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MEAN FIELD GAME THEORY FOR AGENTS WITH
INDIVIDUAL-STATE PARTIAL OBSERVATIONS*

NEVROZ SEN ' AND PETER E. CAINES!

Abstract. Subject to reasonable conditions, in large population stochastic dynamics games,
where the agents are coupled by the system’s mean field (i.e. the state distribution of the generic
agent) through their nonlinear dynamics and their nonlinear cost functions, it can be shown that
a best response control action for each agent exists which (i) depends only upon the individual
agent’s state observations and the mean field, and (ii) achieves a e-Nash equilibrium for the system.
In this work we formulate a class of problems where each agent has only partial observations on
its individual state. We employ nonlinear filtering theory and the Separation Principle in order to
analyze the game in the asymptotically infinite population limit. The main result is that the e-Nash
equilibrium property holds where the best response control action of each agent depends upon the
conditional density of its own state generated by a nonlinear filter, together with the system’s mean
field. Finally, comparing this MFG problem with state estimation to that found in the literature
with a major agent whose partially observed state process is independent of the control action of any
individual agent, it is seen that, in contrast, the partially observed state process of any agent in this
work depends upon that agent’s control action.

Key words. mean field games, partially observed stochastic control, nonlinear filtering, stochas-
tic games.
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1. Introduction. For dynamical games of mean field type it has been demon-
strated that when the agents are coupled through their dynamics and their cost func-
tions, the best response control policies in the asymptotically infinite population limit
only depends upon their individual state and the system mean field. Furthermore,
such policies generate approximate Nash equilibria when they are applied to a large
finite population game, see [14], [17], [18] and [16] among others, by Huang, Malhamé
and Caines, [21], [22] and [23], by Lasry and Lions.

A distinct consequence of such a result is that in the mean field games (MFG)
set-up an individual agent does not have a significant benefit in learning the state
of an other agent, and therefore the estimation of any other agent’s state process
has negligible value. Nonetheless, in practical situations one does not have access to
complete observation of its own state and and therefore models of such (PO) MFG
systems where the agents’ controls depend upon the agents’ observation processes can
only represent them as functions of the agents’ states via estimates of those states.
Such a model for linear quadratic Gaussian (LQG) MFG type of problems has been
considered in [15] and approximate Nash equilibrium is obtained on an extended state
space. In this work, we consider the nonlinear MFG where an individual agent has
noisy observation on its own state.

Recent works, ([13] and [24]), consider MFG involving a major agent and many
minor agents (MM-MFG) where, by definition, a minor agent is an agent which,
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asymptotically as the population size goes to infinity, has a negligible influence on
the overall system while the overall population’s effect on it is significant, and where
a major agent is the agent which has asymptotically non-vanishing influence on each
minor agent as the population size goes to infinity. A fundamental feature of this setup
is that, in contrast to the situation without a major agent, the mean field is stochastic
due to the stochastic evolution of the state of the major agent and the best response
processes of each minor agent depend on the state of the major agent. Motivated
by this observation, state estimation problems in the nonlinear MFG with a major
agent is considered in [10] (see [6] and [11] for the LQG case) where the major agent’s
state process is partially observed but the agents have complete observation of their
own states. Adopting the approach of constructing an equivalent completely observed
model via application of nonlinear filtering, the MFG problem is analyzed in the space
of conditional densities and the existence of Nash equilibria in the infinite population
and the e-Nash equilibria for the finite population game is obtained. We finally remark
that in addition to [13] and [24], MFG setup with major and minor agents has also
been considered in [5] and [8] where in the former the authors generalized the MM-
MFG setup to the case where the mean field is determined by control policy of the
major agent and in the later, a probabilistic approach is taken for MFG problems in
which major agent’s state exists in the both state and the cost functions. We also
refer to [7] for the analysis of MFG with common noise.

The individuals dynamics in the infinite population limit in an MFG setup are
charactherized by McKean-Vlasov (MV) type stochastic differential equations (SDEs).
These SDEs have the property that the dynamics depend on the distribution of the
state process. Hence, a PO stochastic optimal control problem (SOCP) is formulated
for MV type SDEs and as a consequence, the filtering equations should first be de-
veloped for such SDEs for which a theory for joint state and distribution estimation
in the case the measure is stochastic is developed in [26]. Following the standard
approach in the literature, once the filtering equations in the form of normalized or
unnormalized densities are obtained, it is possible to obtain a form of the Hamilton-
Jacobi-Bellman (HJB) equation in functional spaces. This is the path that we employ
in the paper by using the unnormalized conditional densities.

It is also worthwhile to provide a summary of the technical steps that one shall
develop in a nonlinear PO MFG setup. We first remark that one can follow differ-
ent approaches in order to prove the convergence properties of MFG in the infinite
population. Among these, the convergence of the dynamics of the controlled state
process into a MV type dynamics when feedback controls are applied, see [17], greatly
simplifies the analysis of the associated optimal control problem. In the partially
observed setup, we follow this approach consequently, as the first step, we shall prove
such a convergence argument for the case where the control policies are in the feed-
back form for conditional densities. We next analyze the fixed point property on the
Wasserstein space of probability measures. Recall however that the solution to the
completely observed MFG problem is given by a coupled HJB and a Fokker-Plank-
Kolmogorov (FPK) equation which essentially requires to analyze the sensitivity of
the solutions to the HJB equations with respect to the probability measure represent-
ing the mean field. In the PO MFG one needs to generalize such sensitivity results
with respect to the conditional density component representing the information state.
This is achieved by using the robustness property of the nonlinear filter. In the final
stage, we shall prove the approximate Nash equilibrium property of the best response
control policies obtained as the solution to the HJB equation of the infinite population
game.
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The organization of the paper is as follows. In Section 2 we present a MFG setup
with uniform agents and discuss the main results in a brief manner. In Section3
we formulate the state estimation problem and present the associated completely
observed system via applying the separation principle. We also provide a solution in
the form of HJB equation for the completely observed problem. In Section 4 we prove
the existence of a Nash equilibrium between an individual and the mass in the infinite
population limit and in Section 5, we demonstrate the approximate Nash equilibrium
property of the best response processes obtained in the former section. In Section 6
we present an example where the completely observed model has a finite dimensional
information state and hence provides a more tractable MFG system. In Section 7 we
briefly compare the results presented in the paper with a PO MM-MFG model. We
conclude the paper with Section 8.

Throughout the paper we use the following notation. For a matrix A4, AT, tr(A)
and A;; denotes the transpose, the trace and the corresponding entry, respectively. V,
and V2, denotes the gradient and Hessian operators with respect to the variable x and
in a one-dimensional domain, 9, and 92, will be used instead. Let S be a metric space.
Then, B(S) denotes the Borel o-algebra and P(S) denotes the space of probability
measures, respectively, on S. Let (Q, F,{Fi}t>0, P) be a filtered probability space
satisfying usual conditions. Conditional expectation with respect to a sigma algebra
F is denoted by E (-|F). For an Euclidean space H, we denote by L% ([0, T]; H) the

set of all {G}-adapted H-valued processes such that EfOT |f(t,w)|2dt < oco.

2. Mean Field Games with Uniform Agents. We consider a stochastic dy-
namic game with N agents, {A4;,1 < i < N}, where the dynamics of the agents are
given by the following controlled SDEs on (Q, F AFi} o, P):

N
(1) dziN(t) = % Z S (t, zZN(t), ulN(t), sz(t)) dt 4+ odw; (t),

with terminal time 7' € (0, 00) and initial conditions z}¥(0) = 2;(0), 1 <4 < N, where
(i) 2N () e R, ul¥(t) € U, 0 < t < T, are the state and control input of agent A;, (ii)
f:]0,T] x Rx U x R — R is a measurable function, (iii) (w;(t)):>0 are independent
standard Brownian motions in R and; (iv) o > 0 is constant. For 1 < j < N we denote
by ujfj = {ul, ... ,ujy_l,uﬁl, . ,u%}, where agents’ states and controls are taken
to be scalar valued for simplicity of notation throughout the paper. The objective of
each agent is to minimize its cost-coupling function given by

(2) IN W W) = E/T 1 iL (ZN(t) ulN (t) ZN(t)) dt
3 1 ) —1 0 N Jil K3 Y (3 Eaaey Y

where L : R x U x R — R,. Remark that the above model can be generalized to
the case where the diffusion coefficient depends on the mean field coupling, where the
state processes take values in, say, R”" and where the cost functions are time varying.
We assume the followings:
(AO) The initial states {z;(0),1 < j < N} are mutually independent, independent
of all Brownian motions and satisfy sup,c¢;  ny El2;(0)]* < &k < oo, where
k is independent of N. Furthermore, let Fi(z) := (1/N) Zi\il 1z, (0)<z}
denote the empirical distribution of agents where 1(g., o)<z} = 1if E2;(0) <
and 1(g.,(0)<z} = 0 otherwise. Then we assume {Fy : N > 1} converges to
a distribution F' weakly.
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(A1) U is a compact set.

(A2) The functions f(t,z,u,y), L(x,u,y) are continuous and bounded in all their
parameters and Lipschitz continuous in (z,y).

(A3) The first and second order derivatives of f(¢,z,u,y) and L(z,u,y) with re-
spect to x are all uniformly continuous and bounded with respect to all their
parameters and Lipschitz continuous in y.

(A4) f(t,z,u,y) is Lipschitz continuous in u.

For the system described by (1)-(2), the goal is to find individual control strategies and
characterize their optimality with regard to Nash equilibrium. Following the standard
approaches in literature, the asymptotic analysis (N — oo) of the above game shall
be considered first and as a consequence, MV type dynamics approximating the state
dynamics of an individual agent should be obtained. More explicitly, let ¢ (t,z) €
CLipx) ([0,T] x R; U), the space of U-valued, continuous functions on [0,77] x R with
Lipschitz coefficient in z, which is used by the agents as their control laws. Hence,
the closed loop dynamics of agents are given by

(3) Z £ 20(8), 6(t, 20), 29(1)) dt + odw;(t),

=1

for which unique solution is known to exist [28, Chapter 1, Theorem 6.16]. Consider
the following MV type dynamics

(4) dzP(t) = [t 27(t), ¢ (£, 27 (1)) , pu] dt + odwi (1),

with 22(0) = z;(0) and p; € P(R). Here f[t,x,u, ] = [ f(t,x,u,y)pe(dy) and
we use the same notation in the rest of the paper. A pair (22(¢), p:) for (4) is said
to be a consistent solution if z2(t) is a solution to the SDE in (4) and P(z0(t) <

= ffoo ue(dy) for all @ € R and 0 < t < T. The closed loop dynamics in (3) can

be O(1/v/N)-approximated by the MV type dynamics given by (4) [17]. We shall
now proceed, following the outline summarized in the introduction, with the partially
observed MFG in the infinite population and McKean-Vlasov approximation with
filtering dependent control policies.

3. Partially Observed Mean Field Games and Nonlinear Filtering for
MYV Systems. In this section we formulate the estimation problem associated to the
MFG set-up described above. Let agent 4; has access to a noisy observation of its
own state via:

(5) dy;(t) = h(t, 27 (t)) dt + dv;(t),

where (v;(t))y<,<7 is a Brownian motion independent of {#(0) )y (Wi()gcper 1 <P <
N } and of the other noise processes { t)0<t<T} We assume the following.
(A5) The function h : [0,T] xR = R € 01@2 ([0,T] x R), the space of functions
which are differentiable in ¢ and twice differentiable in x, with |0;h(t, z)| +
|02, h(t,z)| < K and |9;h(t,x)| < K(1 + |z|) for all (¢,z) € [0,T] x R.
Following the standard approach to the PO SOCP, we shall construct the associated
completely observed system via application of nonlinear filtering for the dynamics
described in (4). But prior to that we obtain an MV type approximation result for
the state process controlled with filtering dependent policies, since under suitable
assumptions the optimal control takes a feedback form given by the solution of an
HJB equation with infinite dimensional domain.



MEAN FIELD GAMES WITH PARTIAL OBSERVATIONS )

3.1. Nonlinear Filtering for McKean-Vlasov Dynamics. The nonlinear
filtering equations that each agent needs to generate are defined as follows: Given the
history of observations F}" := o{y;(s) : s < t}, determine a recursive expression for
E [0 (2¢ (t)) |F{] for £ € CZ(R), the space of all bounded differentiable functions with
bounded derivatives up to order 2. Note that the agent’s state z?(t) has MV type
dynamics and so, for a fixed measure flow, we have

(6) f[a zauZa,ut /f ) zvulv /Lt(dx) = f* (tazzoaul)v
where f*:[0,T] x R x U — R. Hence, consider the SDEs

(7) dz7(t) = f* (&, 27 (), ui(t)) dt + odwi(t),

(8) dy;(t) = h (t, 27 (t)) dt + dv;(t).

The filtering problem for the MV system described by (7)-(8) has been analyzed
in [26] where filtering equations generating conditional distributions are obtained.
We can similarly obtain filtering equations in the form of cond1t10na1 dens1tles as
follows. Define the following innovation process: I;(t) = y;(t fo o(s))|FYi] ds
which can be shown to be a F/*-Brownian motion under the measure P Let m; :=
P (22(t)|F/") and define

) Lo= %(Pagmf + 0,0,
Define the adjoint operator on C? (R) as:

1
(10) L*0(x) = 585109(17) — 0 f*0(x).

Let ¢; denote the probability density for 7; i.e., for A € B(R), mi(t, A) = [, ¢i(t, z)dx
where ¢;(+) is (t,z)-measurable and F} adapted for each t € [0,T]. Then ¢;(t,x)
satisfies the following: For every t,

(1) @i(t, ) = ¢i(0,2)

+ /Ot L*pi(s, x)ds + /Ot wi(s,x){h(s, x) — s h(s,2")pi(s, I/)dﬂf/}dfi(s),

for a.e. x with probability 1 and where ¢;(0,x) is the initial conditional density
and I;(t) is the Innovations process, which is a Brownian motion, defined above.
This can be shown, for instance, by following [19, Theorem 11.2.1]. Based on the
consistency based approach to MFG [17], we now provide a decoupling result which
demonstrates that the closed loop dynamics of each agent in the infinite population
limit is approximated by MV SDEs in the partially observed setup.

3.2. McKean-Vlasov Approximation with Partial Information. Let E
be a vector space with norm || - ||g such that the process ¢;(t), 0 < t < T, satisfying
(11) takes values in. Recall also that the process ¢;(t) is F{*-adapted. Let a(t,p) :
[0,7] x E— U be an arbitrary measurable process and assume that

(M1) a(t,p) € Cripp) ([0,7] x E;U) and «f(t,0) € L]__yl([O T, U).
Assume that the process «a(t, -) is used by agent ¢ as its control laws in (1) such that
u; = « for 1 <i < N. We then obtain the following closed-loop dynamics:

(12) dzN Z (t, (1), 2N () dt + odw;(t), 2N (t) = 2(0).
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One can show that under the assumptions (A1)-(A4), the systems of equation given
in (12) has a unique solution (z{v, cee z]]\\,’) by following similar steps to those in the
proof of Theorem 6.16 of [28, p. 49] and by using the robustness (i.e., continuity with
respect to the observation path) of nonlinear filter; see Theorem 6. We now introduce
the MV system for the generic agent where the agent’s MV system shall contain the
estimation of its own state via nonlinear filtering equations:

(13) dz(t) = f [t 2(t), a (¢, (1)) , pe] dt + odw(t),
(14) dy(t) = h(2(t))dt +dv(t), 0<t<T,
with the initial condition 2(0) = 2(0) and (w(t), I/(t))0<t<T are standard Brownian

motion in R, which are independent of each other and independent of initial condition
2(0). Furthermore, we characterize p¢ by P (2(t) < a) = [*_ ju(dz), 0 <t < T. Fi-
nally, o(t) is the F/-adapted solution to filtering equation for the conditional density.
We remark that under (A0)-(A4), (A5) and (M1) it can be shown that a unique con-
sistent solution to the above MV system exists; see Theorem 6. Let us also introduce

(15) dzi(t) = ft, 2i(t), a (t, 0i(1)) , pe] dt + odw;(t),
(16) dyi(t) = h(t,2:(t)) dt + dvi(t), 0 <t < T,

where (w;(t), vi(t))g<y<r 1 < i < N Brownian motions in R which are are indepen-
dent of each other and independent of (z;(0),1 < i < N) and p; is the law of Z;(¢).
These equations can be considered as N independent copies of (13)-(14). We can now
state the MV approximation result.

THEOREM 1. Assume (A0)-(A4), (A5) and (M1) hold. Then

1
17 su su Ez -z =0|—|,
(a7 1<J£No<t£)T 1257 () i ) (\/N>

where 2N (t) and 2;(t), 1 < j < N, are given in (12) and (15), respectively, and

O(ﬁ) depends on T.

Proof. The proof is an extension of [17, Theorem 12] to the case where control
laws depend on the filtering processes. Consider first the ith agent and notice that

(18) zN(t) — zi(t) =
t N
/O %Zf(tyzz , (5 Sﬁz y 2 dS—/ f S, Z»L S Sﬁz( )),‘us] ds.

Let

(19) Di(s) :=
N

—Zf o (s, pi(s)) 2! /f s, 24(5), 0 (5, 04(5)) 1) s (),

and observe that

Di(s) = Dj(s) + Dj(s) + D}(s),

1 Y N
i(s) = NZf(szz-N(S),OA(S’%(S)), Z 5,2i(s), a (5,9i(5)) , 7' () ,
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2 1 5 N 1 5 .
DH6) 1= 3y D1 5156000 0) = 1 30T (0560 516D 5160

3 1 5
DHs) = 7 301 (50 5(s) (o) 5 (90) = [ F (25010 (1)) ) ),

By the Lipschitz continuity of f and «, there exists a constant C' > 0 independent of
N such that

N
(20) D} + D < C> (1/N) (121 — il + |2} = 51) .

Jj=1

From (18)-(20), it follows that

sup |2N(s) = 2(s)] < tz-Ns—é'is s
p [N -5 <€ [ |26 - 2] a

0<s<t
t N ¢
N(s) = 2;(s)| ds 3(s)ds
1) + [N LI ~ 5+ [ DH
which gives
N
S sup |+(s) — 4i(s)]
5 0<s<t
N t t N
2N (s — 2;(s)| ds 3(s)ds
szcz/m() ()] d +/0;Dz<>d
t N
(22) < 202/0?}25 ‘le(s) — %(s)| ds —l—/o Z D3(s)ds
We consider the last item in (22). We have that
+ N
BP0 < [ Bl5 D0 s p(e) 50)
(23) — [ fls:2i(s), (s, 9i(s)) , yl ps(dy)

R

Define now (s, 21,2) 1= f (5, 2(), (5, 0i(5)) ,2) — 1[5 2i(s), (5, 9i(5)) , 1s] and
recall that ¢;(t) depends on Z;(t) through (16). Therefore, for j # k, we have

(24‘) E[g(suéiaéj)g(svéiuék)] = 07

which implies that there are no cross terms in (23). Consequently, by the boundedness

of f and the inequality that (Zl 1 3:1> < NN 22 we obtain

i=1 ">

(25) E|D(t)|” < ka(t)/N = O(1/N),
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where k; is an increasing function of ¢ but independent of N. Now by (22), (25) and
Gronwall’s lemma

al 1
(26) Sk sup [0 - 50| =0 ().

o7 0<t<T

which yields Esupg<,<p |2 (t) — 2(t)| = O (\/Lﬁ) O

3.3. A Completely Observed Stochastic Optimal Control Problem for
the Generic Agent. The widely adopted procedure in the literature in the construc-
tion of a completely observed stochastic optimal control problem from the partially
observed one is to use the unnormalized conditional density in the separation principle
since it is known that the cost function under an equivalent measure is linear in the
initial unnormalized conditional density. Furthermore, the dynamics of the unnor-
malized conditional density is also a linear functional of the initial density and hence
one can significantly benefit from the unnormalized construction including the closed
form computation of the first and second order functional (Fréchet) derivatives with
respect to the density-valued state component. However, in order to proceed with the
unnormalized form, following the standard assumptions in the literature (see [3], [12]
and [4]), we shall restrict ourselves to the state dynamics in the following form:

(A6) The function f(t,z,u,y) is linear in the control: f(t,x,u,y) = fT(t,z,y) + u.
Recall that if the probability measure flow (1)<, is fixed, f[t, z,u, u] and L[z, u, y]
become a function of (¢, z,u) and as before, we denote

iz, u) = flt,z,u, p], L*(z,u) := L]z, u, u.
We need a further condition that the measure flow satisfies so that the induced func-
tions are well behaved, see Definition 3 and Proposition 4 of [17].

DEFINITION 2. A probability measure flow piy on [0,T] is in Mg 1 if there evists
B € (0,1] such that for any bounded and Lipschitz continuous function ¥ on R,

(27) sup
1<j<K

/w(y)ui?(dy)—/w(y)ui}/(dy)‘ < Bl -t"°,
R R

for all ¢/ t" € [0, T] where for given us, B depends on upon the Lipschitz coefficient
of V.
In order to obtain the unnormalized filtering equations for the MV SDE, we first need

to define an exponential martingale for the change of measure argument. Consider
first the following MV SDE

(28) dz°(t) = f[t, 2°(t), a(t), pe] dt + odw(t),

(29) dy(t) =h(t,2°0)dt+dv(t), 0<t<T,

with 2°(0) = 2(0), y(0) = 0 where (a(t))<;<r is an admissible control, ie., an
F}-adapted process taking values in U. In the rest of this section, we assume that

(1) € Myo,q is fixed with exponent 3 and we follow the approach presented in [3].
Hence, we define the process

(30) w™ () = w(t) —/O u(s)ds
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and let introduce a new measure P such that Z—g = M (u) where

Mt(u) = exp{/ (U(T)d’w_(T) +h(r,2°(1)) dl/(T))

(31) —% / (|u(7‘)|2 +|h (1, 2° (7)) |2) dT}.

It now follows from Girsanov’s theorem that under P, y(t) is a Brownian motion.
Define now the backward differential operator and its adjoint as follows: For a € U

Tt = 50+ (T 4 a)o,
(32) Tt = 50— (F )0, — 01"
Similarly, for a given control process u € U, where U := {u(-) € U : u(t) is F{ —
adapted and EfOT lu(t)|?dt < 0o}, we denote the family of operators by
(33) (T =T, FF =T, 0<t < T}

Consider a random function {q(t,z; 7, k);7 < t < T} with (z,k) € R x R and assume
that it is a fundamental solution of the Zakai equation (which is known to exist [3])
given by:

dq(t,z; 7, k) = T q(t, z; 7, k)dt + h(t, 2)q(t, z; T, k) dy(t),
(34) ltlfn q(t,z; 7, k) = 0ppe, T<t<T, P—a.s.

Let p(z) denote the density of z(0) and set ¢¢(z; k) := q(t, 2; 0, k). Then by [3, Theorem
4.1] the function

Jg (25 K5)p(K)dk
f]R q(z; k)p(Kr)drdz’

is a version of the conditional density of P (z°(t) € A|F}) ie., for £ € Cy (R) and
A € B(R),

(35) pi(2) = T
R

(36) E[¢ (=°(T)) | F2] = / pr()(2)dz P —as.
R
Finally, let us set 4(t, 2) := [ q:(2; £)p(k)dk. Then, by [3, Theorem 4.1], we obtain

)
)

where (37) is the Zakai equation for the unnormalized conditional density which will
serve as the infinite dimensional state process of the completely observed optimal
control problem. It is worthwhile recalling at this point that the goal is to solve the
partially observed SOCP at the infinite population limit for which we aim to obtain an
HJB equation in a function space by constructing the associated completely observed
SOCP. We now proceed with such a derivation the first step of which requires one

T @(t, z)dt + h(t, 2)p(t, 2)dy(t), 0 <t <T,

dg(t
5 p(2),

(37) ¢(0

, 2
, 2
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to define the cost in terms of the conditional density process and the new measure
defined via (31).
Indeed, consider the cost function and note that

T
J(uip) =E / L2, u(t), ) dt

0
(38) = IE/OT (A{A{L [z, u(t), we] qt(z;x)p(ac)dacdz> dt,

where E denotes expectation with respect to P and (38) follows from [3, Equation
5.1]. Note that we explicitly indicate dependence on the initial condition. Define the
following space of functions:

(39) E.2 {p e L@y ol = [ (1+12) Ip(2)lds < oo} |

In the derivation of the HIJB equation we consider the function space (39) where for
the expected total cost incurred during [T — 7,7], 0 < 7 < T, we assume that the
initial condition satisfies pr_.(z) € E; and hence, for a constant control uy = a € U
forall 0 <t < T, we have J: [0,T] x E;, — R.

DEFINITION 3. [3] Consider a probability space (Q,]—“, {ft}tzo,P) and an E;-
valued stochastic process (n(t, z))o<i<r adapted to the filtration Fy with 1 > 0. If

(40) E/OT (/R (1+12]" |n(t,z)|>j dt < 0o,

than we say that n(t, z) € My ;[F].

A continuous cost functional is next defined by setting:

T
(1) Virp) =B [ L0000, ]
where (7,p) € [0,T] x E and 2°(T — 7) has a distribution with density p. We now
recall the definition of the Fréchet derivative. A function f : X — Y is said be Fréchet
differentiable at x if there exists Df(x) € L(X;Y), where £(X;Y) denote the space of
bounded linear operators from X to Y, such that limg s -0 ”f(m+h)_fl‘(,ﬁl);Df(w)'h”Y =
0. One can define higher order Fréchet derivatives in a similar manner. For in-
stance, the second order Fréchet derivative of f at @ € X satisfies that D?f(z) €
L(X; L(X;Y)). We define the following assumptions.
(A7) The function V(7,p) : [0,T] X Ex, — R possesses continuous first derivatives in
7 and first and second order Fréchet derivatives DV (7, p) and D?V/ (7, p) with
respect to p in the form of linear functional and a bilinear form, respectively,
which are given by

DV (7. p)ln] = / V, (r,p) (2)n(2)dz,

D2V (. p) [, 6] = / / V2 (7,p) (2, 2 )n(2)0(=')dzdz', n(-),0() € Ex,

where the kernels V,, (7,p) (z) and V,2, (7,p) (z,2’) are continuous in their ar-
guments and satisfy the following:

Vo (7,9) ()] < Gu (7, lIpll) (1 + [21)
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(42) Vep (7.9) (2, 2)| < G (7 llpll) (1 + [2)') (1+[2'11)

for (1, (2 being continuous functions on [0,7] x R..
(A8) Consider (37). Assume that

T @(2) € M [F 10 M o[ F,
(43) h(t, z)@(t, z) € My o[FY] N My 4[FY],

for some [ > 0.
Let uy = a, 0 <t < T and define Ny(z fR zya,pe] (T, z;t,x)dz and s :=T — 1.
Notice that with this notatlon We have that Va(T, p) = E(N,,p) where we use the
notational convention that ( fR . Consider V* and note that due to
the linearity in the infinite dlmensmnal component, for a fixed control a, the Fréchet
derivatives satisfy

DV (7, p)ln] = / Vo(r,p)(@n()de, n() € B,
where V' (7,p)(z) = EN,(x). Similarly,

D*V(r,p)[n, 0 / 2 )n(z)0(x")dzdz’,

where 7(-),0(:) € E;—1 and V5, (7,p)(z,2") = 0. Therefore, the first set of conditions
of (A7) are already satisfied when the unnormalized conditional density is considered.

We are now in the position to provide a HJB equation that the function given in
(41) satisfies.

PROPOSITION 4. Consider the probability space (€0, F,{F{}i>0, P) and any ad-
missible control process {uy;0 <t < T} € U along with (2°(t),y(t), v(t), w(t)) g<i<r-
Assume that (A1), (A2), (A3), (A5), (A6) and (A8) hold. If the following equation

WALE) _ 1D2y (s, p) - (BT~ 7). (T ~ 7))
+ IO%III} { (jT—TDV(T7 p)(')vp) + (L['7 97 MT—T]up)} )
(44) V(O,p) =0, (r,p) € [OvT] x Eg,

has a solution V(1,p) := [0,T] x Ex — R which satisfies the assumptions defined in
(A7), then V(7,p) is a lower bound to the cost achieved under the control process u,
i.e.,:

T
(45) Vi) =B [ L0, u(t). mldt > Vi),

for any (7,p) € [0,T] x Eg.

Under the assumptions (A1)-(A3), (A5)-(A8) and the condition that the measure flow
(1t)o<t<r € Mo,r is fixed, the proof of this proposition follow from [3, Theorem 5.2].

Notice now that the PDE described in (44) is difficult to analyze (notice the
existence of a function space in the domain of V'); indeed, the solution to such an
equation is not completely understood in the literature. Hence, in order to proceed
with the analysis of the PO MFG system, we assume the following.
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(A9) The equation (44) has a unique solution V' (¢,p) : [0,T] x Ex, — R with V(¢,p) €
C12 ([0.7] x Ey).
Notice that due to this assumption, the best response control process can now be
given in the following separated form:

u* ={u*(t,p) =a" (T —t,pt);0<t < T},
(46) a” (7_7 p) = arg flréi[r} { (jTQ—TDV(Tv p)(')vp) + (L ['7 a, MT—T] up)} ’

if the Zakai equation (37) is strongly solvable for an F/-adapted random function

o(t, z) with u(t) = a* (T —t, %).

Following standard procedures, e.g., see [10, Theorem 4], one can also show that
the value function V : [0,T] x Ex — R defined as V(¢,p) := inf,ey V%(¢,p) is a
solution to the HJB equation given in (44).

To summarize: in order to obtain its optimal control, a generic agent solves its
partially observed control problem defined by (28), (29) and (38) and obtains the
optimal control law in the feedback form given in (46).

However, as in the completely observable and hence in the finite dimensional
cases, the existence of feedback control policies is in general not sufficient for the
validity of the fixed point argument. Therefore, we further assume the following.

(A10) For each (p¢) € Mo 7y, u* (t,p| Wt)ogth) is continuous in (¢,p) € [0,T] x Ei
and Lipschitz continuous in p € Ey,.
Before we proceed with the fixed point analysis we remark the following.

REMARK 3.1. For the stochastic partial differential equation (SPDE) defined in
(37), a solution via a Sobolev space characterization is considered in [28] where the

solution is defined on H' where H' := {f € L*(R): % € L? (R)} with the norm

0k g := { fp (|k(2)|* + |%|2) dx}'/?. Therefore, the infinite dimensional state pro-
cess takes values in H' and one can obtain a similar expression for the HJB equation
for which the stochastic calculus for Hilbert space-valued stochastic process can be used.

4. Analysis of the Partially Observed MFG System. Following the widely
used approach in MFG theory, it is now required to demonstrate that when the
completely observed SOCP derived in Section 3.3 is considered and solved by each
generic agent, the corresponding strategies should collectively replicate the aggregate
behavior, which is the system mean field. This corresponds to the fixed point argument
of MFG analysis which is also referred to as Nash Certainty Equivalence (NCE). For
such an analysis, it suffices to prove that the MFG system has a unique solution
which can be achieved by proving that starting with an exogenous measure, u‘(’_), the
composition map below has a fixed point in the space of probability measures.

o MV Y NLF .
Hoy — % () — ()

T JHIB

() & wlp) B V)
We now introduce some preliminary material about the metrics on a space of prob-
ability measures which can be found in [17] and [27]. Let C ([0,T];R) be the space
of continuous functions on [0,T]. For z,y € C ([0,T]; R) define the norm ||z — y|| :=
supsepo, 7y [7(t) — y(t)|. Then, (C([0,T];R),||-|) is a Banach space. Consider also
the metric p(x,y) = sup,ejo,77[(t) — y(t)| A 1; one can show that the metric space



MEAN FIELD GAMES WITH PARTIAL OBSERVATIONS 13

(C([0,T};R), p) is complete and separable (Polish). Let C, := C([0,T];R). On
(C ([0, T];R), || - ||) we define the o-algebra F generated by the cylindrical sets of
the form {z(-) € C, : a(t;) € Bi;t; € [0,T], i = 1,...,1} where each B; € B(R)
and [ is a positive integer. Let M (C,) denote the space of all probability mea-
sures m on (C,, F). M(C, x C,) denotes the space of all probability measures
on the product space. Define the canonical process X with the sample space Cp;
ie, Xy (&) =&, £€C,.

DEFINITION 5. For mi,ma € M (C,), the Wasserstein metric is defined as fol-
lows:

@) Drmme) =t [ (sup|Xs<§1>—Xs@z)m)dm,gg)

YeIl(my,msa) s<T
where
I(my,mg) :={T C M(C, x C,,) : T(A x C([0,T];R)) = m1(A) and
T(C([0,T;R) x A) = m2(A), A€ B(C([0,T];R))}.

Note that the metric space (M (C,), Dr) is also Polish.

We continue with the existence and uniqueness proof for MV SDEs in the partially
observed setup which is based on a fixed point argument in the space M (C,). Hence,
for 1 <14 < N, consider first the following SDEs:

(48) dz{(t) = [ [t, 2] (1), (t, 5i (1)) , pue] dt + odwi(t),
(49) dy;(t) = h(t,2)(t)) dt +dvi(t), 0<t<T,

where 2z2(0) = z;(0) and @; is generated by the unnormalized nonlinear filter and «
is an admissible control. Let m € M (C,) and observe that one can re-write (48) by
defining the random process 9(t) on [0, 7] as follows:

t) = /0 /Cp f(s,9:i(s),a(s,9i(s)),&) dm(&)ds

(50) +2;(0) + /Ot odw;(s), 0<t<T.

Let us denote the law of ¥; by ®(m) € M (C,).

Although the results which we derived in the previous sections hold with time
varying observation dynamics, it is simpler to handle the sensitivity analysis of the
filtering equation when the observation dynamics are time invariant. We therefore
assume the following in the rest of the paper.

(A11) The observation dynamics is time invariant: h(t,z) = h(z).

THEOREM 6. Under (A0)-(A83), (A5) and (A10), there exists a unique consistent
solution pair (zf(t), Mt) with pg € Mo, 71

Proof. The proof is a generalization of [17, Theorem 6], [24, Theorem 6.12] and
[10, Theorem 13] requires to consider an unnormalized conditional density in the
control law. For m,m € M (C,) let 9;(t) and J;(t) be defined by (50) corresponding
to m and m, respectively, with the same initial condition z;(0). Similarly, let @(¢)
and $(t) be generated by the unnormalized filtering equations for 9;(t) and J;(t),
respectively. It follows that

(51) sup. B;(s) — U4(s)| <
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[

For any m € M (C, x C,) with marginals (m,m), we have

ds.

~/C‘pf(870i(8)7a(s’¢(s))7§s)dm(§) _/

Cp

£ (59,0 (5, 6() &) din(¢)

A= ‘ / (504,05, 506)) &) ()~ /

c,

(00 (5:89) &) i)
= [ rsoea e g an(e
C,xC,
62 [ r(sdsha(s80).8) dm(ed)

< Cu([i(s) = 9i(s)| A1) + Co([[3665) = Gi(3)]lg, A1)

(53) +/ C3(|& — &| A1)dm(€,€)

3 3

where (53) follows due to the boundedness and the Lipschitz continuity of f and
«. We note that the essential difference with the completely observed MV SDEs
is the existence of the conditional density terms, that is to say the solutions to the
nonlinear filtering equations in the Zakai form where the observation process y(t) acts
as the exogenous input process, which are going to be handled through the robust
representation of the filtering processes.

Recall that for 0 <t < T,

dy(t) = h(0;(t))dt + dv(t),
(54) dj(t) = h(9;(t))dt + du(t),
and hence, the filtering processes @;(t) and ¢; (t) are FY and }'ZJ -adapted, respectively.

Let £ € Cyp(R) and for 0 < ¢ < T consider the following unnormalized conditional
expectations:

(55) E[¢(0:(t)) M{ ()| FY], BLE(D:(1)) M ()| FY].

Let us also define the path valued random variable y. : Q@ — ([0,¢];R) such that
Y. (w) = (y(s,w),0 < s <t). Hence, by [1, Theorem 5.12], there exists a function
7’ : C([0,t;R) — R such that

E [£(9:(1)) Mg(e)| FY] = " (3.),
(56) E[0(9:(6) Mi(a)|F)] = n'(3.), P - aus.

Furthermore, the function 7 is locally Lipschitz in the sup-norm and locally bounded
[1, Lemma 5.6]. To continue, recall that by [3, Theorem 4.1],

(57) E [6 (9:(¢)) Mg(a)|]-'ty} = /Ré(:zr)QD(a:)d:r, P—a.s.

Take [ = (1 + |z|*) for a k that is set in (39) so that we have

_ ‘/R (1+12*) (6(x) — b)) de

[E [ (9:(2)) Mg ) |F¥] = E[e(9:(0) M (@) Y]
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(58) = |¢(z) — ¢(@)|e,-

Notice that n(lﬂz‘k) is only locally Lipschitz, however, since y. and ¢. take values in
C (]0,t]; R), there exists R’ > 0 such that ||y.]] < R’ for all w € Q. Hence let R > R’
and consequently for any ||y.||, [|4.]| < R, there exists a constant C]Ic% > 0 such that

I6() = S@)e, = [InH=1 () — 110 ) |

(59) < CF sup |y(s) —9(s)| < CFCy sup
0<s<t 0<s<t

9i(s) — 19}(5)]

where Cj is a constant obtained from the Lipschitz continuity of h. Substituting (59)
in (53) yields

(60)As < (C1 + C2CFCy) (|9i(s) — Vi(s)| A1) + / Cs(|& — &| A1)dm(€,¢).

pXCp
Clearly, by (60) the proof easily follows from [17, Theorem 6]. We herein provide
details for the sake of completeness. Notice first that (60) implies

(61) Ay < (C1+ CoCFCy) (19:(s) — Di(s)] A 1) + C5Dy(m, 1),
since /m is any measure with marginals m and 7. (53) and (61) together imply

sup
0<s<t

(62) /0 t {Ost(m, ) + (C1 + C2CFCy) (

¥i(s) — 191(5)‘ <

9i(s) — 191(5)’ A 1)} ds.
Applying Gronwall’s lemma yields

(63) sup
0<s<t

¥i(s) — 191(5)’ ANl < Cﬁ/o C3Ds(m,m)ds.

where CQB/ = exp ((Cl + CQC;%CL;) T). Notice that ; and 191 induce two probability
distributions, denoted by ®(m) and ®(1), respectively, on C,, Likewise, the joint

distribution of (v;, 191) gives a measure mq on C, x C,. Taking expectation of both
sides of (64) we obtain

(64) Dy (®(m), ®(1m)) < 05?/0 C3D,(m, m)ds.

The proof of the existence and uniqueness is now complete by following the Cauchy
argument in [27]. Finally, the claim that p; € Mg 1) directly follows from [17, Lemma
7). d
By the analysis in Section 3.3, we have first obtained the optimal control law for the
generic agent by assuming that (i) it has only access to partial information on its
own state and (ii) the flow of probability measures is fixed. In the second step we
proved that the closed loop MV dynamics of the generic agent has a unique solution
when the agent uses the Lipschitz control strategy obtained as the solution of HJB
equation derived in Section 3.3. Furthermore, it follows that after all agents apply such
Lipschitz control strategies, the resulting measure flow maintains a certain continuity.
Hence, one can refine its strategy by solving the HJB equation of the partially observed
control problem by using this new measure. In the next section we discuss this in
more detail.
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4.1. Fixed Point Analysis and the Main Result. Given uy € M|y 1), by
the proposition 4, we obtain a solution for V(:) and subsequently, corresponding to
each (t,p) € [0,T] x Ex we get u(t,p) as a well defined function minimizing (44).
Consequently, we write the optimal control law in the feedback form

(65) u=u" (t,p} (N?)ogth) , (t,p) €[0,T] x Ey,

for which we define the well defined map: T : Mo 1] — CLipp) ([0, T] x Ex; U) with

(66) T ((U?)ogth) = u" (t,p| (/L?)ogtST) .

Notice that the map characterizes the interaction of individual and the mass which can
be considered as the best response map; the individual optimal decision is obtained
while the actions of all other agents are fixed.

We now consider the second component of the fixed point argument. Given a func-
tion a(t,p) € Cripp) ([0,T] x Ex; U) we implement it as a control law in (48) which
leads to a well defined solution (2°(¢),y(t)), 0 < ¢t < T. Let us denote the law of the
solution of z° by m € M (C,). Then, we define the map T : Clip(p) ([0,T] X Ex;U) —
M(C,) by

(67) m="(a).

Note that by Theorem 6, (ut)g<;<7» the law of 2°(t), is in Mg 7} and hence one can
also specify the well defined map Y : Cip(p) ([0, 7] x Ej; U) = Mg 77 by

(68) (Nt)ogth =T ().

Therefore, we obtain the following proposition as the partially observed equivalent of
[17, Proposition 8§].

PROPOSITION 7. Assume (A0)-(A10) and (17)g<icr € Mpo1). We have T o
T ((/Lg)OStST) S M[O,T]; i.e., Y= YoT: M[O,T] — M[O,T]-

It is now clear that by the construction of T and Y we obtain a solution to NCE
system if we can find 7 € Mo 1) that satisfies the fixed point equation

(69) ToXY ((Nf)ogth) = (Nf)ogth'

As mentioned in [17], there exists several difficulties in demonstrating the existence
of a fixed point for (69); most notably, the sensitivity of the optimal control policies
with respect to the measure flow (uf),~,~, and hence, such a regularity condition is
taken as an assumption in [17, See (37)]. By generalizing the approach presented in
[24], we derive a similar sensitivity analysis for the partially observed setup.

Let 0 <t <T and s =T —t and consider the best response process given by the
solution of HJB equation in (44):

u*(t,pt) = argggg{(Z“DV(S,pt)(-),pt) + (L[ a, 1], pe) }

(70) — argmin {a ( / 82V, (5, p0) (@)pe(2)dz + Lz, a, ,uf]pt(x)dx) } .
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Define the Hamiltonian
(T1) H (t,p.a,0:Vy(s,p)()) = a ( [ Vil p)@lpta)ds + Lis.a u?]p(:v)d:v> .

We also define the closed loop dynamics by

dz°(t) = f[t,2°(t), u(t), u?] dt + odw(t), z°(0) = 2(0),
(72) dy(t) = h(2°(t)) dt + dv(t), y(0) = 0.

We assume the following.
(A11) For each uy € Mo 1y, the set

(73) S(t,p,q) := argmin H (¢, p, a,q),
acU

is singleton and the resulting u* as a function of (¢,p,q) € [0,7] X Ex x R

is continuous in ¢, Lipschitz continuous in (p, ¢), uniformly with respect to ¢

and e € M[O,T]-
The conditions under which the above assumptions hold in the partially observed case
are beyond the scope of this work. However, in the completely observed situation,
such conditions can be satisfied under sutiable convexity assumptions in the control
variable; the reader is referred to [17] for more details.

Following [20], we define the Gateux derivative of a function F(¢,p, ) : [0,T] x

Er x P (R) — R with respect to the measure u(y) as follows :

e—0 €

where ¢ is the Dirac delta function. We assume the following.
(A12) The Gateux derivatives of f and L with respect to p exists are C*°(R) and
uniformly bounded. Let V (¢, p) : [0, T] X Ex, — R be the unique solution to the
HJB equation in (44). Then, V (¢, p) is uniformly bounded, its Gateaux deriva-
tive DV, (¢, p) (or the Kernel V,(¢,p)(x)) exists and is uniformly bounded with
respect to all its parameters.

THEOREM 8. Assume (A0)-(A12) hold and in addition assume that the resulting
control law is Lipschitz in p. Then for given (p)o<,<q » (fit)g<icr € Mio,], there
exists a constant c1 such that T T

(75) sup  [u*(t,p) — @ (t,p)| < er(Dr(p, ).
t,p€[0, T XEy

Proof. Note that Assumption (A12) and the fact that resulting u* is Lipschitz
continuous in p yields

(76)  Ju*(t,p) = @ (t,p)| < k1Dy(p, 1) + k2l0: VY (8. ) (2) — 0V (t,p) ()],

with positive constants k; and ky where V(t,p)(x) and V/(t,p)(x) are the kernels
defined in (42) corresponding to measures p and fi.

The goal is to use the existence of Gateux derivative of the Kernel 9,V (¢, p)(z)
with respect to the measure pu which satisfy the boundedness assumption so that
one can invoke the mean value theorem (MVT). Indeed, by the assumption that
0,05V, (t, p)(z) is uniformly bounded, by MVT we obtain
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Consequently, we obtain
(78) lu*(t,p) — @ (t,p)| < (k1 + kaks) Dy (u, 1),

which completes the proof with ¢y = k1 + koks. a

REMARK 4.1. In Theorem 8 above, we assume the uniform boundedness of the
Gateux derivative of the function that satisfies the HJB equation obtained for the par-
tially observed setup. We note that one could follow a similar approach to [20, Section
6] in order to analyze the boundedness property of the solution of the HJB equation
(44) (see also [24, Appendiz F] for the finite dimensional case) and its Fréchet deriva-
tives by analyzing associated kernels. However, such an analysis would considerably
depend upon the analysis of PDE in the form (44) which is not well understood in the

literature.

We now provide a sensitivity result for the distance between two measures with respect
to the control policies by combining the general developed in [17], [24] and [10].

LEMMA 9. Under (A0)-(A11) there exists a constant cy such that

(79) Dy (m,m) <co  sup  |u"(t,p) —a"(t,p)l,
t,p€[0, T XEy

where m,m € M(C,) are induced by (67) using u*, 0" € Cripp) ([0,T] x Ex; U).
Proof. Denote the two solutions corresponding to u* and @* by z°(t) and £°(t).
Hence,

5//f@f@ww¢@»mw@m+4m3/wma
0o Jo, 0

éo(t)_/ot /Cpf(s,éo(s),ﬁ* (5.6(9).&) dﬁ”L(é)ds+z(0)+/Otadw(s).

By the Lipschitz continuity of f, u* and 4* we obtain

[ (s, 2(), " (3, 3()) &) = F (5, 27(5), 0" (5, 5(5)) . &)
<|f (5,2%(),u (5,8(5)) . &) = f(5.2%(5),u” (5, 9(5)) . &)

(s, 2°05) u" (5, 6(5)), &) = f(5,2°(9), 0" (5, 5(5)), &)
< O (12(5) = ()| A L) + Ca(18(s) = B(5) e A 1)

(81) +Cs ([ =& n1)+ G5 s fut(s,p) — @ (s.p)]
(s,p)€[0, T XEy

‘Gz>

‘Gz>

O ~— ~—

Following similar steps in the proof of Theorem 6 we get

t

b%%%%NSACmf®—f®MD%+ACMW®—ﬁMMAU%

t
(82) H%/Dmmww+%t sup  [u*(s,p) — @*(s,p)]
0 (s,p)€[0,T]XEg

Now by use of the robust representation of nonlinear filter demonstrated in (54)-(60),
we obtain

2°(8) = 2°(8)]
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< /0 C1(|2°(s) = 2°(s)| A1) + (C1 + CQCFCLL) sup (|2°(s) — 2°(s)| A 1)ds

0<s<t

t
(83) +Cs / Du(m,i)ds +Cst  sup  |u*(s,p) — " (s,p)|
0 (s,p)€[0,T)xEy

where C]Iﬁ and C4 are defined in (59). Applying Gronwall’s lemma to (83) gives

sup |2°(t) — 2°(t)| A1 <
0<s<t

t
exp ((Cl + CQC](RC4) T) (03 / Dgs(m,m)ds + Cst sup |u*(s,p) — u*(s,p)] >
0 (s,p)€[0,T)xEy

Consequently,

t
exp ((C’l + 0201504) T) (03 / Dgs(m,m)ds + Cst sup |u*(s,p) — 4" (s,p)| ) .
0 (s,p)€[0,T]xEj

Applying Gronwall’s lemma to (84) we complete the proof. d
We can now present the main result of PO MFG theory.

THEOREM 10 (Main Result). Assume (A0)-(A12) hold and consider the pro-
cesses V(t,p), u*(t), z°(t) and y(t), which are defined in (44), (70) and (72), re-
spectively. If the constants (c1,c2) for (75) and (79) satisfy the gain condition that
cica < 1 there exists a unique solution to (69) and hence a unique solution to the

MFG system given by (44), (70) and (72).

Proof. The proof follows from the Banach fixed point theorem for the map I'o T’
defined on the Polish space Mg 7} since the gain condition assures that the map is a
contraction. a

5. e-Nash Equilibrium Property of the MFG Control Laws. Following
the common methodology employed in the MFG literature, we shall investigate the
performance of the best response control processes obtained in the previous section
in a finite population setting. Consider the following dynamics described in (1):

N
(85) 0= 7 (62 (0wl (0), 2 (1)) dt -+ odu (1),
Jj=1
(36) dy¥ (1) = b (=2 () dt + dvi (1),

with 2V (0) = 2;(0), 4:(0) =0, 1 < i < N. Here (w;(t),vi(t),1 <i < N) are indepen-
dent Brownian motions in R. Similarly, define the following set of MV equations

(87) 422(t) = f [t 22(0), w2 (2), ] dt + odwi (),
(88) dy? (t) = h (22(¢)) dt + dv;(t),
with the same initial conditions where p; is the law of z?(¢). Recall that a unique

solution exists to (85) when u) € Cripe ([0,7] x R;U), and a unique consistent
solution to (87) exists when uf € Crip(p) ([0,T] x Ex; U). Notice that in contrast to



20 NEVROZ SEN AND PETER E. CAINES

the coupled process in (85)-(86), the system in (87)-(88) gives N decoupled pairs of
processes. Let z(0) := [; 2dF(z) be the mean value of the initial states and define

(89) eEN =

/xQdFN(a:)—2z(O)/xdFN(I)+Z(O)2 )
R

R

where lim,, . ey = 0. Consider the following o-algebras:

F = o{yg(s), o uk(s):0 < s < ),
]:,le =o{yf(s);0 < s < t},
N
F = oy (s), . N ()0 < s <t}
(90) ]-"tyZN =o{yN(s);0 < s <t}

We now define class of admissible control policies. Let

K2

Uy = {u() s u(t) is adapted to F\¥,
T
u € Cripepyy ([0,T] x EN; U) and E/ lu(t)|?dt < oo},
0
Ut = {u() :u(t) is adapted to ]-",;yg,
T
u € Crip(p) ([0,7] x Ex;U) and IE/ lu(t)|?dt < oo},
0
N - (y™)
U = {u() :u(t) is adapted to F;¥ 7,
T
u € Crippyy ([0,7] % EX; U) and E/ lu(t)|?dt < oo},
0
Z/{Z-N’d = {u() s u(t) is adapted to }'ty’N,
T
(91) u € Crip(p) ([0,7] x Ex;U) and IE/ lu(t)|?dt < oo},
0
where 1 <i < N and Crppy) ([O, T] x EY; U) denote the space of U-valued continu-
ous functions on [0, 7] x EY with Lipschitz coefficients in EJY := @}, E}, j, where for
1<j <N, Eg; is acopy of Ej
In the above admissible control policies, U represents centralized information on
the partially observed states at the infinite population game whereas U represents

centralized information on the partially observed states at the finite population game.
On the other hand U d represents decentralized control policies at infinite population

game whereas Z/{Z-N ,d represents decentralized control policies at the finite population.
For the dynamic game problem specified in (85), recall that the cost function for
the ith agent is given as

(92) TN (Wl V) = E/T e i L(zN(t),ul (t) ZN(t)) dt.
K2 (] —1 0 N Jil K2 ’ 3 Eaaey ]

Recall also the generic agent’s PO SOCP:
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Generic Agent’s SOCP: For 0 <t <T

dz°(t) = f[t,2°(¢), u(t), w] dt + odw(t), 2°(0) = 2(0),
dy°(t) = b ((8)) dt + dv(t), y(0) =0,

T
(93) J(u) =E / L{22(t), u(t), el dt

where J(u) is to be minimized over U := {u(-) € U : u(t) is ff’o — adapted and
E [ [u(t)2dt < oo}

The optimal control law for the above PO SOCP (and hence the best response
control process for the MFG game) is characterized by (70) which we denote by u°(t).
Recall that under (A6)-(A10), u§ € Cripp) ([0,T] x Ex; U) C U,

DEFINITION 11. [17] Given €, the set of admissible control laws (u3, ..., u%) gen-
erates e-Nash equilibrium with respect to the cost JY if for any 1 <i < N

(94) IV (ugiu®;) —e < inf | IV (uiu®y) < TN (ufuly) .
u; €U

We now show that the MFG best responses for a finite NV population system (85)-(88)
is an e-Nash equilibrium with respect to the cost function defined in (92).

THEOREM 12. Assume (A0)-(A12) hold and there exists a unique solution to
MFG system such that the best response control process u°(t,p) is continuous in (t,p)
and Lipschitz continuous in p. Then (u$,u§...,u%) where u = u°, 1 < i < N,
generates an O (eN +1/V N) -Nash equilibrium with respect to the cost function (92)
such that limy_,o exy = 0.

Proof. Proof involves several linked perturbation estimates which involve condi-
tional density process. We consider a strategy change for the first agent. Consider

the following closed loop individual dynamics under the best response control policies
u? =u°, 1 <4< N, at finite population

N
40N (1) = % S0 (=N 0w (160N (6), 20V (1)) dit 4+ odu (1),
j=1
95)  dy?N(t)=h (zf’N(t)> dt + dvi(t),

where 22V (0) = 2(0), ¥V (0) = 0 and 2N (t), 1 < i < N, denote the associated
unnormalized filtering processes. Similarly, consider the MV system

(96) d=0(t) = £ [t 20(8), w1, B2(1)), ] dt + odwr (),
(97) dyg (1) = h (z2(0)) dt + dvi(t),

with the same initial conditions and ¢¢(¢) denotes the associated unnormalized filter-
ing processes. Following similar lines of the proof of Theorem 6 and using

(98) [ERIORE0! SIOEERIOIP

< 01504 sup
k 0<s<t

we obtain, as a consequence of Gronwall’s lemma,

(99) sup sup E[z7(t) - 2Nt =0 (1/\/N) ,

1<j<N 0<t<T J
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where the right hand side depends on the terminal time 7.

Assume now that while each agent j, 2 < j < N, are using the MFG best response
control law u°(t, p), the first agent implement a strategy change from u° to uy € U
which yields

o 1 a o ~0 o
dzl,’év(t) =N Zf (tvZl:év(t)7u1(t7(p1;J]\\;,c(t))7zj,)¢fv(t)) dt + odw: (t),
N
AN () == f (t, 20N (@), w0 (t, @7 (1)), 25N (t)) dt + odw;(t),

where initial conditions are given by zZ’CN(O) = 2;(0), yZLN(O) = 0 and gbgy’CN(t), 1<

i < N, denotes the filtering processes and @T;%C(t) = (cﬁ‘fiv(t), ey QZ??VJZ(t))
We also introduce the MV dynamics and its observation:

(102) Az () = f [t 25(8), wa (b (1) | dt + odun (1)
(103) dge () = b (20(8)) dt + du (1)

(104) dzo(t) = f [t 22(8), uo(t, 0 (1)), ut} dt + odw;(t)
(105) dg?(t) = h (22(t)) dt + dv;(t)

for 2 < i < N with the same initial conditions and $¢(t) denotes the unnormalized
filtering equations for the signal and observation pair (2¢(¢),9¢(¢)), 1 <i < N.
It now follows that

(106) sup sup E

c J
2<j<No<t<T | P

22N (4) — z‘?(t)] -0 (1/\/N) .
Furthermore, by the robustness of the nonlinear filter, for 2 < j < N and 0 <t < T,

(107) | () - 20)|.

J

< sup CfCZ;
Ex 0<s<t

Gronwall’s lemma, (106) and (107) imply that

(108) sup E
0<¢<T

2N () - 25@)\ ~0 (1/\/N) .

Observe that (108) and so (108) and the robustness of the filtering together imply
that

(109) sup E Héi’(t) —@re (t)
0<t<T

=0 (1/VN) .

Consequently, under the modified strategy, we obtain

JlN (ul;uii) =
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(10) E OT%jZJ_V;L(zf:i%),ul( Finel®)) 2N () dt
e i L (550 (L2080 220)) d
w o)
e i (30, (158 0. 388 0) 500 )
o)
BRI I COMCEDEROEDL
ey
e [ 10,0 B 0) a0 (e + 1)

Furthermore, by the construction of the generic agent’s partially observed MFG sys-
tem (93) we have

T

(114) E / TL[éf<t>,u1 (1. &8N ®) pe| dt > E / L(20(8),ug (£, @5(1)) s ue] dt.

On the other hand we have

T

B [ L0 (0550) el

(17) TN '
/0 J;L 2'1 ul <P1())a J()]d O(EN+\/—N>

L[ 0. (12 0) 25 0] -0 (e +

=

1
7)
(115) = J (u§;u’y) — O (eN + \/LN) .

It now follows from (110)-(115)

1
(116) IV (ugsu®y) — O (€N + \/—N> < u11£1£ I (ur;uly),

which completes the proof for agent 1. The analysis for the other agents follows
similarly. a

6. An Explicit Example with Finite Dimensional Nonlinear Filters. In
nonlinear filtering theory, initiated by the work [2], there has been a considerable
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progress in representing a large class of nonlinear filters with finite dimensional quan-
tities. Furthermore, in the case that these quantities are sufficient for the control,
then the infinite dimensional conditional density can be replaced by this finite dimen-
sional sufficient statistics. Consequently, a rigorous proof of the verification theorem
can be obtained in this finite dimensional, completely observed stochastic optimal
control problem. The literature for such a theory is vast and we refer reader to [9,
Section I] for a succinct summary of the related works. In this section we consider
such an explicit model whose nonlinear filters can be expressed with finite dimensional
quantities and hence yield a more tractable PO MFG system.

Consider the following MFG system where f, h and L are motivated from [9,
Section IT1.B-C] and given in the following form: Let 2]V (t) = [2](t), 2% (1)]7, Gy ==

11
[G6 G%Q]’ wi(t) == (w1 (£), w; (1)) and

dzfv(t) = [g(t, Zle (t)),uf-v(t, yi)]Tdt + Grdw; (t)
dyi(t) = HyzN (t) + N2 dbi(t),
(117) 2 (0) = 2i(0),4:(0) =0, 1 <i <N,
where (i) ZZ]\;(t) 20,7 = R, 5 € {1,2}, (ii) (ws1(t),wia(t), bi(t);0 <t < T) are

independent Brownian motions in R which are also independent of z;(0), (iii) g, H,
Gt, Ny and h satisfy [9, Assumptions A2)-A6) and A9)]. We note that the example
is a suitably specialized case of [9, Section III.B-C] where (A2)-(A4) and (A5) are
satisfied by [9, Assumptions A2), A4), A9)]. The cost function is given by

T N
(118) I (5 ul) = E/ %212 (t, 2 (1), u) (t,i), 2 (1)) dt
0 =1

where for any z € R2, Iy(-,z) satisfy [9, Assumption A7]. Let U := {u;(-) €
2 .
L2, (0. T1U)}.
For the dynamics (117), we also consider the limiting system
T
dzi(t) = [g(t, i1 (), wilt, yi)] " dt + Grdwi(t)
dyi(t) = Hyzi(t) + N2 dby(t),

T
Ji = E/ la[t, 2i(t), ui(t, yi), pe dt
0
where we emphasize that the mean field exists only in the performance functions.
Assume now that there exists a function ¢(¢,z) € Ctlf ([0,T] x R) which satisfies

1 1 1
(120) Oro(t, ) + 5<G%1)26§m¢(m ) + §|Gilaz¢(f= 2)f* = 3 (Qua® + 2mex + 0;)

where Q, m and § are arbitrary functions. Then, for each u € U with the following
conditions are satisfied:
(E1) The random variable z;(0), 1 <i < N, has density
exp ( - Po_1 (zi — 5)2)

121 i\Zi) = ) ) P ZO
(121) @ (=) TR !

for a given £ > 0.
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(E2) The nonlinear drift function satisfies
(122) g(t,z) = (G')*0a(t, @),

the system defined by (119) has an information state given by

exp (= 3P F (2= 1))

(123) q; = exp (¢(x,t) + \t) TR

where P, > 0,Vt € [0,7] and \; € R and 7; € R? are given by:

(124) d’f‘t = (PtQt) ’f‘tdt — Ptmtdt + ’U,Z(t)dt, T‘(O) = f
dP,
(125) — = —PQP+ GG, P(0) =P
I )
Ay = 3 (ers + 2mgrs + 05 + tr(PSQS) ds.
0

For the partially observed MFG problem defined by (117)-(118), the information state
g in (123) for the generic agent will be given in a finite-dimensional form if the PDE
in (120) has shown to an explicit solution. This is discussed in [9, Theorem 3.9] and
it is shown that solution is given by

o(t,z) =log'(¢, x)
(126) I(t,x) = ;Atan + x + 1
where A(+), (), n(:) are given in the statement of the theorem which sets the function
g(t,x) to be:
GHGH!
(¢, x)

Consequently, by (117)-(127), we obtain a PO MFG model whose filtering equation
has a finite dimensional solution.

(127) g(t, ) (A + ).

REMARK 6.1. Consider the following filtering problem
(128) dz(t) = f(2(t))dt + dw(t)
t
(129) dy(t) = / z(s)ds + dv(t).
0

It is shown in [2] that the solution to the unnormalized conditional density of p(t,x) of
P(z(t)|F) is given in terms of 10 sufficient statistics when f satisfies the condition
that f'+ f2 = ax® +bx+c, a > —1. The model defined in (117) is a generalization of
this result to the case where the control enters into the dynamics which is in general
the case in MFG.

By the Separation Theorem discussed in Section 3.3, the optimal control process for
a generic agent is given by the minimizer of a Hamiltonian which was defined earlier.
Before, we define the forward and backward operators as:

1
O? = §vfm + (gaa)T vm
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1
(130) O;" = §Viw —(g,0)" Vo —tr [V, (g,a)].
Consequently, one can write the the optimal control in the form:

u ={u(t,p)=a* (T —t,q:);0 <t < T}
(131) a* (1,p) = arg(rlxéi[rjl{(O%,tDV(T,p)(),p) + (I2ft, -, a, ,Ut]vp)} )

Notice that the control law given in the separated form a* (T —t, ¢:) depends on ¢
which has an explicit solution given by (123)-(126) and entails a finite dimensional
representation. In other words, the best response process of the agents in the above
partially observed MFG example, which is F/-adapted, can be written as a function
of (Gi, g, ye, Hi, ¢(t), Po, &, Qu, Cy ' my).

Finally, we remark that one can follow the rest of the analysis in Section 4.1
in order to obtain a sufficient condition so that PO MFG system admits a unique
solution. Alternatively, one can employ the models considered in [9, Section IV] and
obtain an equivalent LQG MFG system for such nonlinear models. Such a path is
currently under investigation and we will report further details in a future work.

7. Comparison with MFG with a Partially Observed Major Agent. In
the nonlinear MFG setup where there is a major agent, the best response control
policy of each minor agent depends on the state of the major agent in addition to the
mean field which is stochastic; the mean field is adapted to the filtration generated by
the Brownian motion of the major agent [24] (see also [13] for the LQG case). More
explicitly, consider the following stochastic coefficient MV (SMV) type dynamics:

(132)  dzo(t)
(133) dz(t)

folt, z0, uo(t, w, 20), pe(w)]dt + oolt, 20, pe(w)]dwo (¢, w),
flt, z,u(t, w, 2), pe(w)]dt + ot, z(t), pe(w)]dw(t),

with 20(0) = 29(0) and z(0) = 2(0) where (/‘t(w))ogth satisfies P (z(t) < a|F°) =
[ m(w, dz) for all @ € R". The SMV SDEs in (132) and (133) represent the closed
loop state dynamics (with F;"° := o{wo(s) : 0 < s < t}-adapted feedback control)
of the major and the generic minor agents, respectively, in the infinite population
limit. Let Uy := {u(-) € Up : u is adapted to F;"° and EfOT lu(t)]?dt < oo} and
U; = {u(-) € U : u is adapted to F;"*""" and EfOT |u(t)|?dt < co}. Then we define
two SOCPs as follows:
Major Agent’s SOCP at Infinite Population:

dzo(t) = folt, z0(t), uo(t), pe(w)]dt + oo[t, z0(t), pe(w)]dwo(t),
T
Jo(up) = E/ L{zo(t), uo(t), pe(w)]dt.
0
Generic Minor Agent’s SOCP at Infinite Population:
dzi(t) = f[t, z:(t), u(t), pe(W)]dt + ot, zi(t), pe(w)]dw; (t)

T
Ji(u) = E /0 Lz(8), 20 (£), u(t), e (w)]dt.

where Jj is to be minimized over Uy, J; is to be minimized over U;, (w;(t);1 <i < N)
are N independent Brownian motions and wug(¢) and u(t) are F;"°-adapted best re-
sponse control processes (i.e., the unique solutions satisfying [24, (5.14)-(5.19)]. The
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main contribution of the nonlinear MM-MFG theory can then be summarized by that
the set of control laws given by ul’ = ug, ul¥ = w,i = 1,..., N when applied to
a finite population game generates an e-Nash equilibrium [24, Theorem 7.2]. One
essential point in this result is that the state of the major agent and the stochastic
measure induced by the generic minor agent, (2o(t,w), pt¢(w))y<<p, are completely
observed by the minor agents. It is worth remarking that the solution to these two
SOCPs are given by certain backward SPDEs (BSPDE) (see [10, Theorem 4]). This
nonstandard feature is due the fact that the dynamics and the cost functions have
explicit dependence on the underlying probability space, i.e., each fy, f, Lo and L is
F;-adapted. Such problems are referred to as SOCP with random parameters which
is introduced in [25].

Motivated by the observation that the best response control policies depend upon
the state of the major agent, the corresponding PO MM-MFG is examined in [10]
where it is assumed that minor agents have partial observations on the major agent’s
state in a distributed manner where each agent has complete observation on its own
state.

8. Conclusions. In this work we consider an MFG model where the agents have
nonlinear dynamics and cost functions and have noisy measurements on their individ-
ual state dynamics. By constructing the associated completely observed model via an
application of nonlinear filtering theory and the Separation Principle, a control prob-
lem with infinite dimensional state space is formulated and a solution is characterized
via a solution to the HJB equation in this function space. The optimal control law
obtained from the solution of the HJIB equation is next applied by the agents in the
infinite population limit. We show that the aggregate behaviour of the population
under such policies collectively generate the mean field and then establish the e-Nash
property of such solutions.

9. Acknowledgement. The authors wish to thank the referees for their valu-
able comments which greatly improved the quality of the manuscript.
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