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Abstract

We present a model of discrete-time mean-field game with compact state and action spaces and
average reward. Under some strong ergodicity assumption, we show it possesses a stationary
mean-field equilibrium. We present an example showing that in general an equilibrium for
this game may not be a good approximation of Nash equilibria of the n-person stochastic
game counterparts of the mean-field game for large n. Finally, we identify two cases when
the approximation is good.

Keywords Mean-field game - Anonymous game - Stochastic game - Average reward -
Ergodic reward - Stationary equilibrium - Geometric ergodicity

1 Introduction

Mean-field game theory has been developed independently by Lasry and Lions [39] and
by Huang et al. [37] to study non-cooperative differential games with a large number of
identical players. The main idea behind their models was that by approximating the game
with a limit where the number of players is infinite, we can reduce the game problem, which
for a large finite number of players becomes untractable, to a much simpler single-agent
decision problem. The idea has been largely accepted by the differential game community,
which resulted in a huge number of publications on the topic over the last decade. The reader
interested in differential-type mean-field game models discussed so far is referred to the
books [8,21] or the survey [32].

Our focus in this paper is, however, on similar discrete-time models, which, surprisingly,
appeared in the game-theoretic literature long before the pioneering works on mean-field
games. In the seminal paper by Jovanovic and Rosenthal [38], each player controls an individ-
ual discrete-time Markov chain, while the global state of the game, defined as the probability
distribution over individual states of all the players, becomes deterministic. While the tools
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used there were significantly different from those considered in differential mean-field game
literature, the general principle, which was to simplify the original large game problem by
considering an approximation with one-agent optimization models, stayed the same. Some
generalizations of model of Jovanovic and Rosenthal were given in [2,9,10,22,27,45]. All
of these papers considered games with discounted rewards (costs). Discounted discrete-time
mean-field games were also studied in a number of economic applications, see references in
[2].

Our paper deals with a different reward criterion—long-run average reward (sometimes
also called ergodic reward), often used in Markov decision process and dynamic game prob-
lems, yet hardly present in the discrete-time mean-field game literature. To the best of our
knowledge, there are only three papers dealing with this kind of problems in a discrete-time
setting, discussed in more detail below. The literature on differential-type mean-field games
with this payoff criterion is a lot more extensive. In [28,39], results about relation between
games with a large finite number of players and mean-field games of this type are proved. [18—
20] discuss the relation between the solutions of ergodic mean-field games and mean-field
games with large fixed time horizon. Existence and uniqueness of solutions to average-reward
mean-field games are addressed in many articles including [5-7,23-25,30,31,39,40,42] and
a number of preprints. Finally, [1,4,15] provide some numerical methods for solving this
type of games. The first model of discrete-time mean-field game with average reward has
been introduced in [48], where the existence of a stationary mean-field equilibrium has been
proved under some ergodicity assumption in case when state and action spaces of the players
are finite. Under the additional assumption that the individual transitions of the players do
not depend on the empirical distribution of states or actions of all the players, it also shows
that the mean-field model approximates well the n-person models for n large enough. Similar
assumption has also been made in [12], where average-reward games with o -compact Polish
individual state spaces were studied. The problem is that apart from this assumption, the
results in [12] used some strong regularity conditions stated in terms of a specific metric
topology on the state of stationary policies, which seem to be too strong to be satisfied under
any reasonable assumptions. In the last paper, we need to mention here [16] average-reward
discrete-time mean-field games were used to study a dynamic routing model. The main con-
tribution of the paper was presenting a linear-programming formulation of the problem of
finding a stationary equilibrium in games of this type.

In our paper, we do not consider such a general setting as that in [12], limiting ourselves
to the games with compact state and action spaces. In return, within this framework we make
assumptions that are satisfied by a large class of models. Moreover, we state them in terms of
basic primitives of the model, making them rather easy to verify. Finally, in general we do not
require the independence of the individual transitions from the empirical distribution of states
and actions of the players. In our article, we give the results of two types. First, under the
assumptions given in Sect. 3, we show that the mean-field game has a stationary equilibrium.
Then, we provide several results, both positive and negative, linking equilibria in the model
with a continuum of players with e-equilibria in its n-person stochastic counterparts when n
is large.

The organization of the paper is as follows: In Sect. 2, we present the general framework
we are going to work with and define what kind of solutions we will be looking for. In Sect. 3,
we present our assumptions. Sections 4 and 5 provide our main results—in Sect. 4 we prove
the existence of the stationary equilibrium in the mean-field game model, while in Sect. 5 we
give results linking equilibria in the mean-field game with approximate equilibria in games
with large finite number of players. We end the paper with conclusions in Sect. 6.
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2 The Model
2.1 Discrete-Time Mean-Field Games

A discrete-time mean-field game is described by the following objects:

— We assume that the game is played in discrete time, thatis, t € {1,2,...}.

— The game is played by an infinite number (continuum) of players. Each player has a
private state s € S, changing over time. We assume that the set of individual states S is
the same for each player and that it is a non-empty compact metric space. Private state of
player i attime ¢ is denoted by s; . If we refer to an arbitrary player, we skip the superscript
L.

— A probability distribution 1 over Borel sets! of S is called a global state of the game.
It describes the proportion of the population which is in each of the individual states.
Global state at time ¢ will be denoted by ;. We assume that at every stage of the game,
each player knows both his private state and the global state, and that his knowledge
about individual states of his opponents is limited to the global state.

— The set of actions available to any player in state (s, n) is given by A(s, u), with
A = U(S,M)ESXA(S) A(s, u)—a compact metric space. A(-, -) is a non-empty valued
correspondence.

— The global distribution of the state—action pairs is denoted by T € A(S x A). If we refer
to the global state—action distribution at a specific time 7, we write t’.

— Individual’s immediate reward is given by a bounded measurable function r : § x A x
A(S x A) — R.r(s,a, t) gives the reward of a player at any stage of the game when
his private state is s, his action is a and the distribution of state—action pairs among the
entire player population is 7.

— Transitions are defined for each individual separately with a transition kernel Q : S x
A X A(S x A) = A(S). Q(B|-, -, T) is product measurable for any B € B(S) and any
T € A(S x A).

— Global state at time ¢ + 1 is given by the aggregation of individual transitions of the
players,

(- |r") =/S i O(-Is,a,t")t'(ds x da),

As it can be clearly seen from the above formula, the transition of the global state is
deterministic.

A function f : S x A(S) - A(A), such that f(B]-, i) is measurable for any B € B(A)
and any u € A(S), satisfying f(A(s, w)|s, u) = 1 forevery s € S and u € A(S) is called a
stationary strategy. The set of all stationary strategies is denoted by F. In the paper, we never
consider general (history-dependent) strategies. When we talk about mean-field games, we
also use stationary strategies depending only on the individual state of the player. Since in
general the set of feasible actions is also a function of the global state, we define F () as the
set of functions f : S — A(A) such that f(B|-) is measurable for any B € B(A), satisfying
f(AGs, wls) =1 for every s € S. We can 1dent1fy any f € F(u) with the class of all
stationary strategies f € F satisfying f(|s) = f (-|s, n) forany s € S.

! Here and in the sequel, the Borel o-algebra on a given set X is denoted by B(X), while the set of probability
distributions on (X, B(X)) is denoted by A(X).
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Next, let TT(f, ) denote the state—action distribution of the players in the mean-field
game corresponding to a global state 1 and a stationary strategy f € F(u), that is’

I(f, (D) == / f(dals)u(ds) for D e B(S x A).
D

Given the evolution of the global state, which depends on the strategies of the players in
a deterministic manner, we can define the individual history of a player i as the sequence
of his consecutive individual states and actions & = (sé, aé, si, a’i, ...). By the Ionescu-
Tulcea theorem (see Chap. 7 in [11]), for any stationary strategies f of player i and g of
other players and any initial individual state distribution 1o, there exists a unique probability
measure P#0-2:-8 on the set of all infinite histories of the game H = (§ x A)* endowed
with Borel o-algebra, such that for any B € B(S), D € B(A) and any partial history
hi = (sé,aé,...,sf_l,af_l,sf) e (Sx A xS=:H,teN,

pro-Q.f.8 <h c H: S(i) S B) = no(B), (1)
Ppro.Q.f.8 (h c H: af € Dlhi) =f (Dlsti>,
PHo.Q.f.¢ (h € H: sli_H € B| (h;, af)) =0 <B|Szi,af, r’), 2)

with state—action distributions defined recursively by 0 =TI (g, no), Tt =T(g, ®(-|zH)
fort =1, 2, .... We can define the long-time average reward of a player using policy f € F
when all the other players use policy g € F and the initial state distribution (both of the
player and his opponents) is 10, to be>

T
1
— 1im 10,0, f.8 t
J(mo. f.8) = llemf T 1E t:EOr(s,,a,, ),

where 79 = I(g, o) and '+ = (g, ®(-|z")) forr = 1,2, .. ..
Next, we define the solution we will be looking for:

Definition 1 A stationary strategy f and a measure ; € A(S) form a stationary mean-field
equilibrium in the long-time average reward game if f € F(u), for every other stationary
strategy g € F(u)

J, o) =T, 8, 1)
and u = O(|II(f, w)) (i.e. if wo = w then pu; = p forevery r > 1).

2.2 n-Person Stochastic Games

The main reason to consider mean-field games is that usually under some fairly mild assump-
tions they can approximate well some n-person dynamic games defined with the same data
when 7 is large enough. It is similar in our case. The n-person games that will be approxi-
mated by our model are discrete-time n-person stochastic games as defined in [34]. In our
case, we consider n-person stochastic counterparts of the mean-field game defined by the
following objects:

2 We shall use similar notation also in case of general stationary strategies from F. In that case,
TL(f (|-, 121), 12)(D) will denote [y, f(dals, i1)pea(ds).
3 Here we omit the superscript i used to define the measure P10 Q. as the situation is symmetric.
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— The state space is S” and the action space for each player is A. Similarly as in the case

of the mean-field game, the set of actions available to player i in state 5 = (sq, ..., ;)
is given by Al (5) 1= A (s,', % Z'}:l S‘Yj).

— Individual immediate reward of player i, rfl S x A" - R, i =1,...,nis defined
for any profile of players’ states s = (sq,...,S,) and any profile of players’ actions

a=(ay,...,ay) by

1 n
i< = .
rn(s’a) =T Si»aia;ZS(Sj,aj)
i=1

— The transition probability 9, : $" x A" — A(S") can be defined for any 5 € S" and
a € A" by the formula (for the clarity of exposition we write it only for Borel rectangles,
which obviously defines the product measure):

Qn(Bl X ... X Bn|§» a)

1 < 1 <
=0 | B |s17 ai, ; Za(sj-,a‘/) ... 0 Bnlsm dn, ; Z(S(Sj,aj)
j=1 j=1
— In n-person game, we consider stationary strategies f : S" — A(A) (satisfying, for
each player i, two standard conditions: f(B]|-) is measurable for any B € B(A) and
f(AL(5)]s) = 1 for every 5 € S"). The set of all stationary strategies for player i is

denoted by Fi.
— The functional maximized by each player is his average reward defined for any initial
state so € S” and any profile of stationary strategies f = (fi, ..., fn) by the formula

T
o T B
Iy (50, f) = hTHl)l;f mE‘YU’Q"'f ,E_o ry (Sz, ar)

with P%0-2n-/ denoting the measure on the set of all infinite histories of the game corre-
sponding to 59, Q,, and f defined with the help of the Ionescu-Tulcea theorem similarly
as in case of the mean-field game.

— Finally, the solution we will be looking for in n-person counterparts of the stochastic
game is that of Nash equilibrium, which is the standard solution concept considered in
the stochastic game literature:

Definition 2 A profile of strategies f € ! x ... x F" is a Nash equilibrium in the n-person
stochastic game if S _ B

I )z Iy (5. [ g]) &)
forany s, any g € }',’;, andi € {1,...,n}.
The notation [ f _;, g] denotes here and in the sequel the profile of strategies f with its ith
component replaced by g. If we only show that the above inequality is only true for strategies
g from some subclasses F;, (0) C F,, we say that f is a Nash equilibrium in the class

_7-",}(0) X .. X ]—",}(0). If (3) is true up to some & > 0, we say that f € Fnl X ... x F'isan
&-Nash equilibrium.

Remark 1 Note that for any n and any i € {l1,...,n}, F can be viewed as a subset of f,’;.
Moreover, it can be easily seen that in case all the players except some player i in an n-person
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counterpart of the mean-field game use strategies from F, the best response of i is also to
use a strategy from F. This immediately implies that a Nash equilibrium in the class (F)"
is in fact a Nash equilibrium in ]-',} X ... x F. For that reason, in the sequel we will no
longer use general strategies from ]-',"l when we talk about n-person games, concentrating on
strategies from F or from some subsets of this set.

2.3 Notation

As we have written, we assume that state and action spaces S and A are compact metric. The
metric on S will be denoted by dg while that on A by d4. Whenever we relate to a metric on
a product space, we mean the sum of the metrics on its coordinates.

The convergence of probability measures defined on one of these spaces may be of three
types. The one that we will use most often is the weak convergence. To denote the weak
convergence of measures, we will always use the symbol =. It is known that for a compact
metric set X, A(X) endowed with weak convergence topology is compact and metrizable
(see e.g. Prop. 7.22 in [11]). There are several metrics consistent with weak convergence
topology. In all of our considerations, whenever we use a metric on A(X) defining the weak
convergence, we use the metric (see Theorem 11.3.3 in [26])

p(i1, H2) = SupH/X Sy — p2)(dx) |, 1 fllBL < 1},

where 1, w2 € A(X) and | - || gL is the metric on the set of bounded Lipschitz continuous
functions from X to R defined by the formula

1A B = I flloe + 1 fllz with [ f]lL = sup M
x#y x(x,y)
To make a distinction between metrics defining weak convergence on different sets, we will
also use subscripts S, A etc.
The second type of convergence used in the paper is the convergence in the complete
variation norm || - ||, (usually simply called ‘norm convergence’) defined for any finite signed
measure 1 on (X, B(X)) as follows:

lillo = sup wu(B)+| inf wu(B)|
v Begl(jx) BeB(X)
When writing about this type of convergence, we will directly relate to the norm.

The last type of convergence we will be using is the strong (or setwise) convergence
denoted by — and defined as follows:

Un —> <= wup(B) — w(B) for any B € B(X).

It is weaker than norm convergence, but the topology defined by it is neither metrizable nor
sequential, which makes it much less useful in practice.

Finally, in some proofs, we will also make use of the 1-Wasserstein distance defined
for measures on (X, B(X)) with finite 1st moment. If we assume that X is compact, each
probability measure has a finite 1st moment; hence, the 1-Wasserstein distance can be used
for any p1, 2 € A(X). One of equivalent definitions of the 1-Wasserstein distance W is
then as follows (see p. 234 in [13]):

Wi(ur, pz2) = sup H/X ) (1 — pm2)(dx)

Al = 1}.
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It is clear from the definitions of p, || - ||, and W that for any @1, u2 € A(S) we have

Wiur, n2) > p(u1, u2) and ||y — p2lly > p(r1, n2).

We will make use of these inequalities several times in our proofs.

Whenever we speak about continuity of correspondences, we refer to the following defi-

nitions:
Let X and Y be two metric spaces and F : X — Y, a correspondence. Let F~1(G) = {x €
X : F(x) NG # ¥}. We say that F is upper semicontinuous iff F~!(G) is closed for any
closed G C Y. F is lower semicontinuous iff ¥ ~!(G) is open for any open G C Y. F is said
to be continuous iff it is both upper and lower semicontinuous. For more on (semi)continuity
of correspondences, see [35], “Appendix D” or [3], Chapter 17.2.

Further, we define k-step transitions in mean-field and n-person models. For any stationary
strategy f € F and any constant state—action distribution 7 € A(S x A), we can define k-
step individual transition probability corresponding to Q when player uses strategy f against
state—action distribution of the others 7 as follows*:

0CIs. f.7) :=/A OCIs.a.7) fdals. 7).

04 (ls. f.7) :=/SfA 013, a. 1) f(dals, 5) 0~ (d3ls. f. 7).

Here, Q'(ls, f. 1) = QCls, f. 7).

Next, let us define k-step transition probability in n-person counterpart of the mean-field
game corresponding to 0, and the profile of stationary strategies f = (f1,..., f,) € F"
when the initial states of the players are sy, ..., s, (for the clarity of exposition again we
write it only for Borel rectangles):

On (Bi X ... X Byl(s1,...,82), )

::/ 0 (Bl|sl ar, — Z(S(Y, a;) ) (B [$n, an, — 25(9, a;) )

1 1
fi (da1IS1, . ;%) oo fn (danlsn, . ;&,) ,

0K By x ... x Bul(s1, ..., 50), f)

1
/ / <B]|s1 ap, — Z 5 a;)" (B,,|s,,,an, 25(510)>

! 1
fi (da1|s1, nzla) oS (danmn, nZ;6>
= =
OF=1(ds x ... x dsy|(s1, ...\ su)s £)-

As before, we use the convention that QL (-|(s1, ..., 5,), f) = Qu(|(s15 ..., sn), f).

4 Here and in the sequel, for any 7 € A(S x A), tg denotes the S-marginal of the measure 7.
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3 Assumptions

In the following section, we present our main assumptions which will be used in case of both
mean-field games and their stochastic counterparts. Unlike in [12], all the assumptions are
directly related to the primitives of the model.

(A1) Function r is continuous on § X A x A(S x A).

(A2) For any sequence {s,, a,, T,} C S X A X A(S x A) such thats, — s*, a, — a*
and 1, = 1, Q(|sn, an, Tn) = Q(|s*, a*, ). Moreover, for any fixed s and
any sequence {a,, t,} C A x A(S x A) such that @, — a* and 7, = %,
OCls, an, T) — QOCls,a*, ).

(A3) (minorization property) There exist a constant y > 0 and a probability measure
P € A(S) such that

Q(D|s,a,t) = yP(D)

forevery s € S,a € A, t € A(S x A) and any Borel set D C S.
(A4) The correspondence A is continuous.’

A weaker version of assumption (A2) will be used in several places:

(A2’) For any sequence {s;,, a,, T} C S x A X A(S x A) such thats,, — s*,a, — a*
and 7, = %, QClsn, an, T) = Q(CIs*, a*, ).

Remark 2 While assumptions (A1) and (A4) are both quite easy to check and satisfied for
a wide variety of models, for many readers it may not be obvious, what kind of stochastic
kernels satisfy assumptions (A2—A3). In the following, we try to answer this question. The
most natural type of stochastic kernels that satisfy (A2) is defined by the formula

Q(Bls,a,t) = / / q(z,s,a,s/,a/)r(ds/ X da/),u(dz)
B JSxA
for B € B(S),s € S,ae A, 1 € A(S x A), 4)

where g : S x § x A x § x A — R* U {0} is a measurable probability density function
continuous with respect to (s, a, s’, a’) for every fixed z € S, and u is any fixed o -finite
measure on S. This gives already quite a large class of transition probabilities satisfying
(A2), including as a particular case any kernel concentrated on a fixed discrete subset of S.
It can be further extended by considering stochastic kernels being convex combinations with
continuous weight functions A; : S x A X A(S x A) — [0, 1] of several kernels of form (4)
(probably defined with the help of different measures w;) and those of two following forms
(in both cases the transition does not depend on a or 7):

Q(Bls,a,t) =ps)(B) for B e B(S),s € S,ac A, teA(SxA),

where i : S — S is continuous;
O(Bls,a, 1) = / 1p(F(s,y))v(dy) for B € B(S),s€ S,ac A, 1€ A(SxA), (5
N

where Y is some Borel space, F : § x Y — S is a measurable function such that
F(-,y) is continuous on S for every fixed y € Y and v is a probability distribution on
Y. If we assume that for some iy, Q(B|s,a,t) = p;, for some probability measure i,

5 With the source space A(S) endowed with the weak convergence topology.
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[this is obviously a specific case of kernel of type (4)] and A;, > 0, the transition prob-
ability obtained automatically satisfies the minorization property (A3) with P = u;, and
Y =MiNg 4 1)eSx AxASxA) Aig (8, @, T).

A stochastic kernel satisfying (A2’) and (A3) can be constructed in a similar manner, but
here we should consider convex combinations of kernels of types (4), (5) with kernels defined
by

Q(Bls,a, t) = 8ns.a.r)(B) for B e B(S),s € S,aec A, 1€ A(S x A),
withh : § x A x A(S x A) — § continuous.

It is a standard result in dynamic programming [43] that the minorization property is for a
time-invariant Markov decision process equivalent to another property of uniform geometric
ergodicity. In the following, we present a lemma that adapts this result to our case, linking
the constants appearing in both assumptions. It also summarizes some other useful properties
implied by (A3).

Lemma 1 Suppose the transition probability Q satisfies assumption (A3). Then:

(a) for any f € F and any fixed state—action distribution of other players T € A(S x A)
there exists a unique measure p ¢ - € A(S) such that

y k
52(1—5) fork>1,s€S. 6)
v

[ocls. £.0) = by

(b) foranyn € Nand fi, ..., f, € F there exists a unique measure p?l

5 € A(S™) such
that

.....

n

k
| e, fivo f = P, <2<1—y—> fork>15es"  (7)

,,,,,

- 2

v

with® p"7 = p(;l’)7 e p(f")? where p;'_l)T € A(S),i =1, ..., ndependonly onindividual

strategy of the player and the profile f; in particular, they are equal for any two players
using the same strategy.

The proof of this lemma is given in “Appendix”.
Remark 3 Note that using (6) we can show that for any B € B(S), 7 € A(S x A), f € F
and k e N

‘/S O(Bls. f.)psr(ds) - pf,,(m}

< ‘QHI(Bls,f,T)—/SQ(Bls,f,f)Pf,r(dS) +| @ Bls, £.0) = pre(B)

= | @ s £ 0 = pre O+ @ s 0 = pre )] o 0,
which implies that

pra() = /S OCls. f.0)pso(ds). ®)

6 The notation P = Py - - - P, stands here and in the sequel for the product measure P € A(S") defined by
the formula

P(B):/ Pi(ds) ... Py(dsy) for B € B(S™).
B
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As the Markov chain of individual states of a player using f against 7 is by Lemma 1
geometrically ergodic, it is known that for any strategy f € F, any distribution of initial
individual state o and any 7 € A(S x A) fixed over time,

lim
T—00 T—l—l

B0 00T 35 1) [ r6.a s @als. @9p @) ©)
N

t=0

with expectation on the LHS taken with respect to the unique probability measure
PHo-QC10)f on H satisfying for any B € B(S), D € B(A) and hi = (sh,al,....s!_|,

;'71, s,) € H;,t € N, (1-2) (with superscript o, Q, f, g replaced by no, QC|-, -, ), f)
and

P QC10). f (h €H:si, e B|(hf,a;')) -0 (B|s;',a;', r),

defined with the help of the Ionescu-Tulcea theorem. B
Similarly, we can show that (7) implies for any sg € S” and f € F"

P() = f Qi (- 5. F)Plp(dsy x ... x ds) (10)
Sﬂ

and

— 1 .
J,-”(So,f)=/ / r(Si,ai,anS(si,ai))

(da1|s1, Z’Sb,) .. (dan|sn, 283,> dsl X ... X ds,,).
(11)

These are important properties that we will repeatedly use to compute average rewards corre-
sponding to strategies in both the mean-field game and its n-person stochastic counterparts.

Example 1 Itis important to note that the thesis of part (a) of Lemma I cannot be strengthened
by showing that the limit measure p s ; does not depend on the initial global state g = 75—
-only on strategies used by the players. Suppose S = {0, 1} and the transition kernel Q
depends only on the global state of the game (thus, whatever the strategy, it does not affect
the transitions) in the following way:

t

0| = (Quo — Do +2u181 if po > &
ady + (1 —a)d if pp < ¢

[SIERN
—

It is easy to check that for any @ € (0, 1), Q satisfies all the assumptions of our model; in
particular, assumption (A3) is satisfied for y = « and P = §y. Clearly, however, for . = §¢
the individual state of the player moves after one step to O and stays there forever, while for
= 0ado + (1= a)d, Q4 (lw) = ado + (1 — ).

The fact that, unlike in n-person games considered in case (b) of the lemma, the limit
distribution of individual states of a player may depend on the initial global state of the
mean-field game suggests that in general the stationary behaviour of the mean-field game
will not approximate well the limit behaviour of its n-person counterparts for large n.
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4 The Existence of a Stationary Mean-Field Equilibrium

In this section, we address the problem of the existence of an equilibrium of discrete-time
mean-field games with long-run average payoff. Its main result is given as follows.

Theorem 1 Any discrete-time mean-field game with long-run average payoff satisfying
assumptions (A1-A4) has a stationary mean-field equilibrium.

Remark 4 Some ergodicity assumption is necessary for the existence of an equilibrium in
discrete-time average-payoff mean-field game. See Example 3.1 in [48]. It is a matter of
discussion though if we can assume less than (A3).

We precede the proof of the theorem with three lemmas.

Lemma 2 Suppose assumption (A4) holds. Then for any 1 € A(S) and ¢ > 0 there exist
K! e N and Borel-measurable functions a;/“ :S = A i =1,..., K such that for any
a € A(s, ), min, g da(a, ) (s)) < .

Proof Let us fix u € A(S) and ¢ > 0. A is compact, which implies it has a finite §-

net {ay, .. .,akéx}. Then for i = 1,..., Kt we define correspondences A; : § — A,
i=1,..., KL, asfollows:

Af(s) :=arg min dy(a, a;).
acA(s, i)

The map A(s, ) is continuous with non-empty compact values, and the functions a +—
ds(a, a;) are continuous. Hence, by Theorem 18.19in [3] each Af admits a Borel-measurable
selection. Let o be the measurable selector from A% Then by the definition of £-net for
any s € S and any a € A(s, ) there exists an i such that d4 (a, a;) < % But for such an i,

e ¢
da (af'(s),a) <da(a,a) +da () (5), a;) < F+ts=¢

as by the definition of A}, dA(@, a;) < 5 forany a € Al (s). u]

In the previous lemma, we have proved the existence of a finite set of measurable functions

af‘ such that for any s € S and u € A(S) the set of values of these functions at s is an e-net

of A(s, n). In the next one, for any sequence of state—action distributions 1, = 71 and any

strategy f € F(ns), we construct strategies f, € F((n,)s) using at any point (s, #) only
actions from the set {af‘ (),i =1,...,K LM }, which approximate well in some sense the

strategy f. This will be used to prove that the graph of the best response correspondence is
closed in weak convergence topology.

Lemma 3 Suppose (A1-A4) are satisfied and n, n, € A(S x A), n = 1,2, ... are such that
nn = 0. Let f € F(ns) and define forn =1,2,...,i=1,..., K(l””)s

Al(s) 1 = {a € A(s, 1) : dA(al.(n”)S(s),a) < dA(a;"")S(s),a)forj <i
anddA(ai(”")S(s), a) < dA(oz;"")S(s), a) for j > i},
K(Tm)s
1

FuCls) = Z f(Af’(s)|s)8a_(nn)s(S)(')

i=1
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(where ozi(n")s are the functions defined in Lemma 2 with ¢ = %). Then f, € F((n,)s) and
n(fn» an,n,,) = H(fv pf,ﬂ)'

() s
K 1
Proof 1tis clear that | J, ", A7 (s) = A(s, n), which implies

K(l'ln)s
FiAG als) = Y f(ANs)Is) =1
i=1

for any s € S. Thus, proving that f,, € F((n,)s) requires only showing that for any fixed
B € B(A), f,(B]s) is a measurable function of s. First note that

LBl = > f(A©Is),
i:al.(n")s(s)eB

thus to prove the measurability of f,(B]|-) we only need to show that for every n and i,
function f(A?(-)|-) is measurable. Clearly,

f(AF(5)]s) = /A L gr(s) (@) f (dals).

Since f is a Borel-measurable stochastic kernel, according to Proposition 7.29 in [11], to
prove that f (A7 (-)|-) is measurable we need to show that £ : § x A — R defined by

E'(s,a) = 1a(s) (@)

is Borel-measurable. Clearly, forany £ C R, (Si")_l(E) ={(s,a) e SxA:ac Al (s)} =
C?, its complement or the empty set. Thus, what we only need to show is that for any n and
i the set C!' € B(S x A). To this end, first note that

Cl'={(s,a) € Sx A:a e A(s,ng)}
N e e sx Ay (a"6).a) = da (" ). a) <0}

j<i

C
N ﬂ {(s,a) €S xA:dy ((xj.n")s(s),a) —dy ((xi(n")s(s),a) < 0} .
Jj>i
The first set is the graph of A(-, ns), which is closed by (A4). To show that each of the

K (lr’”)s — 1 other sets is Borel, we only need to note that for any two functions g : Ax A — R

anrél h : S — A such that g is continuous and & Borel-measurable, the set {(s,a) € § x A :
g(h(s),a) < 0} is Borel, as (s, a) +— g(h(s), a) is a composition of Borel functions and
hence also a Borel function. This leads us to the conclusion that each Cl’? is also Borel as a
finite intersection of Borel sets, which proves that functions f; (B|-) are measurable.

Next, let us define

&y =sSup sup min da (a, ozl.("")s (s)) .
s€S acA(s.ns) is1<i<k ™S
n

We will show that &, —, .~ 0. Suppose it is not the case, which means that there exists a
subsequence of {g,} converging to some 8 > 0. Without loss of generality, we may assume
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that it is the entire sequence {¢, } that converges to 8. This implies that for n big enough there
exist s, € S and a, € A(sy,, ns) such that

min  da (an, gn")s(s )) >

i 1<1<K(77n)5

(12)

N[

n

Since A and § are compact, there exists a subsequence of {s;, a,}, {sn,, an, }, converging to
some (s*, a*). The values of A are closed, so a* € A(s*, ng). Next, since by assumption

(A4) A is continuous, there exists another sequence {ay,, } such thata,, € A(sy,, (1,,)s) for

(Mn)s

each k and limy_, o @, = a*. From the definition of functions Q; , we know that for each

k there exists an i such that

n 1
d (e 500, ) < —. (13)
ny
Then
(ny,) (ny,)
min da (ank» i S( nk)) <dj (ank»a‘n , S( nk)) +da (ankvarlk)
i: l<l<K(mk)S

llk
However, this, together with (13), and the fact that {a,, } and {g,, } have the same limit imply
that

(Mg )s
lim min  da (ank, SR "k)> =0,
k—>ool 1<i <K(r1nk)5

ﬂk
so for k large enough

(s B
4’

min da (a,,k,
i l< <K(ﬂnk)s

(m)) <
"k

which contradicts (12).
Now, using the above fact about the sequence of &, we prove that IT(f,, py, »,) =
II(f, pr,y). We do it in three steps. In step 1, we prove by induction that for any fixed values

ofk e Nand s € S, QF(|s, fu. 1) — OFCls, £, m).
Let us take any ¢ > 0. For k = 1 and any B € B(S), we have

|Q"(Bls, fu,na) — Q' (Bls, £, n)l
= /AQ<B|s,a,nn)fn(da|s>—/AQ<B|s,a,n)f<da|s>

zzf

K(Un)s‘

Z / 10 (Bls. o™ (s). n,) — Q(Bls. . | f(dals).

o ? 0 (Bls,a"™*(s). n.) f(dals) = Q(Bls. a, ) f (dals)

IA

The function Q(B]s, -, -) is by (A2) continuous on a compact domain A x A(S x A),
hence uniformly continuous. Then there exists a ¢ > 0 such that for any aj, ax € A such
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that da(aj, az) < ¢ and 11, 0 € A(S x A) such that ps« 4 (71, ©2) < ¢, |Q(B]s, a1, 11) —
Q(Bls,az, 10)| < e. If we now take an ng such that for n > ng, psxa(ns, 1) < ¢ and
&, < ¢, we obtain

K(ljn)s
> f 10 (Bls, ™ (5), 1) = Q(Bls, @, )| f dals)
i=1 i ()

K('in)s

1
<> [ ercaw=e
i=1 i

()

which proves that Q' (-[s. fu. na) — Q' Cls. f. ).
Now suppose that for any fixed s, Qk(-ls, Jns ) — Qk(-ls, f.n). We will prove the
same is true for k + 1. As before, we fix B € B(S).

|Q*(Bls, fu. ) — QTN (Bls. f.n)l
= ‘f Q(BF3, fn,nn)Q"(d’ﬂs,fn,m—/Q<B|§, £.mO @sls, f.m|, (14)
N S
but, as Ot (s, £, m) — OXF1(s, f,n) by the induction assumption and Q(B]5,
furn) — Q(BJs, f,n) for any § by the first step of the induction, Prop. C.12 in [35]

(see also [44] p. 232) implies that (14) goes to zero as n goes to infinity, proving that for any

keNands €S, O Cls, fu,m) — OFCls, f.m).
The next step of the proof is showing that py, ,, — ps ;. Take an & > 0 and fix any
B € B(S) and s € S. By Lemma 1,

0" Blso. £. 00— pra®| = (1- 1) < (1s)

&
3
and .
y £
|0 Blso. fut) = ppB)] = (1= 2) <5 (16)

for k big enough, say k > ko. From what we have already shown, we can also find anng € N,
such that for n > ny,

| Q¥ (Blso. fu. mm) — OX(Blso. f.m)| < § a7
If we add (15-17) side by side, we obtain
1P, (B) = iy (B = | @ (Blso, £.7) = pre(B)
+10"(Blso, fus 1) — OF(Blso, f,m| + (Qk<B|so, Jos @) = Pfr (B)| <e.

The value of ¢ was arbitrary, so this proves that py, , — pr.,. To end the proof of the
lemma, we only need to show that IT(fy, py,.»,) = II(f, pr.y)-

Birkhauser



236 Dynamic Games and Applications (2020) 10:222-256

Take any bounded continuous function w : § x A — R.

/ w(s, Ty, o) (ds x da) —/ w(s, TI(f. pr)(ds x da)
SxA SxA

f / ws, a) f(dals)py, , (ds) — f / ws, a) f dals)p.p(ds)
SJA SJA

=

// w(S,a)f(dCtIS)an,nn(dS)—f/ w(s, a) f(dals)py.,(ds)
SJA SJA

(18)

+‘//w(sya)fn(daIS)pfn,n,,(dS)—// w(s, a) f(dals)p,.,, (ds)
SJA SJA

The first term goes to zero as n goes to infinity, as f 4 w(s,a)f(dals) is abounded measurable
function and, as we have just shown, ps, ,, — pr,y. To prove that the second term also
converges to zero as n — oo, take any & > 0

‘ / / ws, a) fu(dals)p, o, (ds) — / f ws, a) f(dals)py, , (ds)
SJA SJA

K(lrm)s
= /; Z /n(,) I:w(syai("n)S(S)) — w(s, a)] f(dals)pfmﬂn (ds)

K (lnn )s

E/S Xl: /?(s)

w is a continuous function defined on a compact domain, hence uniformly continuous. Let
thus ¢ > Obesuchthatfora;,a; € Aands € A, |w(s, a;)—w(s,a2)| < eifds(ar,az) < ¢
andletng be suchthate, < ¢ forn > ng. Then (19)is smaller than €. As & was taken arbitrary,
this proves that the second term in (18) goes to zero as n goes to infinity, ending the proof

that T1(fy, pf,.n,) = I(fS proy). O

wis, o™ (5)) = w(s, @| £dals)p., (@), (19)

In the next lemma, we show that any state—action distribution satisfying certain invariance
property can be disintegrated into a stationary strategy and an invariant measure [as introduced
in part (a) of Lemma 1] corresponding to this strategy. This will allow us to construct the
best response correspondence used in the proof of Theorem 1 as a correspondence on the set
of state—action measures rather than on a set of strategies.

Lemma4 Lett € A(S x A) and suppose n € A(S x A) satisfies

ns() = /S OCs.a. Tynds x da) 20)

and

/ n(ds x da) = 1. 21
Gr(A(,ts5))

Then there exists a stationary strategy f € F(ts) such that

n(D) = / fdals)pyr.(ds) for D e B(S x A).
D
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Moreover; for any initial distribution of the private state j19 € A(S)

T
1 X
.a, ds x da) = i Euo,Q(-I-w,r),fE Ja;, T). 22
/;XAr(s a, T)n(ds x da) Tlm 71 ,_Or(s, a;, T) (22)

Proof Tt is known from e.g. [36] p. 89, that 5 satisfying (21) can be disintegrated into a
stochastickernel f € F(tg)andits marginalon S, ng, thatis, satisfying forany D € B(Sx A)

n(D) = / f(dals)ns(ds).
D
If we input this into (20), we obtain

150 = [ [ 0Cis.a.mf@aions@s) = [ ol . omsa
Iterating this equation k times, we obtain
150 = [ Q¥ cls, £, oms(). @3)
Now take any B € B(S). By (23) and part (a) of Lemma 1, we have

Ins(B) — pr.(B)]

‘ /S 0K (Bls. f. T)ns(ds) - /S Py (Bys(ds)

sup|04Bls, £.7) = e8| [ st = (1= )"

ses

IA

Passing to the limit as k — oo, we obtain that ng = pr .. Now, (22) follows from (9). 0O

Proof of Theorem 1 Let us consider the correspondences defined on A(S x A):

Q1) := {n € A(S x A) : ns() = /S ) O(ls, a, T)n(ds x da)

and / n(dsxda):l},
Gr(A(-,ts))

V(t) = {n € 0O(1): / r(s,a, T)n(ds x da)
SxA
> / r(s,a,t)o(ds x da) forall o € @(r)}
SxA

We will show that W has a fixed point and then that this fixed point corresponds to a stationary
mean-field equilibrium in the game.

First note that for any t € A(S x A), and any stationary strategy f € F(ts), n =
II(f, pr,x) € O(1), as for any B € B(S),

(0, pr.o)s (B) = pyro(B) = lim O"1(BE, /,7)
= Jim /Q(Bls,f, )0 dsfs. f, r)zfQ(Bm, 1) [khm 04 (s, . r)}
— 00 S S —> 00
=/SQ(B|s,f,r>pf,f(ds>=/SQ(B|s,f,r>n(f, py.0)(ds x da),
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where the first equality and the last equality follow from the definition of TI(, -), the second
and penultimate ones follow from Lemma 1, the third from the definition of the k 4 1-step
transition probability, while the fourth one from the fact that Q(B|-, f, t) is a measurable
function bounded by 1.

Next we show that the graph of ® is closed in weak convergence topology. To prove that,
first note that for any bounded continuous function w : § — R, f gw(s)Qdsl|-, -, -) is, by
the weak continuity of Q, a continuous function. This then implies that for any sequences
NMn, Tn € A(S x A) such that n, € ©(t,) withn, = nand 1, = 1, fS w(s)Qds|-, -, 7,)
converges continuously to f g w(s)Q(ds]-, -, 7); hence, by Theorem 3.3 in [46] we have

/ /w(S)Q(dSI?,ﬁ, rn)n,xd?xda)a/ /w(S)Q(dsI?ﬁ, )n(dF x da),
SxAJS SxAJS

which means that foA (s, a, ty)n,(ds x da) = fS><A OC(|s,a, t)n(ds x da). From the
uniqueness of the limit this implies that n = foA QC(|s,a, t)n(ds x da), hence n € BO(7),
which implies that the graph of ® is closed.

Since u®(n) := foA r(s,a, T)n(ds x da) is clearly a continuous function as by (Al) r
is continuous, it assumes a maximum on ®(t), which implies that for any v € A(S x A),
W(t) # . From the linearity of integral, it is also clear that for each 7 € A(S x A), ¥ (7)
is convex.

Next we show that the graph of W is closed. Suppose it is not. Then there exist sequences
Ty, In € A(S X A) such that n, € W(zr,) with n, = n and 7, = t satisfying n ¢ V(7).
Since the graph of ® is closed, this implies that there exists a o € ®(t) such that

/ r(s,a,t)o(ds x da) > / r(s,a,t)n(ds x da) + ¢ 24)
SxA SxA

for some ¢ > 0. By Lemma 4, there exists a stationary strategy f, € F(ts) such that

/ r(s,a,t)o(ds x da) = // r(s,a, 1) fo(dals)py, (ds).
SxA SJA

Then by Lemma 3 there exist stationary strategies f' € F((t,)s) suchthat I1(f7, psr 1) =
I(fs5, pf,,«) = 0.By(Al),risacontinuous function; hence, for n large enough, say n > ny,

/ r(s,a, O (f), pyr.z,) (ds x da) — / r(s,a, t)o(ds x da)| < ¢ (25)
SxA SxA 3
and
/ r(s,a, T)n,(ds x da) — / r(s,a, t)n(ds x da)| < f. (26)
SxA SxA 3

On the other hand, we can easily show that for each n, TTI(f7, Pfr.r,) € O(ty). Suppose it
is not the case. Then there exists a B € B(S) and a ¢ > 0 such that

> .

‘sz,rn(B) B /S Q (Bls, 1, ) Py (ds)

However, by the definition of p ¢n ;, and the fact that Q(B]-, f, 7,) is abounded measurable
function, this can be rewritten for somes € S as

¢ < ‘pf{;z,rn(B)— lim fQ(B|s,f;‘,rn) o (ds|§, ;’,'L',,)
k—o0 Jg

= ‘pf(?"fn(B) _kli>n(;lo Qk+1 (BFY\’ fg’rl, fn) = ‘Pf{?,r,,(B) - Pf(;”,rn(B)| = Ov
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which is an obvious contradiction. As 0, € W(z,), [1(f, pfr 1) € O(z,) implies that

/ r(s,a, ON(fy, pgr.z,)(ds x da) < / r(s,a, i), (ds x da).  (27)
SxA SxA

X

Combining (25-27) we obtain
2
/ r(s,a, t)o(ds x da) < / r(s,a, t)n(ds x da) + —e,
SxA SxA 3

which contradicts (24), ending the proof that the graph of W is closed.

The existence of a fixed point of W follows now from Glickberg’s fixed point theorem
[29].

Suppose 7* is this fixed point. By Lemma 4, there exists a stationary strategy f* € F(tg)
such that

(D) = / f*(dals)pys +(ds) for D € B(S x A)
D

with p g+ o« = 5. We will show that (f*, p s« «) is a stationary mean-field equilibrium in
our game. Clearly, as t* € ©(t*), uo = p s+ .+ implies u; = p s+ + foranyr € N. Next, take
any g € F(tg). Using exactly the same arguments as in the proof that TT(f}, psn ) € ©(zy)
we can show that I1(g, pg +) € ©(t*), which, as T € W(r*), implies that

/ r(s,a, )t (ds x da) > / r(s,a, TII(g, pg.r:)(ds x da).
SxA SxA

However, by Lemma 4 this can be rewritten as

T

T
1 « 1
lim Er0-QCln1). f ca, t%) > lim _© RHM0.QClT)g T,
Tooo T + 1 ;”(St az )_T—>ooT+] ;r(s; a )

where both sides of the inequality are independent of the initial state distribution 1o, which
implies that J (p g« o=, f*, f*) = J(pfsc+. 8, [7). o

Remark 5 Note that the strong continuity part of assumption (A2) was only used in the proof
of Lemma 3, which, in turn, was used to prove that the graph of W is closed. If we assume
that the feasible action correspondence A(s, ;) does not depend on x, then we do not need
Lemma 3 for that (f)) = fo € F((z,)s) for any n, as F(u) = F in that case). Hence, in that
case the thesis of Theorem 1 is true under assumptions (A1), (A2’), (A3) and (A4).

5 Approximate Equilibria of n-Person Stochastic Games

In this section, we present two results showing that under some additional assumptions
stationary equilibria of mean-field games considered in the previous section well approximate
stationary strategy Nash equilibria of their n-person stochastic counterparts when n is large
enough. The main problem with making such an approximation is that stationary mean-
field equilibria only specify the behaviour of the players for one value of the global state
of the game. It may be enough for the mean-field game, as there we can guarantee that
this initial global state does not change over the course of the game, but certainly is not
enough in case of its n-person counterparts. What we can do there whenever the game is in a
global state different than the one specified by the mean-field equilibrium is to approximate
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it in some sense using the values of the equilibrium strategy specified for the mean-field
equilibrium stationary global state. It turns out, in general, this is not enough to obtain a good
approximation of equilibrium for n-person stochastic counterparts of the mean-field game, as
shown by the following example. It is worth mentioning here that we know of only one other
result of this kind appearing in the mean-field game literature [17]. In that paper, however,
failure of the usual n-player game approximation by its mean-field counterpart is a result of
absorbing states in the model, whereas in the present paper this phenomenon seems to come
from the ergodic cost structure.

Example 2 Consider an average-reward mean-field game with S = {0, 1} = A defined with
the individual transition kernel Q and the reward function r depending only on the state and
the action of the individual and the global state of the game u rather than the state—action
distribution 7 in the following way:

(2uo — Ddo +2m18; ifa =0and o > 3
O(ls,a, p) = | 380+ 381 ifa=0and o < 3
Wotlsy + 215 ifa =1
r(s.a. ) = 65 ifa=0
B = s ifa=1

Q andr clearly satisfy (A1-A4). We will show that f* € F prescribing always to take action 0
and stationary distribution u* = 180+ % 481 is a stationary mean-field equilibrium in this game.
w* is clearly a stationary distribution corresponding to f*; hence, if the game starts in global
state 1™ and all the players use strategy f*, the global state does not change. Suppose that a
player uses stationary strategy g € F(u*) defined with the formula g(-|s) = a8+ (1—ay)d;

where o, a1 € [0, 1] against constant global state u*. It is easy to see that

1 2 5 4 5 — 20 44+ 2«
Q(-Is,g,u*)zas(380+§81>+(1—as)<§80+§51>= 5 80 + 5 5y,

5—2a1 44209
9+2ap—2w1 * 9+2ap—20

corresponding to strategy g and global state u* equals

which gives unique stationary distribution ( ) . Thus, the average reward

4 + 20 5 =2 ldapa; — Sag 4+ 2201 + 5
60— + (1 — «p) = .
9+ 2ap — 201 9 4+ 209 — 207 9+ 2ap — 201
It is tedious but elementary to show that it attains maximum over [0, 1] for g = oy = 1

which corresponds to strategy f*, which shows thatindeed ( f*, 1*) is a stationary mean-field
equilibrium in our game.

Now suppose all the players in n-person counterpart of this game use strategy f*. Note
that the situation when all the individual states are zeros is clearly an absorbing state of the
Markov chain of states of the n-person game. Also, regardless of the initial state of the game,
the probability of not reaching it after 7 stages of the game is no more than (1 - SL,,)Z, which
goes to zero as ¢ goes to infinity. This clearly implies that after a finite number of stages all
private states become zeros with probability 1. Hence, the average reward corresponding to
the profile consisting of strategies f* in the n-person counterpart of the mean-field game is
0. Now suppose that one of the players changes his strategy to g(-|s, ) = 61(-). Then the
game is still absorbed at all private states equal to 0, but the ergodic reward of the player using
strategy g is 1, so the profile of f* is not an e- stationary Nash equilibrium in the n-person
game for any ¢ < 1.
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In the following, we present two results showing that under some additional assumption
the mean-field approximation of n-person anonymous stochastic games is good. In the first
one, we consider the case where the individual transitions are independent from the global
state of the game. This kind of assumption often appears in the mean-field game literature.
Notably, it is considered in both existing papers on discrete-time mean-field games with
average rewards [12,48].

Theorem 2 Suppose that (f*, u*) is a mean-field equilibrium in a discrete-time mean-field
game with long-run average payoff satisfying assumptions (Al), (A2’), (A3) and (A4).
Assume further that the individual transitions of the players Q(-|s,a, 1) = §(~|s, a) for
anys € S,a € Aand t € A(S x A) and that the feasible action correspondence A(s, |1)
does not depend on . Then for any ¢ > 0 there exists an ngy such that for any n > no
the profile of strategies where each player uses strategy f(-|s, u) = f*(-|s) is an e-Nash
equilibrium in n-person counterpart of the mean-field game.

The proof of this theorem is preceded by a lemma.

Lemma5 Suppose that Q(-|s,a, 1) = §(~|s,a)f0r anys € S,a € Aandt € A(S x A)
and that the feasible action correspondence A(s, ) does not depend on . Then for any

strategies f1,..., fn € F such that f;i(-|s,u) = ﬁ(-ls)for any s € S, u € A(S) and
i=1,...,n,

Oh(Bi X ... X Byl(s1,....50). f) = Q*(Bils1, f1.7) - ...- QX(Bulsn. fu. T)
forany By, ..., B, € B(S), T € A(S x A)andk € N.
Proof We prove the result by induction. First note that for any By, ..., B, € B(S) and any
T e AS x A)

On (31 X ... X B,,|(s1,...,s,,),7)
= [ Sisianfidals ... [ §iBals,anfials)
= Q(Bils1, f1,7) - ...« Q(Bulsn, fn, 7).
Next assume that the statement of lemma is true for k& and consider k + 1.
O (By x ... X Bal(s1, -+ 50), f)

=/S/;Q(Blm’al)ﬁ(dalm)Qk(dsAﬂsl,fl,f)

~...~/S/AQ(Bnm:,an>ﬁ(dan|s:>Qk<ds7|sn,fn,r)

= 0" Bils1, f1. ) - O Bulsus fu D)

which by the induction principle shows that Qﬁ(Bl X ...%X Byl(st, ..., 80 f) =
O (Bils1, f1,7) - ...- QX(Bylsn, fu, ) for any k. O

Proof of Theorem 2 Before we start the actual proof note that since the individual transitions
do not depend on the global state—action distribution 7, neither does p ¢+  (the same is true
for any other strategy). Moreover, since by (8) p s+ . must be the invariant distribution of the
Markov chain of individual states of the player corresponding to strategy f and u* is one by
the definition of stationary mean-field equilibrium,

*

prer =p° forany v € A(S x A). (28)
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On the other hand, if we combine the results of Lemmas 1 and 5, we immediately see that
forany g € F,

p?f)_i.,g) = H;;lll’f*,f P Wi ppee = Hl ISy IS VSRS 29

Now, let us take an ¢ > 0. By (9), (28) and the fact that p, . does not depend on 7, for
any g € F we have

J (g, f*)Z/S/Ar(s,a,H(f*,u*))g(daIS)pg,r(dS) (30)

Similarly, by (11) and (29),

Jl‘n(gv —z3g /n /" Si,di, — Z‘S(S‘j a])

x f*(dayldsy) - ... f* (daifl|d5i71)g(dai|d5i)f*(dai+l|d5i+l)'~~~'f*(dan|d5n)
x i (dsy) .. @B (dsi— 1) pg, (ds) e (dsigr) - .. 1 (dsy). (31

Let us denote here and in the sequel by IT, (f*, u*), m € N the random measure
describing the empirical distribution of state—action pairs when m players employ global-
state-independent strategy f* when their states are drawn according to ©*. Then (31) can be
written as

—1
[//r<sz,a,, My (%, 1) + 6(5, al)g<dai|si>pg,f<dsi)]. 32)

We can now write using (30) and (32) that for any g € F,

TG 80 f1) = G (FF i @)l = ‘/S /A r(s.a. TI(f*, w*)g(dals) pe,r (ds)

et
% n—1 _ 1

=" [// r(si @i T (f*, 1) = (Si»ai, —— T, (5, 1) + —a(sha[))‘
SJA n n

x g(da; |Si)Pg,r(dsi):|

1
Hn 1(F, 1) + 5(5, ai) >g(dai|si)Pg,r(dSi)”

+ /S fA Ir(s. @, TICF, 1) — E [r(s. @, Ty (7%, )] g(@als) pgr(@ds)  (33)

We will now show that the first term on the RHS of (33) is smaller than ¢ for n large enough
and that the second one is at most twice bigger.

Birkhauser



Dynamic Games and Applications (2020) 10:222-256 243

To show it for the first term, note that for any bounded continuous w : § x A :— R and
any measure T € A(S x A)

IE U/ w(s, a) (Ennq(ﬁ u*>+5?> (dsxda)]
SJA n n
—]E|://. w(s,a)Hn(F,/,L*)(dsxda)” ‘ E[//w(s a)‘r(dsxda)]
[ff w(s, )1 (77, 1*)(ds xda)]
E[ [ [ we.amd u*)(dsxdw]
sJA
1
n

n
— lE [// w(s, )T (fF*, u*)(ds x da):H =—|E |:// w(s,a)T(ds x da)
n sJA sJA

// — ]’ 2wl oo
- w(s, )T (f*, 1u*)(ds x da) || < .
SJA n

If we now take ny such that for every s € S,a € A and 71,72 € A(S x A) such that

,oSXA(rl, 12) < %, |7 (s, a, ‘L’l) —r(s,a, 7:2)| < %, we immediately obtain that the first term

on the RHS of (33) is smaller than .
To show the inequality for the second term note that by Corollary 2.5 in [14], there exist
positive constants C! and C? such that

+

ok K — 2
PG 1) {Wl(n<f*,u*), M, (F%, 1*)) > —} <Cle ¢,
ny

2 .
If we take ny > n; such that Cle €™ < m, we can rewrite the second term on the
RHS of (33) as

* * —_— 2
PR {Wl(l'[(f*,u*), I, (f*, u*) < —}// ‘r(s,a,l'l(f*,u*))
ni SJA

_ _ 27
—E|r(s,a, O (f*, M*))’Wl(l'l(f*» 1), My (f*, w*) < . ‘g(dGIS)Pg,r(dS)

* * — 2
+ PIU™s9 [Wl(mf*,u*), L, (f*, 1) > E}/S/A \r(s,a,rl(f*,u*))

_ - o 5
—-E r(s,a, Hn(f*,u*)))Wl(H(f*,u*), M, (f* ™) > . ’

£ £
d d 1- —_— 2 ==
x g(dals)pg..(ds) < + e rlloo = 3

for n > njy, where the inequality follows from the definition of n, and the fact that W
majorizes p. This shows that for n > n»,

(. ) = 96 (i g))] < 5 (34)

forany g € Fands € S".
By the definition of stationary mean-field equilibrium, for any g € F,

(s, f5 ) = T (w5, 8, ).
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If we combine it with (34) applied to strategies g and f™*, we obtain
Jin(g’ (F)) = Jin(E» (Fﬂ‘, g)) —¢&

forn > ny, which shows that for such an n the profile of f* strategies is an e-Nash equilibrium
in the n-person stochastic counterpart of the mean-field game. O

It turns out that when we assume that the transitions of the players depend on the global
state—action distribution, obtaining a result linking equilibria in the mean-field game with
e-equilibria in its n-person counterparts requires some very strong assumptions both about
the transition kernel Q and about the mean-field game equilibrium strategy, which can imply
the independence from t of the invariant measure of the Markov chain governed by the
transition probability Q(-|s, g, T) for any given strategy g. This kind of conditions is used in
the next theorem. What is worse though is that in that case we can no longer show that the
profile of mean-field equilibrium strategies is an e-equilibrium in n-person counterpart of the
mean-field game for n large enough in the class of all stationary strategies of the players F,
but we need to limit ourselves to the class defined as follows.

Fr ={f € F: f is weakly continuous and for any s € S,

f (s, ) is weakly Lipschitz continuous with constant L} .

Theorem 3 Suppose that (f*, u*) is a mean-field equilibrium in a discrete-time mean-field
game with long-run average payoff satisfying assumptions (A1-A4). Assume further that:

(a) The stationary strategy f defined with the formula f (-|s, u) = f*(:|s) foranys € S and
n € A(S) is an element of F. Moreover, it is weakly Lipschitz continuous with constant
By as a function of s.

(b) The transition kernel Q satisfies for any s € S, a1, a> € A and 11,70 € A(S X A)

1QCls, ar, t1) — QCls, a2, )}y < Bo(max{da(ai, az), psxa(t1,2)}).  (35)

(¢) The constants By, Bo satisfy Bo(1 + Bf) < %

Then for any ¢ > 0 and L > O there exists an ng such that for any n > nq the profile of
strategies where each player uses strategy f is an e-Nash equilibrium in the class (F1)" in
the n-person counterpart of the mean-field game.

The proof of the theorem is preceded by three lemmas. In the first one, we prove that under
the assumptions of Theorem 3 the invariant measures of the process of individual states of
any given player in the mean-field game are uniquely determined given a strategy of this
player and that of his opponents, which, as shown in Example 1, is not true in general.

Lemma 6 Suppose that all the assumptions of Theorem 3 are satisfied. Then for any g € F
there exists exactly one gy € A(S) such that for any B € B(S),

o (B) = fs 0 (Bls, . TI(f . 1s)) 1gr (ds). (36)

Moreover, gy = Pe,TI(f 1 pp)-
Proof We start by defining the operator M ¢ : A(S) — A(S) as follows:

My(u) = prncsw-
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In what follows, we will show that M s is a contraction mapping. Let w : § x A — Rbe a
function with ||w||pr < 1 and let u be an arbitrary element of A(S). We define

w;(s) ::/ w(s, a) f(dals, ).
A

For any s1, 52 € S, we have
Iw?(n) - w?(Sz)l = ‘/ w(s1, a) f(dalsy, p) —/ w(Sz,a)f(daISz,M)‘
A A

=

/Aw(ﬁ,a)(f(dalﬁ,u) — f(dalsa, M))’ + VA(w(n,a) - w(Sz,a))f(daISz,u)l
< Brds(s1, s2)llwl gL + ds(s1, so)llwllsr = (1 + Bf)ds(s1, 52),

where the last inequality follows from the Lipschitz continuity of f and w. This proves that
w’; is a (1 + By)-Lipschitz continuous function. Next let 1, u2 € A(S). We will show that
IT(f, -) is Lipschitz continuous with the same constant.

/ w(s, )TI(f. w1)(ds x da) —f w(s, )TI(f. ua)(ds x da)
SxA

SxA

f/ w(s,a)f(dals,m)m(dS)—//w(s,a)f(dals,uz)uz(dS)
SJA SJA

= ‘/S/Aw(s,a)f(dals,uz)(m — u2)(ds)

<+ Bpllwlpres(iar, n2) < (1+ Bf)ps(mr, n2),

where the second equality is true because f does not depend on the global state while the
penultimate inequality makes use of the Lipschitz continuity of w?z. Obviously, this implies
that

Psxa(TL(f, 1), TL(f, m2)) < (14 Bp)ps(1, 12) 37
and further that

|IQ(|S, fﬂ H(f! Ml)) - Q(lsv f! H(f7 /’LZ))HU
N H/A QCls, . THF- p ) (dals, ) = /A QCls.a. TI(f. u2)) f (dals. p2)

v

= HfA(Q('LV’a’ T1(f, n1) — QCls, a, TI(f, n2))) f(dals, 1)

< (1 +B)Bops(in1, u2), (38)

where the last inequality follows from (37) and (35).
Next, (38), (52) and Corollary 2 in [41] imply that

1 9
1Mg(u1) = Myg(p2)lly < Pol ;L_ﬁ'zl)l:s(#)l ) _ Bos (1, 12),
2

where f := P2CHD <1 Since ps(My (1), My (12)) < Mg (1) — M ()|l this
implies that My is a contraction mapping from A(S) into itself. As A(S) is compact metric
and hence complete, Banach fixed point theorem [33] implies that it has a unique fixed point,
say ur. Note, however, that by (8) wrr = prri(f,u,p implies (36). Moreover, if some
I # [ ryp satisfies (36), it is an invariant distribution of the Markov chain of individual states
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of a player corresponding to f and I and hence (by the uniqueness of the invariant measure
for a geometrically ergodic Markov chain) it must be equal to p  r1(r,7z)- Then (8) implies it
is a fixed point of M y which contradicts the uniqueness of such a fixed point. This establishes
the first part of the lemma for g = f.

To prove the lemma for g # f, note that by (8), pg (s, u ) is an invariant measure
corresponding to the Markov chain of individual states of a player when the behaviour of
other players is distributed according to the distribution IT(f, L rf), SO hgf = Pg.TI(f,15f)
satisfies (36). As by Lemma 1, the chain is geometrically ergodic, the invariant measure is
unique, 80 flef = Pg I1(f,1ss)- a

The next lemma provides a strong technical result which will be repeatedly used to prove
the convergence of the utilities in n-person counterparts of the mean-field game to those in
the mean-field game as n goes to infinity.

Lemma?7 (a) Suppose f is as given in Theorem 3 and let g, h1, g2,h2... € Fr. Let
Jurther ', Wy, wy € AS), n = 1,2,... and vy = TG (|-, w'p), wy). 7 =
(h, (|-, ,u”f), MZ)andr; =TI(f (], M'}), u'}). Ifthere exists a sequence {n,, } such that
" Smooo 8 " Smooo T and r‘"’" =m—oc Tf for some Ty, Ty, T € A(S x A),
then for any continuous functionu : S x A x A(S x A) — R the following is true:

1 A 1 Nm
uls;,ai, — S5t an da;ls;, — S
/;“nm Anm ( i, o I; (Sk,ak)> g( ll i o ; Sk

1 nm 1 nm
xh (daZISI, — ZSS,(> i f (dajISj, — Y 8y
Mm 2 Mm 23

X /Lgm (dS,’)pLZ'" (dsl)I'[j#,-,m’}’" (de) — m— 00 / / u(s;, a;, T;)f;(dsi x da;) (39)
SJA
(b) If for each n, g, = g, then the RHS of (39) can be written as
/ / u(si, ai, r}k)g(daim, (r’;)s)(t;)s(dsi).
SJA ’

Proof First note that the function " : (A(S x A))? — R defined by

I'(z,n) = / u(s,a, t)n(ds x da)

SxA

is clearly continuous as for t, = 7 and 1, = 1 we have

—>n—00 0

/ u(s, a, t)n,(ds x da) — / u(s,a, v)n(ds x da)
SxA SxA

by Theorem 3.3 in [46].

k
To complete the proof of the lemma let us introduce some additional notation. Let [T?] be

a random measure describing empirical distribution when k players’ behaviour is consistent
with the distribution T]’ﬁ, that is,

[4] = e,
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Note that

1 o 1 o 1 o
/ f u (Siv ai, ; Za(sk,ak)> 8n (dai|si, ; Zfssk> hn <dal|sl» E Zask>
n n = = P

1 n
Xz f <daj|sjv - 255k> W (dsi)puy (dsp)TT oz 1 10'f (ds )
=1

k
can be written using random measures [T ] as

E / f : 2[ ] v Lo 4l
5 AZM s,,al, T " (si-a;) » (s1.ar)
1 1
X Zn (daﬂsl, ([r ] ) +—8si+—asl>
n n

n—2 (1 "2 1 1 . .
X hy (daIISz, — ([rf] )S + ;Ssi + ;%) Mg(dsz')u;,(d.w)} (40)

We next take any ¢ > 0. At the beginning of the proof, we have shown that the function I' is
continuous. As its domain (A(S x A))? is compact, the continuity is uniform. Let { > 0 be
such that

~3

e

(psxa(z. ') <2¢ and psxa(n.n') <¢) = IT(@.n) =T (. 7)| < 3 ¢

By Corollary 2.4 in [14], there exist positive constants C; and Cs such that for any’ n and k,
P Wi 1) = ¢} = crem k.

Let mg be such that C1e~ €20 < m,stA(‘c"’”, T;) < ¢ form > mo,pSXA(rj"r’", ‘L';) <

¢ form > mg and :—L < ¢. Then form > mg,any w : S x A — R with |w| gz <1 and
Yllo

any fixed s;, s; € S, a;, a; € A:

Ny — 2 N nm—2 1
w(s, a) I:ff ] + 76(&,’,115)
Sx A nm Nm

1 Mo
T ) (ds x da)
nm ’

Ny — 2 N ”m*2 1
w(s, a) [Tf ] 3@, a) T 5<sz ar)
SxA N,
-2 Ny —2 2
_ [r';m] -= [r';m] ) (ds x da)
Ny : N ’

1 4
= w(s, a) (5(5,.,(1,.) + 80510 — [ "m] )(ds x da) < —,
n SxA

Nm

whence

Ny — 2 N nm—2 1 1 m nm 4
PSxA " I:tf ] + 5(3, ai) + 8(s1 ap)» [ Ty ] < a

m

7 See also Theorems A.6 and 2.3 in [14], defining the constants appearing in Corollary 2.4. The fact that the
constants C| and C; can be taken independently from n follows from compactness of S x A—then K in
Theorem 2.3 can be taken equal to S X A and @ in Theorem A.6 may be arbitrary.
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with probability 1. This implies

Ny — 2 np—2 1 1
IOSXA (H (gnm <.|.7 m [(I;m] ) + 78&. + 8 ) MZ’”) El
N, s Nm N,
nm m n 4L
1 (n, (1[5 ]) o)) = = “2)
Nm

with probability 1.
Then we can write as follows:

Ny — 2 m nm72
‘IE [/52 /A2 u <si, ai, - [r]'f ] 8@[ ) + g(rl u1)>
Ny —2 Ny —2 1 1
X 8n,y, (dailsl', - (I:T;m:l > + —&; + 7351>
/. s Nm n

m

-2 Ry —2 1 1
X hnm <da1|s1, nn; ([T?m] ) + 783,- + nf&;l)
m : s

m m

X " (dSi)M'Z,”’(dSI)] - // u(si, ai, T5) 7y (ds; x daj)
SJA ’

< PT;‘-m {Wl (T;m, [T;m ]ﬂm) > g—]

nm — 2 a2 1 1
. [/;2 /AZ ! <Si’ A [t; ] + o o OGian + 5(S1 az))

Ny — 2 ny—2 1 1

X 8nm (dai|sia = (I:T;m] > + 78_9,- + 7551)
Mm s Nm Ny,
Ny — 2 Ny —2 1 1

X h”m <da[|81, - <|:T;mi| > + 78@ + 7&;,)
Mm s Nm Ny,

x e @sog (s | Wi @ 1) = ¢ |

nm e Nm m .
- fs fA u(si, @i, 7f")gn,, (dailsi, (2" ) (Tims(dsi)
+P7" Wi e < ¢
Ny — 2 nyp—2 1 1
E [/;2 /A2 u <Si7 ai, mnT [77;’”] + 3(5, a;) + 8(51 “I))
Ny — 2 Ny —2 1 1
X & (dailsi, z ([r?"’] > + —3&; + 755[>
N y g n N

m m

Ny — 2 ny—2 1 1
X hnm <da[|S1, - <|:T;mi| > + 785‘,’ + 783‘])
Ny, s  m Ny

X e dsp (dsp) | W T ) < ¢ |

_ . . Nm e nm Nm .
/S/Au(s,,al,rf Yam, (dalsi, (7)) ) (zem)sds)

i a;, Mm da; .’( ”m) ) ny ds:
| wtia ] Y, (daulsi, (7)) ) (zim)sasy)

- u(si, ai, T3, (ds; x da;)
/S/A f/tg
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where the last inequality makes use of (41), (42) and the fact that Wi dominates p. As & was
arbitrary, this ends the proof of part (a) of the lemma.

To prove part (b), first note that clearly rg G N ‘L'; implies ;/;”’ = (‘L'gm)s = m— 00
(r;)s. Then, note that if we replace the last term on the LHS of (43) with®

/S/AM(SL ai, Ty")g (dai|sia (T;'")S) (tg")s(ds;)

- /S /A u(si. ar. Thgarlsi. () () sds)

(44)

and show that it is still smaller than § for m big enough, we obtain the thesis of part (b) of
the lemma. Note, however, that for any sequence of elements of S, slf’ — o0 Si»

/Au (slfl, ai, r]'ﬁ'”)g (dai|sl{1’ (T;m)s) - /Au(si’a“ T8 (daim’ (r}k)s)‘

goes to zero as n — oo by Theorem 3.3 in [46]. Then we can use the same theorem once
more to obtain (44). We can now take m| > mg such that the quantity in (44) is smaller than
% for m > m to obtain the thesis of part (b) of the lemma. ]

In the last lemma, we prove the convergence of the unique invariant measures of the
process of individual states of a player corresponding to given strategies of the player and his
opponents in n-person counterparts of the mean-field game to those in the mean-field game.

Lemma 8 Suppose that all the assumptions of Theorem 3 are satisfied. Then for any g € F,

(n)

p&l?—[ .81

= n—o00 Hgf-

Proof To start the proof, first note that for any bounded continuous v : § — R,

(n) _ Nt
/;v(s)pg,gihgl(ds) = /;" v(s,)p[fii’g](dsl X ... xdsy)

1 ¢ 1 ¢
= / / / v@)Q (d&\”Sl’, aj, — ZS(Sk,ak)> 8 <dai|si9 - Z&S‘k)
n nJs n =1 n =1
1 n
XT1j4i f (dajlsj, - Z%) Pl (dsix L xdsy), (45)
k=1

where the first equality follows from part (b) of Lemma 1, while the second from (10).

no_ () no._ () - )
Let now Tp = l'I(g,pg,[?il_’g]) and Ty = I1(f, pf,[ﬁ,-,g])' As A(S x A) is com

pact metric, every sequence {(T;m, t;”’)} must contain a convergent subsequence. Let

n n
* H m * H m
T, = lim; 00 7, and = lim;_ oo T

8 We make use here of the assumption that g, = g for each n.
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(nm)

Nm _ ()

We can now use Lemma 7 for sequences ;Lg’" =Pyi7. and = uh =P g
(with 7} = rf) and the function u(s;, a;, 7) = [ v(A)Q(dA i, a;, T), obtaining
Ny
/ / / v() 0 | dsilsi, ai, — Z(S(Ak a) | 8 da;ls;, — Z(SSk
AT 2 M 21

Ny

(my)
X f (dajlsy — 305 | o™ @soMsp) ds))

M k=1
_>m—>oov// u(si, ai, T5)g(dailsi, (tf)s)(tg)s(ds;),
sJa

which, in view of (45) and part (b) of Lemma 1 implies that

Ds(ds) = D O(ds;|si, ai, T7)g(dajlsi, (77 2)s(ds;
/Sv(s)ugn( ) /S/A/Svmm Sils i, Dgalsi, () ) (ds)
=A/Sv@>Q(@|si,g, (s (ds:)

and consequently

= [ 0t ) () 0. (46)
. . P . . . —_ Mmoo (nm)
Using the same reasoning, but this time taking ‘L' = tf, fh = 7-' Mg = Mg = pf (7 il

n (nm) : :
o= n in Lemma 7, we obtain
i = Po 7 e

= [ 0t £.77) 7).

By Lemma 6, 4 ¢ is the only probability measure satisfying this equation; hence, r; = [Lsf.
Then, if we input r} = Wy into (46), we obtain

= [ 0t (5) s,

which, again by Lemma 6, implies that 7 = jug¢.

(nrrL)
&lfi

However, as the subsequence rg " was arbitrary, thlS proves that the entire sequence (7/)s =

(n)
P 7 i

So far we have shown that (t;")s = p has a subsequence converging to figf.

converges to Hgf- ]

Proof of Theorem 3 Take any g € Fr. We start by computing the rewards corresponding to
one player using strategy g against f used by everyone else in the mean-field game and in its
n-person counterpart. Note that by the definition of the mean-field equilibrium and Lemma

6, 0" =ppr = Pg.T(f.uusp)> hence by (9)

105 1) = [ (s, T )l g s @) @)
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Then by (11), for any 5 € §”
] n
(5.0 i gl) = / / r | siai. - Z%,,a,)
n An .
j=1

1 ¢ 1 ¢
x g [ darlsi, =D 8 | s /| dawlsi, =D 8, | oy (@s1x .o x dsy)
j=1 j=1

1 & |
:/n/)1r Si’ai’zzls(.?j,aj) 8 dailsz',ZZlSSj
j= =

1 n

) - () N e ™ .

X Mt f | daxlsi, ~ _les_,. P g @OTzip s (ds)). (48)
J:

As r is continuous, by Lemma 7 the RHS of (48) converges to the RHS of (47) as n goes

no infinity. Thus, the mean-field equilibrium inequality (note that for u = p* f(:|s, n) =

f*(-,s, ) forany s € S)

J(w* f.f) = T(n*. 8. f)

implies that for any ¢ > 0 there exists an N, € N such that

IS f) = L5, [ g]) — e
forany 5 € §" and n > N,. Thus, to prove the thesis of the theorem we only need to show
that N, does not depend on the choice of g.

Suppose the contrary, that is, for some ¢ > 0 there exist a sequence {g,} of elements of
F1 and an increasing sequence of integers {N"} satisfying N" > N, forn =1,2,...such
that . '

Tn G ) < Ty (5. [ i gal) — & (49)
Then, let us take uj = ,u’} = pj‘n,)l?,[,gnl’ ug = p;:),lf,[,gnl’ T = ‘c}l =TI(f (|, /L’}), ;L’})
and rg = I(g(:|-, pcf}), u’gf). As A(S x A) is compact, the sequence {‘L’?, rg} has a convergent
subsequence, say T/" — 00 TJ’E and ‘Cg,l " 00 ‘C;. Then we can use part (a) of Lemma
7 to the RHS of

N" N"

S 1 1 3
J]l\['l (Sa [.f—ia gn]) = /SN” /AN” r Siv aia W E 8(Sj,aj) gn dai|si’ W (SSj

j=1 j=1

N)l
1 n n
) _— (N") AT n @D .
X Mgz f | dag|s, N X_:‘SS./ pgn,[?_;,gn](dsl)H/#’pf,[?_,.gn](dsf)’
obtaining
im Ty, (5. 0F i g, 1) =/S/Ar(s,',ai,t})r§(dsz- x da;). (50)

If we disintegrate 1';‘ ,weobtaina g € F ((1';5) s) (note that for each m the measure ‘L'g " was

concentrated on the graph of A(-, (r;'”) s); hence, by the continuity of A the limit measure
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r; is concentrated on the graph of A(:, (t?)s)) and the marginal of r; on § satisfying for
any D € B(S x A), ‘

77 (D) :/Dg(dam(r;)s(ds).

We can also show (using some straightforward computations) that r} can be disintegrated
into f and (r;?) s- Now we can mimic the proof of Lemma 8 (we only need to replace g in
the definitions of ré’f, r}l., ug and H«? with g,, there—the rest of the proof is identical) to show
that (r]’?)s = i rr and (‘[;)S = g r. Inputting this into (50), we obtain

mlem J Ii\/"m (. [F =i gnnl)
= /;/;V(Si,ai, H(f! Mff))g(dal|sl)ﬂgf(dsl) = J('u/*’ g, f)

Thus, we can pass to the limit in (49), getting
JW o) =T g f)—e

which is a contradiction, as (™, f) was a stationary mean-field equilibrium in the mean-field
game. O

Remark 6 1f in addition to all the assumptions of Theorem 3 we assume that the reward
function r is Lipschitz continuous, we may prove (only slightly complicating the proofs of
Lemmas 6 and 7) that the thesis of the theorem is true under weaker assumptions on stationary
strategy f of the form: There exists a stationary strategy f € F suchthat f(-|s, u) = f*(:|s)
for any s € S and satisfying

Wi(fCls, m1)s fCls, n2)) < Bros(ur, na) fors € S, ur, o € A(S),
PACfClst, ), fCls2, w) < Byds(si,s2) forsy sy €S, e A(S).

Then the constants B, /3;‘2, Bo need to satisfy Bo(1+287 + ,3;5) < % This kind of assump-
tion is still very strong but more likely to be satisfied for a stationary strategy in a mean-field
game when the correspondence A depends on the global state of the game.

6 Concluding Remarks

In the paper, we have presented a model of discrete-time mean-field game with compact
state and action spaces and average reward. Under some strong ergodicity assumption, we
have shown that it possesses a stationary mean-field equilibrium. Next, we have presented an
example showing that in case of average-reward criterion usual approximation of n-person
games with its mean-field counterpart may fail. Finally, we have identified some cases when
stationary equilibria of the mean-field game can approximate well the Nash equilibria of its
n-person stochastic game counterparts. As we have seen, some strong additional assumptions
were required to obtain this kind of results. A natural question arises whether there are other
conditions that can give a good approximation of n-person models by their counterpart with
a continuum of players. One of the directions that we can follow in answering this question
is limiting ourselves to games played on subsets of the real line. In that case, considering
some assumptions of ordinal type rather than general topological properties may give a good
result. Other natural questions are, whether the results from this article can be extended to
games played on general, non-compact state and action sets and whether considering Markov
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strategies instead of stationary ones can result in a larger class of models where mean-field
limit approximates well its n-person counterparts when 7 is large. All these questions seem
both interesting and highly nontrivial.
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Appendix

The proof of Lemma 1 To prove part (a), we first show that for any fixed t € A(S x A) and

any f € F

€= sup sup |Q(B|S,f,f)—Q(B|S/,f,f)|S1—K~ (51
BeB(S) s,s'eS 2

Suppose this inequality is not true. Then there exist s, s’ € S such that

|Q(Bls, f.7)— Q(BIs', £, 1) > 1 — g

This implies that either Q(B|s, f,7) > 1 — % and Q(B|s’, f, 1) < § or Q(B|s', f, 1) >
1-— % and Q(Bls, f,1) < % Without loss of generality, we may assume the former, which

implies that Q(B€|s, f,7) < ¥ and Q(B|s', f, 1) < 4. Hence, as by definition

Q(‘|S, f» I') = inf Q(‘|S,(l, ‘L'),
acA

(A3) implies that P(B®) < % and P(B) < %, which is impossible, as P is a probability
measure.
By Ueno’s inequality [47], (51) implies for any k

k
[ cls. £y = @ s’ o0, =2 (1= F) (52)
or equivalently
~(1-2) < @tmis. o - i ro = (1- 1)

for any B € B(S). If we integrate it side by side with respect to the measure
Q"(ds’|s, w, f, g), we obtain

- (1 - g)k < 0" (Bls, f, ) — Q" (Bls, f, 1) < (1 - %)k (53)

which means that Q¥(-|s, f, r) is a Cauchy sequence, whence, as the space of probability
measures with total variation norm is complete, there exists a probability measure p; . such

that || Q% (s, f,t)— p‘}.J lv = %—o0 0. The rate of convergence follows directly from (53)
when m goes to infinity. What remains is to show that p} . does not depend on s. Suppose it
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is not true, that is, there exist s, s” € S such that ||p“} . psf/ v > B > 0. But, clearly there
exists an m such that '

| Cls, f.0) = P, < § and [ Q*CIs', £, 1) = 1y, < g

for k > m and, by (52) there exists a ko such that

B
[QCls, .0 = Q% cls', £, 0], < 3
for k > ko. Combining these inequalities for k = max{m, ko} we obtain

”p;‘,r - pj‘,t”v < B,
which is a contradiction.
To prove part (b) first note that for any s € S”, u € A(S) and B € B(S"),

On(BIs. (fi, ... fu) = y"P"(B), (54)

where P”" denotes the product measure on (S”, 3(S")) induced by measure P. The rest of
the proof looks exactly the same as the proof of the main part of (a). -
To see that p% is a product measure note that by definition for any k Q’n‘ (Is, e, f)is a

product measure. The norm-limit of product measures must also be a product measure. To

see that p;_ 7= p;_ 7 if fi = f;, note that the Markov chain of states of the game when
is J»

strategy profile f is applied is symmetric in the sense that the transitions of individual states
of i and j are the same if their initial individual states are the same, which results in the same
ergodic behaviour in this case. However, in view of the independence of p% from the initial

state s, p’} — for any initial state of the chain. O
1

. .n
T Py7
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