xt - $§N)> » Ly — m(N)> + <Lt (yt - yﬁN)> Yt — y§N)>
 (Qu (5~ Bad) 4 — Baf) — (L (5 ~ B81) % — o) |t

2
+{G (2% — ¢%) , 2 — ¢}) — (G (& — Eak) , 2% — Eak)

Using Lemma 10 and Lemma 11 as well as Esupg<;<p (|7°(t)|* + |o/(t)]?) < Co, for some

constant C independent of N which may vary line by line in the following, we have

/ (@ (-3 3= o)+ (0 (5 - ) i - )

—(Qu (&} — Ea}) , &} — Baf) — (L, (3 — B6}) , 5 — B9;) | at

T
c[ e
0

T . N . .
+C/ E|z — 3" — (& — Eal)
0

E

~i ~(N)

2
Ty — Ty dt

IN

(¢ — Eay)

-|#) — Eaf| dt

2
dt

<0 [CBfi- i - (i - 50)
+C/0 Elg — 5™ - (5 - B6))

C/OTIE[

) 2 . .
- iEN)‘ + | — EaﬂQ] dt
T
+0/
0

TE<
w8

- |gp — E6;| dt

IN

1
2

. 2 X .
aza;—:ng)] +\a°:g—uza;|2>
i (N2 i 2
-0 )‘ + |9 — E6;] }dt
~1

T
o [ m(

< o()

With similar argument, we can show that
I [(G (a — 6}) o — 1) — (G (¥ — Ea}) , o — Eak)]| < O <N> .

Hence, we get the desired result. O

1
2 . . 2
g -] + ot —Eezf)

Proof of Theorem 5: Now, we consider the e-Nash equilibrium for A; for Problem
(CC). Combining Lemma 9 and Lemma 12, we have

T a) = i) + o(\/lﬁ) < Ji(ul) + o(\/lﬁ) — Tl i) + o(\/lﬁ).
Consequently, Theorem 5 holds with € = O(ﬁ) U
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A Proof of theorem

Proof of Theorem 2. (Uniqueness) Suppose that there exists two solutions: (z!,3!, 2!, p!, ¢!, kY),

(22,52, 22,p%, ¢*, k%) and denote

& = at—2? z=21-22
g = y' =9 p=p' —p*
i = ¢ —¢ k=k—§,

Then, we have

(

di = [A% + B (p.q,k) + FE&)dt + [ D@ (p.d,k) | aws,
dj = — [Mi+Uj + HEG + VE) + K¢ (p, 4, k)| dt + 24173,
dp = [Up— L (j — Eg)] dt, ”

dg = [-Mp — AG + Q (2 — E&)] dt + kdW,,
o =0€eR", gr =Py, po=—Y (jJo — Ego),
Gr = ®"pr — G (xp — Exp) .

with
¢<ﬁ7QA7]A€> = go(plaql?kl) —gO(pQ,q2,/€2)
= Pr R (B"¢'"+ K™p' + DTk")] - Pr [R7' (BT¢* + KTp* + D"k?)]

Taking the expectation in the second equation of (34) yields Ep = 0. Applying Itd’s formula
to <cj, :1§> — <ﬁ, g)> and taking expectations on both sides (also, noting Ep = 0, which derives
that EG = 0, and the monotonicity property of @), we arrive at

0 = E[G(Zr—Ezr),2r)+ Yo (g0 — Ego)]
T T T3, T 7
—|—E/ B'4s+ D ks+ K* ps, 0 (D, 4,k ) >ds
A (p.a.%))
T
+E / (0, Q (s — Eda)) + Liis - (s — Egi)] ds
0

T
+]E/ [(Ds, HEZs) + psVEys + (Gs, FE&4)] ds
0

v

E[(G? (b7 — Bir),G? (37 — Bér) ) + ¥ (jo — Efo) - (4o — Edo)|
T
+E [ [{@F (2~ B8).QF (0~ Bd)) + L (5~ Bi) - (s~ Bt ds

Thus, G(&r — E2r) = 0, Q(& — E2) = 0, ¥ (o — Efo) = 0 and L (§s — Egs) = 0 which
according to the uniqueness and existences of classical BSDE theory implies ps = 0, §s = 0.

Next, we have @(p, ¢, k) = 0 which further implies Ezs = 0, hence &; = 0. Moreover, g = 0
yields, by Theorem 3.1 in [6], § = 0. Hence the uniqueness follows. O

In order to prove the existence for FBSDE (10), we need the following result. It involves
a priori estimates of solutions of the following family of mean fields FBSDEs parameterized
by a € [0,1].
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Before that, we denote

B
by
F

> >

(1>

—_
—
—

T

1>

Az + By (p,q, k) + FEx + b,

Dy (p,q,k) + o,
—[Mz+Uy+ HEz + VEy + Ko (p, ¢, k) + f],
Up—L(y—Ey),

~Mp — Ag+Q (v — Ex),

Consider the following a family of FBSDEs with parameter a € R,

dz = [aB (z,Ex, p, q, k) + bo] dt + [aX (p, ¢, k) + 0¢] dW4,

dy = [aF (z,Ex,y, By, p,q, k) + v — Ev] dt 4+ zdW;,

dp = [aZ (y,Ey, p) + Ao — EXo| dt,

dg = [aY (z,Ex,p, q) + 1o — Etpg] dt + kdW, (35)
zg=x € R", yr =adxr +v — Ev,

po = ¢ — Eg,

qr = a®Tpr — oG (x7 — Exr) + € — EE,

where (b, 00,70, N0, 10, Y0) € LI%W(O,T; R” x R" x R x R"xR" x R), and v (£) is a R-
valued (R"-valued) square integrable random varible which is F¥ -measurable. Note the
coefficient Z2Np — L (y — Ey) . It is easy to check Ep® = 0, then by uniqueness of BSDE,
Eq¢® = 0. Specifically, letting o = 0, one immediately has

(

dx = bpdt 4 ood W,

dy = (70 — Evp) dt + zdW,
dp = Aodt,

dg = (1o — Etbo) dt + kdW4,
zg =z € R", y7 =v —Eov,
Py =< — K, g7 =& - EE

Obviously, (36) is kind of decoupled FBSDEs whose solvability is trivial.

Lemma 13. Assume that (A1) and (A2) are in force, there exists a positive constant dg €
[0, 1], such that if, a priori, for some ag € [0, 1), for each xy € R™, (bo, 00, Y0, Ao, L0, Vo) €
L3 (0,T;R™ x R™ x R" X R" X R" X R™), mean field FBSDEs (85) have a unique adapted
solution in LIQFW (0, T;R™ x R™ x R™ x R™ x R™ x R™), then for each 6 € [ag, ag + do], for
each xo € R™, (by, 00,70, Ao, to, Yo) € L]%W(O,T; R™ x R" x R" x R” x R™ x R™), Eq. (35)
also have a unique solution in LIQFW (0, T;R™ x R™ x R™ x R™ x R™ x R™).

Proof. Define

M (0,T) = L2y (0, T; R x R x R™) x LZ5(0, T3 R" x R™) x L2, (0,T; R™).
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We set (a:O,E:UO, Y9, By, 29 p°, ¢°, k:o) = 0, and solve iteratively the following equations:

/

\

dzit! = [aB (21!, Eai+l, pitl, ¢+l kit1) 4 6B (f, Ba', pf, ', ki) + bo)dt
+ [aX (pL, gt k) 4 63 (9, g1 k) + o] AWV,

dy*! = [aF (27+, Eaitl,yit! Eyitl pitl gt ki+l)
+0F (2!, Ea’,y" By, p', ¢', k') + v — Ev]dt + 271 AW,

dpt! = [aZ (y+ Eyit!, p+l) + 62 (4, By, pi) + Ao — EAo)dt

g+ = [ (2, Eaitl, ptl gith) 4 67 (af, Bat, pf, )
+1po — Expo]dt + k1AW,

9 =z € R, i+1 _a<bm’+1+5<1>a:§p+v—IEU, po = ¢ — Eg,

q# @Tp”l aG ( ZTH — ExiTH) + 60T pt, — 6G (xlT — EJ:IT) + & — E¢,

We set
iiJrl — xi+1 . :L‘i, gi+1 — yi+1 . yi’
2+l Zi+1 _ Zi, ﬁi—i—l —_ pi+1 _ pi7
inJrl — q q kl+1 k.z+1 ki,
B B (xz—i-l,Exz—i-l’pi L gl kY - B (2 Eat pf gl KT |
Dy (p’H—l’ q1,+1, k’b-i—l) -y (pi,qi’ kz) ,
F = F (az”l, Ea:”l, y”l, Eyz‘Jrl7 Zi+1?pz'+17 qi+17 ki+1)
-F (‘,EZ Ez* yz Eyz zz’pz7qz’kz) 3
= = = ( i+1 Eyl-i-l Z+l) = (yl,Eyl,pZ) ,
T = (@ Byt gt - T (o Bat o)
with
@ = o (pi"rl i+1 ki-‘rl) — (pi,qi’ kz)

(37)

— PF [R (BT i+1 +K?pz+1 _i_D;.tTkl-i-l)] PF [R (B;Tq’b —FK;TPZ +DT]€Z)]

Now introduce a map I, : (xi,yi,zi,pi,qi,ki) — (:Ui“,y”l,zi+1,pi+1,qi+1,ki+1) €
M (0,T) by the following mean fields FBSDEs:

¢ di’iJrl — [a B( i+1 szJrl ﬁerl At41 kl+1) —l—(5B .CI? EAz ﬁz Cj kl)]d

+ [aos (541,41, 1) + 0 (5,01 o,
dyi—i—l — [Oé()F ‘,%H-l ECEZ+1 ~i+1 EQ7’+1 ZA,z—i-l,ﬁz—i—l’qi—&-l’]%i-i-l)
+0F (2% Bzt ,y Eg’, 28, p%, ¢ k’)]dt-f—éi"'lth,
4+ = oo (5, B ) + 05 (5, B )
%1 = [T (2! IE:c“rl DL G + 0 (28, B, 57, ¢F) | dE + kAW,
zo =z € R, it = a®alit + 5028, po =0,
gt = adTp ’+1 —aG (24 it — E&ih) + 60T ph — 6G (7 — Edb) .

H.j)

Applying the Ito’s formula to (271, ¢F1) — (91, p*T1) on [0,T], we have
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Az+1 AH-l ~i+1 A1
[< > <yT »Pp >]

a0 |E Az+1 B( i+l Eaitl pitl i+l kz+1)> 4 <£2+1’T( i+l gai+l G+l d1+1)>

+< it (Aerl i1 kz+1>> _ <gi+1 é( i+ gyt Az+1)>

_ <ﬁz+1 F( i+l gaitl gitl it pitl gitl k”1>>dt]

T
sole [ (4B (#5050 ) ) + (5770, (04 B2 01)
0
+ (kL (5,00 0)) - (542 (5 B0 57) )
AR N RN T R dt]
T . . A .
— {E/ < 4 Gt 4 R 5 <ﬁ1+1’qz+1’kz+l)>
0
+ <i,i+1 Q (fi'iJrl E$Z+1)> 4 <Al+1 ( i+1 A”H-l)>dt:|
T . . . . . A . . A .
+6[E/ (7,08 (3", Ea', @' k) ) + (#"7, T (a°, Ba', 5, d') )
0
n <]%i+1’z (ﬁi7di7ki)> _ <gi+1 a( Eg, Az)>

—p L (B8 g B 5 0 ) dt] .

After simple computation, we have

T
]E<sz+1 aoG( i+1 E£i+1)>+a0 [IE/ <ﬁi+1+qi+1+]%i+l @(Aerl i1 k1+1>>
0

+ (@ Q (@ —Ea)) + (L L (5 EAZH»dt]
_ _5{E/OT<““ 5B (a: Ei',p', ¢ k’>> <5ci“,“f($ Ed', ', fil)>
(B (5.0,8)) - (12 o)
_ﬁiJrl,ﬁ(m E&', §', Eg, p', ¢ k‘) dt]
+6 (&, T i — G (8 — Eab)) — 6 (&, ®Tpi1)

By using the monotonicity property of ¢ (p, g, k) (Proposition 17 below and the classical
geometric inequality and Lipschitz property of projection operator (Proposition 16), it
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follows that.
T
ooE <$7T+1, G ( i+1 E,ﬁ'%+1)> + ap |:E/ <£’i+1’ Q (ii‘i+1 _ Eii‘7'+1)>
0

+ <gi+1’ L (gi-I—l ]EAZ+1)> dt:|

_5[E/OT<AZ+1 sB (x B 5. ' k2)> <Ai+1’Y(£i7E£i’ﬁi’qi)>
+<ki+1’z(ﬁi7qﬁ7ki>>_<gi ’H(y B, Az)>

—p L F (3B g BB K dt]

IN

A 9705~ 0 ) 4T

< 501[1{42/ <:EZ + 19"+ [P i )dt
0
T N 9 2 R S DA
+501[E/ <¢%z+1‘ X g)”1| +‘ﬁz+1‘ 4 qu+1‘ X kl+1‘ )dt
0
2 ~i 12

+0CLE

Py

T

Next by baisc technique in SDE, BSDE, we have

|:/ ‘ H—l‘ dt:| +E‘ 4112

T
< 5021[5/ (y + 17| )ds+C’z]E/ L (5" — By [P ds,
0 0

oo, T
E[/ i dt+/
0

< 503IE/ (\x} + 15 + || )ds+03E/ Q (#°+! — E2i1)[* ds

2}’

~. 2
kZJrl‘ ds:l

+GE |G (35 — Bait!) [ + 0CE |3

and

;“\ dt + E \x”l

ﬁi}2+ qu' 2 i

+

2
>ds

PP g 4 [ as,

T
+C4E/ (
0
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Moreover,

T ) 9
]E/ (}Q’H—l’ +
0

FP) e

T . . , . 12
< 515:05/ (\fcl\2+ 71+ 0]+ @+ |R )ds
0
T o9 o a2
—|—C5IE/ (ﬁz+1} 4 derl‘ 4 szrl‘ )ds
0
+C5E #5717 + 6C4R |35, (43)

Observe that inequality (40) does not contain #'*! and ¢**!. Combining (39)-(43), by

similar method used in [, we have, for some ¢y € (0,1),
T
o
0
T
< 5005E/ <}pl| +
0

which means that the map I,,4s, is a contraction. ]

ﬁi+1}2+ in+1‘2+ piTJrl‘Q

. 2
1&“‘ >ds+E

2
+

i 12

k- Pr

2
>ds+]E

(ji

(Existence) We can solve Eq. (35) successively for the case a € [0, dp], [0o, 200] , - - - When
a =1, we deduce immediately that the solution to Eq. (10) exists. O
B Properties of projection

We recall the following properties of projection Py onto a closed convex set U, see [9],
Chapter 5.

Theorem 14. For a nonempty closed convex set U C R™, for every x € R™, there exists
a unique x* € U, such that

|z — x| = rynellp lx — y| =: dist(z,U).
Moreover, x* is characterized by the property
¥ elU, (z8%—w,2"—y)<0 Vy e U. (44)
The above element x* is called the projection of x onto U and is denoted by Py[z].

One can immediately obtain the following

Proposition 15. Let U C R™ be a nonempty closed convex set, then we have
2
|Pylz] — Pulyl]” < (Pulz] — Pulyl,z —y). (45)

Proposition 16. Let U C R™ be a nonempty closed convex set, then the projection Py

does not increase the distance, i.e.

|Pyla] - Pylyl| < |z —yl. (46)
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11
Now let us consider R™ and the projection Py both with the norm || - ||g, := (R, Rj ),

from (45), we have

Proposition 17. Let U C R™ be a nonempty closed convex set, then

(Pule] ~ Polyl ) = (B (Pole] - Puly) ). Ri - ) > 0

The proofs of Proposition 15-Proposition 17 can be found in [7, 9].
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