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Abstract This paper studies a class of stochastic linear-quadratic-Gaussian
(LQG) dynamic optimization problems involving a large number of weakly-
coupled heterogeneous agents. By “heterogeneous,” we mean agents are en-
dowed with different types of parameters thus they are not statistically i-
dentical. Specifically, discrete-type heterogeneous agents are considered here
which are more practical than homogeneous-type agents, and at the same time,
more tractable than continuum-type heterogeneous agents. Unlike well-studied
mean-field-game, these agents formalize a team with cooperation to minimize
some social cost functional. Moreover, unlike standard social optima litera-
ture, the state here evolves by some backward stochastic differential equation
(BSDE) in which the terminal instead initial condition is specified. Accord-
ingly, the related social cost is represented by some recursive functional for
which the initial state is considered. Applying a backward version of person-
by-person optimality, we construct an auxiliary control problem for each a-
gent based on decentralized information. The decentralized social strategy is
derived by a class of new consistency condition (CC) systems, which are mean-
field-type forward-backward stochastic differential equations (FBSDEs). The
well-posedness of such consistency condition system is obtained via Riccati
decoupling method. The related asymptotic social optimality is also verified.
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1 Introduction

The large-population system arises naturally in various fields in decision mak-
ing such as economics, engineering, social science and operational research,
and has been extensively studied from different perspectives. Its most strik-
ing feature is the existence of considerable negligible agents which are highly
interactive through their coupled state-average or possible admissible control-
s. Although the effect of each individual agent on overall population scale is
negligible, the effects of their statistical behaviors cannot be ignored at the
population scale. The central goal of individual agent is to obtain decentral-
ized strategies based on limited information of the individual agent since it is
unrealistic for a given agent to synthesize all other agents’ information instan-
taneously when the number of agents is sufficiently high. This is contrast to
the classical centralized control which assumes the full information upon all
agents is relatively tractable to be synthesized in a simultaneous manner. The
mean-field game offers a powerful scheme to obtain the decentralized strate-
gies through the limiting auxiliary control problem and the related consistency
condition. For this direction, the interested readers are referred to [4], [7], [17],
[19], [21]. In the basic mean field decision model, all agents are supposed to be
statistically identical. However, this assumption is over simplified, because all
the agents are “atomic” without diversities. Therefore, we continue to study
more realistic heterogeneous model by incorporating parameter diversity.

In some real models there exists an agent with a significant influence upon
other agents. Thus a modified framework is to introduce a major agent inter-
acting with a large number of minor agents. [16] considered linear-quadratic-
Gaussian (LQG) games with a major player and a large number of minor
players. [26] studied large population dynamic games involving nonlinear s-
tochastic dynamical systems with a major agent and N minor agents. [6]
studied two-person zero-sum stochastic differential games, in which one player
is a major one and the other player is a group of N minor agents which are col-
lectively interactive, statistically identical, and have the same cost functional.
[13] considered LQG mean-field games with a major agent and considerable
heterogeneous minor agents where the individual admissible controls are con-
strained in closed convex subsets.

The decisions in all aforementioned works are competitive, i.e., the agents
involved may have conflictive objectives and some (asymptotic) Nash equilib-
rium among them should be pursued. On the other hand, cooperative team
optimization in dynamic multi-agent decision has also been well addressed in
literature. Accordingly, it is necessary to discuss the mean-field team in the
context of large population system where considerable weakly-coupled agents
are cooperative to optimize some common objective functional. [18] studied a
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class of linear-quadratic-Gaussian control problems with N decision makers,
where the basic objective is to minimize a social cost as the sum of N individu-
al costs containing mean field coupling. [34] investigated social optima of mean
field linear-quadratic-Gaussian control models with Markov jump parameters.
[3] considered LQ mean field team-optimal problem by assuming mean field
sharing for a given population size N, which gives an optimal control problem
with special partial state information. [20] studied a linear-quadratic mean
field control problem involving a major player and a large number of minor
players, where the objective is to optimize a social cost as a weighted sum of
the individual costs under decentralized information. For other research and
applications of cooperative mean field control problems, interested readers are
referred to [2], [8], [27], [31], [33], [37] and the references therein.

In this paper, we investigate a class of stochastic linear-quadratic-Gaussian
(LQG) optimization involving a large number of weakly-coupled heterogeneous
agents, where the dynamic is driven by some backward stochastic differential
equation (BSDE). Moreover, all the heterogeneous agents are cooperative to
minimize a social cost as the sum of some individual costs. Note that such
optimization problem may occur for cooperative team with distributed infor-
mation but recursive utility or cost functionals. In LQG setup, this is also
the case where team agents aim to minimize some quadratic deviations with
prescribed terminal target. The feature of backward state makes our setting
rather different to existing works of mean-field LQG team wherein the indi-
vidual states evolve by some forward stochastic differential equations (SDEs).
Different to SDE, the terminal instead initial condition of BSDE should be
specified as the priori. As a consequence, the BSDE will admit one adapted
solution pair (y:, z¢) where the second solution component z; (it is also called
the diffusion component) is naturally presented here due to the martingale
representation and the adaptiveness requirement. The linear BSDEs were in-
troduced in [5] and the general nonlinear BSDEs were first introduced in [28].
Based on them, the study of BSDE has undergone extensive discussions and it
has been found many applications in various areas. For instance, the BSDEs
has been found to be very important to characterize the nonlinear expectation
in decision making, or the stochastic differential recursive utility (say, [9]).
Later, [10] presented many applications of BSDEs in mathematical finance
and optimal control theory.

Considering the various applications of BSDE, it is also very promising
to study its associated dynamic control and game problems. Actually, there
already accumulated considerable literature along this line. For example, see
[36] and [11] for maximum principle of system driven by BSDE; [23] for linear-
quadratic backward control with related Riccati representation, [14] and [35]
for backward LQ control problems with partial information and related filter-
ing results, [22] for backward LQ control in mean-field type. There also arise
some works on mean-field game for large-population system driven by BSDE
such as [15], etc.

The innovative aspects of the obtained results in this paper are as follows:
Firstly, the BSDE drivers of agents depend on the state process itself and the
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state-average thus all agents become weakly-coupled. This bring additional
difficulties when we apply the variational method to obtain the auxiliary con-
trol problem. Specifically, we need carefully introduce some adjoint processes
to tackle the cross-terms in cost functional variation. Secondly, the social cost
variation can be divided into K parts due to the discrete-type heterogeneous
assumption. Thus the computations involved in person-by-person become more
intractable and involved. Thirdly, owning to the structure of backward dynam-
ics, the consistency system becomes mean-field backward forward stochastic
differential equations (BFSDE) which are mixed at the initial condition. In
addition, the consistency system becomes a highly-dimensional augmentation
because of the discrete-type heterogeneous setup. Its well-posedness also be-
comes intractable.

Let us now briefly explain how to solve the LQG backward team opti-
mization problem. Firstly, under some backward version of person-by-person
optimality principle, we can construct some auxiliary LQG control problem
by applying variational synthesization technique and solve it using stochastic
maximum principle ([30,14]). In this step, some frozen mean-field team is in-
troduced with related adjoint process. Secondly, to determine such frozen mean
field terms, we construct the consistency condition (CC) system by some fixed
point analysis in backward version. Finally, by applying standard estimations
of solutions of backward stochastic differential equations, we can verify that
the decentralized strategy obtained from the auxiliary control problem turns
to be some “good” approximation of centralized optimal control strategy (i.e.,
the social optima loss tend to 0 as the population number N tends to infinity).

The remaining of the paper is organized as follows: In Section 2, we give the
formulation of the LQG recursive heterogeneous agents problem. In Section
3, we apply person-by-person optimality to find the auxiliary control prob-
lem of the individual agent. The consistency conditions and well-posedness of
consistency systems are established in Section 4. In Section 5, we obtain the
asymptotic optimality of the decentralized strategy.

2 Problem formulation

Consider a finite time horizon [0,7] for fixed T > 0. Assume that ({2,F,
{Fi}o<i<r,P) is a complete filtered probability space satisfying the usual con-
ditions and {W;(t),1 < i < N}o<i<7 is a N x d-dimensional Brownian motion
on this space. Let F; be the filtration generated by {W;(s),1 < i < N}o<s<i
and augmented by Np (the class of all P-null sets of F). Let F; be the aug-
mentation of o{W;(s),0 < s <t} by Np.

Let (-,-) denote standard Euclidean inner product. ' denotes the trans-
pose of a vector (or matrix) . M € S™ denotes the set of symmetric n x n
matrices with real elements. M > (>)0 denotes that M € S™ which is positive
(semi)definite, while M > 0 denotes that, for some ¢ > 0, M — eI > 0. We
introduce the following spaces which will be used in the paper:

- L% (;R") = {77 : 2 — R"|n is Fr-measurable such that E|n|? < oo}
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— L2(2:C([0,T);R™)) := {g(-) L [0,7] x 2 — R|C(-) is Fr-adapted,

continuous, such that E[ sup |C(s)|2} < oo}
s€1[0,T]
— L%(0,T;R™) := {C() [0, T)x 2 — R™|¢(+) is Fy-progressively measurable
process such that
T
E fy [€0)[%dt < oo
— L>(0,T;R™™™) := {C() :[0,T] — R™ ™|{(-) is uniformly bounded}

We consider a weakly coupled large population system with K-type discrete
heterogeneous agents {A; : 1 < i < N}. The dynamics of the agents are
given by a system of linear backward stochastic differential equations with
mean-field coupling: that is, for 1 <7 < N,

dyi(t) = — [Aei (t)yi(t) + B(tyui(t) + C(t)y™ (1) + f(1)|dt

() dWit) + > 2 (AW (1), (1)
Jj=1,j#i

yi(T) =&,

where yV) (1) = £ Zf\]:l yi(-) denotes the state-average of the agents. It is
remarkable that (z;(-),z;;(-),1 < j < N,j # i) is part of our solution in (1)
which are introduced here to enable y; to satisfy the adaptation requirement.
Note that while the coefficients (A, (), B(:),C(-), f()) are dependent on the
time variable ¢, in what follows the variable ¢ will usually be suppressed if
no confusion would occur. The number 6; is a parameter of the agent A; to
model a heterogeneous population. For simplicity, we only assume that the
coefficients A to be dependent on 6;. Similar analysis can be proceeded in case
that all other coefficients are also dependent on 6;. Moreover, we assume that
0; takes values in a finite set © := {1,2,--- , K'}. We call A; a k-type agent if
0; = k € O. In this paper, we are interested in the asymptotic behavior as N
tends to infinity. For 1 < k < K, introduce

T, ={iloi=k,1<i< N},  Np=|Txl,

where Ny is the cardinality of index set Zy. For 1 < k < K| let W](CN) = %,
then 7(V) = (7r§N), e ,W%N)) is a probability vector representing the empirical
distribution of 6y, - ,6x. We introduce the following assumption:
(Al) There exists a probability mass vector @ = (mq, -+ ,7mg) such that
lim 7)) =7, min 7w, > 0.
N— oo 1<k<K ‘
(A2) For i = 1,---,n, & = &(w;6;) are Fi-measurable random variables.
If 0, = 0; =k, & and §; are identically distributed and the common

distribution is denoted by 7.
(A3) Ay, (+),C(:) € L>®(0, T;R™™ ™) (i = 1,---,N), B(-) € L>®(0,T;R"*™),
f() € L>=(0, T5R™).
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It follows that under (A1)-(A3), the state equation in (1) admits a unique
solution for all u; € U;. In fact, if we denote by

N n N Zzzll 22122 2%:1 2% N “ - w1 ~ &
e e (- ()

N ZN1 ZN2 - ZNN-1 ZN uN Wy &N

R Aoy R B R f 11
(e, ) () )e)
.AgN "B f 11

Then (1) can be rewritten as
dt+Z)dw (),  Y(T)=§,

Il
N
Q
Q
N~
~
I

a7 (1) = | (Ao + OO ) T O+ BOT ()47 (1)

which is a Linear BSDE of vector value and admits a unique solution (f/, Z )€
LL(0,T;RN™) x LZ(0, T; RN™*Nd) for U € LL(0,T;RN™), (see [28]). Thus,

for any 1 < i < N, the state equation (1) admits a unique solution (yi, i, 25 (] #

i)) € L%(2; C([0, T); R™))x L% (0, T; R"*4)x L%(0, T; R™ %) x - - - x L3(0,T; R™*4).

N-1
Let u = (u1,---,un) be the set of strategies of all N agents and u_; =
(w1, yUi—1, Uir1, - ,un), 1 <4 < N. The cost functional for A;, 1 < i <

N, is given by
Ti(ui(-), ui(-))
=5B{ [ 180000 = 605 0).0) = GO (1)) + (o 0(0). 0,0

+ (QUi(0) = Hy ™ (0)),5:(0) — Hy™(0)) }.

(2)
The aggregate team functional of N agents is
N
T (u(-) =Y Tilui(-),ui(-)). 3)
i=1

We impose the following assumptions on the coefficients of the cost func-
tionals:
(Ad) S(-) € L*=(0,T58"), 5() 2 0,G(-) € L*=(0,T;R™™™), Ry, (-) € L>(0,T58™),
Rp,(:-)>»0(i=1,---,N),Qe S HecR"™ Q>0.
For i = 1,---, N, the centralized admissible strategy set for the i*" agent is
given by
U = {u()luil) € 130, TiR™) }.

Correspondingly, the decentralized admissible strategy set for the i*" agent is
given by

Ut = {ui(~)|ui(~) € L2.(0,T; Rm)}.
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We propose the following optimal problem:

Problem 1. Find a strategy set @ = (@1, - ,4y) where @;(-) € Uf, 1 <
i < N, such that
(N)(7()) = i (N) oo () .
jsoc (u( )) uleu;%fSlSN jsoc (U1( )a 7“1( )7 ,UN( )) (4)
Definition 1 A strategy #;(-) € U, i =1,---, N is an e-social decentralized
optimal strategy if there exists € = ¢(N) > 0, limy o £(IN) = 0 such that
1
27 @) — inf (N) .)<.
N (@) - et TE ) <e

Remark 1 In reality, the linear BSDE in (1) stands for the dynamics of some
investment behaviors such as in stocks and bonds in a self-financed market,
that is, there is no infusion or withdrawal of funds over [0, T]. In recursive or
hedging problems (finance, optimal control, etc.), the BSDE dynamics have
been deeply studied in the existing literature, such as [11], [35] and so on. The
individual cost used to be applied in some terminal hedging problems with
possible nonlinear expectation, taking mean variance model as an example. In
particular, the initial state y;(0) in our cost (2) can be viewed as the initial
hedging cost (or, cash surplus) for the i'" participant, which aims to reach
some future payoff or obligation target & at given time 7. In our social optima
setting, we eager to minimize the aggregate team functional of N agents,
which contains N benchmarks between the individual costs and the average
costs. Besides, the constrained forward LQ control problem with state average
coupling in state dynamics can also be transferred to the backward L) control
with state given by the linear BSDE, as given in (1).

Remark 2 Note that y;(-) is F-adapted due to the existence of y¥)(-). Thus,
in (1) we write z;(-) as a part of solution to stand for the information of
A; corresponding to W;(-); while z;;(-) as a part of solution to stand for the
information of A; corresponding to W;(-),1 < j < N, j # 4. This is the feature
of backward stochastic problems.

Remark 3 In (1) and (2), 2z;(+), 2z:5(-),1 < j < N, j # i does not enter in the
drift term of the state equation and the cost functional. The reason is that
there exists essential difficulties while doing the error estimations, because
if z;(+), z:;(-) enter in the drift term or the cost functional, we have to deal
with the error estimation of Ziil z;(+), which is an impossible task under the
existing BSDE theory. In the future, we may focus on this problem and try to
derive some new technique to overcome this difficulty.

3 Stochastic optimal control problem for the agents A;

In this section, we try to solve the optimal control problem and derive the
decentralized control.
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3.1 Backward person-by-person optimality

In mean-field social optima scheme (mean-field team), person-by-person opti-
mality is a critical technique, which has been used in the recent social optima
literature, e.g. [34], etc. There is significant difference between mean-field team
scheme and mean-field game scheme, where the auxiliary control problem is
usually derived directly by fixing the state-average. This would lead to some
ineffective control in social optima scheme. Thus, in this section under the
person-by-person optimality principle, variation method will be applied to an-
alyze the mean-field approximation.

Let {@;,u_; € U}, be centralized optimal strategy of all the agents.
Now consider the perturbation that the agent A; use the strategy u, € U and

all the other agents still apply the strategy a_; = (41, -, Uj—1, Uit1,"** , UN)-
The realized states (1) corresponding to (u;, u—;) and (@;, u—;) are denoted by
((y1, 21, 215), - 5 (YN, 2n> 2n5)) and (Y1, 21, 215), -+ 5 (IN, 2N, ZNj)), respec-

tively. For j = 1,--- , N, denote the perturbation
(5Uj:'l.l,j—'l._l,j, 5yj:yj_gjv (52’]‘:2]'—2]',
zjr = zju = Zjn (L # J), 05 = Tj(wi, u—i) — Tj (Ui, Us).
Therefore, the variation of the state for A; is given by
doy; = — [Agi Sy; + Bou; + Cay(N)} dt + 5z (t)dWi(t)
N
+ > bza(t)dWi(t), oyi(T) =0,
1=1,1#i

and for A;, j # 1,

N
doy; = — [Agj Sy; + 05y<N>}dt + 0z (AW )+ S dzu(t)dWi(b),

I=1,l#j
by, (T) = 0.
For k=1, -+, K, define 0y = > ;c7, .z 0Yj, thus
a0y = — | Ardy) + (N = I({i € O™ |t + > b2,dW; (1)

JE€Ly,j#i

N
+Y > dzutdwi(y),

JETh i I=1,1%]
5y (T) = 0.

By some elementary calculations, we can further obtain the variation of the
cost functional of A; as follows

T
6 =E{ / [(S(@: — Gg™), 6y; — Goy™) + (Rg, s, 6us)| dt
0

+(Q(0) — H™ (0)), 6y: (0) ~ Hoy™ (0)) }.
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For j # i, the variation of the cost functional of A; is given by

T
8 :E{ / [(S(5; — Gg™), 6y; — Goy ™) ] dt
0

+(Q;(0) — Hy™(0)),by;(0) — Hoy™ (0)) }.

Therefore, by combining above equalities, the variation of the social cost sat-
isfies

T
570 =5 [ (8 - 65,8 - Goy™)
0

+ (S5~ G™), dy; — Goy ™) + (Ro,is, us) | at -
J#i

+ (R (0) — H™(0)), 8y;(0) — Hay™(0)) }.
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Step 1: First, replacing V) in (7) by some mean-field term § which will
be determined later,

T
) <B{ [ (80— 65™).0m) — (86— 65, 659™) = X (565, 30;)

J#i
+ Z Sy, 5yj> Z <S Gy(N ), Goy N)> + <R9 u,,éu,ﬂ
J;ﬁz J#i
+ Z Hy ™) (0)), 8;(0) — Hy ™ (0)) }

:E{ /0 [(S(gi —G)),0yi) — > (SGi,8y;) + Y (575, 0y;)

J# JFi
—(GTS(G ~ Gi), Noy™) + (Ra, s, 6us) | dt + (Q(5:(0) = H§(0)), 63:(0))

_Z QH(0),0y;(0 >+Z<Q3/J ,0y;(0))

J#i i
— (HTQ((0) ~ Hj(0)), Noy ™ (0)) } + Zel
T
—B{ [ [(Si6m) ~ (56 + GT5 - G756 o)
K K 1
; (SG+GTS—G"SG)i, dyy) + Y v > (Sy;, Nidy;)

k=1""" jeI) j#i

+ (Roytis, 0u) | dt + (Qui(0), 031 (0)) — (QH + HT Q — HT QH)(0),3y:(0))

Mw

(QH + H'Q— HTQH)j(0), 0y(x)(0))
k=1

Z N > (Qu;(0), Nidy;(0 } foh
k—1

JE€Ly,j#i

where

T
{ €1 = E/ (GTS+8G —aTSG) (5 — ™), Noy™Mt,
0

=((H'Q+QH — HTQH)(j(0) — ™(0)), Noy ™ (0)).
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Step 2: Next, for k = 1,--- | K, introduce the limit y;* to replace oy,
and for j € Ty, introduce the limit (y}, z}) to replace (Nkdy;, Nxdz;), where

K N
dy; = [ Ay} + Cmidyi + Cmy Y i |de+ 25aws(e) + 3 zpawi(e),
=1 ——y

K N
dyy* = — {Akyz* + Cmidy; + Cmy Z yz**} dt + Z 2 AWI(1),

=1 =1
y; (T) =0, Y (T) = 0.
(8)
Therefore,
5T =K / (S5:,5u) — {(SG + GTS — GTSG)j, 5u1)

K
Z (SG+GTS —GTSR)y,y;)

f(
Z S (7)) + (Roti, 0ui) |t + (Q5:(0), 63:(0))

—1°F jez, i (9)

—((QH + HTQ — HTQH)$(0), 53:(0))

K
—> ((QH+HTQ— HTQH)j(0),y;:(0))

Z Z (Qy;(0 } Zéz,

k=1 JEIk Vi

where

K T
= ZE/ (SG+GTS —GTSG)j, yr* — dy))dt

1 *
g4 = ZE/ —_— Z <Sﬂj,Nk5yj — yj>dt,

Ni jezigs
K
es=» ((QH+H'Q— H'QH)j(0),y;"(0) — Sy (0)),
k=1
Z > (Qu;(0), Nidy;(0) — y; (0)).
JGIK JFd

Step 3: Finally, we will substitute y; and y;* by dual method. It is very
important to construct an auxiliary control problem for investigating decen-
tralized control in social optimal problem (see e.g. [18,34]). We may use a

duality procedure to break away 578 from the dependence on y; and yi*.
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To this end, we introduce the following adjoint equations le and z& of the
terms y7 and y*, respectively, which are shown as follows

dr = aldt,  2](0)=-Qy;(0), j=1,---,N,
de§ = afdt,  25(0) = (QH + H'Q - H'QH)j(0), k=1, K.

Applying Itd’s formula to <£L’j1, y;), we have

N
dfal, 57) =[(e], ~(Aky; + Omidy: + Oy S 0 + y)] e+ 30wy
=1 j=

For j € T, integrating from 0 to T and taking expectation, we obtain

E{Qy;(0),y5(0))
=E(21(T),y; (7)) — E(«1(0), 45 (0))

T K )
K / (o], ~(Awy + Cmdys + kaE :yl**)> + (o) d (10)
0

T
:]E/ [( J kxl,y]
0

Similarly, we have

~E((QH + HTQ — HTQH)j(0), 5" (0))
=E(z5(T), yii"(T)) — E{z5(0), yz*<0>>

T
-5 [ [(a} ~ ATab i) ST ) — (b byt
0 =1

ﬂ'kc ;1:1, <7TkCTI{,5y¢>}dt

Mw

=1

(11)

Letting
K K
=Alab + (SG+GTS—GTSG)j+Y mC Rl + ) mCTah,
=1 =1

substituting (10) and (11) into (9), we have

N

T
6T doc) =E {/ [(57:.6y:) — (SG+GTS ~ GTSC)j.by) = Y (mC T dy)
0

k=1
K
(mC T Exy, 6y;) + (R, Uy, (5ui>] dt
k=1

+ (Q0i(0), 0i(0)) — (QH + HTQ — HT QH)(0),6y(0)) } + Zel,
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where
dr] = [A] 2] — Sy;ldt, #)(0) = —Qg;(0), j=1,---,N,

K K
da§ = (A} +(SG+ TS~ GTSG)j + Y mCTEx| + Y mCTabldr,
=1 =1
25(0)=(QH+H'Q - H'QH)j(0), k=1,--- K,
(12)
and

57,§1E/ <Z7”C Ex; - Zm >, Clafu >’

=1 JGIL,Jfl

K T
1 .
£g = ZE/ <7TkCTIEXk; — F Z WkCijlaayi>dt'
k=1 “0

JE€L,j#i

Note that the states m{,,j € Tx,j # i are exchangeable. When we consider
the expectations, we will use x; denote the process 2] defined in (12) of the
representative agent of type k. Moreover, in Section 5 we still use this kind of
notations, i.e., use Xg, y., P, to denote the involved processes of the represen-
tative agent of type k €1 — eg are actually o(1) order and the rigorous proof
will be shown in Section 5. Therefore, we introduce the decentralized auxiliary
cost functional J; with perturbation as follows:

T K
8J; :E{/O [<Sgi,5yi> —{((SG+GTS = GTSG)j,0y;) — > (mC" 2k, bys)
k=1
K
(mi.C T &y, 6yi) + (Ro, Ui, 5ui>}dt +(Qwi(0), 6y:(0))
1

k=
~(QH + HTQ — HT QH)j(0), 5y:(0))}.
(13)

Remark 4 Tt is remarkable that due to the perturbation of control du; €
L%(0,T;R™), &y, is an F-adapted stochastic process in (5) and dz;, 624, 1 <
I < N,l # i cannot vanish, though the terminal value dy;(T) is zero. So does
dy; in (6), because syNY) is Fy-adapted. In the same way, we suppose Y5 Y
are F-adapted stochastic processes satisfying the BSDE in (8). This is rather
different from the forward case, where one usually does not need to consider
these items.

Actually x] is an Fi-adapted stochastic process, satisfying the SDE in
(12). %5 depends on 7 and Ex;, and the initial value x5 (0) is deterministic. By
Theorem 1 (see below), we know 7 is deterministic. Thus, in (12) z% is the
solution of ODE indeed. That is, the system (8) is a coupled BSDE system,
while the adjoint system is composed by a SDE and an ODE.
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Remark 5 In above analysis, we introduce N 4+ K adjoint processes to break
away 5js(oj\c/) from the dependence on y; and y;*. This difficulty is brought by

the existence of y(N) in the drift item of state equation, that is C(-) # 0. By
contrast, if C(-) = 0, then y7(-) = 0 and y;*(-) = 0. There’s no additional
adjoint processes are needed to derive the auxiliary problem.

3.2 Decentralized strategy

Motivated by (13), introduce the following auxiliary backward LQG control
problem:

Problem 2. Minimize J;(u;) over u; € U subject to
dyi(t) = = [ A0, (Op:(1) + BL)ui(t) + COFW) + F(1)|dt + ()W D),
vi(T) = &,

where
Tiw) =3 {E /OT [(5i,03) — 2001, ) + (o, i) di

+(Qui(0),4:(0) — 2(02.1:(0)}.

K K
0, =(SG+G'S-GTSG)j—> mCak - > mC iy,
k=1 k=1

02 = (QH + H'Q— H QH)j(0),

and §, 25, 2 will be determined by the consistency condition in the following
section.

Similar to [30] and [14], we will apply stochastic maximum principle to
study Problem 2. First introduce the following first order adjoint equation:

dpi(t) = {A;—ipi + Syi — 91}6%, pi(0) = Qy;(0) — O3,
and the Hamiltonian function
. 1

The global stochastic maximum principle takes the following form:

0H;
ou

Therefore, the optimal control is given by

(t,yi, i, pi) = B pi + R;—iﬂi =0, ae., t€[0,T], P—a.s.. (16)

u;(t) = =Ry, (t)BT (t)pi(t), P —a.s..
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The related Hamiltonian system becomes

dyi(t) = = [ Ao, (Oi(t) = BO)Ro, (1) BT ()pa(t) + C(03(1) + F(1) |t
+ 2 (£)dW;(¢),
dpi(t) =[A7pi + Sy — 01t

vi(T) =&, pi(0) = Qyi(0) — O.

4 Consistency condition

In this section, we focus on the solution of Problem 2 by constructing the
consistency condition system and decoupling it.

Theorem 1 Let (A1)-(A4) hold. The parameters in Problem 2 can be de-
termined by

K
ga xl2€a i'k = (Z WZEO‘la fé, E;U]f)a
1=1
where (ag, B, Vi, TN, &5) is the solution of the following mean-field FBSDEs,
which is so-called consistency condition (CC) system: fork=1,--- | K,

K
dak(t) = — [Ak(t)ak(t) — B(t)Rk(t)_lBT(t)’}/k(t) + C(t) Z mEal(t)
=1

+ f(1)]dt + Be()aWi (o),

K
dy(t) = [A{% +Say, — (SG+GTS —GTSG) Y mEay(t)
=1

K K
-y mCTaEh - mc%ﬁ] dt,
=1 =1
div(t) = [AL & — Sag)dt,

K K
di§(t) = [Afi5 + (SG+ GTS = GTSG) Y mBay + Y mC Eil
=1 =1

K
+ Y mC Tt
=1

K
ap(T) =&, (0) = Qar(0) — (QH + H'Q — H'QH) > mEx(0),
=1
K
25 (0) = —Qax(0), #5(0)=(QH+H' Q- H'QH)> mEw(0).
=1

(17)
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Remark 6 (i) It is remarkable that if (17) is solved, by the estimates of BSDE,
we can easily obtain § = Z{il mEay, so does 2§ = 25, &y, = @%. Actually, the
(CC) system (17) is a coupled FBSDE composed by not only three forward
SDEs and a BSDE, but also the mean-field terms. If taking the expectation
to (17), we can also obtain § = Z{il mEa;. However, in the consideration of
the generalization, we focus the coupled FBSDE with mean-field terms here.

(ii) In (17), for k = 1,--- , K, the subscript k (e.g., ay, Bk, - ) stands for
a representative agent in the k-type.

In the following, we give two propositions to obtain the well-posedness of (CC)

system (17). Before solving (17), let us make some transformations and intro-

duce some notations. Define Y = (o ,--- o) ", X = (v, , v, @D T,

('f{()—r7 (j%)Ta a(jé()T)Tv W = (WIT? 7WI—(F)T and

the mean-field FBSDEs (17) then take the following form:

dy = — [Aly +AE[Y]+ B X + f] dt + ZdW (¢),
dX = [AQX + AE[X] + BoY + ]BQ]E[Y]} dt, (18)
X(0) =H,Y(0) + HREY'(0), Y(T)= (&, ,&)7,
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where
Al 0
0 AJ
Av=1| . |
0 0
~BR;{'BT
0
B; = .
0
Al 0
0 AJ
0 0
0 0
0 0
Ap =1 | .
0 0
0 0
0 0
0 0

0 C7r1 C7r2 C7TK f
0 _ Cmy Cry -+ Crg N f
. aAl : : . 7f = :
.o o ol :
Ar/ (KnxKn) e TK/ (KnxKn) f
Q
0
0 0 00 0 70Q
—-BR;'B" 0 00 0 0
. e 7H1 = .
’ 1T o :
0 —BR B 0 00 -0 (Knx3Kn) 8
0
0
0 —7r1C'T —WQCT —7\'KCT —chT —TrQCT —7TKCT
0 77‘{'10"’ 7‘11'2(]‘r 7‘/1';(6'—r 7‘11'16'—r 77‘!‘20"’ 77\'KCT
Af —mCT —mCT —gCT  —m T —mCT —mCT
0o Al 0 0 0 0 0
0 0 AJ 0 0 0 0
0 0 0 Ak 0 0 0
0 0 0 0  Al4+mCT  mCT . agCT
0 0 0 0 mCT A 4mCT . agCT
0 0 0 0 mCT 7w C T Ap4rxCT

(Knx1)
0 0
Q 0
0 Q
o - 0
—-Q - 0
0 -Q
0 0
0 0
0 0

(BKnxKn)

(BKnx3Kn)



18 Xinwei Feng et al.

S 0 - 0
0 0O 0 0 0 0 o S -~ 0
00 0 0 00 0 0 - §
0 0O 0 0 0 -0 -S 0 - 0
n .- . . . . O _S : 0
e By = . ;
00 0_ - 0 _0- 0 :
0 0mC’ -« 7gCT 0 - 0 0 0 -S
0 0 0
0 0 0
0 0mCT - 7xkCT 0 - 0/ (3Knx3Kn) s
o 0 - 0 (BKnxKmn)
—(SG4+GTS-GTSG)m —(SG+GTS—-GT8@) 7y - —(SG+GTS—-GTSG)nk
—(8G4+GTS-GTSG)m —(SG+GTS—-GTSG)my - —(SG+GTS-GTSG)nk
—(SG4+GTS-GTSG)m1 —(SG+GTS-GTS8@) 7y - —(SG+GTS—-GTSG)nx
_ 0 0 0
By = )

0 0 0
(SG+GT5-GTS@)m1  (SGH+GTS-GTSA)ma - (SG+GTS—GTSG)mx
(SG+GT5-GTS@)m1  (SG+GTS-GTSG)my - (SG+GTS—GTSG)mx
(SG+GTS-GT8G)m  (SG+GTS-GTSG)m - (SG+GTS-GTSG)wx / (3KnxKn)
—(QH+H"Q-H"QH)r1 —(QH+H " Q—-H"QH)ny - —(QH+H ' Q—H ' QH)7rk
—(QH+H"Q-H"QH)m —(QH+H Q—-H QH)my -+ —(QH+H Q—H' QH)mk
—(QH+H"Q-H"QH)r, —(QH+H ' Q—H"QH)ny - —(QH+H' ' Q—H ' QH)7rx

0 0 0

H 0 0 0
2 == . . .

0 0 0
(QH+HTQ-H " QH)rmy (QH+H'Q—H'QH)ry - (QH+H'Q—H' QH)nx
(QH+H ' Q-H"QH)m1 (QH+H ' Q—-H'QH)ry - (QH+H'Q-H"QH)nx
(QH+H'Q-H'QH)my (QH+H'Q-H'QH)my - (QH+H'Q-H'QH)wx / (3KnxKn)

The above system is highly-augmented due to the coupling in discrete-type
heterogenous agents. In the following, we will use the Riccati equation theory
to discuss the well-posedness of system (18), which is shown as a coupled
backward-forward stochastic differential equation.

Proposition 1 Let (A1)-(A4) hold. Suppose the Riccati equation

b+ O(As +HB) + (A1 + BiH) D + O[HA; + (Az + HB)H + Ba| D + By =0,
®(T) =0,
(19)
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where
A+ A 0 (B 0 (f A
e (M5 (58) - () 2 (2)
C(Ax+ Ay O _ (By+By 0 _(H;+H, 0
“42( 0 A2>’BQ< 0 132)’%( 0 Hl)’

== (EflT ~E£;£1T _Eng 5; _Eé.;)T

admits a unique solution ®(-) over [0,T] such that I+PH is invertible, then the
well-posedness of (CC) system (17) (which is equivalent to (18)) is obtained.

Proof Taking the expectation of (18), we can get
dE[Y] = — [(Al + A)E[Y] + B.E[X] + f} dt

dE[X] = [ (A2 + A2)E[X] + (B; + Bo)E[Y] | dt, (20)
E[X](0) = (H: + H2)E[Y](0),  E[Y(T)= (B¢, Eéx) "

From (18) and (20), it follows that
d(Y - E[Y]) [Al (Y IE[Y}) + B, (X E[X ])} dt + Zdw,
) dt

( AQ(X E[X )HB?(Y E| ])} ’ (21)
X(0) - E[X](0) = Hy(Y(0) — E[Y](0)),
Y(T)-E[Y|(T) = (& —E&,--- & —Eé)"

_( ElY] _(  EX]
y_<Y—HW>’ X‘(X—Mm ‘
Then the well-posedness of the mean-field FBSDE (18) is equivalent to the
following FBSDE

Denote

4y = —[A1y+8126 + F]dt—kZdW,
X = [AQX + Bzy} dt, (22)
X(0) =HY(0),  W(T) ==,

Define
X(t) = X(t) — HY(t), t € [0,T).
X(0) = HY(0) implies X'(0) = 0. By (22) and

dX = dX — HdY,
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we have
4 = [(A2 Y HB)X + (HA1 + (Ag + HB)H + 52)y + HF} dt
— HZAW (1),
dy = — [(,41 FBH)Y + B X+ F] dt + ZdW (1),
X(0) =0, V(T =5,

(23)

which is a common fully-coupled FBSDE.
We assume that X and ) are related by

V() =o)X (t) + ¥ (b), tel0,T], a.s.

where @ : [0,T] — R2EnX6Kn jg 5 deterministic matrix-valued function and
W [0,T] x 2 — R?E" is an {F;};>0-adapted process. We are going to derive
the equation for &(-) and ¥(-). It follows from the initial value of X and Y
that

(T)=0, W(T)==.
Since £ € L% (£2;R?%™) and ¥(-) is required to be {F;}i>o-adapted, we
should assume that ¥(-) satisfies a BSDE:

{ d¥(t) = a(t)dt + b(t)dW (t), (24)

W(T) = =,

where a(-),b(-) € L%(0,T; R*(™) being undetermine. Applying It6’s formula,
we have

dY = $Xdt + PdX + adt + bdW (t)
= {6+ 0(As + HBY) + D[HA + (A + HB)H + Bo] @] X
+ O[HAL + (Ao + HB)H + Bo]W + OHF +afdt + (b— PHE)AW (1),
Comparing with the second equation in (23), we obtain that
&+ O(Az + HB1) + O[HAL + (A + HB)H + Bo] + (A + ByH)® + By | &
+ O[HAL + (A2 + HBL)H + Bo | + PHF +a+ (A1 +BiH)T+F =0

and
b—PdHZ = Z.

Since I + ®H is invertible, it follows that
Z=I+oH)'D.

Noting (19), we have

0=~ [@[HA + (As + HB)H + BoW + BHF + (A + BiH) T + F |
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Then the equation (24) has the following form

aw = —{ [ A1+ BiH + D(HA + (A2 + HB )M + By) |w

+ U + F Jdt + bdW (1), (25)

g

W(T) =

When (19) admits a solution @(-) such that I + ¢H is invertible, then BSDE
(25) admits a unique adapted solution (¥(-),b(:)). Then the equation of X

4% = { [ Az + HBy + (MAL + (Ao + HB)H + By)@|
+ (HAL + (Az + HBy)H + Bo)¥
+HF}dt—fH(1+¢H)*1de(t),

X(0) =0,

(26)

admits a unique solution X (-). Furthermore, the second equation in (23) (BS-
DE) admits a unique solution (Y(-), Z(:)). Then the well-posedness of X () is
obtained. The proof is complete.

In the rest of this section, we will give another thinking about the well-
posedness of (17), where we decouple (22) directly.

Proposition 2 Let (A1)-(A4) hold. Suppose the Riccati equation

{qé—chl — Asd— B — By = 0, (27

¢(0) =H,
admits a unique solution ¢(-) over [0,T], and I + P¢ is invertible, then the

well-posedness of (CC) system (17) (which is equivalent to (18) and (22)) is
obtained.

Proof Define
X(t) =o()Y(t) + (),  te[0,T].
X(0) = HY(0) implies ¢(0) = H, ¥(0) = 0. Applying It6’s formula, we have
dX = Y + ¢dY + dip
= (¢ — GAL — BVt — (pBrp + ¢F ) dt + dip + GZdW (t)
= (A20 + Bo) Ydt + Astpdt.

Comparing the coefficients, we obtain (27) and

{ dp = [(Az + ¢B1)Y + ¢F} dt — 9ZdW (1), (28)

»(0) = 0.
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Under the assumption, (27) admits a unique solution ¢(+) over [0, T']. Actually,
(25) is a SDE depending on ¢ and Z. By noting the first equation of (22), we
find Y and v are coupled together:

dyp = [(Ag + ¢B1) Y + d)F} dt — ¢ZdW (t),
4y = = | (A1 + Bio)Y + Bus + F |t + Zaw (1), (29)
P(0)=0, Y(T)==.

Here, in (29) there’s no couple structure in the initial or terminal value, which
seems similar to (23). Applying the same method as Proposition 1, we define

V() =P)y(t)+ Pt), tel0,T], a.s.

By It0’s formula and comparing the coefficients, we obtain

P+ P(As + ¢By) + (A1 + B1¢) P+ By =0, (30)
P(T) =0,
b = —[(Al +B1o) P+ Por +F] dt + gdW (1), .

P(T) = =,
and
Z=(1+P¢) 'q.
Actually we can derive the explicit solution of (30) (see Proposition 3). Then
we obtain that BSDE (31) admits a unique solution (P(-),q(-)). Then the
equation of

ap = [(As + 0B1)w + 6F |dt — 6T + Pg) " qdW (1),
$(0) =0,

admits a unique solution t(-). Furthermore, the second equation (BSDE) in
(29) admits a unique solution (Y(-), Z(+)). Then the well-posedness of X'(-) is
obtained.

Remark 7 For the fully-coupled FBSDE (22), from the initial value relation-
ship X(0) = HY(0), we conjecture that X has some representation of ), like
X() = o()Y() + ¢(-). However, 9 in (28) depends on Z, which cannot be
determined off-line. Actually, ¥ and ) are still coupled, where 1 enters in
the generator of ), while ¢ does not depends on ) explicitly. Until now, the
decouple process has not completed.

(32)

Remark 8 In both of two decoupling processes, we assume the Riccati equa-
tions (19) and (27) admit unique solutions and some invertible conditions
hold. In Proposition 1, we use Itd’s formula and compare the coefficients for
one time, but the coefficients of (19) seem to be complicated. In Proposition
2, the decoupling process is more complex, while the coefficients of (27) is
relatively simple. In the following, we will give some explicit representations
and numerical solutions of (19) and (27).
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Remark 9 (22) is a fully-coupled FBSDE, and the initial value of SDE X’ de-
pends on that of BSDE ), which has some difference as the common sense.
This type of FBSDE has attracted some attentions, see e.g., [22,23], etc. How-
ever, there’s essential difference between the coupled FBSDE in this paper and
those in the existing works. Note that Ay + HBy # (A1 + BiH) T, Ay # A,
which means @ and ¢ are both asymmetric. From the decoupling process, we
can see the reason why the Riccati equations are asymmetric is that Y and X
have different dimension, which is caused by the characteristics of the system
itself. To obtain the proof of Riccati equations of the solvability of (19) and
(27) is challenging. In the future, we may focus on this problem and try to get
some meaningful results on it.

First of all, we introduce a lemma as follows.

Lemma 1 (Ezistence and Uniqueness of Solutions, [1]) Let Iy € R be an
open interval with to € Iy, A € L*>®(Ip,C"*™), B € L*®(I,,C™*™), C €
L (Iy,C™™™) and D € C™*™. The differential Sylvester equation

X(t)=A)X(t)+ X(t)B(t)+ C(t), X(to) =D,

has the unique solution
T t T
X(t) = Ialt, to)D<HBT(t,t0)) + / a(t, 5)C(s) (HBT(t,5)> ds.
to

IT4(t,tg) and I g (t,ty) are the unique state-transition matrices with respect
to tg € Iy defined by

. 0
HA(tvtO) = &HA(tatO) = A(t)HA(t7t0)7
HA(t07t0) = In><n7
and
. 0 T
[T+ (t,t0) i= . e (t.0) = (B(D)) M (tt0),
HBT(t07tO) = Imxm.-

Similarly, we can also expand the existence and uniqueness of solution of the
Sylvester equation to the case that the terminal value is given.

Lemma 2 (Ezistence and Uniqueness of Solutions) Let T > 0, A € L>(0,T;C"*™),
B e L>®(0,T;Cm>™), C € L*(0,T;C"*™) and D € C"*™. The (backward)
differential Sylvester equation

X(t) = AW)X () + X(t)B(t)+C(t), X(T)=D, (33)

has the unique solution

X(t) = HA(t,T)D(HBT(t,T)>T - /t ' I4(t,5)C(5) (HBT(t,s))Tds. (34)
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ITA(t,T) and Hpv(t,T) are the unique state-transition matrices with respect
to T defined by

ot

ITA(t,T) = QHA(LT) = A(t)ITA(t,T),
HA(Ta T) = ]nxn;

and . 5 .

[+ (+.T) i= 5 M (1.T) = (B(t)) g+ (1,T),

Hp+(T,T) = Inxm-
The proof is trivial. Actually, it is not hard to verify that X (-) defined by (34)
satisfies the Sylvester equation (33).

Proposition 3 Let (A1)-(A4) hold. For any s € [0, T}, let ¥1(-, s) and ¥s(-, s)
be the solutions of the following ODFEs:

d ~
— U (t A () (t t T
St s) = R (tys), b€ [5,T], )
!pl(S, 8) = I,
and J
S Wy(t As(H)Ws(t tels,T),
dt 2( S) 2() 2( 78)7 [S ] (36)
Uy(s,s) =1,
respectively, where
A = <A2(~)+H61(-) HA1(-)+[Az(~)+H61(~)]H+Bz(~))
n —Bi() —A (OB ()H] ’
;& () — ( A (T—)+B1(T—)H By (T—) )
2V T\ —HAL(T =)+ A2 (T = YHAHBL (T =) HAB2 (T —)] —[Ax(T—=)+HB(T—)] ) *
Suppose
l(or)gpth 1 € L*(0, T; R2Knx6Km),
l(o I) Wy (T, t) 1 (0, T; ROKmx2Km),
Then Riccati equation (19) and (27) admit unique solutions @(-) and ¢(-),

which are given by the followmgs

@(t):_[(OI)wl(T,t)(?ﬂ (0])%(T,t)(é), teo,T), (37)

and

$(t) = H — [(0 ) W(T, T — 1) (?)]_1 (01)Wo(T, T —t) (é) (39
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respectively. The solution of (backward) Sylvester equation (30) is given as
follows:

T
P(t) = / oJ7 (A 4B em) )drg (o f7 (A2 +emBI)dr g (39
t

Proof We can refer to [38, Theorem 5.3] for (37). Define
It)=¢(T—t)—H, tel0,T].

¢(0) = H implies I'(T)) = 0. By I'(t) = —¢(T — t), we obtain

P (AT = 1)+ BT = 1) + (Ao(T — ) + HB\(T =) )T+ TBy(T — )T

+ HAU(T —t) + Ao (T — )H + HB(T — t)yH + Bo(T — t) = 0,
I(T) =0.
(40)
Then we have

—1
F(t):—l(OI)%(T,t)(?)] (0])%(T,t)<é>, te0,7]. (41)

Furthermore, we get (38). With the help of Lemma 2, we can also derive (39).

In the following, we further discuss the explicit solutions of Riccati equa-
tions. We give the following proposition.

Proposition 4 Let Al(~)7 A\Q() be constant-valued matrices and denote by
Ai(t)= A, Ay(t) = A. Suppose

det{(O I) et <?) } >0, det{(O I)edt (?) } S0, Viel[0,T] (42)

holds, then (37) and (38) admit unique solutions ®(-) and ¢(-), which have the
following representations:

@<t>:—[<omew-ﬂ (3’)]_1@1)&”-” (1), remm
(z)(t)_’;'-[[(0[)6“(?)]1(0[)6“(5), te[o, 7). (44)

Proof (43) is the direct corollary of [25]. Define I1(t) = ¢(T—t)—H, t € [0,T],
by [25] we easily have

which implies (44).
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In the rest of this section, we set some numerical values to verify the as-
sumption (42) and invertible conditions in Proposition 1 and 2. Based on it,
we obtain the numerical solutions of @, IT and ¢.

Ezample 1 Letn=m=d=1, K =1,
[A,B,C,R,Q,H,S,G:I = 5a37_57

and

1
= 5a27_2737 -3 ’

[t17t27t37t47t57t67t77t87t9] - [1a273747576a77879}7 T =10.

—274 02 0.2 0 0 0 =-3624 O
3.6 5 0 0 0 0 422 0
288 —0.248 0 0 0 320.2 0
.. 0 0 0 1.40.20.2 0 15.4 L.
Thus A is given as A = 0 0 0365 0 0 —158 |’ which is
0 0 0 0 0 48 0 0
1.8 0O 0 0 0 0 276 0
0 0 018 0 O 0 —14
an 8 x 8 matrix. Then we have
t t1 to t3 ty ts
det {(0 et (0 I)T} 488 x 105 | 3.32 x 10'3 | 2.19 x 1020 | 1.39 x 1027 | 8.47 x 1033
and
t te tr ts tg
det {(o et (0 I)T} 4.91 x 10%0 | 2.66 x 10*7 | 1.29 x 105* | 5.06 x 1050

From above tables, we can see that

det{(OI)eAt" (?)}:aa{(or)em(mf}>o, i=1,....0

Besides that, we can derive

Thus I + &(t;)H is invertible, i=1,....9.

Example 2 Let n=m=d=1, K =2,

1
[Al,AQ,B,C, 7Tl77r27R1aR27Q7H7 Sv G] = 17272a -3, §7

t t1 to t3 tq ts
det {1 +o(t)n} | 0.0202 | 0.0196 | 0.0194 [ 0.0193 | 0.0192
and
t te tr ts tg
det {1 + 45(t)”H} 0.0191 | 0.0190 | 0.0190 | 0.0189

2

-,1,2,1,1,2,3
37’7777 3
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and
[t17 t27 t37 t47 t5a tﬁa t7a tSa tg] = [15 27 37 4a 5a 6) 77 87 9}7 T =10.
Then we have
t t1 to t3 tq t5
det {(0 De?t(0 I)T} 4.25x 1072 | 0.56 x 1072 | 7.34 x 10~% | 9.64 x 105 | 1.27 x 10~5
and
t te t7 ts tg
det {(o et (0 I)T} 1.66 x 1076 | 217 x 10~7 | 3.96 x 10~8 | 8.74 x 107
From above tables, we can see that
At (0 At; T .
det{ (01)e ;) p=dety (0I)e(01) >0, i=1....9.

Furthermore, we obtain I7(t;) and ¢(t;), which are all 12 x 4 matrix, for ¢ =
1,...,9. Here we list I7(1), II(8) and ¢(1), $(8) as an example.

0.4674 1.1003 00
0.3063 2.3709 00
0.1186 1.5221 00
0.5199 3.6292 00
—0.9357 —0.9921 0 0
) = 0.(6)085 1.7(2)’)72 8 8
0 0 00

0 0 00

0 0 00

0 0 00

0 0 00
1.1707 0.4649 00
0.0215 2.6398 00
—0.7511 0.7143 00
0.4558 —1.1861 00
—0.2646 —0.2090 0 0
(1) = 0.3544 0.(1)780 8 8
0 0 00

0 0 00

0 0 00

0 0 00

0 0 00

0.5081 1.1239 00
0.3570 2.3024 00
0.2595 0.7019 00
0.4498 —0.152300
—0.5854 —0.9060 0 0
—0.6992 —0.8458 0 0

0 0 00
0 0 00
0 0 00
0 0 00
0 0 00
0 0 00

1.1737 0.4544 00
0.0225 2.6328 00
—0.7470 0.7066 00
—0.1508 —5.8453 0 0
—0.2607 —0.3452 0 0
0.4547 6.2165 00

0 0 00
0 0 00
0 0 00
0 0 00
0 0 00
0 0 00

It is worthy pointing out that since P(-) depends on ¢(+) in (30) (or (39)), the
numerical solution of P(-) is very complicated. Thus we just list the solution
of ¢(+) and do not verify the invertible condition in Proposition 2.
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5 Asymptotic e-optimality
Let w = (uy, - ,un) be the decentralized strategy given by

;(t) = —Ro,(t) "' BT (t)pi(t), i=1,--- ,N

b
where

K
dyi(t) =~ [Ao, (ui(t) = B Ro, (1) BT (0ps(t) + C(1) D miBae(1)
k=1

+ﬂﬂﬁ+ammm@,

K
dpi(t) = [A;—ipi + 5y — (SG+GTS ~GT8G) Y miEay,
k=1

K K
+ Z WkCT:clg + Z WkCTJEk} dt,
k=1 k=1

K
yi(T) =&, pi(0)=Q y:(0) = (QH+H'Q—H'QH) > _ ay(0).
k=1
Correspondingly, the realized decentralized state (71, -+ ,yn) satisfy

() = = A0, (D7) = BORG' BT Opi(t) + COTN (1) + ()| at

N
+EOAWi() + > Z()dW(L),
j=1,j#i
ui(T) =&, )
46
and g (1) = L N Gi(b).
5.1 Representation of social cost
Rewrite the large-population system (1) as follows:
dY = —(AY + Bu + f)dt + zdW, (47)
y(T) ==,
where
Ao+ ¥ &
" $ Antf - §
Y = 71A = ) . )
YN/ (Nnx1) % % AeN.+% o)
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Bo e f “1
B={... . =1 JU = : ,
' 7/ (Nnx1) un / (Nmx1)

00 - B/ (NnxNm)

1 Z1 R12 *t Rli v 21N

: A A - & Wy
zZ= i zi1 ziz ez ziN L= = ( : ) W = < : > .
: S év / (Nnx1) Wn / (Ndx1)

N ZN1 ZN2 0 ZNG 0 AN (NnxNn)

Similarly, the social cost takes the following form:

N 1 T
780 =3 55{ [ 1US@m(0 - 60s ™ 0) ) - G 1)

+ (R, (t)us(t), us(t))] dt + (Q(yi(0) — Hy"™(0)),4:(0) — Hy™ (0)>}

T
- K /O [(SY.Y) + (Ru, )] dt + (QV(0). ¥(0)).

b

(NnxNn)

(48)

where

S++(GTSG-SG-GTS) £(GTSG-SG-GTS) - A(GTSG-SG-GTS)
S +(GTSG-SG-GTS) S+%(GTSG-SG-GTS) -+  ~(GTSG-SG-GTS)

%(GTSG—.SG—GTS) %(GTSG—'SG—GTS) S+%(GTSG.—SG—GTS) (NnxNn)

Rg, 0 - 0

0 Rgy, -+ O
R = ,

0 0 - Roy (NmxNm)

Q+%(H'QH-QH-H'Q) #*(H QH-QH-H'Q) Y(H QH-QH-H" Q)
Q- F¥HTQH-QH-H'Q) Q+%(H QH-QH-H'Q) -+ #*(H QH-QH-H'Q)

L(HTQH-QH-HTQ) - Q+&(H QH-QH-HTQ)

L(HTQH-QH-HT Q)
Therefore, there exist a bounded self-adjoint linear operators My : U x
S Ufy — U x - - U, abounded operator My : L (0, T;RN™) x Ly, (RN™) —
L?(0,T;RY™) and some My € R depending on (f, =) such that

T8 w) = S (M) (),u()) + 2001, u()) + Mo
where
T
<M2(’U,)() :RU+BTF1, My :BTFQ, My :E/ <F2,f>dt+E<F2(T),E>,
’ (19)
with
dY, = —(AY; + Bu)dt + Z,dW,

dI'(s) = (SY, + AT I)ds,
Y(T) =0, I'(0) = QY4(0).
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and

dY9 = —(AYQ + f)dt + ZodW,
dl(s) = (SYo + AT I)ds,
Yo(T) =5,  I3(0) = QY5(0).

5.2 Agent A; perturbation

Let us consider the case that the agent A; uses an alternative strategy w; while
the other agents A;, j # i use the strategy u_;. The realized state with the
i-th agent’s perturbation is

N
diji = — {Agijl]i + Bu; + O™ 4+ f] dt + 2dWi(t) + Y zadWilt),
1=1,l3
N
djj; = — [Aejgj — BR,'B'p; + Cy™ + f} dt + ZdWi(t) + Y zdWi(t),
1=1,1#j
Ui(T) =&, 9;(T)=¢&, 1<j<N, j#i,

where §g(N) = % Zf;l 7;. For 5 =1,--- | N, denote the perturbation
duj =uj —uj, Oy; =9; —Y;, 0T; = Tj(ui, i) — T (i, ).

Similar as the computations in Section 3.1, we have

T K
57 =B / (57, 64:) — (SG + GTS — GT8G) Y mEon, o)
0

soc
=1

K K
S (m Ok, by) — > (i C T Eay, Sys) + (Ro, i, 5ui>}dt
k

k=1 =1
+(Qui(0), 6y:(0))

K 8
~{(QH+HTQ~ HTQH) " mEa(0),d4:(0)) } +>_ e,
=1

=1
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where
T K
€1 = E/ (GTS+8G—G"SG) (Y mEay — §™)), Noy ™)t
0 =1
K
e2=(H'Q+QH—H"QH)(D>_mEax(0) — 5 (0)), Noy™(0)),
=1
K T
€3 = ZE/ (SG+GTS—GTSG) Y mEay, yi* — Sy))d
k=1 7O
K T 1
=B [ 3 (Swm Ny - ),
k=1 70 TR jeT i
K K (51)
es=Y (QH+H'Q—H'QH)> mEa(0),y:"(0) — Sy (0)),
k=1 =1
€6 = Z N Z Qyj Nkéy]( ) — y;(0)>7
k
JELk,jF#1
=3 E [ (SmcTed -3 R T i
k=1 JEIZ,J7574
K 1 )
= ZE/ (1 C T By, — N Z ﬂkCijl,(Sdet
k=1 70 M eTi.i

First, we need some estimations. In the proofs, L will denote a constant
whose value may change from line to line.

Lemma 3 [13, Lemma 5.1] Let (A1)-(A4) hold. Then there exists a constant
L independent of N such that

ZE sup [Iaz()\ + P + 2@ + 13507 + sup B sup [gi(t)]?
1= O<t<T 1<i<N  0<t<T

+ZE/ |8i(t)|2dt < L.

Similar to Lemma 3, we have

sup E sup [g;(t)]> < L. (53)
1<i<N 0<t<T

where L is a constant independent of N.
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Lemma 4 Let (A1)-(A4) hold. Then there exists a constant L independent
of N such that

K
E sup ‘y(N) ZmEal(t) + Leé3,, (54)

0<t<T

h _ (N) |
where ex = SUp << i | .

Proof For 1 < k < K, denote the k-type agent state average by

N(k) = Z Yj» (55)

]GIk

thus
- 1 -
dg® = — [4,g™) - + 2 BE;BTp, + O + 7lat
k JE€Lk
1
+ ﬁk Z Zde Z Z Z]ldWl
J€Ly jEIk l=1,l#j
M) = Y 6
]GIk
Note that

K
dEay, = — [AkIEak ~E(BR;'BTp) + CY_ mEay + f} dt, Eoy(T) = Eéy,
=1

we have
d(g<k> —Eak) - [Ak( Eak>
- Nik > (BR,;lBij —]E(BR,ngTpk)) ( g — ZmEazﬂ
JETk
T Nik Z Z;dW;(t +7 Z Z ZjdW(t)
JETy, k eT, 1=1.1#5
(?j(k) — Eak) Z EJ
JGIk
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By Cauchy-Schwartz inequality, Burkholder-Davis-Gundy inequality and the
estimates of BSDE, we have

2 T
E sup [7 - Bay, +E/ (N2 Z|zj| 5 = Z 2] ) ds
t

t<s<T k jeT, 1=1,1#j

1 2 " 2 " 2
sl S meof w12 [ [ -l 4[5 -3
J€Tk t =1

2
+LIE/ ‘Nk (BR:'BTp; ~E(BR;'B"py) )| ds.
JETLy

By (A2), for 1 <k < K, {¢;,j € Iy} are independent identically distributed.
Note that p;(-) € F}, thus {p;, j € I} are independent identically distributed.
Then we have

1 2 1 2 L
EEZ(Q—E&@)} ZmElfj—E§k| Sm
JELy
and
T —1pT —1pT 2
Ef |5 X (BRB w ~E(BR'B py) )| ds
t k JELy
'e [ |BR-'BTp, —E(BR-'BT ‘Qd L
=— . P — o s < —.
Nk [ ‘ k b ( k pk) Nk
Therefore,

2
E sup ’ﬂ(k) —Eak‘
t<s<T
T 2 T K 2 L
gLE/ ‘;7“6) —Eak‘ ds+LE/ ’;7““ —ZmEal’ ds + —-.
t t =1 N

By Gronwall inequality, we have

2 2 L
E sup "g](k) —Eak‘ < LE/ ‘~(N) ZmEal‘ ds + N
1=1

t<s<T

Since

K
— Z?TZ]E(X[
K

K
Z (N)y(l — mEa) ZWZ(N)@u) —Eaqp) +
=1

=1

(’R’l - WZ)EOZZ,

M=

Il
-
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we have
’ 2

t<s<T

K
E sup ’ﬂ(N) —ZmEal
1=1

K
2
ng E sup ‘ﬂ(l)—]qu’ + Leyy
= t<s<T

T ) K 9 [
<LE ‘ N—ETFE ‘d+—+L2.
/t Y =1 TN N
Therefore, the result follows from Gronwall inequality.

Lemma 5 Let (A1)-(A4) hold. Then there exists a constant L independent
of N such that

sup
1< <N, j#i

T T N )
E sup |(5yj(t)\2+E/ |6zj(t)’2dt+E/ 3 lézljg(t){zdtl
0 0

0<t=T ——y

L T,
Sﬁ(lJrE.O |0u;|“ds).

Proof Recall that

N
ddy; = — | Ag,0y; + Bou; + ca;ﬂm}dt + 0z dWi(t) + > SzadWi(t),
I=1,l%i

for j # i,
N
doy; = — [Aaj Sy, + 05y<N>]dt + oz dWy(t) + Y bzudWi(t),
I=1,1#j
5yj (T) = 07

and for k=1,--- | K,

Aoy = — [Akéy(k) + (N —I({i € I,c}))cay(N)}dt + Y 6z dWi(t)
JE€Lk,jF#i

N
+ Z Z (5ZjldWl (t),

JELk,g#i l=1,1#]

oY) (T) =
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Therefore,

T ) T N )
E sup |6yi|2+IE/ |6zl| ds—l—E/ Z ’52’1‘1‘ ds
t t

t<s<T I=1,1

T T T
< L(1+]E/ |5ui|2ds)+LE/ \5yi|2ds+LE/ 16y M))2ds,
0 t t

and
T ) T N )
E sup |5yj|2—|—E/ |62 ds—HE/ Z |62;u|"ds
t<s<T t t 1=1,1%)
T T
< L]E/ |5yj\2ds+L]E/ 15y 2ds,
t t
and

T N
Sl eE [ Y > fasfds
JETk j#i b jeTh i l=11#]
T T
<LE / 0y (x)|*ds + LN?E / |6y ™)) 2ds.
t t

T
E sup \5y(k)|2 +]E/
t<s<T ¢

Note that

1 1 &
Sy = oy + =D 6
y N +Nl:1 Yo

we have

) T ) T N )
E OY; E 0z;| ds+E 0z d
sz [(paen | 8

r 2 . 2 L = r 2
<LO+E [ lbufds) + 12 | foulas+ 55 SO [ o s
=1

and

T T N
E sup \6y(k)|2+IE/ Z ‘5zj’2ds+E/ Z Z ‘6zjl’2ds
t<s<T t t

JELk,j#1 JE€Ly,jFil=1,l#j]

T T K T
gLE/ |5y(k)\2ds+L]E/ |5yi\2ds+LZ]E/ 0y [*ds.
0 t =1 t

Therefore, it follows from Gronwall inequality that

K T
E sup |oy;|* + ZE sup |dyy|? < L(1+ ]E/ |6u;|?ds).
t<s<T o 1<s<T 0
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Thus,
L T
E sup |y < —2(1+E/ |6u;)?ds).
t<s<T N 0

By Gronwall inequality again, we have

sup lIE sup \6y]|2+IE/ |62 d8+IE/ Z ‘6zﬂ| ds

1<j<N,j#i t<s< 1=1,1#j

<L 1+E/T6 [2ds)
N ; u;|°ds).

Remark 10 Note that in (56), the upper bound depends on E fol |6u;|*ds. How-
ever, when studying the asymptotic optimality, we only need to consider the
perturbations satisfying (?7?). Hence, in Section 5 when applying Lemma 5,
similar estimation still holds while the upper bound is % and L is general
constant.

Lemma 6 Let (A1)-(A4) hold. Then there exist constants L independent of
N such that

L
E E sup |y (t) — Sy (t)]> < Nz + Ley, (57)
0<t<T

andfoerIk,lgkgK,

" L
E sup [Nyoy;(t) —y; t)]? < N2 + Leé3;. (58)
0<t<T

Proof First,

d(yr* = dymy) = — [Ak(yk — 0y + C(Wk L (Jif k})>5yi
. K
N —1({i € I
+C7Tkz —5y 0 +C<7Tk i (]E[ k}))25y(l):|dt
N
Y iAW) = Y dmdWit) — Y Z 5z dWi(t)
=1 JELy,jF1 JELL,jFAil=1,l#7
(" — 0y())(0) = 0,

and for j € 7y,

d(y; — Nidy;) = [Ak( — Nidy;) + C(my — 7r )5yl

K
+C 7Tk—7Tk Zy +C’7rk Z —5y(l}

=1

N
+ (25 = Nplzj)dW,(t) + > (25 — Nebzp)dWi(t),
1=1,1#5

(yj — Nidy;)(T) = 0.
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Therefore, it follows from Burkholder-Davis-Gundy inequality that

E sup |yi* — Sy [?
t<s<T

2 2 L 2
<LE ) ds+LE E/ =6 ds + — + Ley.
> /t |yk y(k)| L \ |yl y(l)| N2 N

Thus,

2 2 L 2
E su ) <L E/ ) + —= + Lex.
; t<s£’ |yl y(l)| > ZE - . Y | NQ N

It then follows from Gronwall inequality that
ZE sup_ [y (1) — by (B2 < o5 + Lk
0<t<T N

Similarly, we have (58).

Lemma 7 Let (A1)-(A4) hold. Then there exist constants L independent of
N such that

K
L
> E sup_[Ey — 7M@) < 5 + Lek, (59)
0<t< N
k=1
ZE sup |I['Eank—i Z ()P < L + Léa (60)
0<t<T N, = N2 "

JE€Tk,jF#i
where Yy, i a representatwe agent of type k with the state defined in (46) and
7*) is defined in (55)

k k) ._ 1
Proof Let y*®) = Nk Zjézk Yjs p™ = N, Zjelk pj

K
d(Ey, —y®) = — [Ak(IEyk, —y®) = BR,'BT(Ep, —p*) + C Y miEayI{i € T} + fI{i € Ik}} dt
k=1
1
w2 v
JELk,jF#1
Ey,(T) =y (T) =B — — > &,
JEIW#
(61)
K
d(Ep, —p™) = [Ak(Ep —p®) + S(Ey, —y™) + ( —(SG+GTS—GTSG) Y mEay
k=1

K K
=+ Zﬂ'kCTI’S + Zﬂ'kc—rflﬁ;)l{i € Ik}:| dt
k=1

k=1

K
Ep,.(0) — p*(0) = QT (Ey, (0) —y™(0)) — (QH + H'Q — HT QH) Z a(0)I{i € Ip.},
)
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7Nik ST zaw, - N 3 Z ZdWi,

JELk,jF#1 GIk A I=1,1#£1
Eg(T) —§ (1) =Em — > &
JGIA JJFi

(63)

7Nik ST zaw, - N 3 Z ZudWi,

JELy,j#1 jGIk A =114
Ey"N(T) — g (T) =BEme — — > &,
JEIk JF
(64)
Note that

g(N)i y Jrz:7r(1\f)~(k

and .
BEn- Y &) =0
JELk,j#i

By the standard estimations of BSDE and SDE, we have (59). By (59), (12)
and the standard estimations of SDE, we have (60).

5.3 Asymptotic optimality

In order to prove asymptotic optimality, it suffices to consider the perturba-
tions u; € Uf such that js(éz)(ul, cyuy) < js(é\c,)(ﬂl, <o, up). Tt is easy to
check that

T, -+ ,tin) < LN,

where L is a constant independent of N. Therefore, in the following we only
consider the perturbations u; € U satisfying

N T
ZIE/ |u;|?dt < LN.
i=1 “0

Let du; = u;—1u;, and consider a perturbation u = a+(duy, - -, dun) := utou.
Therefore, recalling Lemma 5, there exists a constant L independent of N such
that

sup E bup |6y (1)) —HE/ |62;(t)| df—I—IE/ Z |62,(t)| df] < N

1<GSNG#i | 0<t< I=Ti%

d(Eﬂ(k) _ g(k’)) - _ {Ak(Eﬂ(k) _ g(k')> _ BRleT(Ep(k) _p(k)) + C(Eﬂ(N) _

L

d(Ey, —§™) = - [Akaaﬂk —§®) ~ BR;' BT (Epy, — p™) + CEFN — )] at

g(N))} dt
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Furthermore, by Section 5.1, we have
2T (@ + du)
=(Mo (0 + Su),u + du) + 2(My, % + Su) + My
=(Msuw, u) + (Madu, du) + 2(Mau, ou) + 2{M;,u) + 2(M;, du) + My
=27 M(@) + (Madu, du) + 2( My, du) + 2(M;, du) (65)

=270 (@) + 2<M2u 4 My, 0u) + (Madu, 6u)

soc

=27 (@ —|—22 Mau + My, du;) + (Madu, du),

soc
=1

where (Msw + My, -) is the Fréchet differential of ._73(5\0]) with w.

Theorem 2 Let (A1)-(A4) hold. Then w = (U1, - ,un) is a (\/% + GN)-
optimal strategy for the agents.

Proof Tt follows from Cauchy-Schwarz inequality that

T8 (@ + du) — T ()

N N
_ 1 N
> — J > My + My |2 [dus|? + 5 (Madu, 6u) > —|Maii + M| O(N).

i=1 i=1
Therefore, in order to prove asymptotic optimality, we only need to show that
|M2’I’I + Ml‘ = 0(1)
From Section 5.2, we have

(Mﬂ + Ml, 6u1>

~

T K
=1E{ / [<Sz7i, yi) — (SG+GTS = GTSG) > mEou,dy;) — Y (meCT ¥, by5)
0

=1 k=1

K
= > (mkC T B, y:) + (Ro i, 6us) | dt + (Q3:(0), 83:i(0))

k=1

K
~(QH + HTQ~ HTQH)Y_ mEay(0),3%:(0)) } + Zel,

1=1
It follows from the optimality of u that
K

T K
]E{/ (5760 — (5 + CTS — GT5G) Y miBou, o) — 3 (meC T 6}
0

=1 k=1

Mw

(i, C T Eay, 6y;) + <Reﬂn5ui>}dt+<Q?7z(0)a5yi(0)>

x>
Il

1

K
—(QH +HTQ— HTQH) Y mEay(0).6y,(0)) } = 0.

=1
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Moreover, by Lemma 4-7, we have

8 B L .
;EI—O(\/N—F N).

Therefore,

|Mow + M| = O(\/% +6N).

6 Conclusion

In this paper, we mainly study a class of stochastic LQG dynamic optimization
problems involving a large number of weakly-coupled heterogeneous agents.
Different to the well-studied mean-field-game, these agents formalize a team
with cooperation to minimize a social cost functional, while the state is driven
by BSDE. With the help of a backward version of person-by-person optimal-
ity, we formulate an auxiliary control problem and derive the decentralized
social strategy based on the consistency condition (CC) system. Applying the
Riccati decoupling equation method, we develop two Riccati equations and a
(backward) Sylvester equation to decouple this mean-field-type FBSDE. The
explicit solutions and numerical solutions of Riccati equations are also inves-
tigated. Finally, we verify the related asymptotic social optimality.
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