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Abstract. This paper examines mean field linear-quadratic-Gaussian social optimum control
with volatility-uncertain common noise. The diffusion terms in the dynamics of agents contain an
unknown volatility process driven by a common noise. We apply a robust optimization approach
in which all agents view volatility uncertainty as an adversarial player. Based on the principle of
person-by-person optimality and a two-step duality technique for stochastic variational analysis, we
construct an auxiliary optimal control problem for a representative agent. Through solving this
problem combined with a consistent mean field approximation, we design a set of decentralized
strategies, which are further shown to be asymptotically social optimal by perturbation analysis.
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1. Introduction.

1.1. Large population system and mean field game. The large popula-
tion (LP) systems have found wide applications across a broad spectrum, including
economics, biology, engineering, and social science [9, 14, 20, 55]. The most salient
feature of the LP system is the interactive weakly coupling structure across a large
number of agents: each individual influence on the entire system is negligible, but their
overall population impact is substantial and cannot be ignored. Recently, dynamic
decisions of an LP system have become more important with the recent rapid growth
of practical decision systems exhibiting large-scaled interactions. Subsequently, the
mean field game (MFGQG) has drawn intensive research attention because it provides an
effective theoretical scheme to analyze asymptotic behavior of controlled LP systems
with competitive agents. In particular, it results in an MFG strategy which enables
us to take advantage of mean field interaction to transform the analysis of the (high-
dimensional) LP game to an optimization problem for one single representative agent
(low-dimensional) with response to aggregation effects of other individuals.

Let us recall that MFG theory was initiated by the parallel works of Lasry and
Lions [34] and Huang, Caines, and Malhamé [28] with a general aim to analyze the
weakly coupled interactions of an LP system of rational agents with conflicting ob-
jectives. Specifically, [28] designed an e-Nash equilibrium for a decentralized strategy
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with discount costs based on a Nash certainty equivalence (NCE) approach. NCE is
also called the consistency condition (CC). Independently, [34] introduced a model of
MFGs and studied the well-posedness of a limiting coupled partial differential equa-
tion systems, which was inspired by the McKean—Vlasov (MV) equation from physical
particle systems. To date, MFGs have been extensively discussed and a quite rich lit-
erature has been accumulated centering it. Thus, instead of a comprehensive review,
we are inclined to give a compact review of MFG works more relevant to the present
work, along with the following classifications toward a clear comparison.

1.2. A compact literature review of MFG. First, depending on the state
and cost setup, MFG studies can be classified into linear-quadratic-Gaussian (LQG)
or more general nonlinear MV types. The LQG type presents its weak coupling
through the so-called state average and is commonly adopted in MFG because of its
analytical tractability and good modeling approximation to various nonlinearity. In
this regard, the approximate Nash equilibrium of MFG can be represented, in its
closed-loop sense, through a Riccati equation with a forcing-term equation to identify
the limiting state average. Some relevant LQG MFG works include [28, 35, 6, 50,
10, 39] and references therein; our present work, to be specified soon, is also based
on such an LQG setup. On the other hand, a nonlinear MV type of MFG formalizes
weak coupling through so-called empirical distribution and is also of great importance
because of its modeling generality. In this regard, the approximate Nash equilibrium
can be resolved by coupling a (backward) Hamilton—Jacobi-Bellman equation with
a (forward) Kolmogorov equation intended to identify the marginal distributions of
optimal state. A large body of work is also devoted to this type; see [30, 16, 34, 33].

Second, depending on decision diversity and hierarchy, MFG can be classified as
a homogeneous, heterogeneous, or mixed game. In a homogeneous game, all agents
are symmetric (exchangeable) [33, 19] and minor peers. By symmetric, we mean all
agents are endowed with identical coefficients not depending upon agent index and
hence are statistically identical in decision behaviors; by minor peers, we mean a given
single agent has no global influence on the population. In a heterogeneous game, all
agents remain minor but may exhibit diversity in coefficient datum; thus, they are no
longer symmetric in decision, and as a consequence, the resulting equilibrium should
be parameterized by diversity cardinality (discrete or continuum). A mixed game is
more distinctive especially in its decision hierarchical structure, rather than merely
in system datum: it involves some major agents by imposing a dominant influence
upon all minor agents, thus having some global effects which do not diminish even
when the population size tends to infinity. This dominance may be modeled by the
appearance of major states in dynamics or costs of all agents, with order O(1) as
agent number N tends to infinity. A mixed game is a realistic setup for modeling
a monopoly in economic dynamics. Hence, it has attracted considerable attention.
For instance, [27, 11] investigated LQG mixed MFGs with a major agent and various
symmetric minor agents and provided e-Nash equilibrium strategies. Wang and Zhang
[51] studied a mixed game in a discrete-time case. Buckdahn, Li, and Peng [13]
discussed a nonlinear mixed game using the probabilistic approach.

Third, a related but distinct concept to the mixed game is the MFG with common
noise where common noise can be interpreted as some passive effect from an uncon-
trolled major player [26]. Such modeling can accommodate considerable situations by
noting that common noise might represent an external factor affecting simultancously
all the agents participating in a game. This is well framed in reality, for instance, the
physical environment for all particles or a financial policy for all market participants.
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Consequently, mixed games with common noise are well motivated by a variety of
applications in finance and economics, especially by the study of system risk [17, 22].
As a trade-off, the introduction of common noise also affixes more technical difficulties
in its analysis. In particular, the limiting state average in the LQG type, or limiting
empirical measure in the nonlinear type, becomes a random process driven by the tail
filtration of all agents. Thus, the associated analysis ingredient becomes more com-
plicated. Some relevant works include [17, 1, 21], [42], and in principle, MFG with
common noise can be analyzed using the pure probabilistic approach with stochastic
maximum principle and dynamic programming.

Last, existing MFG studies are tremendously rich and the current review only
serves as a brief survey. For more comprehensive details, interested readers may
refer to [15] for a useful overview of MFG. For an introduction to both theory and
applications of MFG, see especially the Paris-Princeton Lectures [22] and the surveys
[20], [14]. We also draw attention to the recent monographs concerning MFG, such
as [9, 18].

1.3. Social optimum control by mean field analysis. Apart from nonco-
operative MFG, social optimum control by mean field analysis has also drawn in-
creasing attention recently. The social optimum problem refers to an LP system in
which all players cooperate to optimize some common social cost—the sum of indi-
vidual costs. Social optima are linked to a type of team decision [23] but with highly
complex interactions. All agents in a team decision access different information sets,
thus social optima are decentralized and differ from classical vector optimization with
a centralized designer. When player number N — +oo, some mean field team-
optimization problem is inspired to study the asymptotic behavior of an LP system
with two approaches along this line: the direct method [34, 31] and a fixed-point
method. We list a few relevant works for the second one. The work [29] considered
social optima in mean field LQG control and provided an asymptotic team-optimal
solution. Wang and Zhang [52] investigated a mean field social optimal problem in
which a Markov jump parameter appears as a common source of randomness for all
agents. The study of [32] designed socially optimal strategies by analyzing forward-
backward stochastic differential equations (FBSDEs). For further literature, see [2]
for team-optimal control with finite population and partial information, [44] for dy-
namic collective choice by finding a social optimum, [45, 46] for stochastic dynamic
teams and their mean field limit, [41] for social optima in economic models subject
to idiosyncratic shocks, and [47] for reinforcement learning algorithms for mean field
teams.

1.4. Volatility uncertainty with common noise. Motivated by the afore-
mentioned studies, the present study explores a class of robust cooperative mean field
social optimum problems. Specifically, we focus on team optimization in an LQG
setup with symmetric minor agents, driven by common noise but with uncertainty in
its volatility term. More details of the motivation behind our problem are presented
as follows.

In [25], the authors investigate mean field models with a global uncertainty term,
which means that all players share a common unknown deterministic disturbance.
They adopted the “soft constraint” approach [7] by removing the bound of disturbance
while the effort is simultaneously penalized in cost function. The studies [8, 39)
consider the case where each agent is paired with its local disturbance, and provide
an e-Nash equilibrium by tackling a Hamilton—Jacobi-Isaacs equation combined with
fixed-point analysis. Another study relevant to our work is in [53], [54], which present
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robust analysis of mean-field social control with uncertain drift only. Because of the
absence of volatility uncertainty therein, a closed-loop strategy with a consistency
condition is still admissible in terms of a standard Riccati equation. In addition,
asymptotic social optimality could still be verified in [53] directly based on a stationary
condition of the strategy specified by Riccati equations obtained.

Unlike [53], [54], this paper is devoted to volatility uncertainty of social optimum
control in a mean field LQG setup with common noise. Notice that various studies of
mathematical finance (e.g., pricing and hedging [4, 40]) have remarkably focused on
markets with uncertain volatility. In [12], uncertain volatility models are introduced
to evaluate a scenario where the volatility coefficient of the pricing model cannot be
determined exactly. Therefore, a practical motivation here is that, in many decision
problems, a large number of coupled decision markers share a common noise but
with uncertain volatility on it. For instance, volatility of trading prices in a financial
market is often unknown and the implied volatility has thus been inspired and well
studied. Subsequently, when some cooperative investors concern their team optima,
it becomes necessary to study the social optimization with volatility uncertainty.
Another example is system risk minimization in an interbanking system: all branches
(of team formation) are subject to some uncertainty in common system noise, thus
robust volatility analysis arises when seeking optima in joint operations. So, it is
worthwhile to study the cooperative mean field model with volatility uncertainty
[12, 37]. Moreover, for linear dynamics (e.g., wealth process in the Merton model),
their volatilities are often inexact by allowing some modeling errors; thus, when some
quadratic hedging is considered, the LQG setup is suggested and we adopt it here.

1.5. The analysis outline and comparison. Now, we outline our analysis
components to be applied, along with the necessary literature comparison to other
works. Recently, there have arisen various works (see, e.g., [3, 45, 46]) for mean field
teams discussing the decentralized control and related asymptotic team optimality
in the context of LP exchangeable agents. No uncertainty is formulated in their
modelings and thus their analysis can be conducted in a positive definite setting. As
a comparison, our setting here is mainly indefinite because of the uncertainty and soft-
constraint introduced. Such indefiniteness brings difficulty when analyzing the related
convexity that is crucial for the solvability of our problem. The works [8, 39, 5] consider
some min-max problems in MFG or team settings to address the possible robustness.
In these works, each agent is paired with a local drift uncertainty, and the e-Nash/team
decisions can be designed by solving the saddle-point conditions in an auxiliary robust
control problem. In contrast, our present work differs essentially from them because
our mean field social optimization is imposed with global uncertain volatility through
the common noise. To handle the global influence of volatility uncertainty, we first
solve a high-dimensional indefinite state-weights optimal control problem with respect
to volatility uncertainty, and then construct an auxiliary control problem via a two-
step duality procedure. Notably, even when the control for uncertainty is centralized,
we can still reach a set of decentralized strategies for all agents. The consistency
system is obtained through embedding representation of a nonstandard mean field
type FBSDE. The above analysis techniques on volatility differ substantially from
those of [8, 39, 5], where uncertainty is only imposed on the drift term.

In addition, at first glance, this present work seems somewhat similar to our
previous works [53], [54], and [25]. However, various subtle and essential differences
exist between them, in both setup and analysis. We highlight some key differences
below for a more clear comparison.
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(i) Our present study examines the uncertainty of team optimization; thus, a
variational analysis should be conducted to test the response of related componentwise
Fréchet differentials for a given agent. Such an analysis is not required in [25] when
studying the uncertainty of MFGs when all agents are competitive.

(ii) In team optimization, a key step is to verify (uniform) convexity of the social
cost functional, which is high-dimensional. For team optimization (e.g., [29]) with
standard assumption (SA), such convexity follows directly because the SA weights
are all positive (nonnegative) definite. However, it becomes more challenging in the
present study because some weights are intrinsically indefinite due to the soft con-
straint and min-max setup here. Even though negative weight is also addressed in
[25], (uniform) convexity therein is more tractable: only low-dimensional optimization
needs to be treated in a competitive game context. More precisely, in [25], we need
only to consider perturbation for a given single agent to verify the approximate Nash
equilibrium by fixing other agents’ strategies. However, the present study must con-
sider team perturbation for all agents instead of a single one only; thus, the convexity
involved is high-dimensional and indefinite, which becomes more technical to check.

(iii) Uncertainty (disturbance) in [25] is postulated to be deterministic on the
drift term only. Thus, the related CC system by the fixed-point argument reduces
to a forward-backward ordinary differential equation (FBODE), for which the well-
posdness is more tractable. For instance, the compatibility method in [38] still works
in [25] for such an FBODE but fails here to the more complicated FBSDE of the
consistency condition due to volatility uncertainty.

(iv) Unlike [53], [54] for team optimization with drift uncertainty only, volatility
uncertainty imposed here brings more technical difficulties. For example, more subtle
estimates for a fully coupled consistency FBSDE system, especially for its (backward)
adjoint solution in a common noise component, should be invoked. Instead of the
Riccati equation approach, we mainly adopt the FBSDE analysis for the solvability
of the related optimization problems. Moreover, for the auxiliary problem construc-
tion for social optimality, the related variational analysis becomes rather involved
(see section 5). Furthermore, it differs fairly from that of [53], [54] mainly because of
common noise and volatility uncertainty. More crucially, a two-step duality procedure
(see section 4.2) should be applied and a new type of auxiliary problem is construc-
ted, whereas in [53], [54], only single-step duality is required. In addition, different
from [53], [54], the consistency system here requires a new embedding representation
type. For the related asymptotic social optimality, the verification in [53], [54] can
still proceed via standard Riccati decoupling and relevant estimation. Nevertheless,
the verification of asymptotic team optimization in the current work becomes more
complicated. In particular, Riccati decoupling is not well workable here, thus we
adopt some Fréchet derivative and quadratic functional representation methods (see
section 7.1).

To conclude, the main contributions of this paper can be summarized as follows:

(1) The volatility uncertainty of team optimization on common noise is introduced
and formulated in a soft-constraint setting. Two sequential optimization problems are
also formulated.

(2) An auxiliary control problem is constructed via a two-step duality procedure,
and the consistency system is obtained through embedding representation of a non-
standard mean field type FBSDE. The related uniform convexity (concavity) is also
established in the high-dimensional case.

(3) We obtain global solvability of related FBSDEs in some nontrivial and non-
standard case.
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(4) The decentralized optimal team strategy is derived in an open-loop sense, and
its asymptotic social optimality is verified in a robust social sense.

The rest of this paper is organized as follows. Section 2 formulates the volatility
uncertainty with soft constraint; section 3 discusses the control problem with volatility
uncertainty; section 4 investigates team optimization in person-by-person optimality;
based on this, section 5 designs the decentralized strategies through a CC system;
section 6 analyzes the well-posedness of FBSDESs, which arises from the consistency
system; section 7 presents asymptotic robust social optimality of the decentralized
strategy; and section 8 concludes the paper.

2. Problem formulation. We denote by R* the k-dimensional Euclidean space,
R"*F the set of all n x k matrices, and ® the Kronecker product. We use | - | to
denote the norm of a Euclidean space, or the Frobenius norm of matrices. For a
vector or matrix M, M7 denotes its transpose; for two vectors z,y, (z,y) = 2Ty.
For symmetric matrix @ and a vector z, |z\2Q = 27Qz, and @ > 0 (Q > 0) means
that @ is positive (nonnegative) definite. Consider a finite time horizon [0,7] for
T > 0; for a given filtration G £ {G; }o<i<T, denote L2 (0, T;R?) (L4 (; C([0, T]; R?)))
the space of all Rfvalued Gi-progressively measurable (continuous) processes s(-)
satisfying [|s[|3, := Ef0T|s(t)|2dt < o0 (|[s]2ax = Esupge,<r|s(t)]* < o0). For

max
convenience of presentation, we may use ¢ (or ¢g, ¢a,...) to denote a generic constant
which does not depend on the population size N of the LP system and may vary from
place to place.

Let (2, F,F,P) be a complete filtered probability space on which a sequence of
independent one-dimensional Brownian motions {W;(t),i = 0,1,..., N} are defined,
where F = {F;}o<i<r is the natural filtration of {W;(¢t),i = 0,1,..., N} augmented
by all the P-null sets in F. Consider a linear stochastic LP system with N agents (or
particles), in which the ith agent A; evolves by

dl‘i (t) = [All (t) + Bu,', (t) + f(t)]dt + [D’Ll,l(t) + a(t)]dWZ (t)
(2.1) +[CUCL‘Z(t) + Doui(t) + Uo(t)]dWO(t), xl(O) =x9, ¢=1,...,N,

where z;(-) and w;(+) are state and input of agent A;, valued in R™ and R", respectively,
and zg € R™ is a constant vector; coefficients A, B, D, Cy, Dy are constant matrices
of suitable sizes; W;(+) is a Brownian motion representing the idiosyncratic noise
for agent A;; and Wy(-) is a Brownian motion representing a common noise shared
by all agents (a similar setup can be found in [14, 26]). For ¢ = 0,1,..., N, let
F' = {F}}o<t<r be the natural filtration of W;(-) augmented by all the P-null sets.
Then, F = {F; }o<i<r = {o(U~y F/)}o<i<r is called the centralized information. oo
is unknown volatility but note that it might not be only F* = {F}o<;<r-adapted
with 7O the information generated by common noise Wy(-).

Remark 2.1. The individual diffusion part of (2.1) driven by W; does not include a
term like Cz; as in standard LQ control literature, mainly due to two concerns. First,
introduction of Cz; will bring considerable technical difference in relevant analysis
and we plan to address it in future work; second, the current setup is still rather
general, especially including risky investments as its special case (i.e., 0 = 0). For
simplicity, we assume that all the agents have the same initial state. It is not hard
to extend our results to the case that initial states of agents are independent and
identically distributed random variables.

When D, Dy # 0, the control process enters diffusion terms (driven by W;(-),
Wo(+)) of (2.1), and in this case (2.1) is said to be diffusion-controlled. The study of
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diffusion-controlled systems has attracted extensive attention, mainly because of their
modeling power and application potential in operational research and mathematical
finance, etc. The readers may refer to [58, 9, 48] for relevant studies of LQ diffusion-
controlled systems and related applications in mean-variance and portfolio selection
problems. By comparison, the drift-controlled (i.e., D = Dy = 0, B # 0) system is
more classical in the LQ literature and has been broadly adopted in most MFG or
team studies (e.g., [28, 29, 50]). Besides modeling, the diffusion-controlled system also
differs from the drift-controlled one in relevant analysis, for example, in the study of
related Riccati equations and Hamiltonian systems.
Given state dynamics (2.1), the cost functional of A; is given by

T
700 = 5E [ {Jau(0) = 1a00) — n0)f + )

2
1
(2.2) +5Elzi(T) - Loz™(T) = nolZ,
where z(N) = + Zj\;l x; is the weakly coupled state average, and u = {uq,...,un} €
RN is the team strategy. The admissible strategy set of A; is in the distributed sense:

ur = {ui(~) € L2.(0,T;R") :

H' = {H; o<i<r, Hi = o{F) UF; Uo(zi(s),0 < s < t)}}.

Here, {#:} denotes the decentralized (or distributed) information for the individual
agent A;. Note that x; is not {F}}-adapted because of the state average coupling x(");
thus, the inclusions of o(z;(s)) and F; are both necessary in the above formulation.
For comparison, the centralized strategy set is

ur = {ui() € L3O, T;R") }.

Denote the social cost under volatility with soft constraint by

N

T
19900 =3 (00 - 32 [ i

=1

with Ry being the attenuation parameter of soft constraint (see [7]). The main goal
of the current paper is to seek a set of distributed strategies to minimize the social
cost under soft constraint for system (2.1)—(2.2), i.e.,

(P) minimizeuieustv;‘é(u) with Js‘z’)‘(’:(u)é sug T8 (u, 09)
ogoEUR

over {u = (u1,...,Uj,...,un),u; €U, i=1,...,N}, where J¥(u) is the social cost
under the worst-case volatility.

To simplify the analysis, we introduce the following hypothesis.

(H1) The state and cost functional coefficients satisfy

A,Cy, T, Tg € R™*™, B,D, Dy € R™*",
Q207R>OaRO>O)GZC’7 f,O',Jo,’f],T/OEL%(O,T,R“).

Under (H1), by [58], for any g and u; € U7, (2.1) admits a unique strong solution,

XT(-) = (J(JT(), . ,JJT() . ,J;%()) c L%‘(Q/ C([O,T];Rn]\]))’

1
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where the following estimates hold true: for some ¢; independent of N,

2

E sup |x(t)]* <R [N|x02 + N(/o |f(s)|ds>

0<t<T

N
+ N/OT (Joo(s)|? + |o(s)[*)ds + ; /OT ui(s)[2ds

3. The control problem with respect to volatility uncertainty. From now
on, the time variable ¢ might be suppressed when no confusion occurs. Let u; € U, ¢ =
1,..., N, be fixed. The optimal control problem with volatility uncertainty can be
formulated as

(P1) maximize,, cur TN (u, o)
which is equivalent to
(P1’) Minimize J& over o € U, where
1< r 2
F(N _ N 2
T3 (00) = 52113/0 { = Jary = L™ — [, + |UO|Ro}dt
1 (N) 2
- §IE|J:@(T) — T (T) — ol

Hereafter, the following notation will be used to enable more compact representation.
Let u = (uf,..., )T, 1 =(@1,....,0)T, o, = (0,...,0,067,0,...,007, A =
Diag(4,...,A),B = Diag(B,...,B),D;, = Diag(0,...,0,D,0,...,0),Cqy =
Diag(CU, ey C()), DU = Diag(DU, eey D()), and Xo = (l‘g, e ,l’g)

Remark 3.1. Hereafter, whenever necessary, we may exchange the usage of no-
tation u = (u1,.., uy) € RN and u = (uT,...,u5)T € R™Y by noting they both
represent the team decision profile among all agents but only differ in formations.

With the above notation, we can rewrite dynamics of all agents in a more compact
form:

N
dx(t) = Ax(t)dt + Bu(t)dt + 1@ f(t)dt + Y _[Diu(t) + o()|dWi(t)

+ [C()X(t) + D()ll(f;) + 1 & Uo(t)]dWo(t), X(O) = Xq.
Recall ® denotes the Kronecker product. Also, we introduce the following notations:

{51 =TTQ+Qr —17Qr,  Z:=Qyn-T7Qn,

(3.1) _ -
:f = FgG + GT'y — FOTGFO, :g = Gng — FanO.

By rearranging the integrand of js(é\é), we have

. 1 (T ) 1 R
(3.2) JOO = §E/O (= Il + 20" + Nlool, ) dt — SE(x(7)[% — 208 x(1),

where i = 1® Zs, flo = 1 ® ES, and Q = (Qij), G= (CAT’”) are given respectively by

(3.3)
Qi =Q—E1/N. Qij = —E1/N, Gy =G —EY/N, G;; = -EF/N, 1<i#j<N.
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Denote

r Tr Tr T T
]-‘i* 7ﬁ7"'>_ﬁ7]7ﬁafﬁa"'a_ﬁ )

where I — N is the ith element. Note Q ZZ . I7QT;. Then

N
mm Z FTF S Q S ma'r )ZF;TI‘7
i=1

For further analysis, we assume
(H2) TG0 (0p) of (P1’) is convex in oy;
(H2') JS(OC)(JU) of (P1’) is uniformly convex in oy.
We have the following equivalent conditions that ensure (H2).

PROPOSITION 3.2. The following statements are equivalent:
(i) js(é\g)(ao) is convex in 0.
(ii) For any o9 € UT,

T
E / ( —2"Qz + NUOTROJO)dt ~Elz(T) >0,
J0

where z € R™Y satisfies

dz =Azdt + (Coz + 1 ® 0¢)dWy,
z(0) = 0.

(iii) J!(0o) is convez in oq, where

T
J{(o0) é]E/O { - |1 - F)szQ + \aoﬁ%}dt —E|(I —To)z(T)|%

subject to
(3.4) dz;(t) = Az (t)dt + [Coz;(t) + o0(t)|dWy(t), 2(0) = 0.
Proof. (i) < (ii) is given in [25]. From (3.4), we have 2y = zp = - -- = zy = 2(V),
Thus,
/ (~ Ief? + Nlool, )dt — Elz(T) %

N T 9 N

=3 [ (=l Tl ool Jar - SR TR

- o 2 - 2
(35) = N[E [ (=10 =T)ag + ool )t ~ BT - Ty (D],
which implies that (ii) is equivalent to (iii). d

Denote 1 = 1 ® I. By [49], if the Riccati equation

P+ ATP+PA+CIPC,— Q- (1" PCy) [NRy+1' Pi] i PCy =0,

(3.6) Y
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admits a solution such that NRy + i"Pi > 0, then js(é\é)(ao) is uniformly convex,
which further gives that (H2") holds. The above condition (3.6) is of high-dimension
nN x nN which is not feasible to verify. Alternatively, we give the following necessary
and sufficient condition with low-dimensionality.

PRrROPOSITION 3.3. The following statements are equivalent:

(i) js(é\p((ro) is uniformly conver in og.

(ii) J!(o0) is uniformly convez in oy.

(iii) The equation

(3.7) K+ KA+ ATK +CYKCy—CTK(K 4 Ro) 'KCo+2,-Q =0, K =2 -G

admits a solution such that K + Ry > 0.
Proof. (i) By (3.5) and [36], we have (i)<(ii). (ii)<(iii) is implied from [49]. 0O
By examining the variation of Js(é\é), we obtain the following result.

THEOREM 3.4. Suppose that Ry > 0; then for any fized admissible strategy set
u= (ug,...,uny) € Hfil Uur, problem (P1') has a minimizer of(u) if and only if
(H2) holds and the following forward-backward equation system admits a solution
(i, pi, {6 }évzo)

Ryt &

=1

(3‘8) T T 70 = (N) | = 0 al Jj
dp; = — [ATp; + CT B2 — Qu; + E1a™ + Spldt + B0dWo + > BLdW;,
j=1
. Lo * R N 0
In this case, the minimizer og(u) = —=%>_;_; B

Proof. The “if” part follows directly by the standard completion of square tech-
nique for (P1’) and stationary condition reasoning for quadratic functional.

For the “only if” part, suppose of is a minimizer to problem (P1’). z¥ is the op-
timal state of agent i under the volatility of. 2V = L Zf;l ay. Fori=1,2,...,N,
denote dz; = x; — 2} the increment of x; along with the variation dog = 0p — oy}. Sim-

ilarly, 6zV) = L Zj\rzl dx; and 5T (6§,000) = JO0 (00) — js((f\é)(ag) + o(||6o0]|L2),
the Fréchet differential of J&v on oy along with direction dog. By (2.1),

(39) d(émz) = A((le)dt + [00(5:1,‘2) + 50’0}dWO, 5.%1(0) =0, +=1,2,...,N.

By the standard variational principle, we have the following stationary condition on
the Fréchet differential:

0 =38J50 (3, 500)
g [ (N)
ZEZE/ —Q[zr — (T2 + )], 6z, — Toz™)) + (Ryoy, doo) Lt
(3.10) —~ Jo {< Ql ( n)] )+ (Roog 0>}

N
+ Y E{(~G (1) — Cox™(T) + )], 02:(T) — Téx™M(T))}.
=1
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Introduce the adjoint equation

(3.11)
dp; = — [ATp, + CTBY +T7Q[(I = T)2™) — ] = Q[at — (T™ + )]t
+B0AWs + BAW, + Y B, pu(T) = (~G)a(T) + E7l™(T) + 5.
J#i
Then by Itd’s formula,
E[(~=G)ai(T) + Efa™(T) + 25, 2:(T)))]
T
B [ (AT CER + TP Q[ - D)l ]
0

(3.12) —Qlar — ™ + )], 62, + (pi, Adas) + (89, Coda; + ba0) ] dt.
Note that

N T
S (-0t 0 4 T
i=1 0

N T
_ ZIEI/ (=TTQ[(I —T)a) — ], 6z;)dt.
j=1 70
It follows by (3.10)—(3.12) that

T
0 :EZ/ (= Q(a; = 2t 4+ ), 0w; = T6s ™)) + (Roory, dorg) |t
i=1"0
N

T
+ Z]E/O [(—[ATp, + CT 80 + TTQ[(I - T)at™ — ]

=1
—Q[a; — (2™ + )], 62:) + (pi, Adas) + (82, Cod; + o) dt

T N
—E /0 <NRoa;; + ; 39, 5ao>dt,

which leads to

1 N
* _ 40 0
0g = N Z ﬁi .
=1
Thus, the Hamiltonian system (3.8) admits a solution (=¥, p;, {3 };V:()). o

Let p(™) = L Zf\il p; and B(()N) =< Zfil BY. Tt follows from (3.8) that

N

dz™) = (Az™) + Bu™) + f)dt + % Z(Duz + 0)dW;
=1
+ (Coz™ 4 Dou™) — Ry (()N))dWO, +™M(0) =
dp™) = — [ATp(N) n COTIB((JN) Q- =)™ ¢ Eg]dt n BéN)dWo
1 N N )
AW, pT) = (EF - 6™ (1) + 25
i=1 j=1

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/03/21 to 180.201.2.124. Redistribution subject to STAM license or copyright; see https://epubs.siam.org/page/terms

836 JIANHUI HUANG, BING-CHANG WANG, AND JIONGMIN YONG
Letting N — oo, we obtain an approximation as follows:
# =(AZ + Bii+ f)dt + (Coz + Dot — Ry ' Bo)dWy,

(3.13) dp = — [ATp+ CT Bo — (Q — E1)d + Ba]dt + Bod Wy,
(0) = zo, P(T) = (EF — G)i(T) + =5’

4. The control problem of agent i: Person-by-person optimality.

-1
4.1. Some variational analysis. When the volatility of = —%’i,— 25\7:1 5;-) is
applied, we turn to study the outer minimization problem for team agents.
(P2): Minimize JJ¥0(u) over {u = (u1,...,un)u; € U}, where

S0cC

T (u) 2 T (u, 05 (u))

socC Llele

1 & T
:§ZE/O {|wi—rl~< —r]}Q+|uZ|R log (u )|R0} t
i=1
1
(4.1) + §E|$z‘(T) —Tox™N(T) — o2

subject to

_1 N
dx; :(AxL + Bu; +f)dt+ (Dul +O’)dWL‘+ (OQJ?L—FD()UL — # Z ﬂg) dWy,

N
dp;=— (ATp;i + CF BY — Qo + E12™) + Zp)dt + BYdWo + Y BEdW,
k=1

2;(0) =z, pi(T) = (—G)z:(T) + E¢a™(T) + E5.

For further analysis, we introduce the following assumption.

(H3) J¥° (u ) of (P2) is convex in u.

Suppose @ = (41,...,4;,...,4y) and T = (Z1,...,%;,...,TN) are respectively
the centralized optimal control and states of (P2) and we make the following person-
by-person optimality variation around its optimal point. We now perturb the control
of A; to be u; and keep (41, ...,%;i—1, Uit+1,--.,Un), the strategies of all other agents
fixed. Let éu; = u; — u; and du; € U;. Denote 6x; = =; — Z;, 0p; = p; — Dj, and
JB’“ Bk BJ}?,]’, k=1,..., N, the corresponding (forward, adjoint) state variation.
By (3. 8) and (4.2), we have

,1 N

+ <Co(5‘L,,+D0(SLL1 Z 5Bk> dWO, (51,( ) = O7

d(&pi) = — (AT(;pi + Cg&ﬂ? — Q(gfl‘l .:.1511 )dt + 5/J)SdW()

+OBIAW; + D 6BEAWS, 0pi(T) = (=G)oi(T) + E55aN(T),
ki
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and for j # i,

-1 N
d(6z;) = Adzjdt + (Coaxj - % Zag?) AWy, 6x;(0) = 0,

=1
(4.4) d(dp;) = — (ATop; + CT 6B — Qo + 2162 N)) dt + 682dWo + 65dW;

+ ) 685 Wy, 0p;(T) = (=G)dw;(T) + =562 ™(T).
I#7

This implies that for any j, 5’ # ¢, dx; = dxj/, which further gives
(4.5) op; =opy,  0BY=68%,  for j,j' #i.

Let Exo[] 2 E[-|F?] (suppressing ¢). Note that W; is independent of Wy. It follows
from (4.3) that

d(Exo[dx;]) = (A]E].-o [62;] + BExo [6ui])dt

Ryt &
+ (CO]E Fo[02i] + DoE o [0u;] — # > Exo [55,‘3]) dWo,
k=1

d(Exo[6p;]) =— (ATE zo [6pi] + CF E 0 [58Y] — QE zo [6,] +E1 E o [ N)]) dt
+ E o [687]dWo,
Exo[02i(0)] =0, Exo[0pi(T)] = (—G)Exo (62:(T)) + E?Ef;; (02N(T)).

It follows from (4.4) that for j#i

-1 N
d(E}-o [57‘]}) :AE]:O [5T]]df + (O()E]:o [(STJ] — R# ZE]:O [(5[)’2])(]Wo,
k=1

(4.7) d(Ezo[dp;]) = — (ATExo[dp;] + Cg Ero [057] — QEo[d)]
+ E1E o [02M])dt + E zo[089]dW,
Ez0[6(0)] =0, Erg [0p;(T)] = (=G)Epg (52(T)) + EF Erg (52N)(T)).

Denote 0J¥° (i, du;) the Fréchet differential of J¥° at @ along with direction du;:

S0C S0C

(4.8) Jeoe(utoui)=Jgge (@) =65 (@, duiJo([|dusl| L2) = (Du; Jooe (@), dui)to([|dusl| L2 ),

SocC soc

where D, J¥° (@) is the Fréchet derivative of J¥° at @ with componentwise variation

Ui “soc soc

(0,...,0ul’,...,0). Then, from (4.5), we can obtain that for j # i,

I 70

5JSVY;; (17,, 5ut)

T
0
N-—-1_\_ r; N-—-1

(Q(z;—Tz™ —n), 62;) (T Q(2; — TN — ), 55N))

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/03/21 to 180.201.2.124. Redistribution subject to STAM license or copyright; see https://epubs.siam.org/page/terms

838 JIANHUI HUANG, BING-CHANG WANG, AND JIONGMIN YONG

- <% ZFTQ(Q?j—Ff(N)—’I]),53)1‘,>—<ROIB(()N),(S@Q>—<RO15(()1\7)., (N —1)63%)
i

—,N ./1_31 N_l (N N_l X _
—<FTQQL( )—N—TFIL‘( ) — N1 (N —=1)6z; ) + (R, 6u; ) | dt

+E[(G(z:(T) - Loz ™(T) — o), §z:(T)) — (T3 G(z:(T) — Toz™(T) — 1),
N N(T)) + Y (G(&;(T) = Toz™(T) = o), 6;(T))
J#i
=Y (LEG(@;(T) = Loa™(T) — o), 62™(T))].
J#i
When N — o0, from (3.13), we further have
lim 6JY(a, 6u;) == 6.J;(, ou;) = (Dy, Ji (@), du;)

im0
- ]E./OT [<in,5xi> —(Q(Tz+n) +TTQ(I — )& — ), 0x;) + (R, du;)
—(Ry"60.887) — (Rq o, 65%)
+(QUI ~T)& —n) ~TTQ(( ~ )i — ), 62" ] a
+E[{(Gz;(T),é6z;(T)) — (G(To&(T) +no), 0z:(T))
+(G((I = T)&(T) — o), 6™ (T)) = (T3 G((I=To)&(T) —no). bz (T))
— (T3 G((I=T0)&(T)=no), 0™ (T))],

where 0.J; (@, du;) is the Fréchet differential of some auxiliary cost functional ji, to be
constructed later (see (P3) in section 5), D,,J;(@) is the related Fréchet derivative,
and state average limits (Z, BO) are to be determined by the CC system in section 5;
moreover, by (4.7), the quantities
(4.10)

0z" := NEgro[dz;], 0p* 1= NExo[dp,], 08" := NExo [5,8?], for j # i,

do not depend on N and satisfy the following equations:
d(6x*) =A(6z*)dt + [Co(6x™) — Ry (68" + Exo[6B7))]dWo, d2*(0) =0,
(4.11) d(op*) = — [AT(ép*)-i-Cg@B*)—Q(éz*)+El(E;o [5:L’i]+5$*):|dt
+(88%)dWy, 6p*(T) = ETEz (024(T)) — (G — EY)dz*(T).

Remark 4.1. When studying the asymptotic behavior of (4.9) with N — +o0,
the following remainder term needs to be considered:

T — N
" :E/ [~ EE™) —8),0m) - (By ' (B — Bo). 387 + (N — 1)a8))
+((Q-E0)@™ — &), Nowj)|dt — B[(EF @ M)(T) - &(T)). oa:(T)]
+E[((G - Z)(@™)(T) - (1)), Now; (1),

Because ||du;| L2 < oo, egN) should be an infinitesimal term with same order to ||7() —

2|l max + ||B(SN) — Bollz, (N = o0). Actually, from (3.8) and (3.13) we may obtain
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|z — 212, + ||BSN) - 35’0||2L2 = O(%) (the rigorous proof will be given in section
(N _
7). Thus, 6" = O(—2) | 6u; | 2 ] 2.
4.2. Duality derivation. A key point in analyzing the social optimization

problem is to formulate some auxiliary control problem for a given agent, based on

6J; = limy 100 0JYO of (4.9); thus the decentralized strategy can be derived via

some MFG procedure. Such an auxiliary problem can be derived via some variational
analysis (see [53] for related variational analysis but with only the drift-controlled
term). Due to volatility uncertainty, all states of agents are coupled via some high-
dimensional FBSDE system. Therefore, related variational analysis becomes fairly
different from that of [53] and depends on a two-step duality procedure, as discussed
below.

Step 1 (duality independent of (dx*,0p*)). The first step removes the dependence
of 6ji(ﬂ, du;) on (dz*, dp*), the variational process common to all agents. To this end,
introduce the adjunct FBSDE:

(4.12) {dy = fodt + zdWo(t), y(T) = (G- E7) &(T) - EF,

dh = fidt + f2dWo(t), h(0) =0,
where the drivers (fo; f1, f2) are to be determined. Note h(0) = 0, and
59" () — Z0E g (62:)(T) — (G — )b (T) = 0.

By It6’s formula,

T
0 :IE/O { (h,— (AT6p* + CT (5B") + E1E o (625) — (Q — Z1)(52%))
— Z(AE £ (625) + BE o (511-) — (G —E§)A(62")))
(4.13) + (09" — E¢Bpo (dm:) — (G — E€)da™ (1), fr)
+ (f2,68" — EF (CoE o (8x;) + DoEzo (du;))

(G~ E) [Co(62") — Ry (68" + B (950))]) }a.
Using It6 formula to (dz*,y), we have
E((G - Z)a(T) - =5.6°(1))

T
=FE / (62", fo) + <ATy, 0x*)y + (z, Codx™ — R51(5ﬂ* +Ero (5;3?)))] dt
0

It follows from (4.12) and (4.13) that
(4.14)

E (G - E9)&(T) — ES, 62*(T))
/ [5x fotr ATy +CT2 1+ (Q — ) h — AT(G — E6)Th

G- H - C5(G—E7) fa) + (0p", —Ah + f1)

08", —Ry'z = Coh+ f2 + Ry (G — E) f2)

Exo(0ui),—BTECh—D§ =S fo)+ (Exo(68)), =Ry ' 2+ Ry (G—ET) f2)
Ero(6x;), —=Th — AT(EH)Th — ENT £, — CT=S f,) | dt
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Set
_ =1
(4.15) I¢ := [I + Ry (G - Ef)]
(note that I¢ = I if G = 0). Comparing the coefficients, we obtain

fi=Ah, fo =1%(Ry'z+ Coh+ Ry'By)
(4.16) fo==(ATy+Cfz+(Q-E1)h— AT(G-E7)h— (G-E0) A
- COT(G - E?)ﬁ +(Q —E1)& — Eg).

Then, we have
(4.17)

dy = — [ATy +CT2 4 (Q —E)h— AT(G — E9)h — (G — E6) AR

— CF(G=E)I°(Bg 2+ Coh+ Ry Bo) +(Q— )& — o dt+ 2aWWi (1),
dh = Ahdt +1%(Rg 'z + Coh + Ry Bo)dWo(1),
y(T) = (G -E9)#(T) - 25, h(0) =0.

Let & = (Q —Z1)& — Zs and & = —Rgl/j’o, From (4.14), we obtain
E((G — E5)a(T) — 5,62 (T +E/ (0", &1) + (86", &) at
T
:]E/O |:<E]:0(55 ) ) 4+R0 ( 75?)f2>
+ (Ero(6u;), —BTE¢h — D{EF f2)

+ (Epo(0a), ~Z1h — ATECh — 2, fy — cgz?f2>]df

Then a direct computation from (4.9) shows that
(4.18)
0Ji (@, 0u;)) = lim  dJ3%o(a, duy,)

N—)+ sOocC
T
=E / [<Qif'“ 51‘L>—|—<R1L, 5ui>—(51:ﬁ+32, 5£CL> —<RO_IB(), 55zo>]dt
J0
+E[(Gi(T), 0ay(T)) — (EF#(T) + EF, 0ay(T))]
T
+ E/ (=R Ry (G~ ZEC(Ry = + Coh + By o). 080)
0

+ (65, 1 h— ATEG h—=F Ah—CTES o) — (Sus, BTEGh + DIES fo) | dt

Let &5 = —Ry (2 4 (o) + Ry (G — ES) fo. Then we will consider the following term
in Step 2:

T T
E / [ (R5 0, 68%) + (— Rz + Ry (G — 55 fo,68%)]dt = / (€3, 550 dt
0
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Step 2 (duality independent of (63?)). The second step removes the dependence of
5@(&, Su;) on backward variational process §32. Thus, the derived auxiliary problem
will end up with a forward LQ control on (du;,dz;) only. To this end, first introduce
the adjoint process

d® = gidt + gadWo(t), ©(0) =0,

with g1, g2 to be determined. Note

N

ddp; = — <AT6pi +CT§B° — Qo + Eléx(N)> di + 630dW, + 3§85 (1),
k=1

5pi(T) = (=G)6w,(T) + E¢52(T).

Then, by It&’s formula, we obtain
(4.19)

T
0= [ [(0pi,—A®+2) + 05, ~Co + )
0
+ (074, QT 0+ ATGP+G g1 +C] Gga) — (u;, BTGP + Dj Ggo)]dt,

which implies g; = A®, and go = Co® — & = Co® + Ry (2 + Bo) — Ry (G — Z§) fo.
Then we have

(4.20)  d® = A®dt + [Co® + Ry ' (2 + Bo) — Ry (G — EF) f2] dWo (), ®(0) = 0,

which with (4.16) gives ® = h. From (4.19),
T T

E / (689, &3)dt =E / (52, QT @+ AT GO+Gg1+Cy Ggo)+(0u;, BT G&+D Ggo) | dt.
0 0

From this with (4.18), the variational functional becomes

8.Ji(a,0u;) =E / ’ [(Qn‘ci,(Sxi)—&-(Rﬂi,(Sui)
—<élgz-+52, 62:)+{(QT h+ AT Gh+GAh+C{ Gga, 6;)
(4.21) —(E1h+ ATESh+2C Ah + CTES fo, 623)
+ (BTGh+DTG fa, §u;)~(BTEG h+ DTEC f,, 5ui>] dt
+E[(GZ(T), 62:(T)) — (EV#(T) + E5, 6as(T))],

where gy = fo = HG(Rgl(z + Bg) + Coh).

Remark 4.2. Relation ® = h is not a coincidence; instead it is implied by some
structural similarity. In fact, the dynamics coefficients (AT, CT,Q,=1,--+) in (4.3)
and (4.11) are exactly matching via the following correspondences: dp; «— dp*,
669 «— 0B*, 0x; +— 6x*, and dzV) «— Eyo[dz;] + d2*. Meanwhile, their terminal
conditions also follow similar matching. Also, even with h = &, two-step duality is
still needed because Steps 1 and 2 deal with different variations and thus cannot be
covered by each other.
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5. Decentralized robust team strategy design. By (3.13) and limiting social
variational functional (4.21), we construct the following auxiliary control problem, for
a representative agent, still indexed by A;.

(P3): Minimize J;(u;) over u; € U;, with state dynamics and cost functional:

(5.1)
dz; = (Azi+Bu;+ f)dt+(Du;+0)dW; +(Cozi +Dow; — Ry ' Bo)dWo, x;(0) = g,

. 1 T o _
Ji(u;) = 51[*]{ /0 |xl|é + |u,;|%3 —2(512% 4+ Za, x) + 2((Q — E1)h, x4)
+2(ATGh + GAh + CFGgy — ATECHh — E¢ Ah — CT=C gy, ;)

+2(BT(G - 2¥)h + DY (G — 2§ go), u;)dt

+ (Gay(T), (1)) — 2EF2(T) + Eg’,w»}.

Here the triple (Z, Bo, h) satisfies the following limiting (off-line) system parameterized
by undetermined process u:

di =(A& + Ba + f)dt + (Co# + Dot — Ry * o)dWo,

ap = (ATp+CF fo — Qi +Z18 + 5 ) di + odWh,

dy = — (ATy+CL 2+ (Q—E1)h+(Q—Z1)3—E2) dt+(AT(G—E{)h
+(G = EF)Ah + CL (G — E) f2) dt + zd Wy,

dh =Ahdt + (I + Ry 1(G —=9)) (Coh RS+ ,Bo)) dWo,
#(0) =m0, p(T)= (27 -G) 2(T)+ES, y(T)=(G-EF)#(T)—EF, h(0)=0.

Remark 5.1. FBSDE (5.2) can be decomposed into subsystems (z,p, BO) and
(h,y, z), which are decoupled for each other. Thus, solvability of (5.2) reduces to
that of (h,y, z) and (z,p, BO) separately. Section 6 will discuss the global solvability
of subsystem (h,y,z), and a similar analysis can be applied to (Z,p, BO) considering
these two subsystems have similar coupling structures. Moreover, parameter process
4 will be further determined by some CC system through the MFG argument.

Let a(t) € F? be fixed. We study the decentralized open-loop strategy and related
CC system. We have the following result by the maximum principle.

THEOREM 5.2. Suppose that Q@ > 0,G > 0 and R > 0. Then the following
backward stochastic differential equation (BSDE) admits a (unique) solution:

(5.3)  dki=— [ATk;+C] Co+Qr; —E17+(Q —E1)h—E2+K(G, g2) —K(E¥, g2)] dt
+ CodWo + (;dW;, ki(T) = Gay(T) — 2¢2(T) — 29,
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where K(G, go) = ATGh + GAh + C{'Gga, K(E, g2) = ATEFh +ZF Ah + CT=ES go
and

(5.4) ii;=—R YBTki+DL o+ DT i+ BT (G—=¢)h+ DL (G-E%)gs), i=1,...,N.

Proof. Since @ > 0,G > 0, and R > 0, (P3) is uniformly convex, which implies
the unique solvability of (P3). Assume that @; is the unique optimal control of problem
(P3) and &; is the state equation under %;. Then

0 = 8.J; (i, bu;)
T
J.9 0
+(K(G,g2) — K(E§, g2), 6z:) + (BT (G — E¢)h + DI (G — EY ) ga, du; )dt
+(GE(T), 024(T)) — (ES(T) + EF, 624(T)).

Given % and h, (5.3) is a standard linear BSDE and thus has a unique solution
(kivgﬂaci)' Then

(G7:(T) — ES#(T) — ES , 624(T))
T
(5.6) =K ; {<—(Ql‘z‘ — 518 — (Q = E1)h — By — K(G, g2) + K(EY , g2)). 64)

+ (ki, Boui) + (Co, Dodus) + (G, D5Uz‘>}dt~

From this and (5.5), we have
T
(5.7) O:E/ (Rity + BT (G —E§)h+ DY (G—EF)gs + BTk + DY o+ D¢, dus)dt,

0

which implies the open-loop optimal strategy:

4; =— R (B"k; + D§ (o + D¢ + BT(G — EF)h + D (G — E§)g2)
=— R Y(v; + BT(G - Z)h + DI(G — 2§) ga).

Note that here,
(5.8) v; := BTk; + DT¢; + Doo. u|

After the strategy (5.4) is applied, we obtain the following state equation:

dz; = [Az; — BR™ (v; + BT(G — E¥)h + DI (G — E¥)g2) + f] dt
+ [-DR™ (v + BT (G — E{)h + Dj (G — E{)g2) + o] dW;
+ {Coxi — DR (v; + BY(G - E§)h + DI (G — E{)g2) — Rgl/éo] dWy.
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Consequently, the consistency argument implies the following CC system to (%, Bo, h):
o dv;=[Az; — BR™"(v; + BT(G — E{)h + D} (G — E§)g2) + f] dt
+[Cowi = Do (vs + BT(G = Z5)h+ DE (G —=5)g0) — Ry o) dWa
—[DR™Y(vi + BY(G — Z¢)h + D (G — E)g2) — o] dW;,
dk; =—[ATk;+CJ (o+Qui —E1Ero[z5] —E2+(Q —E1)h
+K(G, g2) —K(ET, g2) | dt+CodWo + (idW,
dp=—[ATp+ C§ Bo — (Q — E1)Erola;] + En]dt + BodWo,
dy=—[ATy +Cz + (Q —E1)h + (Q — E1)Epg ] — Bp]dt
+ [AT(G = ES)h+(G — EF)Ah + CT (G — =) go]dt + 2dWo,
dh=Ahdt + [T + Ry 1 (G — ) [Coh + Ry ' (2 + Bo)]dWo,
24(0) =20, ki(T) = Gay(T) —EFE g [2:(T)] —E5 , p(T) = (E7 = G)Epg [2:(T)]+E5,
y(T) = (G — EY)Ex [2:(T)] - EF, 1(0) = 0.

Remark 5.3. CC system (5.9) differs from those in the classical MFG literature
(e.g., [28, 35, 50, 39]) by noting the evolution dynamics of Z is not explicitly specified
here. Instead, it is characterized by some implicit representation & = Ezo[x;] which is
embedded into an augmented mean field type FBSDE system of (z;, k;, p, y, h) driven
by a generic Brownian motion W; independent of common noise Wy. CC system (5.9)
is symmetric for all agents and thus such representation is uniquely defined.

Such a difference in CC representation is mainly caused by the presence of adjoint
process term DT(; in the decentralized strategy design (refer to (5.8)). Thus, an
explicit representation of & becomes unavailable, and a similar CC representation was
derived in [24].

6. Well-posedness of relevant FBSDEs. Our study in previous sections, es-
pecially the one related to decentralized strategy design and CC systems, involves
various (fully coupled) FBSDEs or Riccati equations. Keeping this in mind, this sec-
tion aims to discuss the existence and uniqueness of their (global) solvability. Note
that because of the introduction of soft constraints, these equations are intrinsically
nonstandard (i.e., control/state weights are indefinite), thus their global solvability
becomes more technical. Moreover, due to the uncertainty on volatility, it is necessary
to treat the adjoint states of FBSDE which closely connect to volatility, the diffusion
term in BSDE formulation. As a result, the relevant analysis becomes more complex
considering the adjoint states are of less regularity property.

We consider the solvability of FBSDE (5.2) from section 5. A similar analysis
can be applied to CC system (5.9) for which the arguments become more lengthy.
By partial coupling of Remark 5.1, it suffices to consider the following subsystem
constructed by (h,y, z):

dh =Ahdt + 16 (Coh Rzt BO)) AW, (t),
61) dW=-(ATy+Cz+(Q-EDh+(Q-E)e - ) dt
+ (AT(G = Z)h + (G — EF) A + CT (G — BS) fy) dt + zd W (1),
h0) =0, y(T)= (G—E=0)(T) - =5.

(1]
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Equation (6.1) is a fully coupled FBSDE involving forward state h, backward state y,
and adjoint state z. Morcover, it is nonstandard or indefinite because of the volatility
uncertainty (thus, unlike definite case, some weights are singular or negative due to
its minmax feature). It is known that (global) solvability of such an indefinite FBSDE
is by no means unconditional: to ensure its well-posedness, it is always necessary to
impose some additional compatibility conditions. Also, direction computation indi-
cates the monotonicity method, which is well applied to nonstandard FBSDE, fails to
work here.

Reduction decoupling method. Our method is the reduction decoupling
method proposed in [56], which leads to the global solvability by imposing condi-
tions on orthogonality of Cy. Let ¥y (-, s) be the solution of the following ODE:

ixpl(t,s)_<4 0 )\h(t,s), tels,T],

dt A AT
Uy(s,8) =1,
where
A2 (51 - Q) +AT(G -2F) + (G- =F)A+ CT (G~ EF)ICCy.
Denote Wy (t) = ¥y (t,0). Then we have
o= (G i) = (S58 anCars)
where

o~

An é A\Anfl o ATA\AW’72 I (*AT)kil_A\Anik RS (7AT)TL71A.
If A= AT and AA = EA, then

0, n =2k
and
0 At = A2k—2t2k—1
n -1
PRI} pE—.
n=1 k=1
Further, if A is invertible, then
i AnlL’n _ A\A71 eAt _ 6—At .
n! 2
n=1
‘We have
0,1 exp(AT) 0 ICy 0
AT Aaln exp(—ATT) 0 0

= (3 2216, 0).

n=1 n!

o n ICy 0
= (o, B eXP(‘ATT))< 0 0>

Thus, if and only if 2°°  22T"1GC) = 0, then

(6.2) (0, 10y (T) (HGOCO 8) —0.
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Note

0
000 ( _op + cgé-zpyeny )

=exp(—AT)(—cf + ¢l (G - =9)1°R, 1) =0

implies that C3 [I — (G — E§)IR;'] = 0, i.e.,, CATI¢ = 0. Since Cy # 0 and 1€ is
invertible, we have

000D (g 4 opi6-zopeny ) #0

Note that
) 0

exp(4
O 7)=0n| SAT e | (7)

exp( ATT> (; = exp(—ATT).

(i

We have (0,1)¥1(T)(}) is invertible, and

exp[A(T — t)] 0 LR
—11G T _ > n Grlo
(0, I)\I/l(T, t)(RU I 7[) - (07 I) Z An(T '_ t) exp[fAT(T _ t)] ( I )
_ (Z —A"(Tn!_ " eXp(—AT(T—t)) ( lefo )
(6.3) Z ]IGRO +exp[-AT(T —1)].

From the above analysis and Theorem 3.2 in [56], we have the following sufficient
condition for solvability of FBSDE (6.1).

PROPOSITION 6.1. Let (H1) hold. Then (6.1) is solvable if Y0 | 2aL"16Cy =
and (0, 1)Uy (T,-)(Ry 1%, )T is full-rank.
EXAMPLE 6.2. Consider the system (2.1)(2.2) with parameters

2 0 31 1 0 01 0
A:(o 0)’00:(0 2>’Q:(0 0.4)’R°:<0 2)’
1 0
F‘(o 0.5>’G—0'

We have A = (8 78.1) and A, =0,n=1,2,.... From (6.3), we have

(0, )Wi(T,-)(Ry ‘19, 1)" = exp[-AT(T — )]

is of row full-rank. By Proposition 6.1, FBSDE (6.1) is solvable.
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7. Asymptotic optimality. Based on results of section 6, we may assume
the off-line system (5.2) and consistency system (5.9) are well-posed (we do not
specify which concrete conditions lead to it because our analysis below only re-
quires the well-posedness of these FBSDE systems); thus the decentralized control
set @ = (U1,...,uy) is well-defined through (5.4). The main theorem of this section
states the asymptotic robust social optimality of decentralized decision 1.

DEFINITION 7.1. A set of control laws @ = (@1,...,UN) has asymplotic robust
soctal optimality if

1
JY(0) — — inf J¥e(u)

7.1
( ) ’N SocC N w; GM SocC

= o(1).

THEOREM 7.2. Assume that (H1), (H2'), and (H3) hold, and (5.2) and (5.9)
admit a unique solution, respectively. Then the set of control laws (5.4) has asymptotic
robust social optimality with

1 WO ([, 1 )
‘NJsoc(u) - ﬁ unellf/t J%oc( )

1
°(7)-

7.1. A quadratic functional representation. To verify asymptotic social op-
timality (7.1), it is helpful to construct some quadratic representation of worse-case
functional J¥°(u) for u = (ug,...,un) € R™N. First, recall the compact notation
introduced in section 3, and denote R = Diag(R,...,R), 8° = [(B)T,...,(8)T]"
i=0,1,...,N. Then we can rewrite state (4.2) and cost functional (4.1) as follows:

N
dx = (Ax+Bu+1® f)dt+ Y _(Diu+ 0;)dW;

i=1

1 _
+ (Cox + Dou — N(llT ® RyY)B AWy,

(7.2)
dp=— (ATp—Qx+7+CJB)dt+Y B dW;+p"dWy,
i=1
x(0) =x, p(T):—Gx(T)—l-ﬁo,
and
WO 1 T 2 AT 2 1 202
(73) JbOC( ) = §E 0 ‘X|Q - 277 X+ |u|R - N‘ ‘11T®R51 dt

+IE(x(D)E — 203 x(T)).

where 1 = 1 ® 2y, 7o = 1 ® Z¢, and Q= (QU)7 G= (G;j) are given by (3.3). Recall
by Remark 3.1 we may exchange the usage u = (u7,...,u%)? with u = (u1,...,un).
Moreover, by the superposition property of linear system (7.2), a straightforward

calculation implies that for any (u', u?;x}, x3; 14, 73),

Jsoe(u! + 0% xg +x334g +105) + Je(u' —u?xg — x5l — 75)
=2 (Juge(utsxg;7p) + J (0 x5:715)) -

Thus, JY? satisfies the parallelogram law and it is a quadratic functional with re-

spect to control process u(-) and initial-terminal condition pair (xg, 7). Then, by
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the symmetric property of J¥°(u) to inputs (u(:);xo;7o), the following quadratic
representation holds true:

(u(-); %03 790) = (M1 (u),u) + 2({Mi2(x0, 7o), 0) + (M2(X0, 7o), (X0, 70))
+ 2<M13, 11> + 2<1V[237 (XO f] )> —+ M3

JWO
(1.4) ¢

for lincar bounded self-adoint operators My : UEN — YEN | M, : SPV*N - M; € R,
and linear bounded operators My : RV x R”N — Z/{®N M13 cU®No, T] Moys €
R™N | where u®¥=u.x--xu., where {-) denotes the inner product in the sense of dt®dP.

N —fold
More precisely, we have the following representations. For operator My,

N
M;(u) = Ru+B"m; + > D/n} + D{n;

=1

T
(Mj(u),u) = E/ (Ru+B'm; + Z D7 ni + DIn!, u)ds,

0 =1

with
N .
dm; = —(A"m; + CJn) + Qx; + Qy,)dt + > _ njdW; + nldWy,
(7.5) =1
dy, = Ay,dt + (Coy; + NR ® q} + R@n})dWy,
y1(0)=0,  m(T) =Gy (T) +x(T)),
il 1
dx; = (Ax; —|—Bu)dt+z D;udW;+(Cox; —I—Dou—N(llT ® Ral)q[l)dWO,
i=1
(7.6) . N . o
dp, = —(A"p, — Qx1 + C{ q))dt + Z(dei + q1dWo,
i=1
x1(0) =0, py(T) = —Gxi(T).

For operator M5, we have

Mlg(X, 770) = B mo + DTl’l + ZDTII2

T
(Mi2(x,10),u) = ]E/ (B"m, 4+ DInf + Z D! 'n}, u)dt,
0

i=1
with
N
dmy = —(ATmy 4+ CInf + Qx, + Qy,)dt + nJdW, + Z nbdW;,
=1
dy, = Ay,dt + (Coy, + NR®G) + Rend)dWy,
my(T) = G(Y2(T> +x2(T)), y,(0)=0,
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and

dxy; = Axodt + (COX2 — R®q3)dVVO,
N
dp, = —(ATp, — Qxa + Clad)dt + > qhdWi + q3d IV,

i=1

x2(0) = %0, Po(T) = —Gxo(T) + o

For operator M3, we have

N
T T.0 E T 4
Mlg =B mi3 + DO 3 + DZ nig,
i=1

T N
(M3, u) = IE/ (B"mys + D{nf; + > DI ni;, u)dt,
0

i=1

where

N

dmyz = —(ATmys + Cin; + Qxs + Qyy3 — 2i.)ds + nfydWo + > njad Wi,
=1

dy,3 = Ay3dt + (Coy 3 + NR®q}; + Ronly)dWy,

¥13(0) =0, my3(T) = G(y5(T) +x3(T)) — 7o,

and

N
dx3; = (Ax3 +1®f)dt + Z o dW; + (Coxs — R®qg)dWO,

i=1

N
dp; = —(A"p; — Qxs + 7+ Ciag)dt + Y asdW; + a§divy,

=1

x3(0) = %o, Ps(T) = —Gx3(T).

M, M3, and M3 can be defined similarly. With the above presentations, the Fréchet

differential of JX° along the variation du can be represented as

oJe (u, 5u) = 2(M1u + Mlg(X, f]o) + Mlg, 5ll>

socC

7.2. Asymptotic optimality: Four-step procedure. Given the quadratic
representation of J¥O(u) := Js(é\é)(u,ag (u)) by (7.4), we can verify the asymptotic
robust optimality stated in Theorem 7.2 through the following steps.

Step 1. We first analyze the asymptotic convergence of the realized state system.

When each agent A; applies the open-loop decentralized strategy i; as

i; = =R~ (vi + BT(G = E{)h + D{ (G — E{)g2) ,
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then the corresponding realized state Z; is given by the following fully coupled FBSDE
subsystem together with backward and adjoint states (p;, 59, {BFHY_):

di; = [A%; — BR™ (v; + BT(G — E¥)h + DI (G — E¥)g2) + f] dt
—DR ™! (vi + BY(G — ZF)h + DI (G — E{)g2) + o] dW;
Coti—DR™* (v;+BT(G—EF)h+D{ (G—Ef)g2) — 0 ()] dWo,

N
dp; = — (ATpi + CJ B — Qz; + 218N + Zp)dt + f0dWo + Y BFdW;,
k=1

£(0) = x. (T) = (-G (T) + ZFEN(T) + =5,

where #(N) = %ZNlJL“aO( )= N Zk L BY. Moreover, v; = BTk; + DE ¢y + DT¢;
is defined through the following CC system for a representative agent A;:

dv; = [Az; — BR™'(v; + BT(G — E§)h + DJ (G — E¥)g2) + f] dt
+ [Coﬂ’i—DoR_l(l'z’+BT(G— T)h+Dg (G—~1 )g2) — Ry ﬁo} dWo

— [DR ' (v; + BT (G- E{)h+ D§ (G — = — o] dW;,
dk; = — [ATk; + CJ (o +Qz; — E1Epo[z;] — Zo + (Q E1)h
(7.8) +K(G, g2) — K(EF, go)]dt + CodWo + C:dW,

dp =~ [A"p + C§ Bo — (Q — E1)Ezolas] + Zp]dt + BodWo,
dy=—[ATy+Ciz+(Q -5, )h+ (Q — E1)Exo[z;] — Ep]dt

+[AT(G - E§)h + (G —E)Ah + CT (G — E§) go]dt + zdWy,
dh = Ahdt + [I + Ry (G — E§)] 7 Coh + Ry (2 + Bo)]dWo

with the initial-terminal condition
(7.9)
{xi(()) =z, ki(T)=Gzy(T) — E{Exo [2:(T)] — Z5,
B(T) = (E¢ ~ O gy [ ()] 425, y(T)=(G—EF)E [z (T)] -5, h(0) = 0,

Note that all such N-subsystems (]5], {B"“}k 1) of (7.7) are further coupled

=1
via the worst-volatility og = Z b1 ﬁk and they thus frame a fully coupled and highly

dimensional FBSDE system in L2-(€2; C([0,7; R™)) x LZ-(0,T; R"N)) x L%.(0, T} R"NQ).
Regarding system (7.7)—(7.8), we have the following prior estimate.

PROPOSITION 7.3. Let (H1), (H2') hold. Assume (5.2) and (5.9) admit a unique
solution, respectively. Then
(7.10)
r A 1
B sup (1) Epolail* + 150 ) +E [ 1o (@) — ol < cy (N)
0

0<t<T

for some constant ¢y > 0 independent of N and i. Here, p¥) = % > Pi-
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Proof. Making the state aggregation of (7.7), we have
(7.11)

L1
N'i

M=

[-DR™! (v; + BT(G — Ef)h + DF (G — E§)g>
1

)
N _pR-! (v(N)+BT(GfEf)h+Dg(GfE?)gg) 708(12)] AW,
1

K¢

+ [Co

N
dpt™) == [ATPNLCF B+ (21 - Qe+ Ea)de+ B dWo+ DD BrdW,

#M(0) =2, P(T) = (EF - Q)a™(T) + EF,
where v(V) = £ Zf;l v;. By (7.8), Exox;] satisfies

dEpo[ri] = [AEpo[2;] — BR™ (8 + BT(G — EY)h + DG (G — E7)go) + f] dt
(7.12) + [CoEpola;] — DoR™' (0 + BT (G — Z§)h + D (G — 5)g2) — Ry " Bo] dWh,
E]:o [i’z](O) = X,
where © = Exo[BTk; + DI ¢y + DT(;]. Assume (5.9) admits a unique solution and

thus its state component (k;, (o, (i, h) should have an upper bound in their L?-norms.
Thus, supg< ;< EI3(t) = O(%) with

N T
Iy := % Z/ [-DR™" (v; + B"(G — E{)h + D§ (G — ES ) g2) + 0| dW.
=1 0

Moreover, well-posedness of (5.9) implies some compatibility condition holds true and
the iterative scheme of coupled FBSDE works. Then, we can apply the standard
continuity-dependence estimate between system (7.7) and system (7.8) to get the
estimate (7.10). O

Step 2. Given Step 1, we have the estimate to the realized social cost J3XQ ().

PROPOSITION 7.4. There ezists a constant c; independent of N such that

on(a) S NCl.

sSOocC
Proof. Consider the following intermediate state:

dz; = [Az; — BR™' (vi + BT (G — E¥)h + D{ (G — E{)g2) + f] dt
+ [-DR™ (v; + BY(G — E{)h + D{ (G — E§)g2) + o] dW;
+ [Cow; — DR™Y (v; + BT(G — E¢)h + DY (G — E§)g2) — Ry o] dW.

By Proposition 7.3 and the standard FBSDE estimate, the following estimate holds:

E sup |&(t) — x;(t)]* < —.
0<t<T N
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Then,

T
g =538 [ {] - 08 )+ @ - ) + 0 - T

il — (05 (@) — o) + Bol’y,
+ SBI@(T) = Tud (1) = m) + @(T) = (D) + To(@™(T) = T

- _ 1
<Ney (nfuLz T lollie + [Zalle + 1ES 1oz + O (ﬁ)) < Ne. 0

Step 3. This step aims to address the convexity of J3° (u) of (P2). By its quadratic

socC

representation (7.4), it is equivalent to (M (u),u) > 0. Here,
N
M;(u) = Ru+B"m; + Y D/n} + D{n}

i=1

with (my,n? n) given by (7.5). By examining its coupling structure of (7.5)—(7.6),
it can be further reformulated via the following problem:

X (N2 . .
) =5 378 [l T ol B
where B(SN) — %Zf\; [)’?, and fori=1,..., N,

R
di; =(Ax; + Bu;)dt + Du;dW,; + <00a‘:i + Dou; — % Z 5,2) dW,
k=1

N
dp; = — (ATp; + CL B — Qi + 2 ™)dt + BdWo + > BrdW,
k=1

2(0) =0, pi(T) = (-G)ay(T) + EFaN(T).

Then JY°(u) of (P2) is convex if and only if JO _ (u) > 0. Noticing the upper bound

socC

of realized cost functional J3° (%) by Proposition 7.4, it suffices to consider the per-

turbation control @ satisfying J3o(4) < Ji2(w%) < Nc¢;. This further implies that

sSocC soc

(7.13) @), == ZE/ (t)|?dt < Ne

by noting (P2) is convex. Also, it implies ||dal|7, := Zl 1Ef0 |61;(t)|?dt < Ney
with 5ui = ’l]i - ﬂi.
Step 4. This step discusses the Fréchet differential of J3¥° (u). Recalling the qua-

S0C
dratic functional (7.4) and notation exchange between u and u, we have

Joe(u) = (M (u),u) + 2(M;2(x0, 7o), u) + (Ma(x0,70), (X0, 0))
+2(My3, u) + 2(Mags, (Xo,70)) + M3
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= (M (@), 0) + 2{M;2(x0, 7o), 0) + (M2(X0,70), (X0, 70))

+2(My3, 1) + 2(Mas, (X0,70)) + M3 (= Jeoe())
+(Mi(u—1),u—1)+2(Mi3,u—1u) (= Joc(u—m1))
+2(M;i(u) + Miz2(x,70) + Mz, u — 1) (= (DuJge(n),u — 1))

N
=Jaoe (@) + Jane(u =) + Y (Du, Jao (@), wi = i),

where D,,, J¥° (@) given by (4.8) is the componentwise Fréchet derivative of J¥° a
% on the Lth—component coordinate. Moreover, for u, by examining the pelson-by—
person optimality procedures in section 4.1, and duality expression (4.21) for auxiliary
cost J}, we have

sSocC

WO [~ T [~ c <
|Du, Jige (@) — DuiJi(U)HL?S\/—NHUHLZ

for some constant ¢ independent of N and .

Proof of Theorem 7.2. Notice that

1 1
WO [~ o f WO
N JbOQ(u) N U.llelu Jb()(/( )

()

inf JU(u) < JER(0) < inf S (u )+ O(VN).

u; €U, u; €

is equivalent to

The first inequality is trivial. For the second inequality, we need only consider the
perturbed control u satisfying J¥°(u) < J¥°(u) which is bounded in its L?-norm by

sSOocC socC

Step 2, namely ||u||2, < ¢N with ¢ independent of N. Now, by Steps 3 and 4, for all
such perturbed u,

N
TR (u) = JE(it) = T (u — @) + Y (Do, Joo (), u; — ;)
(7.14) =t

>9/|6ul[Z- + Z (Du; Joe (@), 0ui).

Moreover, by the Cauchy—Schwarz inequality,

N N
Z (D, Jgoe (@), dui) < Z [Du, Jege(t Z ||5UzHL2
= i=1

(7.15)

N 1 N
>0 () Il Y- 16l = o)
1=1 =1

where the last inequality is due to (5.5) and Proposition 7.3 of Step 1. Also, note that
Dy, Ji(a) =0 for i = 1,..., N due to the person-by-person optimality and Theorem
5.2. Thus, the asymptotic optimality (7.1) follows directly by (7.14) and (7.15). 0O
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8. Concluding remarks. This paper investigated mean field LQG social con-

trol with volatility uncertain common noise. Based on a two-step duality, we construct
an auxiliary optimal control problem. By solving this problem combined with consis-
tent mean field approximations, we design a set of decentralized strategies and verify
their asymptotically social optimality. An interesting work for further study is to
consider the closed-loop team strategy, or the case when the state variable enters the
term driven by W;.
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