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Abstract

We introduce a model of non atomic anonymous games with the player dependent action
sets. We propose several learning procedures based on the well-known fictitious play and online
mirror descent and prove their convergence to equilibrium under the classical monotonicity
condition. Typical examples are first-order mean field games.

1 Introduction

Our goal in this article is to propose learning procedures for first order mean field games with
monotone costs. Mean field games (MFGs) were introduced simultaneously by Lasry and Lions
[14][15][15][13] and Huang, Caines and Malhamé [11][12]. In short, these games are differential
games with an infinite number of players. The equilibrium configuration is usually described by
a PDE system (of a Hamilton-Jacobi coupled with a Fokker-Planck equations); but we can give a
weaker description of an equilibrium in terms of distribution over the set of trajectories.

Let us describe this weaker formulation. Let T' = AC([0, T]; R?) be the set of all absolutely
continuous paths in RY, endowed with the uniform norm. For a given mo € P(R?), called the
initial measure, we denote

P () = {n € P(T') ; eofin = mo},

the set of all measures over set of trajectories I' such that the induced measure epfin at instant
t = 0 equals to our given initial measure mgy. We call a distribution, n* € P,,,(I') an equilibrium
distribution if for n*—almost every -y, we have

€ angminecr e [ (B0, 20) + 5600, i)t +g(a(0)exn)

This formulation is known in the literature; for example, Cardliaguet and Hadikhanloo [8] worked
on the potential first order mean field games and proved the convergence of fictitious play to the
equilibrium distribution. They also showed that under strong assumptions on the data, one can
obtain the first order MFG solution from an equilibrium distribution.

In this article our goal is to give algorithms for finding such distribution equilibria. We mostly
work with two algorithms similar to learning procedures in games, called fictitious play and online
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mirror descent. For example, fictitious play in this framework reads as follows. Let an arbitrary
n't € P, (T) and construct recursively ¥, 7% € P,,,(I') with the following rule. Let n**! be such
that for n*+1—almost every ~, we have

e angmin.cr a0 { | (0200 + 70, et +g(a(Dert)

and then 7F+1 = k—_]f_lﬁk + kLanH‘ We prove that such procedure converge to an equilibrium

distribution in the case of monotonicty of f and g.

As explained above, our main purpose is to work in the framework of first-order MFGs; however,
the approach can be used for a larger class of games and hence we work under a more general model,
that is the framework of non atomic anonymous games. This framework is closely related to the
model used by Mas-Colell [16], Blanchet and Carlier [3][4][5]. Contrasting to their approach, we
work with a model that the action sets are not identical for all players and they depend on the types
of players. This is the case in first-order MFGs; the players choose the paths with fixed (player
dependent) initial positions as their actions.

We provided sufficient conditions proving the existence of an equilibrium. Moreover, we proved
the uniqueness of the equilibrium under an adapted monotonicity notion. The strict monotonicity
yields the uniqueness of the Nash equilibrium in several games (Lasry and Lions [14],[15], Hofbauer
and Sandholm [10], Blanchet and Carlier [4]). In non atomic anonymous games with (not necessarily
strict) monotone costs, equilibrium uniqueness is a direct consequence of monotonicity and an
additional assumption, called the unique minimiser condition.

After setting a proper framework, the next question we deal with, is to propose algorithms
similar to learning procedures in games, ensuring convergence to equilibria. There are several
learning procedures in static games with finitely many players and/or a finite number of actions
per player (see for example the monograph [9]). Here we extend two of the most known of them to
non atomic anonymous games: fictitious play and online mirror descent.

Fictitious play was introduced by Brown [6]. The procedure is as follows. Let a fixed game
be played for many rounds. At every round, the players set their belief about the actions of other
players, equal to the average of empirical frequency of actions played in previous rounds. Then
they choose their best action against to this belief. Convergence toward an equilibrium has been
proved for different classes of finite games, for example potential games (Monderer, Shapley [19]),
zero sum games (Robinson [21]) and 2 x 2 games (Miyasawa [18]). Cardaliaguet, Hadikhanloo
[8] proved the convergence of a similar procedure (still called fictitious play) in first and second
order potential MFGs. We should note that our approach in this article, covers a different class of
first-order MFGs, that are the ones with monotone costs.

The second procedure we consider is the online mirror descent (OMD). The method was first
introduced by Nemirovski, Yudin [20], as a generalization of standard gradient descent. The form
of the algorithm is closely related to the notion of no-regret procedures in online optimization.
A good explanatory introduction can be found in Shalev Shwartz][24]. Roughly speaking, the
procedure deals with two variables, a primal one and a dual one. They are revised at every round;
the dual is revised by using the sub-gradient of the objective function and the primal is obtained
by a quasi projection via a strongly convex penalty function on the convex domain. Mertikopolous
[17] proved the convergence of OMD to equilibria in the class of games with convex action sets
and concave costs. Here we examine the convergence properties of OMD in monotone anonymous
games.



In the proof of convergence of both procedures to the equilibrium, we define a value ¢,, € R, n €
N measuring how much the actual profile of action at step n is far from being an equilibrium; in
fictitious play the quantity ¢, is calculated by using the best response function and in OMD by the
Fenchel coupling. We then prove that indeed lim,, o, ¢, = 0; this gives our desired convergence
toward the equilibrium.

Here is how the paper is organized: in section 3 a general model of anonymous game is proposed.
The notion of Nash equilibrium is reviewed and the existence is proved under general continuity
conditions. Then we define monotonicity in terms of the cost function, and its consequence on the
uniqueness of the Nash equilibrium. Section 4 is devoted to the definition of fictitious play and its
convergence under Lipschitz conditions. Section 5 deals with the online mirror descent algorithm
and its convergence. Section 6 shows that the first order MFG can be considered as an example
of anonymous games and shows that the previous results can be applied under suitable conditions.
For sake of completeness, we provide in the Appendix some disintegration theorems which are used
in the proofs.

Acknowledgement. The extension of online mirror descent to the case of non atomic anonymous
games was inspired from the explanations of Panayotis Mertikopoulos; 1 would like to sincerely
thank him for his permanent supports. I wish to thank as well the support of ANR (Agence
Nationale de la Recherche) MFG (ANR-16-CE40-0015-01).

2 Preliminaries

For a measure space X let P(X) denotes the set of probability measures on X.
Definition 2.1. A correspondence A : I — V, A(i) = A; is called continuous if:
e il is upper semi continuous i.e. the graph {(i,a) € I xV |a € A;} is closed in I x V,
e it is lower semi continuous i.e. for every open set U CV the set {i € I | A;NU # 0} is open

in I.

3 Non atomic anonymous games

3.1 Model

Let us introduce our general model of anonymous game G. Let I be the set of players and A € P([)
a prior non atomic probability measure on I modelling the repartition of players on I. Let V be a
measure space. For every player i € I, let A; C V be the action set of i. Define the set of admissible
profiles of actions

A ={V:] — V measurable | U(i) € A; for A\-almost every i € I}.

We identify the action profiles up to A—zero measure subsets of I, i.e. W1 = Wy iff ¥y (i) = Wa(i)
for A-almost every i € I. The induced measure of a typical profile ¥ € A on the set of actions,
that captures the portion of players who have chosen a given subset of actions, is denoted by
Ut € P(V). More precisely, g\ is the push-forward of measure of A by application ¥, that is for



every measurable set B C V we have WiA(B) = A\(¥~1(B)). Since the set consisting of measures
Ui for all admissible profiles U, may be different from P(V'), it is sufficient to work with:

Pe(V)={neP(V)|3IVeA: n="Ut\ }.

For every i € I let ¢; : A — R be the cost paid by player i. We call the game anonymous, if for
every player ¢ € I, there exists J; : A; X Pg(V) — R such that ¢;(V) = J;(¥(:), P§\). In other
words, J;(a,n) captures the cost endured by a typical player i € I, whose action is a € A; while
facing the distribution of actions n € P(V) chosen by other players. We consider here anonymous
games where the players have identical cost function, i.e. there is J : V X Pg(V) — R such that
for every ¢ € I we have J; = J. We use the following notation for referring to such game:

G - (IJA7‘/7 (AZ)lEI)J)

Example 3.1 (Population Game [10]). Set I = [0,1] be the set of players and X the Lebesgue
measure as the distribution of players on I. Let N € N represents the number of populations in
the game i.e. there is a partition of players I1,Is,--- ,In C I where for every 1 <p < N,I, C I
represents the set of players belonging to population p. For every player i € I suppose the set of
actions A; is finite and depends only on the population where the player i comes from, i.e. for
every population p there is S, such that for all i € I, we have A; = S,. Set V = U,S,. For every
population p the cost function has the form Jp, : Sp x A(V) — R where Jp(a, (m;)i1<j<|v|) is the cost
payed by a typical player in population p whose action is a € S, while facing (m;),<;<|v| where for
every 1 < j < |V|, mj > 0 is the portion of players who have chosen action j € V. The form of
the cost function illustrates the fact that the population games are anonymous.

Example 3.2. In section 5, we show that the First order MFG is an anonymous game with suitable
actions sets and cost function.
3.2 Nash equilibria

Inspired from the notion of Nash equilibrium in non atomic games (see Schmeidler [23], Mas-Colell
[16]), we omit the effect of A—zero measure subsets of players in the definition of equilibria:

Definition 3.1. A profile U € A is called a Nash equilibrium if

U (i) € arg mijl J(a,U4)\)  for M\-almost every i € 1.
acA;

The corresponding distribution 1 = Wt is called a Nash (or equilibrium) distribution.

One can note that the definition of Nash equilibrium highly depends on the prior distribution
of players A\. The following theorem gives a sufficient condition under which the game possesses
at least one equilibrium. Let I be a topological and V' be a metric space (with B(I),B(V) as
their o—fields). Suppose the A;’s are uniformly bounded for A-almost every i € I, i.e. there exist
M > 0,v € V such that:

for A—almost every i € [ and every a € A;:  dy(v,a) < M. (1)

This condition gives us Pg (V) C P1(V) where:

PiV)={nePV)|weV: /Vdv(v,a) dn(a) < 40 }

4



endowed with the metric:

dmow) = sw [ ha) din - m)(a)
h:V—R, 1-Lipschitz J V/

For technical reasons we work with closure convex hull of Pg (V) i.e. cov(Pg(V)).

Definition 3.2. We say G = (I, \,V, (4;)ier,J) satisfies the unique minimiser condition, if for
every 1 € cov(Pa(V)), there exists I, C I with A\(I\ I;) =0, such that for all i € I,, there is exactly
one a € A; minimizing J(-,n) in A;.

Informally, the definition says facing to every distribution of actions, (almost) every player has
a unique best response.
For more detailed theorems about set valued maps, see [2].

Assumption 3.1. Here are the assumptions we consider for the non atomic anonymous games:
1. the correspondence A : I — V, A(i) = A; is continuous and compact valued,

. there is an extension J : V x cov(Pg(V)) — R which is lower semi-continuous,

2
3. the function Min : I x Pg(V) — R, Min(i,7n) := minge 4, J(a,n) is continuous,
4. W 18 compact,

5

. G satisfies the unique minimiser condition.

Theorem 3.1. Let G = (I, \,V, (4;)icr, J) be an anonymous game. Suppose the assumptions (3.1)
hold. Then G will admit at least a Nash equilibrium.

Assumptions (3.1)(1-4) provide enough continuity and compactness conditions we need for
the fixed point theorem. The assumption (3.1)(5) allows us to prove the existence of pure Nash
equilibrium; it is crucial as well for the uniqueness of equilibrium and convergence results in learning
procedures that we will propose. So we add it here as an assumption for being coherent in the
entire chapter. Before we start the proof let us provide some lemmas which will be used here and
in the rest of paper:

Lemma 3.1. Define the best response correspondence as follows

BR: I x cov(Pg(V)) =V, BR(i,n) = arg mijl J(a,m).
acA;

If the assumptions (3.1) hold, then for every n € Pg(V') the correspondence BR(-,n) : I — V, that
18 almost everywhere singleton, is almost everywhere continuous and hence measurable.

Proof. Fix n € cov(Pg(V)). According to the unique minimiser condition there exists I, C I with
A\ I,)) = 0, such that BR(i,n) is singleton for every i € I,,. We will show the continuity of the
restricted best response function BR(-,n) : I, — V which completes our proof. Consider 4,1, € I,
such that i, — i. Set a, = BR(in,n). The set {a, }nen is pre-compact since A : I — V is a compact
valued correspondence and hence A({i, }nen U {i}) = U, A4;, U A; is compact. Suppose a € V' is an

accumulation point of {ay}nen. So there is a sub-sequence {an, }ren such that limg_,o an, = a.



We have a € A; since the correspondence A : I — V is upper semi continuous and a,, € 4;,. By
definition J(a,,n) = Min(iy,n) which gives:

J(a,n) <liminf J(ap,,n) = liminf Min(i,,,n) = Min(i, n),
ng ng

since the Min function is continuous. It yields @ = BR(i,n). So every accumulation point of
{an}nen should be BR(i,n) which shows a,, — BR(i, 7). O

Lemma 3.2. Define the best response distribution function © : cov(Pg(V)) — Pa(V) as follows:
©(n) = BR(-,n)t\, for every n € cov(Pa(V)).
If the assumptions (3.1) hold then © is continuous.

Proof. Let n, — n. If J = I,, Nyen Iy, then we have A(1\ J) = 0. One can show as for Lemma 3.1
that for every ¢ € J:

BR(i,nn) — BR(i,n).
Since the A;’s are uniformly bounded for A—almost every ¢ € J, the dominated Lebesgue conver-
gence theorem implies [, dy (BR(i,n,), BR(i,n)) dA(i) = 0. Thus O(;) 4, ©(n) since:

0 (O(m), 00)) = sup /V £(0) A(© (1) — O()(v) =

f:V—=R, 1-Lipschitz

swp [ (FBRG.0) ~ FERG0) N < [ dv(BRG. ), BRG.) dAG) - 0.
f:V—R, 1-Lipschitz J I I

O]

Proof of Theorem 3.1. Consider the best response distribution function © defined in Lemma 3.2.
We have by definition
O(cov(Pa(V))) C Pa(V) C cov(Pa(V)),

which implies that the image of © is pre-compact. Since © is continuous (Lemma 3.2) and
cov(Pg(V)) is convex, by the Schauder’s fixed point theorem, there is 7 € cov(Pg(V)) such that
©(7n) = 7. Since O(7) = BR(-,7)iA € Pg(V) so if we set ¥(-) = BR(-,7) € A then

WA =17, V(i) € arg mijl J(a,n) for A-almost every i € I.
acA;

This means ¥ is the desired Nash equilibrium. O

3.3 Anonymous games with monotone cost

Here we give a definition of monotonicity and its additional consequences on the structure of the
game and its equilibria.



Definition 3.3. The anonymous game G = (I, \,V,(A;)icr,J) has a monotone cost J if for any
.1 € cov(Pa(V)):

/ T (a,m)] dof(a) < +oo,
1%

and

| Gtan) =) dn =)@ =0
We call J a strict monotone cost function if the later inequality holds strictly for n #n'.

This condition is usually interpreted as the aversion of players for choosing actions that are
chosen by many of players i.e. congestion avoiding effect.

Remark 3.1. If J is monotone and if ¥ € A is a Nash equilibrium, then for every ¥ € A we have:

if 7= WA g = WEA - /VJ<a,n> d(n—ﬁ><a>z/VJ<a,ﬁ> d(n - 7)(a) > 0.

Proof. Since J is monotone we have [, (J(a,n) — J(a,7)) d(n —7)(a) > 0 and so:
[ ey at-i@= [ Iy dn- i)
1% v
On the other hand
[ Ty am =@ = [ (1v60.3) - 106).3) ax0)

I

by the definition of push-forward measures. Since U is an equilibrium, for A-almost every i € I, we
have J(¥(i),7) — J(¥(i),7) > 0, which gives our result. O

The strict monotonicity yields the uniqueness of the Nash equilibrium in different frameworks,
e.g. Haufbauer, Sandholm [10], Blanchet, Carlier [4], Lasry, Lions [14]. In the following we show
that in non atomic anonymous games, the monotonicity and unique minimiser conditions are suf-
ficient for the uniqueness of the equilibrium.

Theorem 3.2. Consider a game G = (I, \,V, (A;)icr,J). Then the game G admits at most one
Nash equilibrium if J is monotone and G satisfies the unique minimiser condition.

Proof. Let W1, ¥y € A be two Nash equilibria. We will show that Uy (i) = Ws(i) for Ad-almost every
i€ 1. Set n; = ;8\ for ¢ = 1,2. Since ¥ is an equilibrium, we have:

J I 0.m) = Tl m)) aXG) <0,
since J(W1(i),m) < J(W2(i),n1) for A-almost every ¢ € I. On the other hand:

[ @0m) = 1l ) XD = [ Tam) dlo = ),
from the definition since W;f\ = n; for ¢ = 1,2. So

/ J(a,m) d(m —n2)(a) <0 and (similarly) / J(a,m2) d(n2 —n1)(a) <O0.
1% 1%
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Summing up the last inequalities gives us:

/V (J(asm) — J(a,m2)) d(m — m2)(a) < 0.

Hence by monotonicity of J we should have the equality in the previous inequalities. So for A-
almost every i € I, one has J(¥1(i),n1) = J(Wa(i),n1). Since ¥y(i) € A; is the unique minimiser
of J(-,m) on A; so Uy(i) = Uy(i) for A-almost every i € . O

Remark 3.2. One can similarly show that if J is strictly monotone and not necessarily satisfies
the unique minimizer condition, then there exists at most one Nash equilibrium distribution.

4 Fictitious play in anonymous games

Here we introduce a learning procedure similar to the fictitious play and prove its convergence to
the unique Nash equilibrium under monotonicity condition.

Let G = (I,\,V,(A;)ier,J). For technical reasons, we suppose that assumptions (3.1) hold
throughout this section. Suppose G is being played repeatedly on discrete rounds n =1,2,.... At
every round, the players set their belief equals to the average of the action distribution observed in
the previous rounds and then react their best to such belief. At the end of the round players revise
their beliefs by a new observation. More formally, consider ¥; € A, 71 =11 = V1tA € Pg(V) an
arbitrary initial belief. Construct recursively (U, 0, 7n) € AXPg(V)xcov(Pg(V)) forn =1,2,...
as follows:

(1)  VYp41(i) = BR(i,7,), for A-almost every i€ I,
(i2) M1 = UnpafA, X (2)
(”Z) M+l = ni-l—l ZZil Nk = nL_Hﬁn + %_Hnn-‘rl'

One should notice that by assumption (3.1)(5) and Lemma 3.1 the expressions in (2)(7,ii) are
well defined. We will show now that this procedure converges to the Nash Equilibrium when G is
monotone.

Theorem 4.1. Consider a non atomic anonymous game G = (I, \,V,(A;)icr,J) satisfying as-
sumptions 3.1. Suppose the cost function J is monotone and there exists C > 0 such that for all
a,beV, n,n €cov(Pa(V)):

’J(a7 77) - J(aa 77/) - J(b7 77) + ‘](b7 77/)’ < C dV(a7 b) d1(777 77/)7

[T (a,n) = J(a,n")| < C di(n, 7). (3)

Construct (Vy, N, 7n) € AXPa(V)xcov(Pg(V)) forn € N by applying the fictitious play procedure
proposed in (2). Then:

_dy -
Mns M —> 1
where 1) € Pg(V') is the unique Nash equilibrium distribution.

Inspired from [10], the proof requires several steps. The key idea is to use the quantities ¢,, € R
defined by

On = / J(a, ) A7y, — Nnt1)(a), for every n € N.
1%



Since the best response distribution of 7, is 9,41, the quantity ¢, describes how much 7, is far
from being an equilibrium. By using monotonicity and the regularity conditions, one gets

1 €
VREN: ¢ny1—dn < ———¢n + —,
n—+1 n

for suitable {€, }nen such that lim,_, €, = 0. We show the later inequality is sufficient to prove
limy, o0 ¢, = 0 and then we conclude that the accumulation points of 7,, 7, is the equilibrium
distribution 7. As one will see, the unique minimiser assumption plays a key role in Lemma 4.2
and hence in our main result.

Lemma 4.1. Consider a sequence of real numbers {¢p}nen such that iminf, ¢, > 0. If there
exists a real sequence {€,}nen such that lim, o €, =0 and :

1 €
VneN: ¢n+1_¢n§_7¢n+7nv
n+1 n

then limy, o0 ¢n = 0.
Proof. Let b, = n¢, for every n € N. We have:

bn+1 by < bn, €n

N: -
vine n+l n =~ nn+1l) n

)

which implies b, 11 < by 4 (1 + 1)en/n < b, + 2|en|. Then we get b, < by + 23" |e;| for n € N
and so:

0.

by 257 e,
0 < liminf ¢,, < limsup ¢, < limsup 1+2>00 el _
" n n n

which proves lim,, o ¢, = 0. ]

Lemma 4.2. Let (n,)nen be defined by (2). Then
d1 (7, 1) = O(1/n), nh—g)lo d1(Mns Mny1) = 0.

Proof. Let M > 0,v € V be chosen from (1). For every 1-Lipschitz continuous map h: V — R we
have:

/V h(a) d(fn+1 — 7n)| = n i 1 /Vh(a) d(Mpt1 — 7n)(a)
- n41— 1 /V(h(a) — h(v)) d(n+1 — ) (a) n

3

1

By the definition we have:

/ dy (a,v) dng(a) = / dy (Ug(i),v) dA(i) < M, for every k € N.
|4 %4



So we can write
2M

n+1’

| b@) a7 <
Vv

or dy (T, Mnt1) < 5—% since h is an arbitrary 1—Lipschitz continuous function.

For the second part of the lemma, let us consider the best response distribution function ©
defined in Lemma 3.2. Since © is continuous (Lemma 3.2) and cov(Pg(V')) is compact, there exists
a non decreasing continuity modulus

w:RT = RY lim w(z) =0
z—0+t

such that:
Vi, € cov(Pa(V)) : di(©(m), 0(n2)) < w(di(m,n2))-

Since for all n € N we have 7, € cov(Pg(V)) and ©(7,,) = np+1 we have
0 < di(Mnt1,Mmt2) = di(O (), O(Mn+1)) < w(d1 (7, Tnt1))-
It gives our desired result since dy (7, Tnt1) = O(1/n). O

The proof of previous lemma relies heavily on the unique minimizer assumption. Instead without
it, one cannot conclude that n,,n,4+1 are close even if 7,, 7,41 are so. Even for 7, = 9,41, one
might have very different best responses 7, and 7,11.

Proof of Theorem j.1. Let {¢,}nen be defined by:

On = / J(a, ) d(7n, — Mnt1)(a), for every n € N.
v

We have ¢,, > 0 for all n € N. Indeed, rewriting the definition of ¢,, we have:
1 ¢ L Lo .
b= [ 30 Wi)) = TBRG. 7). 1) AAG)
k=1

and the positiveness comes from the definition of the best response. We now prove that exists
C' > 0 such that:

1 di (1, 7 1
Ont1 — Pn < —ﬁqﬁn +C 10y tn1) + /n’ for every n € N. (5)
n n

Let us rewrite ¢n11 — ¢, = A+ B, where:

A= /V J(@, 1) i (a) — /V J(a, ) i (a),

B= /V J(a, ) Ao (a) — /V J(@,Ts1) Aoy (a).
We have:

B< /VJ((:L M) dnnt2(a / a, Mn+1) dini2(a)
= /V(J(a Tn) — J(a, Tn+1)) dnnya(a)

_ C
< /V(J(a’ ﬁn) - J(aa 77n+1)) d77n+1(a) + Edl(nnJrla 77n+2)7

10



since by (3) and Lemma 4.2 there exists C such that the function J(-,7,) — J(:,fn+1) : V — R is
a C/n—Lipschitz continuous function. Let us rewrite the expression A as follows:

A= /V J(a7ﬁn+1) d(ﬁn + (nn—i-l - ﬁn))(a) - /V J(avﬁn) dﬁn(a)

o
= [ O@iin) = T dinfe) + == [ T@in) Al =)0
1%
< [ @) = Hemn)) din(a) + 5 [ Tat) Al =m0 + 55

since by (3) and Lemma 4.2 we have |J(a, 7,) — J(a, Tn+1)] < C di(Gn+1,7m) = O(1/n). So

n C
¢ + —.
n—+1

A< /V (T, Tint1) — T (@, 71n)) difn(a) —

Then if we set €, = C(d1(Nn+1, Mm+2) + 1/n), by using the above inequalities for A, B, we have :

A+ B< /V(J(C%ﬁn—i-l) - J(a, ﬁn)) d(ﬁn - 77n+1)(a) — n(?:l + %
—(n+1) /V(J(a, Tni1) — J(a, 7)) d(fns1 — n) (@) — nqul N % ©
¢n En
= n+l T

and the last inequality comes from the monotonicity assumption. By Lemmas 4.1 and 4.2, the
inequality (5) implies ¢, — 0. Let (n,7) € Pa(V) x cov(Pg(V)) be an accumulation point of the

set {(Nn+1,7n) }nen. We have n = O(7) due to the continuity of best response distribution function
© (Lemma 3.2) and the fact that 7,41 = (7).

Take an arbitrary 6 € Pg(V). Since J is lower semi-continuous we have (see [1] section 5.1.1):

/V J(a,7) d(7j — 6)(a) < liminf /

|4

I(a 1) d(n, ~ 6)(@) = limint | J(a.7,) dla, - 6)(0)

%4
= lim inf/v J(a, ) (g1 — 0)(a) + ¢y, < liminf ¢, =0
since 741 = O(7,) and [}, J(a,7,) d(ny1 — 0)(a) < 0 for every 6 € Pg(V). So:
Ve Pa(V): /V J(a.7) d(7 — 6)(a) < 0. (7)
We rewrite the above inequality as follows: since 77 € W by Corollary 8.1 we can disinte-

grate it with respect to (A;)ics i.e. there are {7*}ier € P(V) such that for A—almost every i € I
we have supp(#') C A; and for every integrable function h : V — R:

J e o= J | o i) x>

Specially for h = J(-,n) we have:

/VJandU // (a,7) d(7)(a) dAD),
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and for all ¥ € A:

/V J(a,7) A(WEN) (a) = / J(0(i),7) dA() = / /A ). 7) 4G ) AN

I

Combining the previous equalities with (7), gives us:
weds [ [ Gan) -0 dae i) = [ ) dm- v <o
1JA; v
In particular if ¥ = BR(-,7) we have:
| [ Gtan) = 3ERGD.0) A @ axi) <o

which gives the equality by definition of best response action. So by unique minimizer we have
0 = dBR(i5) for A—almost every i € I. It means ) = BR(-, 7)) or 7 = ©(7)). Hence i) = n and they
are both equal to 7 € Pg(V), the unique fixed point of ©, or equivalently, the unique equilibrium
distribution. O

5 Online mirror descent

Here we investigate the convergence to a Nash equilibrium by applying Online Mirror Descent
(OMD) in anonymous games. The form of OMD algorithm is closely related to the online opti-
mization and no regret algorithms. The reader can find a good explanatory note in [24]. The goal
of the algorithm is to act optimally in online manner by ”minimizing” a function that itself changes
at each step. In the game frameworks, the cost function changes due to change of the actions
chosen by adversaries in each round. As one can notice in the following, we need the structure of
vector space for the action sets.

5.1 Preliminaries

Before we propose the main OMD, let us review some definitions and lemmas.

Definition 5.1. Let (W, || - ||lw) be a normed vector space. For K > 0 we say that h: W — R is a
K —strongly conver function if

Val, as € W, Ve [0, 1] : h()\a1 + (1 — )\)CLQ) < )\h(al) + (1 — )\)h(ag) — K)\(l — )\)||a1 — CLQHIQ/V.
Definition 5.2. The Fenchel conjugate of a function h : W — R on a set A C W 1is defined by:

Ry : W* = RU{+o0}: h%(y) =sup (y,a) — h(a), forallye W*
acA

and the related maximiser correspondence by:

Qa:W*—=A: Qaly) = arg max (y,a) — h(a), for ally e W*.

Remark 5.1. The corresponding Q4 is not empty if A is weakly closed and h is weakly lower
semi-continuous and coercive, i.e. lim, o h(a)/|la|lw = +o0.
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If W be a Hilbert space (so W* = W) and h(a) = §||a||, then the correspondence Q4 will be
the classical projection on A:

1 2 2
Qaly) = arg max (y,a)w — §Ha\|w = argglea}—lly —alliy = 7a(y).

Lemma 5.1. Let h : W — R be a K—strongly convex function and A a convex subset of W. For
any y1,y2 € W* let a; € Qa(yi), i = 1,2. Then we have:

2K ||lay — az||?y < (y1 — 2, a1 — as).

It implies |la1—az||lw < 55 ly1 —yellw+. In particular if y1 = yo then ay = as i.e. the correspondence
QA(y) is either empty or single valued for every y € W*.

Proof. Since A is convex, for every e € (0,1] we have (1 — €)aj + eas € A. By definition:
(y1,a1) — h(a1) > (y1, (1 — €)ar + eaz) — h((1 — €)ar + eas),
and K —strongly convex condition for h gives:
h((1 = €)ar + eaz) < (1 = €)h(ar) + eh(az) — Ke(1 —€)[lar — as|*.
So by combining the above inequalities:
(1, 01) — har) = (g1, (1 — ar + caz) — (1 — Jh(ar) — ehlaz) + Ke(1 — &) [as — as]?,

which gives:
6<y1,a1 — a2> > eh(al) — €h(a2) + K€(1 — e)Hal — agHQ.

After dividing the both sides by € and then tending € — 0" we will get:
(y1,a1 — az) > h(a1) — h(az) + Kllaz — az*.
By exchanging the role of (a1,y1) and (a2, y2) we have:
(y2,a2 — a1) > h(az) — h(a1) + Kllaz — a1|*.
It yields the desired result if we sum up the two last inequalities. ]

Definition 5.3. Let F: W — R be a convex function. We say that v € W* is a sub-gradient of F'
at a € W if:
VbeW: F(b)—F(a)> (v,b—a),

and set OF (a) C W* the set of all sub-gradients at a.

One can notice that if F' : W — R is differentiable (in sense of Fréchet) at a € W, then
OF(a) = {DF(a)}.

13



5.2 OMD algorithm and convergence result

Consider an anonymous game G = (I, A\, V, (A;)ier, J). Suppose that the following conditions hold:

e there is a normed vector space (W, || - ||w) such that
U A CWCYV,
i€l
and let h: W — R be a K—strongly convex function for a real K > 0.

e for every i € I the action sets A; are weakly closed in W and h is weakly lower semi-continuous
and coercive (and hence @ 4, is single valued by Remark 5.1),

o for every (a,n) € W x Pg(V) the function J(-,n) : W — R is convex and exists a subgradient
yla,n) € daJ (-, n) € W,

Let {fBn}nen be a sequence of real positive numbers. Set an arbitrary initial measurable functions
Uy € A, no = VoA, ®g: I — W*. The following procedure (8) is called the Online Mirror Descent
(OMD) on anonymous game G-

(Z) CI)n+1(i) - (I)n(z) - Bny(\pn(i)7 77n)7 for every el
(il) Vi) = Qa(®asi(i)), for every i € I (8)
(iid) 1 = WA

Theorem 5.1. Suppose one applies the OMD algorithm proposed in (8) for 3, = % Suppose the
following conditions hold:

1. the game G satisfies assumptions (3.1),

2. for every i € I the action sets A; are convex and exists M > 0 such that for A—almost every
i € I we have |lallw < M for all a € A; and we have R(M) := supjq<pr |h(a)| < +o0,

3. the map ®g : I — W™ is bounded,
4. the cost function J is monotone,

5. there exists 6 > 0 such that for A—almost every i € I and all a € A;,n € Pa(V),
ly(a, m)llw- < 0. (9)

Then n, = Y, 4\ converges to 1) = ‘i/ﬁ/\ where 1 € Pg(V) is the unique Nash equilibrium distribution.

Remark 5.2. For every y,z € W* and any A C W we have :

This is obvious since h'y(y) — (y,a) + h(a) = 0 < h¥%(2) — (2,a) + h(a).
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Proof of Theorem 5.1. Let U € A be a Nash equilibrium profile. Define the real sequence {¢y, }nen
as follows:

VneN: o= [ (HFGD)+ R (@2(0) — (Bali), B0 dAG)

By definition of Fenchel conjugate we know ¢,, > 0. For making the rest of argument well-defined,
we first show that ¢, is indeed finite. We have

/ (POBE) + B (@n(0)) = (@a(0), B(3)) dA() = / (ACE ) = h(W(0)) = (@a(i), D) = Wa())) AA()

1 1

since W, (i) = Qa,(Pn (7)) for A—almost every i € I. Moreover,
| (R (i) = h(¥n()) = (P (i), U(i) = Up(d)) | < 2R(M) + 2| P (i)l w+ M,
since |9 (3)||lw, ||, (0)|lw < M for A—almost every i € I. By (8)(i) we have:

1 1
neN: [P §5(1+§+"'+m)+ [[Pollo

which yields |¢,| < co. Let us compute the difference ¢,,4+1 — ¢p:
ui1 =60 = [ (3,(Buss(0) = B3, (@0(9) = (@rsa(9) = 0,0, (D)) dAG
So from Remark 5.2:
a1 = 0 < [ (Bra(i) = (0, Vs () = F()) NG
=B [ WO (D)), Vo ()~ B(0) NG
I
= _Bn/l ((Z/(‘I’n(i)ﬂ?n)’ \I’n(z) - \ij(z» + <y(\Ijn(i)ann)a \Ijn+1(i) - \Ijn(Z») dA(Z)
< _Bnan + 05721
where o, = [[(Y(VUn(0), 1), V(i) — W(i)) dA(i) and since by condition (9) we have:

(Y (Wn (@), nn)s Ynp1 (i) — Wn(i))] < 6| Wnyr (7)) — Un (i) [w

4 : , Y : 52
< i1 () = BaDllwe = By (Un (D) 1)l < B

By definition of the sub-gradient we have:
Vbe W : <y(a7 nn)’ a— b> > J(CL, nn) - J(b7 nn)

So:

= [ (Wa(0), 1), 0(0) = F@D) NGO 2 [ (J(00(0) 1) = T, ) ) dAG) =
I I

/ J(a,m) d(n — 7)(a) > / J(a7) A1 — 7)(a) = ¢y > 0,
X

X
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by Remark 3.1. Since 3, = % we have:

N w N a N N C N o
Znngz::Zﬁnangz<¢n_¢n+l+ng):¢1_¢N+1+an<+oo (10)
n=1 n=1 n=1 n=1 n=1

s0 0% ¥n < 400, We show then that [t 1 — ¥n| = O(1/n). We remind from Lemma ?? that

n=1 n

this yields limy,—00 ¥, = 0. We have

Yny1 — Pn = /X J(a, 1) d(1n41 —mn)(a) = /X (J(Wny1(i), 1) = J(Wn(i), 7)) dA(D),
and from the definition of sub-gradient:
(W(Wn(i),n), Uni1(i) = Vn (i) < J(Wnpa(@), 1) = J(Wn(@), 1) < (Y (Yni1(2), 1), Yy (1) — U (i)

50 |J(Wyp1(7),7) — J(¥,(7),7)] = O(1/n) which gives |¢n11 — ¥n| = O(1/n).
Since Pg(V) is pre-compact, there exist a sequence {n;}iey € N and 1’ € Pg(V) such that
lim;_y00 M, = 7'. Since J(-,7) : V' — R is lower semi-continuous, we have:

| i) at =)@ < vming |

\%4

J(a,7) d(nn, — 7) = liminf ¢, =0,

which yields ' = 7 due to the Corollary 8.1 and the definition of Nash equilibrium distribution.
So every accumulation point of set {1, }nen C P (V) is 77 which gives lim,,_ o 1, = 7 since Pg(V)
is pre-compact. [

6 Application to first order MFG

6.1 Model

Let us show the first-order mean field games are special case of non atomic anonymous games
proposed in section 3. Set I = R? with the usual topology, as the set of players and mg € P(I)
a given non atomic Borel probability measure on R?. Let V' = C°([0,7],R%) endowed with the
supremum norm [|v|ec = supyepry [|7(¢)[l. For each player i € R let A; = S;p C CO([0,T],R%)
where:

T
Ve eRY, M >0: Sy = {y € AC([0,T],R?) | 7(0) = =, / ly@))* de < M}, (11)
0

where AC([0,T],R%) denotes the set absolutely continuous function from [0,7] to R%. We will
explain later how to choose M > 0 properly.
Let H'([0,T],R?) defined as

T
1 dy __ d . 2 N
H<[0,T1,R>—{veAc<[o,T1,R>\/0 KO dt < + }

We denote Py (C°([0,T],R%)) be the set of Borel probability measures with finite first moment on
CO([0, T],RY). Set for every t € [0, T] the evaluation function e; : C°([0, T], RY) — R? as e;(7) = ().
The MFG cost function J : C°([0, T], R?) x P1(C°([0, T],R%)) — R is defined as follows:

{foT (LOy(1),5(6) + F( (1), ectin)) dt + g(v(T),erttn),  ify € H'([0,T],R?)
+00

J(v,m) =
(r.m) otherwise,
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We call the anonymous game G = (R4, mg,C°([0,T],R%), (Si nr)ierd; J) a first-order mean field
game.

Remark 6.1. For every admissible profile of actions ¥ : I — C°([0,T],R%) that ¥ (i) € S; 1, for
n = Wimg we have:

dy (extn, estn) < / (&) = 4 ()lldn(y) < Vi — ] / J [ )R an) < /ot

due to definition of M in (11). That means for every n € Pg(V) the map t — edn is f—Holder
continuous.

Suppose that the following conditions hold for the data:
Assumption 6.1. Let
1. mg has a compact support,

2. for every x € R? the map L(x,-) : R* — R? is twice differentiable and there exists C' > 0 such
that for all (z,v) € R x R we have:

1
EId S DU’L)L(J;: ) S CId: “L$($7v)‘| S C7

3. the functions f,g : R? x P1(RY) — R are continuous and for every m € P(R?) the maps
f(‘am)vg('am) : Rd — R are Cl(Rd;R>7

4. suppose that there exist C' > 0 such that:

Ve eRLmePIRY): | fale,m)|, llga(z,m)|| < C.

Remark 6.2 ([7], Theorem 7.2.4). If conditions 6.1(2,3,4) hold, then there is at least one minimizer
of variational problem

T
min / (L(y(t),7(t)) + f(v(t), edttn)) di + g(v(T), ertn). (12)

’\/GAC([QT} 7Rd)7 ’Y(O):x 0

The minimizer v : [0,T] — R? belongs to C*([0,T],RY), L,(v(t),%(t)) is absolutely continuous and

Ly(y(£),4(8)) = La((8),7(2) + fo(Y(2), echn),  for almost every t € [0, T, (13)

with 4(T) = —g.(v(T), ertn). In addition there is M > 0 such that ||¥||cc < /M/T for every
solution of (13). This is the way we set M in (11) as a function of constants of data in 6.1(2,3,4).

The following remark asserts that the definition of action sets in (11) and conditions in 6.1(2,3)
imply the assumptions (3.1) for first order mean field game.

Remark 6.3. If K C R? be compact such that supp(mg) C K, then

1. for x € K we have ||v||c < maxycx ||yl + MT, for v € Sy pm, which gives the condition (1),
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2. the correspondence A : I — V, A(i) = Sjm is continuous and by Arzela-Ascoli S; v is
compact for all i € I,

3. the convexity of L(x,-) implies that for everyn € P(V) the function J(-,n) : C°([0, T],R%) — R
is lower semi-continuous,

4. the function Min : I x Pg(V) — R, Min(i,n) := minge 4, J(a,n) is continuous,
5. by Arzela-Ascoli the following set:
T
5= S = {1 €O TLRY 90 € K, [ 301 v < )
is precomact in V. For every n € cov(Pg(V)) we have supp(n) C S, so cov(Pg(V)) is tight
and hence it is pre-compact in (P1(V'),d1),

6. the minimiser of problem (12) is unique as is explained in section ??7. Hence the unique
minimiser condition holds.

Corollary 6.1. The first-order MFGs defined above, satisfies the assumptions (3.1) and hence by
Theorem 3.1 has at least a Nash equilibrium ¥ € A. If we set fj = Wimg and e i = my for all
t € [0,T), then for mo—almost every i € R%:

T
W(i) = argmin, e yi((o, 7)), 5(0)=i /0 (L), 3(8) + f(v (), me)) b+ g(v(T), ).

The measure 1 is an equilibrium distribution in sense of (?7). Under stronger assumptions, by fol-
lowing section 7?7 we can construct the first order MFG system solution (u,m) from the equilibrium
distribution 1 as in (77).

We prove that the uniqueness of equilibrium is a consequence of the monotonicity of f, g and
the unique minimizer condition. This is the counterpart for the uniqueness result in [14].

Lemma 6.1. If f,g: R? x P(R?) — R are monotone, then the MFG cost function will be so.
Proof. Let m,n2 € P(V). If we define m;; = e fin; for i = 1,2 and ¢ € [0, T, we then have:

tLUﬁmﬂ—ﬂ%dem—mXﬂz

T
/v </0 (f(v(t),mie) — fF(y(t), may)) dt + g(v(T), m17) — g(v(T), m2,T)> d(m —ne)(v) =A+B

where
A= / </d (x,mi4) — f(xz,may)) d(miy — T7’L27t)($)> dt >0
R
= /d (9(z,m1,r) = g(z,mar)) d(m1,r — mor)(z) 2 0,
R
since the couplings f, g are monotone. O

Corollary 6.2. The monotone first order MFG satisfying assumptions 6.1 possesses a unique
equilibrium.
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6.2 Fictitious play in monotone first order MFG

The fictitious play in first-order MFG takes such form: for initial profile of actions
Vi eA m=m=UHreP(V)

the players play as follows at round n =1,2,... :

(1) Wnaa(i) = argmaxem e fy (LOEAW) + F (), extila)) dt+g(A(T), extin),
(i) M1 = WYniifA,
i)t = g T

(14)

where (i) holds for mg—almost every i € R? . Here we apply the convergence result in fictitious
play (Section 3) for monotone first-order MFG. We suppose the assumptions 6.1 (and hence (3.1))
conditions hold.

Lemma 6.2. If f,g : m — f(-,m),g(-,m) are Lipschitz from P(R?) to C'(RY) then there is a
constant C > 0 such that:

[T(v.m) = J(vn') = J(sm) + T (V') < C Iy = ¥'llse da(n, )
[T (vsm) = I (v )| < C da(n, 1)
for every v,7' € H'([0,T],R%) and n,n' € P(V).
Proof. Since f :m — f(-,m) is Lipschitz from P(R9) to C'(R?) there is C' > 0 such that:

1£(om) = f(m)ler < Cdi(m,m'), [lg(-,m) = g(-;m)[ler < Cda(m, m)
which means that for every z, 2’ € R¢ we have
[f(,m) = fla,m!) = f(2',m) + f(2', m))] < Cllz = 2| dy (m, m),
Flaym) — fla,m)| < Cdy(m,m).

Similar inequalities hold with respect to g. We have:
[J(v,m) = J(v, 1) = T m) + T (v, 1)
T
< /0 |F(v(t), ethn) — F(v(t), eetn’) + f(5' (1), eein) — f(5/ (1), esltny)| dt
+lg(y(T), ertn) — g(y(T), ertn’) — g(v'(T), erttn) + g(+/(T), erttn’)|

<C/ 19(t) =" (Il da(estn, extn’) dt + [ly(T) = (D) di (ertn, extn’)

< C/O 17 = lse di(n, ") dt + 1|7 =¥/ lloe d1(n, ') = (CT + 1) ||y =4/ lloc dr(n, 7).

and

T
[T (v,m) = (v, 1)] < /0 |f(y(t), edtin) — F(y (1), extn)| At + |g(v(T), ertn) — g(v(T), ertn’)]

T
< C/O dy(ettn, exfn’) dt + di(ertn, eptn’) < (CT + 1) di(n, 7).
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Corollary 6.3. If f,g : m — f(-,m),g(-,m) are Lipschitz, then by Lemma 6.2, the convergence
result of fictitious play (Theorem 4.1) holds for the first-order monotone MFG.

6.3 Online mirror descent in monotone first order MFG

Here we use the convergence result proved in section 4 for the first-order MF'G with a monotone con-
vex cost function J. Let us suppose that the couplings f, g are monotone and L(-,-), f(-,m), g(-,m)
are convex for every m € P(R?). It easily yields that .J is monotone (by Lemma 6.1) and for every
n € P(V), the function J(-,n) : H'([0,T],R?) — R is convex.

Remark 6.4. We propose an example of data L, f,g such that they are convex in x,v inputs.

Before we start the precise definition, let us point out that we can relaz the condition 6.1(4) and

replace it with the following assumption. Suppose that there exists M > 0 in (11) such that for

all solution -y of Euler-Lagrange equation (13) with n € Pg(V), we have ||¥|lco < /M/T. This

assumption with the conditions (6.1)(1,2,3) give the existence of equilibrium as in Corollary 6.1.
For the example, set

L(w,0) = Sloll, (e m) = ale, Enz), g, m) = 6z, Enz),

for some a, 8 > 0 where Epz = [pq z dm(2). Set o, 3, R > 0 with

oT?R+BTR+ sup |z|| < R.
zesupp(mo)

and the constant M > 0 in (11) with M = T(aTR + BR)?. For every n € Pg(V) we have

for n-almost every v: |y(®)|[| < sup |z||+VMT < sup ||z|+aT*R+ BTR < R.
x€supp(mo) x€supp(mo)

Hence for every n € Pa(V):

sup || < R. (15)
t€[0,T], z€supp(ettn)

The Euler Lagrange equation (13) in this example read as

%’7(1‘5) = a]Eetti”Izv for almost every t € [07 T]’ (16)
and §(T) = BBeygy?, 7(0) € supp(mo). That yields

sup [[§(t)|| < aTR+ BR, sup [y(t)]| < R, (17)
t€[0,7) t€[0,T7]

for all n € Pg(V) since (15) holds. That means for every n € Pa(V') the optimal trajectories 7y
satisfies (17) and hence ||¥]|co < /M/T.

Let us set W = H'([0,T],RY) endowed with inner product:

T
Vyn,re e Wi (yi,7v2)w = (11(0),72(0))ga +/o (Y1(1), 42(t))ga dt.
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We clearly have

YJaicwey,

el
and A; are uniformly bounded in W for mg—almost every ¢ € I. For integrable functions F, D €
L%([0,T],R) and G € R we define y = [[F, D,G]] € W* by:

T
(y,7) = /0 (F(t) - () + D(t) - ¥(t)) dt + G -(T), for every y € W

After a few computation we have:

(y, ) :/OT </tTF(s) ds+D(t)+G> () dt + </OTF(S) ds+G> Yo

We can find 7, € W as a representation of y € W* ie. for all v € H'([0,T],R?) we have
(y,7) = (vy,v)w. The representation v, corresponding to y should solve

T T
w0) = [ P ds+ G )0 = [ F(s)ds+ Do) +G. (18)
: o (®) :/TF(S) min(, 5) ds+/tD(s) ds+(t+1)G+/TF(s) ds. (19)
Y 0 ' 0 0

By assumptions 6.1(2,3) and using dominated Lebesgue convergence theorem, we can conclude that
the function J(-,n) : W — R is differentiable for every n € P(V). So the sub-differential set is
singleton 0.J(-,n)(y) = {D~J(v,n)} € W* and the derivative is calculated by:

VzeW: (DyJ(v,n),z) =lim Ty +ezn) = J(n)

e—0 €

T
= /0 (L (v, ¥(#)) - 2t + Lo(ye, (1)) - 2t + fo(v(t), edin) - 2¢) dt + g (v(T), ertn) - 27

or according to our representation:

Do J(v,m) = [[La(v¢y, ) + Fe(veys ein)s Lo(veys ¥))s 9=(¥(T), ertin)]].
So by the computation in (19) the gradient V,J(v,n) € W is obtained as follows:

t

T
vwmmm=A<umna+m%%mmmwﬁw+Ame%m8
(20)

T
+ (t + 1)933(7(T)7 eTﬁn) + /0 (Lz('YSa 75) + fz(’)/s, esin)) ds.

Theorem 6.1. Suppose a first-order MFG satisfies the assumptions 6.1. If the cost function J is
monotone and conver w.r.t. first argument, then the online mirror descent algorithm proposed in
(8) for h: W = R, h(y) = 3|7[|%: and B, = 2 (n € N), converges to the unique first-order mean

n
field game equilibrium.
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Proof. The function h : W — R, h(y) = 3|v[|%. is §—strongly convex function and lower semi-
continuous for the weak topology, so the mirror projection ()4, will have singleton values.

The game satisfies the assumptions (3.1). Since the assumptions 6.1 hold, there is C' > 0 such
that:

Vye H', nePa(V): [IDyJ(v.n)llw= < C'(II¥llz2 + 1).

So all of the conditions in Theorem 5.1 are satisfied and the desired convergence result holds. [

Remark 6.5. Since the space H' ([0, T],R%) is Hilbert, we identify it by its dual space. Hence by
choice h(v) = 3||7/1% we have:

_ min(§llg2, VAT)
191/ 2
by the choice of A;. Then, the OMD algorithm have such form

(v —0) + .

(i) Ppa(i) = @u(i) — s VI(Un(i),nn), for everyi €1

(i) () = PO D g ) g i) i, foreveryiel (1)
n ),

(1) M1 = Yppf

or in explicit way it takes the following form: let 49, = 0 for every x € R? and:

1 T
'AYn—i-l,z(t) = ’AYn,r(t) - n/o (Lr<7n,x(3)a’yn,m(3)) + fr<7n,x(3)a esinn)) min(t, s) ds

t
o [ unn(9) 9 ds = Zgu D). et

n
min(|[yn+1.0/22, VM)

Yn+1,2ll L2

(22)

Yn+l,xz = Cn—l—l’%’b-‘rl,ac +z, Cpt1=

)

M+l = Ynt1, 4

7 Appendix

Here we extend the disintegration Theorem 5.3.1 in [1], and demonstrate its modification that is
used in the precedent proofs. Suppose I a Polish space and V a metric space. Let A : I — V
be a correspondence with A(i) = A;. For a Borel probability measure A € P(I) we say n € P(V)
disintegrates with respect to (A;)icr if there are {n'}icr C P(V) such that for A—almost every i € I
we have supp(n’) C A;, and for every bounded measurable f : V — R:

/V #(a) dn(a) = /I /V £() di'(a) dA(G).

Theorem 7.1. Suppose A : I — V be upper semi continuous. Let {n,}nen C P1(V) with n, — 1
in weak sense. If for every n € N, n,, disintegrates with respect to (A;)icr then the same holds true

forn.
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Proof. For every n € N, define m,, € P(I xV) as follows: for every bounded measurable f : I xV —
R let:

£(i, @) dma(i,a) = / /V £(i, @) do (a) dA(i).

Obviously wrftm, = X\, myfim, = n, where mr, my are respectively projections of I x V on I,V.
Since {7, } are tight and I is a Polish space, for every ¢ > 0, there is a compact set I C I, K. CV
such that A(1 \ I¢), 7. (V \ K¢) < € for all n € N. In addition

IxV

Mp(le X K) > 1—mp(I xV\K)—mu(I\I xV)

:1_77n(V\Ke)_>‘(I\I6)21_267

which means the set {m, }nen is tight too. Hence there exists m € P(I x V) and a subsequence
{mn, }ren such that m,, — m. We directly have n,, = mytm,, — mvim which means 7y fm = n.
On the other hand, due to the disintegration theorem (see [1] Theorem 5.3.1) there are m* € P(V)
for every i € I, such that for every bounded measurable f: I x V — R:

. fli,a) dm(i,a) = /I/Vf(i,a) dm*(a) dA(i).

So since the second marginal of m is 1, we can write: for every bounded measurable f : I xV — R:

/f dn(a //f ) dm (a) dA(0).

So what is left is to show that for A—almost every i € I we have supp(m’) C A;. Set f: IxV — R
as f(i,a) = lgea,. We know the function f is upper semi continuous since the correspondence
A:1—V, A(i) = A; is upper semi continuous. For every n € N we have:

[ f0) dm i) - /I /V £(i, ) dnf (a) dA(E) =

Hence

1 = lim sup f(i,a) dmy,(i,a) < f(iya) dm(i,a) <1,
k IxV IxV

s0 [}, f(i,a) dm(i,a) = 1 which is equivalent to say for A—almost every i € I we have supp(m‘) C
A;. O

Corollary 7.1. Every element n € cov(Pg(V)) disintegrates with respect to (A;)icr, A € P(I).

Proof. Let S C P(V) be the set of all measures which disintegrates with respect to (A;);cs. Clearly
S is convex and due to Theorem 8.1 it is closed. Also, we have Pg(V) C S since for all ¥ € A4 we
have for every bounded measurable f: I x V — R:

/f AN (a //f ) dda(iy(a) AA(i),

hence it gives cov(Pg(V)) C S. O
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