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Abstract

In this paper, we consider discrete-time partially observed mean-field games with the risk-
sensitive optimality criterion. We introduce risk-sensitivity behavior for each agent via an
exponential utility function. In the game model, each agent is weakly coupled with the rest
of the population through its individual cost and state dynamics via the empirical distribution
of states. We establish the mean-field equilibrium in the infinite-population limit using the
technique of converting the underlying original partially observed stochastic control problem
to a fully observed one on the belief space and the dynamic programming principle. Then,
we show that the mean-field equilibrium policy, when adopted by each agent, forms an
approximate Nash equilibrium for games with sufficiently many agents. We first consider
finite-horizon cost function and then discuss extension of the result to infinite-horizon cost
in the next-to-last section of the paper.

Keywords Mean field games - Partial observation - Risk sensitive cost

1 Introduction

Mean-field games have been introduced in [28] and [34] to show the existence of approximate
Nash equilibria for fully observed non-cooperative continuous time games, when the number
of agents is large but finite. The underlying idea of the mean-field method is to transform
the decentralized game problem to a centralized stochastic control problem using the so-
called Nash certainty equivalence (NCE) principle [28]. The optimal solution of this control
problem, calibrated appropriately using the empirical distribution of the term that (weakly)
couples the players, provides an approximate Nash equilibrium for games with a sufficiently
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large number of agents. To obtain the optimal solution to the associated stochastic control
problem, one should simultaneously solve a Fokker—Planck equation evolving forward in time
and a Hamilton—Jacobi—Bellman equation evolving backward in time. We refer the reader
to [7, 13, 14, 22, 27, 29, 35, 50] for studies of fully observed continuous-time mean-field
games with different models and cost functions, such as games with major-minor players,
risk-sensitive games, games with Markov jump parameters, and LQG games.

In this paper, we study discrete-time partially observed mean-field games with risk-
sensitive optimality criteria. Risk-sensitivity brings in an element of robustness to decision
making and has been widely used in many fields, such as control, economics, financial
engineering, and operations research, among others. As opposed to risk-neutral optimiza-
tion where only the mean value of the cost is considered, risk-sensitive one places positive
weights on also the higher moments, thus capturing the risk element (see [3, 50, 52]). In the
model we study in this paper, we have a large but finite number of agents interacting with
each other through their individual dynamics and cost functions via the mean-field term (i.e.,
the empirical distribution of their states). It is known that establishing the existence of Nash
equilibria for these types of games is quite difficult due to the (almost) decentralized and
noisy nature of the information structure of the problem [4, 5]. Therefore, it is of interest
to find an approximate equilibrium with reduced complexity. To that end, upon letting the
number of agents go to infinity, the mean-field term converges to the distribution of the state
of a single generic agent. This decouples the dynamics and cost functions of the agents from
each other, and because of that, in the limiting case, a generic agent is faced with a stochastic
control problem with a constraint on the distribution of the state at each time (i.e., a mean-field
game problem). The main goal in these problems is to show the existence of a policy and
a state distribution flow such that this policy is an optimal solution of the stochastic control
problem when the total population behavior is modeled by the state distribution flow and
the resulting distribution of each agent’s state is the same as the state distribution flow when
the generic agent applies this policy. This equilibrium condition is called the Nash certainty
equivalence (NCE) principle in the literature. In this paper, we first consider the existence of
such an equilibrium for the limiting case and then establish that the policy in this equilibrium
constitutes an approximate Nash equilibrium for finite-agent games with sufficiently many
agents.

In the literature, partially observed mean-field games have not been studied much, espe-
cially in the discrete-time setup. Indeed, this work seems to be the first one that studies
discrete-time risk-sensitive mean-field games under partial observations. Prior works have
mostly considered the risk-neutral continuous-time setup. It is obvious that analyses of
continuous-time and discrete-time setups are quite different, requiring different sets of tools.
In [30], the authors study a partially observed continuous-time mean-field game with lin-
ear individual dynamics. In [43, 45, 46], the authors consider a continuous-time mean-field
game with major-minor agents and nonlinear dynamics where the minor agents can partially
observe the state of the major agent. In [44, 47], the same authors also develop a nonlinear
filtering theory for McKean—Vlasov-type stochastic differential equations that arise as the
infinite population limit of the partially observed differential game of the mean-field type. In
[12], the authors study the linear quadratic mean-field game with major-minor agents where
the minor agents can partially observe the state of the major agent. In [20, 21], the authors
consider the linear quadratic mean-field game, again with major-minor agents where, in this
case, both the minor agents and the major agent can partially observe the state of the major
agent. In [48], the authors study a continuous-time partially observed stochastic control prob-
lem of the mean-field type and establish a maximum principle to characterize the optimal
control. In [31], the authors consider a continuous-time mean-field game with linear indi-
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vidual dynamics where two types of partial information structure are considered: (i) agents
cannot observe the white noise which is common to all agents; (ii) agents can access the
additive white-noise version of their own states.

For risk-sensitive cost criteria, existing works are mostly on the continuous-time set-up,
with [37], discussed further below, being one exception. Now, in continuous-time set-up,
reference [50] studies a class of mean-field games with nonlinear individual dynamics and a
risk-sensitive cost function. They characterize the mean-field equilibrium via coupled HIB
and FP equations and explicit solutions to these equations are given when the individual state
dynamics are linear. In [49], the author considers a continuous-time mean-field game with
nonlinear individual dynamics, where state dynamics have L”-norm structure. Stochastic
maximum principle is used to characterize the optimal solution of the problem. In [17], the
authors study a partially observed version of the continuous-time risk-sensitive mean-field
game. They establish a stochastic maximum principle for the characterization of the mean-
field equilibrium. Reference [36] considers continuous-time risk-sensitive mean-field games
with linear individual dynamics and local state information for the players. First a generic
risk-sensitive optimal control problem is solved which yields mean-field equilibrium, and
then, it is shown that the policies in mean-field equilibrium lead to an approximate Nash
equilibrium for games with a sufficiently large number of agents. It is also shown that this
approximate Nash equilibrium is partially equivalent to the approximate Nash equilibrium
of a certain robust mean-field game problem. Finally, [37] presents the counterparts of these
results for the discrete-time linear-quadratic risk-sensitive mean-field game.

Here, we consider discrete-time mean-field games with Polish state, action, and obser-
vation spaces (i.e., complete and separable metric spaces) under risk-sensitive optimality
criteria for the players. In the infinite population limit of such games, a generic agent should
solve a partially observed stochastic control problem under the NCE principle. Due to the
constraints induced by NCE principle, common techniques used to analyze partially observed
stochastic control problems are not sufficient. To establish the existence of an equilibrium
solution in the infinite population limit, we have to bring in the fixed-point approach that is
used to obtain equilibria in classical game problems, along with the technique of converting
partially observed optimal control problems to fully observed ones on the belief space. The
definitions of the finite-agent game and the mean-field game problems are given in Sect. 2
and Sect. 3, respectively. In Sect. 4, we prove the existence of a mean-field equilibrium. In
Sects. 5 and 6, we establish that the mean-field equilibrium policy is approximately Nash for
finite-agent games with sufficiently many agents. In Sect. 7, we extend previous results to
games with infinite-horizon risk-sensitive cost functions. Section 9 concludes the paper.

In an earlier paper [41], we studied the risk-neutral version of this problem under a
similar set of assumptions on the system components. There are some parallels between
the techniques used in this paper and those in [41] to show the existence of a mean-field
equilibrium and to prove that the policies in mean-field equilibrium provide an approximate
Nash equilibrium for games with large but finitely many agents. In this paper, we exploit
this connection and refer the reader to [41] for proofs of certain results. We note, however,
that as far as their analyses go, there are considerable technical differences between risk-
sensitive and risk-neutral cost functions. The fact that, in the risk-sensitive case, the cost
function is in a multiplicative form leads to complication in the analysis of the optimality
condition. Therefore, to establish the existence of a mean-field equilibrium in the infinite-
population limit and an approximate Nash equilibrium in the finite-agent case, we need to
first transform the risk-sensitive problem to one where the cost function is risk-neutral and
in an additive form. However, in this risk-neutral form, the one-stage cost function and the
transition probability become non-homogeneous (i.e., time-dependent) as opposed to the
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risk-neutral problem in [41]. Hence, after a careful execution of this step, we can prove the
existence of a mean-field equilibrium by adapting the technique developed in [41] to the
non-homogeneous and finite-horizon case. We also note that in [42] we have studied the
fully observed version of the same problem under a slightly different set of assumptions on
the system components. Indeed, to prove the existence of an approximate Nash equilibrium,
here we generalize the results established in [42] to the game models with expanding state
spaces and non-homogeneous system components.

Notation. For a metric space E, we let Cj(E) denote the set of all bounded continuous real
functions on E, P(E) denote the set of all Borel probability measures on E, and B(E) denote
the collection of Borel sets. For any E-valued random element x, £(x)(-) € P(E) denotes the
distribution of x. A sequence {u, } of measures on E is said to converge weakly to a measure
wif [¢ g(e)un(de) — [¢ g(e)u(de) for all g € Cp(E). For any v € P(E) and measurable
real function g on E, we define v(g) = fgdv. For any subset B of E, we let B and B¢
denote the boundary and complement of B, respectively. The notation v ~ v means that the
random element v has distribution v. Unless otherwise specified, the term “measurable" will
refer to Borel measurability.

2 Finite Player Game Model
2.1 Original Game Model

Let S, A, and Y be Polish spaces. We consider a discrete-time partially observed N-agent
mean-field game with a state space S, an action space A, and an observation space Y. For
every i € {1,2,..., N}, the state, the action, and the observation of Agent i at time ¢
(t =0,1,2,...) are, respectively, denoted by siN(t) e s, ulN(Z) e A, and glN (t) € Y. We
let d,(N)( ) = % ZlNzl ‘Ss/V(t)( -) € P(S) denote the empirical distribution of the states (i.e.,
mean-field term) at time f where §; € P(S) is the Dirac measure at s; that is, §;(A) = 1 if
s € A and otherwise 0.

At the initial time step t = 0, the states (s 0, . s% 0)) ~ ko ® ... ® kg are inde-
pendent and 1dentlcally distributed accordmg to K. For each ¢t > 0, the current-observations
(g ®),....8yn N(1)) and the next-states (s (r+1),. sll\\,’ (t + 1)) are distributed according

to the probability laws:

N N
l_[l dg, (Z) N(l) and Hq dsN(t+1)|sN(t) uN(t) d(N)) )
i=1 i=1

where ¢ : S x A x P(S) — P(S) is the state transition kernel and [ : S — P(Y) is the
observation kernel. Note that the state dynamics of each agent are weakly coupled through
the mean-field term d, ™

For any Agent i, deﬁne the history spaces Go = Yand G, = (Y x A)! x Yfort = 1,2,...,
all endowed with product Borel o-algebras. A policy for Agent i is a sequence 7/ = {71{ }
of stochastic kernels on A given G;; that is, for any ¢ > 0, ulN (t) ~ nti (-Iyl.N (1)), where
yiN (1) = ( (1), uN(t —1), gN(t —1).. N(O) gN (O)) is the observation-action history
observed by Agent i up to time 7. The set of all policies for Agent i is denoted by IT;.
Let I1; be the set of policies in IT; which only use the observations; that is, 7 € IT; if
7 [T oY — P(A) for each 1 > 0. Let TN = MY, m and AV = MY, 1;. We let
™ = (!, Ny (x' e I;) denote the N-tuple of joint policies of all the agents in
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the game. Under such an N-tuple of policies, the actions of agents at each time ¢t > 0 are
obtained with respect to the conditional probability distribution

N
[ 17 (@ O]y @). @)
i=1
The one-stage cost function for a generic agent is a measurable function m : S x A x
P(S) — [0, 00). Then, the agent’s finite-horizon risk-sensitive cost under a policy #™) e
o™ is given by

vy = 1 log<E"<N> [el Sl Bmis (0. <r>,d,‘”))]>
l )\' N

where 8 € (0, 1] is the discount factor, A > 0 is the risk factor, and 7 is the finite horizon
of the problem. Here, E™ o [ . ] denotes the expectation with respect to the probability law,
which is uniquely specified by the kernels in (1) and (2) and the initial state distribution «q.

Since %log(') is a strictly increasing function, without loss of generality, it suffices to
consider only the part with expectation:

W (z Ny = pr®™ [ex Yo BimGsY (0).ul <t>,d§”)>].
1

With this cost function, the equilibrium solution for the game is defined as follows:

Definition 1 A policy N — (rrl*, ..., wN*) constitutes a Nash equilibrium for the N-
player game, if
Wi(N) (]t(N*)) = inf Wi(N) (n(—l\i]*)’ JTi)
! 617,-
foreachi =1, ..., N, where Jr(_]\;*) = (/%) 4.

As we explained in detail in [41], establishing the existence of Nash equilibria for partially
observed mean-field games is challenging due to the (almost) decentralized and noisy nature
of the information structure of the problem. To that end, we slightly change the definition of
Nash equilibrium in this model and adopt the approximate Nash equilibrium concept instead
of exact Nash equilibrium.

Definition 2 A policy 7™ e A" is a Nash equilibrium if

(N),_(N . N N i
W, (71’( *)) = inf Wi( )(71'(,,'*)» 7
i ell;
foreachi =1, ..., N, and an e-Nash equilibrium (for a given ¢ > 0) if
WZ(N)(n(N*)) < inf WI(N)(H(_AI/*),HJ)—F&‘
ﬂiEﬁi

foreachi =1,..., N.

According to this definition, the agents can only use their local observations (gl.N @),...,
giN (0)) to construct their policies. In real-life applications, agents typically have access only
to their local observations. Hence, it suffices to establish the existence of an approximate
Nash equilibrium for the game with a local information structure. In addition, in the discrete-
time mean field literature, it is common to establish the existence of approximate Nash
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equilibria with local (decentralized) information structures (see [1] [9]). This is true for
partially observed case as well (see [41]).

Here, our goal is to establish the existence of approximate Nash equilibria for games with
sufficiently many agents. Indeed, if the number of agents is small, it is all but impossible to
show even the existence of approximate Nash equilibria for these types of games. Therefore, it
is key to assume that the number of agents is large (but finite). With this assumption, we can go
to the infinite population limit, for which we can model the mean-field term as an exogenous
state-measure flow, which should be consistent with the distribution of a generic agent (i.e.,
the NCE principle) by the law of large numbers. In this case, to establish the existence of
an equilibrium, a generic agent should solve a classical partially observed stochastic control
problem with a constraint on the distributions on the states (i.e., mean-field game). Then,
we expect that if each agent in the finite-agent N game adopts the equilibrium policy in the
infinite-population limit, the resulting policy will be an approximate Nash equilibrium for
all sufficiently large N.

Our approach to prove the existence of approximate Nash equilibria can be summarized
as follows: (i) Note that in the risk-sensitive criteria, the one-stage cost functions are in
a multiplicative form as opposed to the risk-neutral setting. As stated earlier, this makes
the analysis of the problem quite complicated. Therefore, we first construct an equivalent
non-homogeneous game model, where the cost can be written in an additive form as in
the risk-neutral case (see Sect. 2.2). (ii) Then, we introduce the infinite-population limit
(N — o00) of the equivalent game model to approximate the finite-agent setting (see Sect. 3).
(iii) By adapting the proof technique in [41] to the non-homogeneous and finite-horizon
set-up, we prove the existence of an appropriately defined mean-field equilibrium for this
limiting infinite-population game (see Sect. 4). (iv) Then, we return to the finite-N case for
the equivalent game model and show that if each agent in the game problem adopts the mean-
field equilibrium policy, then the resulting policy will be an approximate Nash equilibrium
for all sufficiently large N. Since the equivalent game model is identical to the original game
model in terms of cost functions, this establishes the existence of approximate Nash equilibria
for the original game model (see Sects. 5 and 6).

Now, proceeding along the lines above, we first introduce the following assumptions,
imposed throughout the paper.

Assumption 1 (a) The cost function m is bounded and continuous with || || =supcs [m(s)|
<K.

(b) The stochastic kernel ¢ is weakly continuous in (s, u, k); i.e.,
q(-|sk), uk), k) = q(-|s, u, k) weakly when (s(k), u(k), k) — (s, u, ).

(c) The observation kernel / is continuous in s with respect to total variation norm; i.e., for
all s, (- |sx) = [(-]|s) in total variation norm when s; — s.

(d) Ais compact.

(e) There exist a constant « > 0 and a continuous moment function v : S — [1, c0) (see
[25,Definition E.7]) such that

sup /v(y)q(dyls, u, k) < av(s). 3)
(u,k)eAXP(S) JS

(f) The initial probability measure « satisfies fs v(s)ko(ds) = M < 0.
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2.2 Equivalent Game Model

In this section, we construct an equivalent game model whose states are the states of the
original model plus the one-stage costs incurred up to that time. Namely, the state at time ¢
for Agent i is

t—1

Ny = <s{V(r), > B ). ul (o), d,EN))>.
k=0

In this new model, finite-horizon risk-sensitive cost function can be written in an additive-
form like in risk-neutral case. For this new game model, we have been inspired by [6], in
which the authors study the classical fully observed risk-sensitive control problem. For a
generic agent, this new game model is specified by

(x, ALY, (p e uo>,

where X = S x [0, L] is the new state space with L = %, where L is the maximum
risk-neutral discounted-cost that can be incurred. For every t, the state transition kernel

pr X x AxP(X) — P(X) is defined as:!

pi(B x D|x(t), a(t), ur) = q(Bls(t), at), pe,1) @ () +8'm(s@).a). ) (D)

where B € B(S), D € B([0, L]), x(¢t) = (s(t), m(t)), and ;1 is the marginal of u; on S.
Here, p; is indeed the controlled transition probability of the next state siN (t+1) and current
risk-neutral total discounted cost

t
> BEmN (k). al (), d)

k=0

given the current state-action pair (siN (1), aiN (1)) and past risk-neutral total discounted cost
YuZh BAm(sN k), al (k), d) in the original game. The observation kernel 7 : X — P(Y)
is equivalent to the observation kernel / in the original problem; that is, r(dy|x) = [(dy|s)
where x = (s, m). For each ¢, the one-stage cost function ¢; : X x A x P(X) — [0, 00) is
defined as:

O at )= 0, iftr <T
c(x(7),a(t), i) = MmO if =T + 1.

Finally, the initial measure pq is given by wo(dx(0)) = ko(ds(0)) ® 9(dm(0)), where the
initial states {xiN (0)} are independent and identically distributed according to 1¢o. Note that,
in this equivalent game model, the finite-horizon is 7 + 1 instead of 7' and system components
depend on time 7. We also define the empirical distribution of the states at time ¢ as follows:

1 N
e () =5 D () € PX).
i=1

Suppose that Assumption 1 holds. Then, for each ¢, the following are true for the new
game model:

! In the remainder of this paper, we use letter ‘a’ instead of ‘u’, to denote actions, to emphasize that they are
generated using the new game model.
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(I) The one-stage cost function ¢; is bounded and continuous.
(II) The stochastic kernel p; is weakly continuous.
(III) The observation kernel r is continuous with respect to the total variation distance.
(IV) Let w : X — [1,00) be defined as w(x) = w((s,m)) = v(s), which is a moment
function. Then, we have

sup / W) pr(ylx, a, 1) < aw(x), 4
(a,n)eAXP(X) /X

(V) The initial probability measure 1 satisfies fx wx)uo(dx) = M < oo.

Recall that I7; denotes the set of policies for Agent i that only use observations in the
original game. Note that [7; is also the set of policies for Agent i that only use observations in
the new game model. For Agent i, the finite-horizon risk-neutral total cost under the N-tuple

. . ~(N) . .
of policies ™ e H( ) is denoted as Ji(N) (r™); that is

T+1
)
JNM @My = g7 [Z N @), a (1), e,‘N))].
1=0
The following proposition makes the connection between this new model and the orig-
inal model. The proof is straightforward, and so, we omit the details (see the proof of
[42,Proposition 5.1]).

. - (N .
Proposition 1 Foranyx™) € "™ andi =1...., N, we have Ji(N)(n(N)) = W[(N)(JI.’(N)).

Proposition 1 states that the new game model is equivalent to the original game model in
terms of cost functions. This is true because the new game model consists of the one-stage
costs incurred up to the current time as an additional state variable. Therefore, if we take
the exponent of this additional state at time 7 + 1 as in the definition of c¢r4, we obtain
the risk-sensitive cost of the original game model. Hence, in the remainder of this paper, we
replace the original game model with the new one; that is, from this point on, we have the
following system components satisfying (I)-(V):

(X, ALY p ) e m)).

Remark 1 Note that in the new game model, the time horizon is 7 + 1, which means that
agents should also design control policies for the time step 7' 4 1. However, note that control
policies at time step 7 + 1 do not affect the cost function (i.e., one-stage cost at time 7 + 1
is only a function of the state), and thus agents indeed do not need to select these policies in
the new game model. Hence, we can in a sense view the time horizons of the two problems
as T.

Note that the cost functions Ji(N) (™) of this new game model are in additive form
(i.e., risk-neutral). Therefore, we can use a technique similar to the one in [41] to prove
the existence of an approximate Nash equilibrium. To this end, we will first consider the
infinite-population limit of the new game model and prove the existence of an equilibrium.
Then, we will go back to the finite agent case and establish the existence of approximate
Nash equilibrium for the new game model using the infinite population equilibrium solution.
Since, by Proposition 1, the new game model has the same cost function as the original game
model, the last result also implies the existence of an approximate Nash equilibrium for the
original game, which was the main goal of this paper.
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3 Partially Observed Mean-Field Games and Mean-Field Equilibria

In this section, we introduce the infinite population limit of the new game introduced in the
preceding section. Although it is called mean-field game, it is not game in the classical sense:
It is a stochastic control problem whose state distribution at each time step should satisfy a
certain consistency condition. The optimal solution of this problem is referred to as mean-
field equilibrium. In other words, we have a single agent and model the mean-field term by
an exogenous state-measure flow p := (Mt),T;BI C P(X) with a given initial condition po,
by the law of large numbers. This measure flow u should also be consistent with the state
distributions of this single agent when the agent acts optimally. The precise mathematical
description of the problem is given as follows.

The mean-field game model for a generic agent is specified by

(x, ALY, T e m)),

where, as before, X, A, and Y are the state, action, and observation spaces, respectively.
The stochastic kernel p; : X x A x P(X) — P(X) denotes the transition probability, and
r: X x P(X) — P(Y) denotes the observation kernel. The measurable function ¢; : X x A x
P(X) — [0, o) is the one-stage cost function and 1 is the distribution of the initial state.

Recall the history spaces Gy = Y and G, = (Y x A) x Y fort = 1,2, ..., all endowed
with product Borel o-algebras. A policy is a sequence w = {m;} of stochastic kernels on A
given G;. The set of all policies is denoted by I7.

We let M = {[L e PX)T+2 . o 1S ﬁxed} be the set of all state-measure flows with
a given initial condition po. Given any measure flow u € M, the evolution of the states,
observations, and actions is as follows:

x(0) ~ po,

y(@) ~r(-|x@), t=0,1,...

x(t) ~ p—1Clx@ = D,a =1, 1), t=1,2,...
at) ~m(-ly@), t=0,1,...,

where y () € Gy is the observation-action history up to time ¢. An initial distribution wo
on X, a policy 7, and a state-measure flow u define a unique probability measure P™ on
(X x Y x A)T*+2_ The expectation with respect to P” is denoted by E™[ - ]. A policy 7* € IT
is said to be optimal for p if J,, (w*) = inf e Ju (), where the finite-horizon cost of policy
7 with measure flow u is given by

T+1
Ju(m) = E”[Z ci(x(0), a(), m)]
t=0

Using these definitions, we first define the set-valued mapping ¥ : M — 2T as ¥ (n) =
{m € IT : 7 is optimal for u}. Conversely, we define a single-valued mapping A : [T — M
as follows: given 7 € I1, the state-measure flow u := A(;) is constructed recursively as:

Mz+1(-)=/).( Apr(-IX(I),a(t),Mt)P”(da(t)IX(t))Mt(dX(t)),

where P7 (da(t)|x(r)) denotes the conditional distribution of a(¢) given x(¢) under 7w and
(tr)o<r<s- Using ¥ and A, we now introduce the mean-field equilibrium.
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Definition 3 A pair (7%, u*) € IT x M is a mean-field equilibrium if 7* € ¥ (u*) and
nE = A@r®).

The main result of this section is the existence of a mean-field equilibrium. Later we will
show that this mean-field equilibrium constitutes an approximate Nash equilibrium for games
with sufficiently many agents.

Theorem 1 The mean-field game (X, AY, {p,}tT:'Bl, r, {c,}tT:E)l, MO) admits a mean-field equi-
librium (T*, u™*).

The proof of Theorem 1 is given in Sect. 4. Our approach to prove Theorem 1 can be
summarized as follows: (i) First, we lift the partially observed stochastic control problem a
generic agent is faced with for a given measure flow to a fully observed stochastic control
problem; (ii) we then transform the fixed point equation w € ¥ (A(x)) characterizing the
mean-field equilibrium into a fixed point equation of a set-valued mapping from the set of
state-action measure flows into itself using the Bellman optimality operator; (iii) then, we
prove that this set-valued mapping has a closed graph; and (iv) finally, we deduce the existence
of a mean-field equilibrium using Kakutani’s fixed point theorem.

4 Proof of Theorem 1

Note that any measure flow . € M leads to a non-homogenous partially observed Markov
decision process (POMDP). Hence, before starting the proof of Theorem 1, we first review a
few relevant results on POMDPs. To this end, fix any 4 € M and consider the corresponding
optimal control problem.

Let Py, (X) = {/J~ e P(X) : fx w)pu(dx) < oo} It is known that any POMDP can be
reduced to a (completely observable) MDP (see [53], [39]), whose states are the posterior
state distributions or beliefs of the observer; that is, the state at time ¢ is

z2(t) =Pr{x() € -|y(0),...,y(@),a0),...,a(t — 1)} € P(X).

We call this equivalent MDP the belief-state MDP. Note that since £(x(¢)) € Py, (X) under
any policy by (IV)-(V), we have

Prix() € -|y(0),...,y(),a(),...,a( — 1)} € Pyu(X)

almost everywhere. Therefore, the belief-state MDP has state space Z = P,,(X) and action
space A. Here, Z is endowed with the Borel o-algebra generated by the topology of weak
convergence. Next, we construct the transition probabilities {n;} th461 of the belief-state MDP
(see also [24]). Let z denote the generic state variable for the belief-state MDP. Fix any 7.
First consider the transition probability on X x Y given Z x A

Ri((x € A,y € Blz,a) = / K (A, Blx', a)z(dx"),
X
where «;(dx, dy|x’,a) = r(dy|x) ® p,(dx|x’, a, u;). Let us disintegrate R, as follows

R:(dx, dy|z,a) = H;(dy|z,a) ® F;(dx|z,a, y). Then, we define the mapping F; : Z x
AxY — Zas:

Fi(z,a,y)(+) = Fi(-|z,a, ). (&)
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Then, n; : Z x A — P(Z) is defined as:

0 (- z(t), a(t)) = /;aFt(z(t),a(t),y(t—H))(') Hi(dy( + 1)|z(1), a(1)).

The initial point for the belief-state MDP is po; that is, £(z(0)) ~ §,,. Finally, for each ¢,
the one-stage cost function C; of the belief-state MDP is given by

Ci(z,a) Z/XCz(x,a,Mx)Z(dX)- (6)

Hence, the belief-state MDP is a Markov decision process with the components
(Z. A )2 G )

For the belief-state MDP define the history spaces Ky = Z and K, = (Z x A)! x Z,
t = 1,2,.... A policy is a sequence ¢ = {¢;} of stochastic kernels on A given K;. The
set of all policies is denoted by @. A Markov policy is a sequence ¢ = {¢;} of stochastic
kernels on A given Z. The set of Markov policies is denoted by M. Let J (¢, o) denote the
finite-horizon cost function of policy ¢ € @ for initial point o of the belief-state MDP.
Notice that any history vector s(¢) = (z(0), ..., z(¢), a(0), ..., a(t — 1)) of the belief-state
MDP is a function of the history vector y (t) = (y(0), ..., y(t),a(0),...,a(t — 1)) of the
POMDP. Let us write this relation as i (y (¢)) = s(¢). Hence, for a policy ¢ = {¢;} € @, we
can define a policy 7% = {n;p} e IT as n;p( “ly () = @ (-i(y(t))). Let us write this as a
mapping from @ to IT: @ > ¢ +— i(p) = 7% € II. 1t is straightforward to show that the
cost functions J (¢, o) and Jy (?) are the same. One can also prove that (see [53], [39])

inf J = inf J 7
(;ECD (@, o) Inf () @

and furthermore, that if ¢ is an optimal policy for belief-state MDP, then 7% is optimal
for the POMDP as well. Therefore, the optimal control problem for the mean-field game is
equivalent to the optimal control of belief-state MDP.

We now derive the conditions that are satisfied by belief-state MDP. To that end, define
W:Z— Ras:

W(z) =fw(x)z(dx).
X

Note that W is a lower semi-continuous moment function on Z. One can prove that (see
[41,Section 4]) the belief-state MDP satisfies the following conditions under Assumption 1:

(i) The cost functions {C;} are bounded and continuous.
(i) The stochastic kernels {n;} are weakly continuous.
(iii) A is compact and Z is o-compact.
(iv) There exists a constant > 0 such that

SUP/ W(y)n:(dylz, a) < aW(z), forall 1.
acAJZ
(v) The initial probability measure §,,, satisfies W(8,,) = M < oo.

With these conditions, we are now ready to prove Theorem 1 by adapting techniques in
[41] to the non-homogeneous and finite-horizon set-up.

We first define the mapping B : P(Z) — P(X), which will define the relation between
state-measure flows in the mean-field game and state-measure flows in the belief-state MDP,
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as follows:
Bw)(-) = /ZZ(-) v(dz).

Using this definition, for any v € P(Z x A)T 2, we define the measure flow u” € P(X)T+2
as follows:

r’ = (BOrD) .

where for any v € P(Z x A), we let v; denote the marginal of v on Z. Let {n/ tT:E)I and

{c; }ZT:JFOl be, respectively, the transition probabilities and one-stage cost functions of belief-
state MDP induced by the measure flow p”. We let J}, : Z — [0, 0o) denote the optimal

value function at time ¢ of this belief-state MDP; that is,

T+1
Jo (@) = (/i)relg E‘/’|:Z Cl(z(k), a(k))

k=t

z(1) :Z]-

LetJ? = (J2,) .

To prove the existence of a mean-field equilibrium, we use the technique in [32]. To that
end, we first transform the fixed point equation m € ¥ (A(r)) characterizing the mean-
field equilibrium into a fixed-point equation of a set-valued mapping from the set of state-
action measure flows P(Z x A)7*+2 into itself. Then, using Kakutani’s fixed point theorem
([2,Corollary 17.55]), we deduce the existence of a mean-field equilibrium.

For any ¢, the Bellman optimality operator T,” : C,(Z) — Cp(Z) is given by

T u(z) = min|:C,"(z, a) + / u(y)n; (dylz, a)]
aeh Z

Note that 7" J ., | = J.?, for every . The following theorem is a known result in the theory

of nonhomogeneous Markov decision processes (see [26,Theorems 14.4 and 17.1]). For any
given v, it characterizes the optimal policy of the belief-state MDP.

Theorem 2 For any v, a policy ¢ € M is optimal if and only if, for all t,

v <{(Z’ 0 Qe+ [ 120y = Tt“f:m(z)}) =t ®

where v;p = E(z(t), a(t)) under ¢ and v.

)T+2

Using Theorem 2, we now define the set-valued map from P(Z x A into itself. To

that end, for any v € P(Z x A)T+2, let us define the following sets:

amz{wepaxAﬂ“:%Jz&wvAm«>=/

Zx

n/ (- 1z, a)v;(dz, da)}
A
and

B(u):{v/ePaxA)T“:vostsTH,

v;({(z,a) :Cl(z,a) +/ZJ:,,+1(y)nt”(dy|z,a) = T;"J:,m(z)}) = 1}.

Here, the set C(v) characterizes the consistency of the mean-field term with the state dis-
tribution of a generic agent, and the set B(v) characterizes optimality of the policy for the
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mean-field term. The set-valued mapping I : P(Z x A)T T2 — 2P@xn*

follows:

is given as

I'(v) = C(v) N B(v).

Note that the fixed-point equation 7 € ¥ (A (7)) characterizes the behavior of the state dis-
tribution and the control law in mean-field equilibrium separately. To establish the existence
of mean-field equilibrium via Kakutani’s Fixed Point Theorem or Banach Fixed Point The-
orem using this equation, one needs to put some topology on the policy space. However, by
combining the state distribution with the control law, which gives the joint distribution of the
state and the action, we can characterize via the set-valued mapping I" the behavior of the
state and the control law together in mean-field equilibrium. This will enable us to deduce the
existence of a mean-field equilibrium without introducing a topology for the control laws,
which is in general the solution technique in continuous time setup (see [28]).

An element v is a fixed point of I" if v € I'(v). The following proposition makes the
connection between mean-field equilibria and fixed points of I".

Proposition 2 Suppose that I" has a fixed point v = (vt)[T:'Bl‘ Construct a Markov policy
¢ = {¢;} for belief-state MDP by disintegrating each v; as v;(dz, da) = v;1(dz)¢;(da|z).
Lett* = 7% and p* = (B(v,,l))tT:'Bl. Then, the pair (*, u*) is a mean-field equilibrium.

Proof Note that, since v € C(v), we have v, = LZ(z(t), a(t)) for belief-state MDP under the
policy ¢ and the measure flow w*. Then, for any f € C,(X), we have

W () = B ()
- / / Z(f)n’ @2z, ayv, (dz, da)
ZxA JZ

:/ {/ / FOIpidyle.a, ’u;k)z(dx)}”r(dz, da)
ZxA LIX X

= E*[li(z(0), a(1))] (herel,(z,a) = /X /X f(y)Pt(dylx,a,uT)Z(dx))

= E”*[/X f(y)pt(dyIX(t),a(t),Mf)} )
Since (9) is true for all f € Cp(X), we have
“?+1(')=/)( Apz(~IX(t),a(t),M?)P”*(da(t)lx(t))uf(dX(t)),

where P (da(t)|x(z)) denotes the conditional distribution of a(¢) given x(¢) under 7* and
(1W5)o<e<r. Hence, A(T™) = p*.

Since v € B(v), the corresponding Markov policy ¢ satisfies (8) for v. Therefore, by
Theorem 2 and the fact that v, = £(z(t), a(t)) for belief-state MDP under the policy ¢ and
the measure flow p*, ¢ is optimal for belief-state MDP induced by the measure flow u* (or,
equivalently, v). Therefore, 7* € ¥ (u*). O

By Proposition 2, it suffices to prove that I has a fixed point in order to establish the
existence of a mean-field equilibrium. To prove this, we use Kakutani’s fixed point theorem,
which is stated below:

Theorem 3 [2,Corollary 17.55] Let K be a non-empty compact convex subset of a locally
convex Hausdorff space, and let the set-valued mapping ¢ : K — 2K have closed graph
and non-empty convex values. Then, the set of fixed points of ¢ is compact and non-empty.
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Hence, in order to use Kakutani’s fixed point theorem, the set-valued mapping I" should
be defined on a convex and compact set. However, the set P(Z x A)T+2 in the definition of
I is not compact. To get around that, we will prove that the image of P(Z x A)Y 2 under I
is in fact a subset of some convex and compact set, and it is sufficient to consider this convex
and compact set in the definition of I". To that end, for each ¢, define the set

P (Z) = {,u eP2): f W()p(dz) < ot’M}.
z

Since W is a lower semi-continuous moment function, the set P (Z) is compact with respect
to the weak topology [25,Proposition E.8, p. 187]. Let us define

P'ZxA)={vePZxA:v eP @}

Since A is compact, P'(Z x A) is tight. Furthermore, P'(Z x A) is closed with respect to
the weak topology since W is lower semi-continuous. Hence, P'(Z x A) is compact. Let

E = tjol P'(Z x A), which is convex and compact with respect to the product topology.

Proposition 3 We have I'(P(Z x A)T+2) = {v': v e I'(v), v e PZ x A)TT?} C 5.

Proof Fix any v € P(Z x A2 1t is sufficient to prove that C(v) C & as I'(v) =
C(v) N B(v). Let v’ € C(v). We prove by induction that vt/,1 S Pé (2) for all t. The claim
trivially holds for r = 0 as v | = 8,,,. Assume that the claim holds for ¢ and consider ¢ + 1.
We have ’

fW(y)V;+1,1(dY)=/ /W(y)ntv(dy|z,a)v,(dz,da)
z 7xA Jz

< f AW (@)1 (dz) (by (iv))
Z
<a'M (as v € PL(2)).
Hence, v;, | € PIHL(2). O

By Proposition 3, we can now consider /" as a multi-valued mapping from & into itself.
It can be proved that C(v) N B(v) # ¥ for any v € &. Indeed, for any ¢ > 0, we define

Mz+1(-)=/ ny (- 1z, @) vy (dx, da).
ZxA

Moreover, for any t > 0, let f; : Z — A be the minimizer of the following optimality
equation:

Cl . fi(2) + /Z 12 Ol @ylz, fi@) = T JY 1 ).

Existence of such an f; follows from the Measurable Selection Theorem [25,Section D]
since C; is continuous in a, 1/ is weakly continuous in a, and A is compact. If we define
v;(dz, da) = 1;(dz) 8 1, ;) (da), then it is straightforward to prove that v € C(v) N B(v), and
thus C (v) N B(v) # (. Moreover, both C(v) and B(v) are convex, and so, their intersection
is also convex. = is a convex compact subset of a locally convex topological space M(Z x
A)T+2 where M(Z x A) denotes the set of all finite signed measures on Z x A. Hence, in
order to deduce the existence of a fixed point of I", we only need to prove that it has a closed
graph. Before stating this result, we state the following proposition which is a key element
of the proof.
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Proposition 4 ([41,Proposition 4.3]) Let v — v in product topology. Then, for all t,

"(")( |z, an) weakly converges to n} (- |z, a) for all (z,, ay) — (z,a) € Z x A.

Using Proposition 4, we can now prove the following result.
Proposition 5 The graph of I', i.e., the set
Gr(I') :={(v,§) e Ex E:Ee W)},
is closed.

Proof The graph Gr(I") of I' is closed if and only if when (v, £™) — (v, &) asn — oo
for some {(v("), E(”))} C &, then we must have & € I"(v). To that end, let {(v(”), S("))} C
Gr(I') be such that (v, 1;'(”)) — (v,&) asn — oo for some (v,&) € & x 5. We prove
that § € I"(v).

Using Proposition 4, we first prove that § € C(v); that is, for all 7, we have

§t+1,1(') Z/ n;’(-lz,a)vt(dz, da).
ZxA
For all n and ¢, we have

é}ﬂ,l(-)=/z . 2" (12, @ (dz. da). (10)

Since £ — £in 5, gt(jj” — &41 weakly. Let g € Cp(Z). Then, by [33,Theorem 3.5],
we have

lim/ /g(z’)n,"(")(dz’lz,a)vf(”)(dz, da)z/ /g(z’)n}’(dz/lz,a)vt(dx,da)
ZxA ZxA

n—o0
since v( ) oy, weakly and fzg(y)n, (. |z, a) converges to [, g(y)n} (- |z, a) continu-
ously? (see [33,Theorem 3.5]). This implies that the measure on the right-hand side of (10)
converges weakly to fo Al Y(-|z, a)v;(dz, da). Therefore, we have

§t+1,1(~)=/ nt (- lz, a)ve(dz, da),
ZxA

from which we conclude that § € C(v).
To complete the proof, it suffices to prove that & € B(v). To that end, for each n and ¢, let
us define the following functions:

M)

n (n)
Fa) = a) + / o dyle. a)
and

Fizoa)=C'(G.a)+ f 7 0 @ylz. a).

By definition, J?," (z) = mingea F"” (z, @) and J?,(z) = mingea F; (z, @). Define also the
following sets:

A" = {0 K" a) =12 @) and A, = {z.0) 1 Fiz.a) = J2,()}.

2 Suppose g, g (n > 1) are measurable functions on metric space E. The sequence g is said to converge to
g continuously if lim,— 0 gn(en) = g(e) for any e, — e where e € E.
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Since €™ € B(»v™), we have 1 = Et(")(A,(")), for all n andt. To prove to & € B(v), we
need to show that 1 = &; (A,), for all .

First note that since both F,(") and J;’, (,") are continuous, A;") is closed. Moreover, A; is
also closed as both F; and J/; are continuous. Using Proposition 4, one can also prove as in
[40,Proposition 3.10], [42,Proposition 4.4] that Ft(”) converges to F; continuously and J; (t")
converges to J; continuously, as n — oo.

For each M > 1, define the closed set BtM = {(z, a): Fi(z,a) > J:,,(Z) + G(M)}, where
the sequence {e (M)} is decreasing and e(M) — 0 as M — oo. Since both F; and J,:’,t are
continuous, we can choose {€(M)}y>1 so that & (9 BtM) = 0 for each M. Note that by the
monotone convergence theorem, we have

7 (Af 0 AT) = liminf 7 (B 0 AP).
This implies that

1 = lim suplim inf{g-‘,(")(At nAa™)+&™(BM 0 A,(”))}
M— 00

n—0oQo

< liminf lim sup{ (AN A" + €™ (BM Af’”)}.
M—00 pn—soo

For any fixed M, we prove that the limit of the second term in the last expression converges to

zero. To thatend, we first note that St(") converges weakly to &, asn — oo when both measures

are restricted to BtM , as B,M is closed and g,(aBtM ) = 0 [10,Theorem 8.2.3]. Furthermore,

. . @ .
since F,(") converges to F; continuously and J.,~ converges to J;/, continuously, 1, - pu
’ ’ t t

converges continuously to 0, which implies by [33,Theorem 3.5] that
lim sup S,(")(BtM N Af”)) =0.
n—oQ

Therefore, we obtain

1= limsupg™ (A, N A{") < limsup&™ (A) =< &(A)),
n—o0o n—oo
where the last inequality follows from the Portmanteau theorem [8,Theorem 2.1] and the fact

that A; is closed. Hence, &, (A;) = 1. Since ¢ is arbitrary, this is true for all z. This means that
& € B(v). Therefore, & € I"(v). O

As a result of Proposition 5, we now conclude via Kakutani’s fixed point theorem
([2,Corollary 17.55]) that I" has a fixed point. Therefore, the pair (7 *, u*) in Proposition 2
is a mean field equilibrium. This completes the proof of Theorem 1.

5 Approximation of Nash Equilibria

We are now ready to prove that the policy in the mean-field equilibrium, when applied by
every agent, is approximately Nash equilibrium for mean-field games with a sufficiently large
number of agents. Let ('*, w*) denote the pair in the mean-field equilibrium. In order to
prove the existence of an approximate Nash equilibrium, we need Assumption 2 in addition
to Assumption 1.
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Our approach can be summarized as follows: (i) First, Assumption 2 enables us to
define another mean-field equilibrium, in which the policy deterministically and continu-
ously depends on only the observations; (ii) we then construct an equivalent game model
whose states are the states of the game model in Sect. 2.2 plus the current and past observa-
tions; (iii) in this equivalent model, the new mean-field equilibrium policy becomes Markov;
(iv) using this Markov structure, we prove that the cost function of a generic agent under
any policy in the finite-agent regime, where the rest of the agents adopt mean-field equilib-
rium policy, converges to the cost function in the infinite-population limit as the number of
agents goes to infinity; (v) since the mean-field equilibrium policy is optimal in the infinite-
population limit, we establish the existence of an approximate Nash equilibrium via the result
in step (iv).

Let dp; denote the bounded Lipschitz metric on P(S), which metrizes the weak topology
[18,Proposition 11.3.2].

Assumption 2 (a) w,(r) — 0and w, (r) — 0asr — 0, where

wq(r) = sup sup g (- ls,u, ) —q (s, u, v)|lrv
(s,u)eSxA e
dpr (u,v)<r
wm(r) = sup sup |m(s,u, u) —m(s,u, v)|.
(s,u)eSxA e
dpr (u,v)<r

(b) Foreacht >0, rrt’* : Gt — P(A) is deterministic; that is, y'rl/*(- lg()) = 84,g(r)) () for
some measurable function f; : G; — A, and weakly continuous.

In Appendix 1, we give sufficient conditions for Assumption 2-(b) in terms of the system
components.

We now construct another mean-field equilibrium in which the policy deterministically
depends on only the observations. For ¢, let Y’ 1= ]_[;(:0 Y. Then, for each t > 1, define
fi Y 5 Aas:

L@, yO0) = fi(y@), ..., yO), fimi(y(& = D,y y(0)), ..., fo(r(0))),

where fO = fO- Let ”T*( . |y([)’ e y(o)) = 6ﬂ(y(t),...,y(0))( . ) Note that 7Tt* is a Weakly

continuous stochastic kernel on A given Y/*! under Assumption 2-(b). Moreover, 7* and 7 *
are equivalent because, for all ¢, we have

’

P (at) € -lg0) = P (a() € - y(), ... y(0))
= P" (a(t) € -|y(0), ..., y(0)).

Hence, (7%, p*) is also a mean-field equilibrium. In the sequel, we use (7 *, p*) to prove the
approximation result. The reason for passing from f; to f; is that the latter policy becomes
Markov in the equivalent game model that will be introduced in the proof of Theorem 4.
Then, we can prove the existence of an approximate Nash equilibrium by adapting the proof
techniques and results in [40, 42] to the game models with expanding state spaces and non-
homogeneous system components.

The following theorem is the main result of this section, which states that the policy
a®® = (z*, ..., %), where 7* is repeated N times, is an e-Nash equilibrium for suffi-
ciently large N. Its proof appears in the next section.
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Theorem 4 For any ¢ > 0, there exists N(g) such that for N > N (¢), the policy a5 g
an e-Nash equilibrium for the game with N agents that is introduced in Sect. 2.2. Since the
original N-agent game model is equivalent to the one in Sect. 2.2 by Proposition 1, the policy
xN% s also an e-Nash equilibrium for the original game with N agents.

Remark 2 Note that to obtain an explicit relation between ¢ and N (¢), one needs to establish
that the optimal policy 7* in mean-field equilibrium is Lipschitz continuous. In the fully
observed continuous-time setup, this is in general established easily due to very restrictive
structural assumptions on the system components. In a recent monograph [16], Lipschitz
continuity of the optimal policy in mean-field equilibrium was established in Lemma 3.3 using
regularity properties of system components. However, in our setup, in order to establish this,
we need Lipschitz continuity, strong convexity, and differentiability conditions on one-stage
cost functions {C;} and transition probabilities {7} of the fully observed reduction. However,
establishing Lipschitzness of the transition probabilities {7, } is in general prohibitive. Indeed,
even weak continuity of the transition probabilities {7, }, which is a much weaker condition
than Lipschitz continuity, has been established relatively recently in [19]. Moreover, it was
discussed in that paper that even if very restrictive conditions are imposed on the system
components, it is not possible to extend weak continuity of the transition probability to
setwise continuity, which is also a very weak condition that is used in the stochastic control
literature. Therefore, establishing Lipschitz continuity of the transition probabilities {#;} is
in general prohibitive. This would also be the case for the partially observed continuous-time
setup, since the above-mentioned result pertains to the fully observed case.

Remark 3 1In the mean-field games literature, uniqueness of the mean-field equilibrium can
be established using a monotonicity condition as introduced by Lasry and Lions in [34]
(see also [15]). However, in addition to the monotonicity condition, we should also have the
following conditions in order to have uniqueness (see, e.g., [15,Assumption U]):

a) The cost function should be in additive form.

b) The one-stage cost function can be additively decomposed into two functions, where the
first function is a function of the state and the mean-field term, and the second function
is a function of the state and the action.

¢) The dynamics of a generic agent should be independent of the mean-field term.

d) For any state-measure flow, there exists a unique optimal policy.

Under these conditions, one can prove that if (z#, u) and (", v) are two mean-field
equilibria, then

Ju @) + 1y (@”) = Jp(@”) + Iy (7*) (1)

in the equivalent game model. This implies that Jy, (m*) = J, (7”) and J, (7#) = J, (7 #).
Then, conditions c) and d) ensure that these mean-field equilibria must be the same, which
implies uniqueness. However, note that to have inequality (11), conditions a), b), and ¢) must
hold. Indeed, to state the monotonicity condition, we should have condition b).

In our case, the cost function in the equivalent game model is in additive form, and thus we
do have condition a). Moreover, we can assume the decomposition in condition b). However,
if we assume that transition probabilities { p;} are independent of the mean-field term, then
it implies that the transition probability ¢ and the one-stage cost function m of the original
game model are independent of the mean-field term since

pi(B x D|x(t), a(t), ur) = q(Bls (@), a(t), ir,1) ® Sum(ey+pms(t).att). s 1) (D)-
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But this is merely a risk-sensitive stochastic control setup.

Conversely, if we consider the original game model instead of the equivalent one, then, in
this case, the cost function is not in additive form and thus, we cannot achieve inequality (11)
because we cannot have conditions a) and b), which are needed along with the monotonicity
condition to have unique mean-field equilibrium.

6 Proof of Theorem 4

For the game model introduced in Sect. 2.2, the policy 7* in the mean-field equilibrium
is not necessarily Markov, and so, the joint process of the state, observation, and mean-
field term does not have the Markov property as well. To prove Theorem 4, we will first
introduce another equivalent game model whose states are the state of the original game
model? plus the current and past observations. In this new model, the mean-field equilibrium
policy automatically becomes Markov.

In the infinite-population limit, this new mean-field game model is specified by

<{st}f:01, A (P ), /\o>,

where, foreach 7, S, = X x Y x ... x Y and A are the Polish state and action spaces at time
——

t+1-times
t, respectively. The stochastic kernel P, : S; x A x P(S;) — P(S;+1) is defined as:

Pi(Bip1 X Dig1 x ... x Do|b(t), a(r), Ay)

t
= / r(Deyrlx(® + 1)) ]_[ Lp (y(K) ps (dx(r + D) |x(2), a(r), A1),
Bri1 k=0
where Byy1 € BX), Dy € BY) (k=0,...,t+1),b() = (x(t), y(),yt —1),...,y(0)),
and A;; is the marginal of A; on X. Indeed, P; is the controlled transition probabil-
ity of next state-observation pair, current observation, and past observations, i.e., (x (t +
D, y@t+1),y@),..., y(O)), given the current state-observation pair and past observations,
ie., (x @), y@®),yt —1,..., y(O)), in the original mean-field game. For each ¢, the one-
stage cost function C; : S; x A x P(S;) — [0, oo) (do not confuse this with C; in Sect. 4) is
defined as:

Ci(b(1), a(t), Ap) = ¢ (x(1), a(t), Ar,1).

Finally, the initial measure Aq is given by Xo(db) = r(dy|x)uo(dx), where b = (x, y).
Suppose that Assumption 1 and Assumption 2 hold. Then, for each ¢, the following are
satisfied:

(I) The one-stage cost function C; is bounded and continuous.
(IT) The stochastic kernel P; is weakly continuous.

It is straightforward to prove that (I) and (II) hold since ¢; is continuous, p; is weakly
continuous, and r is continuous in total variation norm. Recall the set of policies I in the
original mean-field game which only use the observations; thatis, 7 € ifm, : Y+t - PA)
for each ¢ > 0. Note that I7 is a subset of the set of Markov policies in the new model. For

3 When we say original game model in this section, it means the game model introduced in Sect. 2.2 in place
of the risk-sensitive game model.
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any measure flow A = (4;);>0, where AJ € P(Ss), we denote by fA (7r) the finite-horizon
risk-neutral total cost of the policy m € IT in this new mean-field game model.

We also define the corresponding N agent game as follows. We have the Polish state
spaces {S;}ITZJ{)1 and action space A. For every ¢ and every i € {1,2,..., N}, let bfv (1) e$S;

and aiN (1) € A denote the state and the action of Agent i at time ¢, and let
| N
(N)
AV =5 X;%;v(,)(') € P(S)
i=

denote the empirical distribution of the state configuration at time ¢. The initial states blN )
are independent and identically distributed according to g, and, for each ¢, the next-state
configuration (b{V t+1D,..., b% (t + 1)) is generated according to the probability laws

N
[TP @@+ DY ). a¥ ). aA™N).
i=1
Recall that I7; denotes the set of policies that only use local observations for Agent i in the

original game. Note that policies in [1; are Markov for the new model since they partly use
the state information. We let I7{ denote the set of all policies in IT; for Agent i that are

weakly continuous; that is, 7 = {7;} € ﬁf ifforall £ > 0, 77, : Y'T! — P(A) is continuous
when P(A) is endowed with the weak topology. For Agent i, the finite-horizon risk-neutral

e .. ~(N) .
total cost under the initial distribution Ao and N-tuple of policies # ™) e IT ) is denoted by
F(N) (N)
J(m ).
The following proposition makes the connection between this new model and the original
model.

Proposition 6 For any N > 1, nEN) € I:I(N), andi = 1,...,N, we have J;(x™)) =
Ji (g, Similarly, for any w € I1 and measure flow A, we have JA(n) = Jy () where
n = (At,l)tz&

Proof The result can easily be proved as in [41,Proposition 5.1], and thus, we do not include
the details. ]

By Proposition 6, in the remainder of this section we consider the new game model in
place of the one introduced in Sect. 2.2. Define the measure flow A = (A;);>0 as follows:

Ar = L(x@), y(1), ..., y(0)),
where L(x(t), y(t), ..., y(0)) denotes the probability law of (x(¢), y(¢), ..., y(0)) in the
original mean-field game under the policy 7* in the mean-field equilibrium. For each r > 0,
define the stochastic kernel P,”*(- |b, A) on Sy given S; x P(S;) as
PT (b, A) = [ Pi(-1b,a, A)m/ (dalb).
A

Since ;" is weakly continuous, P/ *(' |b, A) is also weakly continuous in (b, A). In the
sequel, to ease the notation, we will also write Pt”*( -1b, A) as Pf;( -1b).

Lemma 1 Measure flow A satisfies
A1 (4) = f P (- |b, A) A, (db)
St

= AP, ().
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Proof The result can easily be proved as in [41,Lemma 5.1], and thus, we do not include the

details. O
Foreach N > 1, let {blN (1) } L<i<N denote the states of agents at time ¢ in the N-agent new
game model under the policy aWN* = {g* 7*, ..., 7*}. Define the empirical distribution

N
1
Ay =5 2 ().
i=1

Proposition 7 For all t > 0, we have L(AN)) — 8,4, weakly in P(P(S,)), as N — oo.

Proof Weak topology on P(S;) can be metrized using the following metric:

P, v) =Y 27D f) = v(fn)l,

m=1

where {f,,}m>1 is a sequence of real continuous and bounded functions on S; such that
I fmll < 1forall m > 1 (see [38,Theorem 6.6, p. 47]). Define the Wasserstein distance of
order 1 on the set of probability measures P(P(S;)) as follows (see [51,Definition 6.1]):

Wi (@, ¥) =inf{E[p(X,Y)]: LX) =® and L(Y) = ¥ }.
Note that since 8 4, is a Dirac measure, we have
Wi LMY, 84,) = [Elp(X. V)] : LX) = £(A™) and L(Y) = 84, )
o0
=E [Z 27D AN (f) — Af<fm>|].

m=1

Since convergence in W) distance implies weak convergence (see [51,Theorem 6.9]), it
suffices to prove that

Jim E[AY ()~ AnI] =0

for any f € Cp(S;) and for all #. We prove this by induction on ¢.
As {b{v (0)}1<i<n are i.i.d. with common distribution Ay, the claim is true for r = 0. We
suppose that the claim holds for 7 and consider ¢ + 1. Fix any g € Cp(S;+1). Then, we have

N
14511 (@) — A ()]
N N * N * *
<1411 = AN P o @1+ 1A P ) (9) = AP () (12)
2 Ay Ll

We first prove that the expectation of the second term on the right-hand side (RHS) of (12)
converges to 0 as N — oo. To that end, define F : P(S;) — R as:

F(A) = AP[,(3) = / / g(b)PT (db'|b, A)A(db).
' St JSi+1
One can prove that F' € Cp(P(S;)). Indeed, suppose that A, converges to A. Let us define

ln(b):/ g(b’)Pt”*(db’|b,A,,)andl(b):/ g(b")PF (db'|b, A).
t+1

Si41

Since P " is weakly continuous, one can prove that [, converges to [ continuously. By
[33,Theorem 3.5], we have F(4,) — F(A), and so, F € Cp(P(S;)). This implies that the
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expectation of the second term on the RHS of (12) converges to zero as ﬁ(A;N) ) = 84,
weakly, by the induction hypothesis.
Now, let us write the expectation of the first term on the RHS of (12) as:

N N *
E[E[|Af+}(g) = AP 0 (9)]
» At

Y@, ..., b%(r)]].

Then, by [11,Lemma A.2], we have

(N, N A(N) pr* N N gl
E|:|A[+1(g) A Pt,AfN) @Iy @, ..., bN(t)j| = 27\/N.
Therefore, the expectation of the first term on the RHS of (12) also converges to zero as
N — oo. Since g was arbitrary, this completes the proof. O

The implication of Proposition 7 is the key to prove the main theorem. It basically says
that in the infinite-population limit, the empirical distribution of the states under the mean-
field policy converges to the deterministic measure flow A (i.e., the principle of law of large
numbers). This result leads to the following important proposition.

Proposition 8 We have
lim /™ (@®9) = Ja(*) = inf Ja(x").
N—oo w'ell

Proof As the transition probabilities P (- |d, a, A) are continuous in A, the dynamics of
the state of a generic agent in the finite-agent game with sufficiently many agents and the
dynamics of the state in the mean-field game under policies #V* = (z*, ..., 7*) and 7%,
respectively, should therefore be close. Hence, the distributions of the states in these games
should also be close, from which we obtain the proposition. The precise mathematical proof
is given below.

For each t > 0, let us define

Crr (b, A) = f Ci(b. a, A (dalb).
A

Note that random elements (b{v @,..., bx 1), AfN)) are exchangeable; that is, for any per-
mutation o of {1, ..., N}, we have
LOY D). BN, AP) = LN 0. - By (0. AF).

Hence, the cost function at time ¢ can be written as:

1 N

E[c,®Y @), al (1), AM)] = NZIE[c,(b{V ), al ), AM)]

= E[A™(Crr (0, AM))].

Define F : P(S;) — Ras

F(A) :/ Crx(b, A)A(dD).

t
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One can show that F' € Cp(P(S;)) as 7/ is weakly continuous. Hence, by Proposition 7, we
obtain

Jim E[Ci @ 0. 0, 4] = lim B[4 (Cxs (b, A7)]

= lim E[F ("]
= F(4)
= A1(Cqp (-, Ar)). 13)
Note that by Lemma 1, the cost in the mean-field game can be written as:
T+1
Ta@*) =" AcCar (-, AD).
t=0

Therefore, by (13) and the dominated convergence theorem, we obtain
lim J™M @™y = jax"),
N—oo
which completes the proof. O

To obtain the approximation result, we should show that if the policy of some agent
deviates from the mean-field equilibrium policy, then the corresponding cost of this agent
should be close to the cost in the mean-field limit as in Proposition 8, for N sufficiently large.
Since the transition probabilities and the one-stage cost functions are identical for all agents
in the game model, it is sufficient to change the policy of Agent 1 for each N. To that end, let
(FMns1 c 1T { be an arbitrary sequence of policies for Agent 1; that is, for each N > 1

andt >0, ﬁt(N) (Y S PA) s weakly continuous. Foreach N > 1, let {l;zN(t)}1<1<N be
the collection of states in the N-person game under the policy # ™) = (7™ 7* ... 7*}.
Define

N
~ 1
N
AN ) =5 85000, (-
i=1

The following result says that the asymptotic behavior of the empirical distribution of the
states at each time ¢ is insensitive to local deviations from the mean-field equilibrium policy.

Proposition 9 Forallt > 0, we have E(A;N)) — 84, weakly P(P(S;)), as N — oo.

Proof The proof can be done by slightly modifying the proof of Proposition 7, and therefore
will not be included here. O

For each N > 1, let {l;N (t)};>0 denote the state trajectory of the generic agent in the
mean-field game (i.e., infinite-population limit) under policy 7#W); that is, bV (1) evolves as
follows:

BN (0) ~ hg and B (¢t + 1) ~ P (16N (0)).
The cost function of this mean-field game is given by

T+1

Ja@M) =Y " E[CN (). a" (1), A)). (14)
t=0
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where the actions at each time 7 > 0 is generated according to the probability law
7 @ 01BN 1) = 7" @a 015V @), ... 3 ©O)).

The following result is a bit technical but very important for proving the main result. Its
proof is quite long and complicated, and thus can be found in Appendix 2.

Proposition 10 For anyt > 0, we have
lim L&Y (1)(gn) — LGN ) (gn)]| =0
N—o00
for any sequence {gn} C Cp(S;) such that supy~ gyl < 00 and wg(r) — Oasr — 0,
where

wg(r) = sup sup sup [gn(s,m,y") —gn(s.m’, y')|.
s€S N=1  m,m'
ey [m—m'|<r

Using Proposition 10, we now prove the following result.

Theorem 5 Let {7 M) In>1 C ﬁf be an arbitrary sequence of policies for Agent 1. Then, we
have

ngnoo|il“‘”(ﬁ<’v>,n*,...,n*) —Ja@M| =o,
where fA FWMy is given in (14).
Proof Since C; =0fort < T,wesett =T + 1. We have
TN @M 7% %) = Ja@ ™) = |E[e b )] — E[c. b @0)]]-

Note that C;(b) = C;((s, m, yo, ..., Y1) = M where m € [0, L], is Lipschitz. Therefore,
the term in the above equation converges to zero by Proposition 10. O

As a corollary of Proposition 8 and Theorem 5, we obtain the following result.

Corollary 1 We have

lim fl(N)(ﬁ(N),n*,...,n*)z inf Ja(r') = Ja(z®)
N—o0 x'ell
= lim J™M @ 7,19,
N—o00

where {# M} y=1 C ﬁf is an arbitrary sequence of policies for Agent 1.

Now, we are ready to prove the main result of this section.

Proof of Theorem 4 One can prove that for any policy 7V e IT (N), we have

inf JV@™ 7= inf JV@N 7l
miell; nlellf

foreachi =1, ..., N (see the proof of [40,Theorem 2.3]). Hence, it is sufficient to consider

weakly continuous policies in “V) to establish the existence of ¢-Nash equilibrium in the

new model.
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We prove that, for sufficiently large N, we have

nlellf
foreachi = 1,..., N. As indicated earlier, since the transition probabilities and the one-

stage cost functions are the same for all agents in the new game, it is sufficient to prove (15)
for Agent 1 only. Given € > 0, foreach N > 1, let 7N ¢ IT{ be such that

N - . N &
JI(N)(T[(N), 7% ..., 7% < inf _JI(N)(JT’, b AN A [ Sy

Then, by Corollary 1, we have

lim JVGEM 7% %) = lim JaG™)
N—oo N—oo

> inf Jo (7))
7.[/
= Ja(*)

= lim JNM @ 7.,
N—00

Therefore, there exists N(g) such that for N > N (¢), we have

o ~ N 2¢
inf JI(N)(T[/, ¥ ..., e > JI(N)(n'(N), T T+ =
n'ellf 3
A % £
> Ja(@®) + 3
> fl(N)(n*, ¥, .., T,
The result then follows from Proposition 6. O

7 Infinite Horizon Cost Function

In this section, we extend Theorem 4 to games with infinite-horizon risk-sensitive cost func-
tions; that is, a generic agent’s infinite-horizon risk-sensitive cost under the initial distribution
ko and the N-tuple of infinite-horizon policies £ N-%?) = (7129 7z N,y ¢ *(N) jg
given by

w00 (N = gre [e/\ >, ﬁ’m(sf’(z),uf’(t),d,"v))]
; ,

where, for each Agent j, 70 = {Hé‘j’oo), nl(j’oo), ...} (i.e., infinitely many stochas-

tic kernels). Note that, by [42,Lemma 4.3], any infinite-horizon risk sensitive cost can be
approximated by finite 7-horizon one with the error bound 687 ! for some constant § > 0,
which is independent of the policy 7 ™-%; i.e.,

Then, the following theorem is a consequence of (16) and Theorem 4.

Theorem 6 For any e > 0, choose T such that 0pT+! < % and let N(%) be the constant in
Theorem 4 for the finite horizon T. Then, for N > N(%), the policy T1™-°°) is an e-Nash
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equilibrium for the infinite-horizon risk-sensitive game with N agents, where g™~ =
(7, ..., ™),

o0 * *
v ={72'0,...,7TT,7TT+1,7TT+2,...},
————
T+1-times
7t = {n} szo is the policy in the mean-field equilibrium of the T-horizon game, and

{32y is some arbitrary policy.

8 An Example

In this section, we consider an additive noise model to illustrate our results. In this model,
the state and observation dynamics of a generic agent for the infinite-population game are
given, respectively, by

st+1) = /Sf(S(t), u(r), )di (ds) + g(s (@), u(®))w(r)

= F(s(0), u(®), dp) + g(s(1), u(t)) w(r)

and

g(t) = h(s@®)) + v(),

where s(t) € S, g(t) € Y, u(t) € A, w(t) € W, and v(t) € V. Here, we assume that
S=Y=W=V=R,ACR,and {w(t)} and {v(¢)} are sequences of i.i.d. standard normal
random variables independent of each other. The one-stage cost function of a generic agent
is given by

m(s(t), u(r), dr) Z/Sb(S(t),u(t),S)dt(dS),

for some measurable function b : S x A x S — [0, 00).
This model is the infinite-population limit of the N-agent game model with state and
observation dynamics

N
1
st +1) = ~ SO FGN o ul @), sV @) + g6 @, ul @)w )
j=1
@6y =hisN @)+ o) 1)

and the one-stage cost function

N
1
m(sN (@), ul (1), d™) = v > b @), ul @), s @)

j=1
For this model, Assumption 1 holds with v(s) = 1 + s? and & = max{1 + || f||?, L}
under the following conditions: (i) A is compact, (ii) b is continuous and bounded, (iii) g is
continuous, and f is bounded and continuous, (iv) sup,ca gz(s, u) < Ls? for some L > 0,

(v) h is continuous and bounded. Note that || f|| is defined as:

1= sup [ f (s, u.sH.

(s,u,s")ESxAXS
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Moreover, Assumption 2-(a) holds under the following conditions: (vi) b(s, u, s) is (uni-
formly) Lipschitz in s’, (vii) f (s, u, s") is (uniformly) Lipschitz in s’, and (viii) g is bounded
andinf s ,)esxa |g(s, u)| > 0. For the proofs of these facts, we refer the reader to [41,Section
7].

In order to have Assumption 2-(b), we need to assume that A is convex. In addition, suppose
that g(ds’|s, a, u) = o(s’|s, a, w)v(ds’) and I(dy|s) = ¢(y|s)v(dy), where v denotes the
Lebesgue measure. Assume that both o and ¢ are continuous and bounded, and ¢ and m are
strictly convex in a. For the justification of Assumption 2-(b) in this case, we refer the reader
to Sect. 1.

Remark 4 Note that Assumption 1 also holds for finite models (i.e., S, A, and Y are finite)
without any structure on the dynamics of the state and observation if the transition prob-
ability and the one-stage cost function are continuous with respect to the mean-field term.
Moreover, Assumption 2-(a) holds if the transition probability and the one-stage cost func-
tion are Lipschitz continuous with respect to the mean-field term. In finite models, the only
missing condition is the existence of deterministic policy in mean-field equilibrium. This can
be established if we have the uniqueness condition in (17).

9 Conclusion

This paper has considered discrete-time finite-horizon partially observed risk-sensitive mean-
field games. We have first constructed an equivalent game model whose states are the state
of the original model plus the one-stage costs incurred up to that time. In this new model,
the finite-horizon risk-sensitive cost function can be written in an additive-form as in the
risk-neutral case. Then, letting the number of agents go to infinity, we have first established
the existence of a mean-field equilibrium in the limiting mean-field game problem. We have
then shown that the policy in the mean-field equilibrium constitutes an approximate Nash
equilibrium for similarly structured games with a sufficiently large number of agents. Finally,
we have extended our results to the case of infinite-horizon cost functions.

Acknowledgements This work was partly supported by The Scientific and Technological Research Council
of Turkey (TUBITAK) BIDEB 2232 Research Grant.

Appendix
Continuous and Deterministic Equilibrium Policy

A common way to establish Assumption 2-(b) is as follows. Suppose that, for the measure-
flow p in mean-field equilibrium, there exists a unique minimizer a, € A of

cle ) +/ZJ:t+1(z’)nfL(dZ’lz, )= Rz o). (a7

for each z € Z and for all 7. In addition, suppose that F; : Zx A xY — Zin (5) is
continuous. Note that uniqueness conditions analogous to (17) are quite common in the
mean field literature (see, e.g., [23,Assumption 4], [47,Assumption AS5], [28,Assumption
HS5], [43,Assumption A9]).

Under the condition of a unique minimizer to (17), one can prove that the policy ¢ in
Proposition 2 is deterministic and weakly continuous (see [41,Remark 5.2]). Indeed, fix any
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t > 0 and consider the policy ¢, at time ¢ in ¢. By the unique minimizer condition (17), we
must have ¢; (- |z) = 8,(;)(-) for some deterministic function f; : Z — A which minimizes
R;(z, -); thatis, mingep R (z, a) = R:(z, fi(z)) for all z € Z. If f; is continuous, then ¢; is
also weakly continuous. Hence, in order to prove the assertion, it is sufficient to prove that f;
is continuous. Suppose that z,, — z in Z. Note that /,(-) = mingea R;( -, a@) is continuous.
Therefore, every accumulation point of the sequence { f;(z,)},>1 must be a minimizer for
R;(z, -). Since there exists a unique minimizer f;(z) of R;(z, -), the set of all accumulation
points of { f;(z,)},>1 must be the singleton {f;(z)}. This implies that f;(z,) converges to
fi(2) since A is compact. Hence, f; is continuous.
Recall that the mean-field equilibrium policy is given by

7 (- 1g(0)) = @ (- i (g(1))).

Hence, 7 is also a deterministic policy as i is a deterministic function. The function i can be
generated recursively using F; : Z X A x Y — Z (¢t > 0) in (5) and the policy ¢. Since F;
is continuous for all # and ¢ is also weakly continuous, we can conclude that the mean-field
policy 7 is deterministic and weakly continuous. Hence, Assumption 2-(b) holds.

For instance, we can prove the existence of a unique minimizer to (17) and the continuity of
F, for all ¢ under the following conditions on the system components. Suppose that S = R?,
Y = R”,and A C R™ is convex. In addition, suppose that g (ds’|s, a, ) = o(s’|s, a, p)v(ds’)
and /(dy|s) = ¢(y|s)v(dy), where v denotes the Lebesgue measure. Assume that both o and
¢ are continuous and bounded, and o and m are strictly convex in a, where m is the one-stage
cost function of the original problem. Then, we have H,(dy|z, a) = h;(y|z, a)v(dy), where
hi(y|z, a) is given by

h;(ylz,a):/S/Sg“(yls)g(sls’,a,u;)v(ds)zl(ds’),

where z(ds’) = z(ds” x [0, L]). Similarly, we have

fx ft(S|S/, a, y)v(ds) ® 8m’+/3’m(s’,a,ur)(dm)z(ds,v dm/)

Fi(dx|z,a,y) = hi(y|z, @)
t .9

’

where f;(s|s’, a, y) is given by f;(s|s’,a, y) = ¢(y|s)o(s|s’, a, u;). Then, one can prove
that F; is continuous. To show uniqueness of the minimizer to (17), note that

T+l
JE (@) = inf E“’[ > Clek), alk)
ped
k=t+1
T+1
inf E”[ > a®).atk), )

k=t+1

z(t+ 1) =Z:|

x(t+1) ~Z:|

/x Vi1 (0)z(dx),

where

T+1

Versi(0) = inf E7 LZ;Ickoc(k),a(k), )
=t

x(t+1) :x].
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Hence, for any a € A, (17) can be written as:
/Cz(x, a, p)z(dx) + // Vir+1(x) Fi(z, a, y)(dx) H; (dy|z, a)
X Y JX
= fCI(x, a, p)z(dx)
X

+ / / Versi(s,m' + B'm(s’.a, w)e(sls’, a, w)v(ds)z(ds’, dm').
X JS

Note that

Virsi(s,m) = e inlf7 HE i ﬁkm(s(k)’”(k)’“”‘)‘s(k):s],
A

and thus Vi ;41 (s, m) is strictly convex in m. Since m and g are strictly convex in a, the last
expression is also strictly convex in a. Hence, there exists a unique minimizer a, € A for
(17).

Proof of Proposition 10

We prove the result by induction on ¢. The claim trivially holds for + = 0 as L(Bf’ 0)) =

LBV (0)) = io for all N > 1. Suppose that the claim holds for 7 and consider 7 + 1. Set
supy= llgn |l =: L < oo and define

Ty (b, A) := / gn ()P, b, a, AN (da|b).
AXByy1

‘We can write
|LBY (t + 1) (gn) — LGV (¢ + 1) (gn)]

/ T (b, MLEY (1), ANy (db, d 2)
B; xP(B;)

— / Tn (D, A)E(Z;N(t), d4,)(db,dA)
B xP(By)

= @Y 1), A Tw) = LGN (1), 5.4 (Tw))-
Note that, for any b € B, and (A, A”) € P(B;)?, we have
|Tn (b, A) — T (b, A")| < wg(wm(dpL(Ar, A))) + Log(dpr (A1, A)),

where A is the marginal distribution of s under A (recall that b = (s, m, y')). Hence, the
family {Tn (b, -) : b € B;, N > 1} is uniformly bounded and equi-continuous. Moreover,
for any A € P(B;), we have

wr.a(r) :==supsup sup |Ty(s,m,y’, A) =Ty (s,m’, y', A)|
s,y N=1 m,m’
|m—m'|<r

<supsup sup wg(|m —m'|) = wy(r).

s, yP N> mm’
|m—m'|<r

Hence, wr a(r) — 0asr — 0. Therefore, {Ty} C Cp(B; x P(B;)) is a sequence of functions
such that the family {TN(b, -):beB, N> 1)} is equi-continuous, supy~; [|Tn || < oo,
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and wr A(r) — 0asr — O forany A € P(B;). We now prove that
Jim (25 (0, A (Ty) — LGN (1), 5a,)(Tw)| =0, (18)
which would then complete the proof. Indeed, we have

LB (1), AN (Tn) — LGN (1), 5.4)(Tw)|

<

/ Ty (b, ALGY (1), AN (db, d &)

B, xP(B;)

- f T (b, 2)LBY (1), 8,)(db, dA)‘
B; xP(B;)

_|_

/ Tn (b, A)LBY (1), 84,)(db, dA)
B; xP(B;)

- / Tn (b, A)[Z(I;N(t), 84,)(db, dA)‘. (19)
B xP(By)

First, note that since the family {Tn (-, A;)}n>1 C Cp(B,) satisfies the hypothesis of the
proposition and the proposition is true for ¢, by induction hypothesis, we have

lim
N—o00

/B Tn (b, A)LBY (1))(db) — /

B,

Tn (b, A,)E(l;N(t))(db)‘ =0.

Hence, the second term in (19) converges to zero as N — oo.

Now, let us consider the first term in (19). To that end, define F := {TN (b, ) :b €
B/, N > l)}. Note that F is a uniformly bounded and equi-continuous family of functions
on P(B;), and therefore

N—o00

lim E[sup |F(AM) - F(A,)q =0
FeF
as E(ANEN)) — L(A;) weakly. Then, we have

lim
N—o0

f T (b, ALBY (1), AN))(db, d4)
B, xP(B;)
- f Ty (b, A)LBY (1), 84,)(db, dm‘

B, xP(B;)

< lim
N—o0 Jp,

f T (b, 2)LAM BN 0) @A)
P(B)

- / Ty (b, A)c(aA»(dA)’ﬁ(B{V (1)) (db)
P(B;)

N—oo

< lim E[E[}Tméﬁr),di’v))—TN(BiV(r),A,>|

o]

< lim E[sup\F(AﬁN))—F(A,)y]
N—oo | FeF

=0.

This completes the proof.
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