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Abstract

We study a simple adaptive model in the framework of an N -player normal form game. The model
consists of a repeated game where the players only know their own action space and their own payoff scored
at each stage, not those of the other agents. Each player, in order to update her mixed action, computes
the average vector payoff she has obtained by using the number of times she has played each pure action.
The resulting stochastic process is analyzed via the ODE method from stochastic approximation theory.
We are interested in the convergence of the process to rest points of the related continuous dynamics.
Results concerning almost sure convergence and convergence with positive probability are obtained and
applied to a traffic game. We also provide some examples where convergence occurs with probability zero.
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1 Introduction

This paper studies an adaptive model for an N-player repeated game. We consider boundedly rational players
that adapt using simple behavioral rules based on past experience.

The decision that a player can make at each stage hinges on the amount of information available. There
are several approaches, depending on how much information agents can gather over time. Fictitious play
(see Brown [§], Fudenberg and Levine [I5]) is one of the most widely studied procedures. Players adapt their
behavior by performing best responses to the opponent’s average past play over time. In this case, each
player needs to know her own payoff function and to receive complete information about the other players’
moves. A less restrictive framework is when each player is informed of all the possible payoffs she could have
obtained by using alternative moves. The exponential procedure (Freund and Shapire [I4]) is one example
of this kind of adaptive process. Note that, in this case, a player does not necessarily observe her payoff
function.

We are interested in a less informative context here. Players do not anticipate opponents’ behavior and
we assume that they have no information on the structure of the game. This means that agents have only
their own action space and past realized payoffs to react to the environment. We assume that players are
given a rule of behavior (a decision rule) which depends on a state variable. The state variable is updated
by a possibly time-dependent rule (an updating rule) based on the history of play and current observations.

A model widely studied in this framework is the cumulative reinforcement learning procedure, where
players conserve a vector perception (the state variable) in which each coordinate of the vector represents
how a move performs. The updating rule is defined by adding the payoff received to the component of the
previous vector perception corresponding to the move actually played, and keeping the other components
unaltered for the unused moves. The decision rule is given by the normalization of this perception vector,



assuming that payoffs are positive. Several results for the convergence (and nonconvergence) of players’ mixed
actions have been obtained (see Beggs [2], Borgers and Sarin [6], Laslier et al. [20], as well as a normalized
version by Posch [26] for the 2-player game framework and Erev and Roth [I3] for experimental results).
In Cominetti et al. [10], the authors study a model in the same spirit, mainly using a Logit decision rule
(which allows nonpositive payoffs) in the N-player case. Players update the perception vector by performing
an average between the new payoff received and the previous perception. Conditions are given to ensure
the convergence to a Nash equilibrium of a perturbed version of the game. A similar model is studied by
Leslie and Collins [21], where results concerning 2-player games are obtained. Another approach using this
information framework is proposed by Hart and Mas-Colell [I7], where the analysis focuses on the convergence
of the empirical frequency of play instead of the long-term behavior of the mixed action. Using techniques
based on consistent procedures (see Hart and Mas-Colell [16]), it is shown that, for all games, the set of
correlated equilibria is attained.

We consider here a particular updating rule where players maintain a perception vector that is updated, on
the coordinate corresponding to the action played, by computing the average between the previous perception
and the payoff received using the number of times that each action has been played. It is natural to consider
this variant: the actions that have been played most often in the past are the ones for which the player should
have the most accurate perception, so it is sensible for the player to put less weight on the most recent payoff
when updating his perception of this action.

The resulting process turns out to be a variation of that explored by Cominetti et al. [I0]; but in our case,
players use more information on the history of play. Using the tools provided by the stochastic approximation
theory (see e.g., Benaim [3], Benveniste et al. [4], Kushner and Yin [19]), the asymptotic behavior of the
process can be analyzed by studying a related continuous dynamics. We are interested in the case where
players use the Logit decison rule, and our aim is to find general conditions that will lead to almost sure,
or with positive probability, convergence to an attractor of the associated ODE. This case is particularly
interesting because the rest points of the ODE are the Nash equilibria of a related game.

This paper is organized as follows. Section[2]describes the fundamental theory underpinning the stochastic
approximation. Section [3] precisely defines our model in the framework of an infinitely repeated N-player
normal form game. In Section 4] we restate our algorithm so that it fits the stochastic approximation setting
and we provide a general almost sure convergence result. In Section [5.1| we treat the case of the Logit rule in
detail. We start by finding an explicit condition to ensure almost sure convergence derived from Section [4]
This condition requires the smoothing parameters associated with the Logit rule to be sufficiently small.
It is worth noting that, by this point, we have proved that the results obtained for the process studied by
Cominetti et al. [I0] also hold in our setting. Given this, we compare these two processes in terms of the path-
wise rate of convergence. Later, under a weaker assumption, we study convergence to attractors with positive
probability. We apply this result to a particular traffic game on a simple network (studied as an application
in [I0]), showing that convergence with positive probability holds under a much weaker assumption than in
the general case. Finally, we provide some examples where the convergence is lost.

2 Preliminaries

This section recalls some basic features of the stochastic approximation theory following the approach in
Benaim [3]. The aim is to study the following discrete process in R?

Zn4+1 — Zn = Yn+1 (H(Zn) + Vn+1)7 (21)

where (v,), is a nonnegative step-size sequence, H : R? — R? is a continuous function and (V;,), is a
(deterministic or random) noise term. Let us denote by £(z,) the limit set of the sequence (zp)n, i.e., the
set of points z such that lim;_, ., z,, = z for some sequence n; — +o0.
The connection between the asymptotic behavior of the discrete process and the asymptotic behavior
of the continuous dynamics
z2=H(z) (2.2)



is obtained as follows. Given € > 0, T > 0, a set Z C R? and two points z,y € Z, we say that there is
an (g,T)-chain IN z between x and y if there exist k solutions of (2.2]) {x1,...,xx} and times {¢t1,...,tx}
greater than T such that

(1) %,([0,¢;]) C Z for all i € {1,...,k},
(2) [|xi(t;) —xi+1(0)|| <eforallie{1,...,k—1},
(3) %1 (0) — 2] < e and [xx(tr) —yll <e.

Definition 2.1. A set D C R? is Internally Chain Transitive (ICT) for the dynamics (2.2) if it is compact
and for alle >0, T > 0 and x,y € D there exists an (e,T)-chain in D between x and y.

This definition is derived from the notion of Internally Chain Recurrent sets introduced by Conley [11].
Roughly speaking, on an ICT set, we can link any two points by a chain of solutions of the dynamics by
allowing small perturbations. ICT sets are compact, invariant and attractor-free. In Benaim [3] the following
general theorem is proved.

Theorem 2.2. Consider the discrete process (2.1)). Assume that H is a Lipschitz function and that

(a) the sequence () is deterministic, v, >0, > vn = 00 and v, — 0,

(b) sup ||zl < +00, and
neN

(¢) for any T >0

k—1 n
ng{poosup{ Z%‘+1Vi+1 ske{n+1,... ,m(;w +T)}} =0,
i=n Jj=

!
where m(t) is the largest integer | such that t > > ;. Then L(zy,) is an ICT set for the dynamics (2.2).
j=1

Remark 2.3. In the case where the noise (V},), in (2.1) is a martingale difference sequence with respect
to some filtration on a probability space, we say tha is a Robbins—Monro [27] algorithm . In this
framework if, for instance, sup, E(||[V,||*) < 400 and (yn)n € [2(N) then assumption (¢) in Theorem [2.2
holds with probability one (see Benaim [3, Proposition 4.2]). Moreover this result is still valid if the noise
can be decomposed into a martingale difference process plus a random variable that converges almost surely
to zero.

3 The model

An N-player normal form game is introduced as follows. Let A = {1,2,..., N} be the set of players. For
every i € A let S° be the finite action set for player i and let the set A’ = {z € RI¥'l; 2 > 0,3, 2% = 1}
denote her mixed action set. S =]];c4 S% is the set of action profiles and A = ;. 4 Ai is the set of mixed
action profiles. We write as (s,s7") € S the action profile where player i uses s € S* and her opponents
use the profile s~ € [ ot S7 and we adopt the same notation when a mixed action profile is involved. The
payoff function of each player i € A is denoted by G : S — R and its multilinear extension by G* : A — R.
The game is repeated infinitely and we assume that players are not informed about the structure of the
game, i.e., neither the number of players (or their strategies) nor the payoff functions are known. At the
stage n € N, each player i selects an action s{, € S* using the mixed action ¢, € A?. Then, she obtains her
own payoff ¢g¢, = G¥(s¢,,s.), and this is the only information she receives.

For every n € N and for each player i, we assume that the mixed action at stage n , o, € A%, is determined



as a function of a previous perception vector z,_| € RIS’ ie., ol = o'(zl_,) with o : RIST — Af The
state space for the perception vector profiles » = (z,...,2"V) € [Lica RIS is denoted X. We also assume
that, for every i € A,

the function o* : Rl — A’ is continuous, and

oo s s ()
for all s € S* and z* € RI¥'l) ¢%(2%) > 0.

We will refer to the function o : X — A with o(z) = (o!(z!),...,0N(2V)) as the decision rule of the
players.

At the end of stage n, each player i uses the value g/, and z¢,_; to obtain the new perception vector z?,,
and so on. The manner in which z,, is updated is called the updating rule of the players.

Cominetti et al. [10] study the following updating rule

5 :
., otherwise,

= {(1 B 3.1)
where we assume that v, = % (see the discussion after Proposition for an explanation on this choice).
In this paper we consider a variation of (3.1). Players will use more information by taking into account
the number of times their actions have been played. Explicitly, we define the adjusted process (APD) by

1 T _
(1 - 0;S+1)Ii’ls + 0717:5 + lgiL—‘rl? lf s = sil-’rl?

2,y = (APD)

T otherwise,

where 6% denotes the number of times action s has been used by player i € A up to time n. Given the
particular structure in , T, can be assumed to lie within a compact subset of X for all n € N. Note
that the new variable is simply an average between the previous one and the new payoff scored. We also
notice that implies that the decision rule can be assumed to be component-wise bounded away from zero.

As usual, we denote by F,, the o-algebra generated by the history up to time n, 7, = o ((Sm, gm)1<m<n),

where s,, = (sL,...,sN) and g,, = (gL,,...,9Y).

4 Asymptotic analysis

If we want to analyze using the tools decribed in Section [2] the main problem is that we have a
stochastic algorithm in discrete time where the step size is random and, moreover, depends on the coordinates
of the vector to be updated. Thus, in order to study the asymptotic properties of our adaptive process, let
us restate the updating scheme in the following manner:

is is 1 % is
Tpp1 — Ty = m(gnﬂ -, )]l{szsi,l“}
n S:Sn+1
1 . , i
- (n+ 1)Ais [(%H - 9535)1{5:5;“} + bnﬂ} ,

and b% ;= O (1), where A = 97? is the empirical frequency of action s for player i up to time n and 1¢

stands for the indicator function of set C'.

Remark 4.1. Note that the previous decomposition is not well-defined when 6% = 0, but Lemma shows
that it is almost surely valid for large n and for all i and s € S°.

Standard computations involving averages show that

1
n+1

:zs+1 - /\:LS = (]l{s:si,/_'_l} - A:zs)

4



Then we can express (APDJ) differently by introducing the empirical frequency of play. The new form is
the (up to a vanishing term) martingale difference scheme

is i 1 o), —i is is
xii«kl - xils = n+1 [ )\st (G (S?U (l‘n)) - ‘rn) + n+1]7
(4.1)
is is 1 15 (0 is is
)‘n+1 - )‘n = n+1 [0- (xn) - >‘n +Mn+1]7
where the noise terms are explicitly
. 1 ) s o'is(x; ) . ) )
1= g G~ Ty~ | o) (G35, o) — )| 5
1 % 1S 1 % 18 (]
= rﬁf(gn—i_l — Ty )]1{5:52+1} - E(rﬁ(gn+l — Ty )]l{s:sfﬁ_l} |]:7’L) + n+1> (42)

Mi%s = Liomsr = 07 (@),
- (]l{szsiwrl} o )\:ls) - E((H{S:warl} - )\ZS) ‘ ]:n)

From now on, we denote by €, = (U,, M,,) the noise term associated with our process.

The scheme (4.1)) will allow us to deal with the random (and player-dependent) character of the step size
in (APD)). Now, in the spirit of Theorem the asymptotic behavior of (4.1)) is related to the continuous
dynamics o

s 07 (@)

P (G e ) —att) =),

(4.3)
A = o (x}) — Al = U (e, M),
with U, : X X A = [, RIST and ¥y : X x A — [T;c4 Af, and A standing for the tangent space to A,

ie, Al ={z¢€ RIS Y scgi 2° = 0}. Let us denote W the function defined by ¥(z, \) = (V. (x, A), Ux(x, A)).
For the sake of completeness, let us write the process (3.1) as
. . 1 o , , , .
Tppr — Ty = [0 (23,)(G" (5,07 (wn)) — 277) + U], (4.4)

with the noise term given by

i = (Ghigs — o)L es ) — 0 (@h)(C (5,07 () — 2i2),

= (gn+1 — Ty )]l{s:s;+1} - E((gn—i-l - Ty )]l{s:siHrl} | -Fn)
Therefore, the corresponding continuous dynamics is given by
il = Jis(xi)(Gi(s,J_i(xt)) — x@s) = O (z), (4.6)

where ® : X — [[.c4 RIS
Remark 4.2. Observe that the following simple fact holds

(z,0(x)) € X x A'is a rest point of (4.3) < x € X is a rest point of (4.6).

In the following, we will show that asymptotic properties similar to those of can be obtained for our
process. This means that explicit conditions can be found to ensure that the process (4.1)) converges almost
surely to a global attractor for the dynamics .

Recall that we have assumed that, for every n € N and i € A, the mixed action 0! € A’ is component-wise
bounded away from zero. The purpose of the next simple lemma is to verify that the same holds, almost
surely, for empirical frequencies of play.



Lemma 4.3. Forn > 1, let 0, be a probability distribution over a finite set T' and let i,,41 be an element of
T which is drawn with law o,, and assume (o), is adapted to the natural filtration generated by the history.
Forall j €T, set

1 n
Moo= iy
p=1
Assume that there exists o > 0 such that a{t > 0. Then
lim inf )\fl >0,
n—-+o0o

almost surely, for every j € T.

Proof. Fix j € T and let Fj, be the o-algebra generated by the history {i1,..., i} up to time k. Then we
have that E(1y;, —;} | Fk—1) = 04_; > @. On the other hand the random process (¢7,),, given by

¢h=>
k=1

is a martingale and sup,,cy (¢3,)° < C -3 5, 75 < 400 for some constant C. Hence (¢},), converges almost
surely. Now Kronecker’s lemma (see e.g., Shiryaev [30, Lemma IV.3.2]) gives that

(Mgip=iy — E(Lgi =5y | Fr1))

el

n

1
lim =" (Lg,—jy — BE(li—y | Fro1)) =0.

So that L 37 (Lys,—jy —E(Lgs,—jy | Fe—1)) < M, — 5. Taking the liminf we conclude. O

Proposition 4.4. The process (4.1) converges almost surely to an ICT set for the continuous dynamics
(1.3)-

Proof. We only have to show that our process satisfies the hypotheses of Theorem The assumptions
concerning the regularity of the function involved, the step-size sequence and the boundedness of the process
(Zny An)n hold immediately.

According to , M, is almost surely bounded and can be written as a martingale difference scheme
plus a vanishing term. Observe that E(U,+1 | ) = 0 and that

[T < O/
for some constant C'. Then Lemma [4.3] implies that U, is almost surely bounded. In view of Remark
assumption (¢) of Theorem holds for the noise term €, = (U,, M,,) and the conclusion follows. O

Let us define the function F': X — [], RIS’ by
F(z) = G'(s,0 " (z)). (4.7)

Cominetti et al. [T0] show that if the function F is contracting for the infinity norm, then the process (4.4
converges almost surely to the unique rest point of the dynamics (4.6)). The following result shows that the
same holds for the process (4.1)) by adding a slighlty stronger assumption on the decision rule o.

Proposition 4.5. Assume that F' is contracting for the infinity norm and that, for everyi € A, the function
o' is Lipschitz for the infinity norm. Then there exists a unique rest point (z.,0(x.)) € X x A of (4.3)).
Furthermore, the set {(x.,0(x4))} is a global attractor and the process (4.1) converges almost surely to

(@, 0 (24))-



Proof. According to Remark 1.2} (z,,0(z.)) € X x A is a rest point of if and only if F(x.) = x., hence
the existence and uniqueness follow from the fact that F' is contracting.

Let 0 < L < 1 and K; be the Lipstchitz constants associated with the functions F and o%, i € A,
respectively. We want to find a suitable strict Lyapunov function, i.e., a function V that decreases along the
solution paths and that verifies V=1({0}) = {(z«, A\s)} with Ay = o(24). Let V : X x A — R be defined by

1
ViaN) =max { o = 2l 7 1A = Aol }-

where ¢ > 0 will be defined later. Function V is the maximum of a finite number of smooth functions,
therefore it is absolutely continuous and its derivatives are the evaluation of the derivatives of the function
attaining the maximum. We distinguish two cases:
CASE 1. V(x4 M) = |lzt — x| . Let i € A and s € S be such that V (¢, \;) = |z}* — 2%°|. Let us assume
that zi* — 21® > 0. Then, for almost all ¢ € R,
d d, ; o (x?)
—Vixe, M) = — (22 — 2¥%) = Sl
GV h) = et o) = 75
< == L) [l — aulloo = =E(1 = L)V (24, M),

(Fi*(w0) = F'* () + 2 = ),

for some & > 0 such that 0% (z) > ¢ for every i € A and s € S*. If 2%* — 21° < 0, the computations are
analogous. 4 .
CASE 2. V(x4 \y) = %H)\t — 2.||,. Let i € A and s € S* be such that V(zs, \) = %|)\§T — A"|. We also

assume that )\{T — M7 > 0. Then, for almost all t € R,

d 1 o0 ; . ,
@V @A) = 2o (@) = o7 (@) + N - X

dt
1 1 gr(..J jr
< == A= Ml + 51077 (1) — 07" (22))]
¢ ¢
maXiKi

< Ve, ) + —c |7t — 2ull o

_ max; Kz
¢

and we take ¢ > 0 sufficiently large to have 1 > max; K;/¢. Again, if the relation A" — AJ" < 0 holds, the
computations are the same.

Hence V(x¢, A) < —KV(xy, A) for some K > 0. So V decreases exponentially fast along the solution
paths of the dynamics and V' (2, A) = 0 if and only if (z, A) = (2., A\«). Therefore the set {(x., A«)} is a global
attractor which is the unique ICT set for (see [3, Corollary 5.4]). Proposition [4.4] finishes the proof. O

=—(1 W (e, M),

5 Logit rule

The Logit rule is broadly based on the field of discrete choice models as well as game theory. For instance, a
model of learning in games where the logit function is used is given by the logit-response dynamics [5] [1]. In
this model, the aim is to study the stochastic stability states of the induced process along with equilibrium
selection issues (see [22] for a payoff-based implementation of this dynamics and related models).

Explicitly, the decision rule o : X — A is given by

exp (Biz™)
> exp (Bi'r)’

rest

o (x%) = (5.1)

for every i € A and s € S, where 3; > 0 is called the smoothing parameter for player i. According to
Remark the following result shows that the rest points of the dynamics (4.3]) are the Nash equilibria for
an entropy perturbed version of the original game (see Cominetti et al. [I0]).



Lemma 5.1. Under the Logit decision rule (5.1), if v € X is a rest point of the dynamics (4.6), then o(x)

is a Nash equilibrium of a game where the action set for each player i is A and her payoff G : A — R is
given by

6%o:zyﬁm@fﬂ—f§:ﬂﬂmﬂﬂ—u (5.2)

5.1 Almost sure convergence

We want to apply Proposition [4.5| within this framework. For that purpose, let us introduce the maximum
unilateral deviation payoff that a single player can experience,
n= max [G'(s,r1)—G'(s,m2), (5.3)

ieA,se:S”v
r1,re €S8

where S~% = {(r1,73) € S7F x S~%; 7k # rk for exactly one k}. Now the following proposition ensures that,
if the parameters are sufficiently small, the unique attractor is attained with probability one. From now on,
we denote @ = max;ec 4 Ej# Bj.

Proposition 5.2. If 2na < 1, the discrete process (4.1) converges almost surely to the unique rest point
(x4,0(x4)) of the dynamics (4.3]).

Proof. We know from Cominetti et al. [I0, Proposition 5] that, if 2na < 1, function F' (defined in (4.7))) is
contracting for the infinity norm. Observe also that, for every i € A, function o* is Lipschitz for the infinity
norm, since it is a smooth function defined on a compact set. Therefore, Proposition [£.5] applies. O

Rate of Convergence

Up to this point, we were able to reproduce some of the theoretical results of the original model regarding
its almost sure convergence to global attractors. Now, we want to justify the inclusion of a counter to the
previous actions in terms of the rate of convergence when both learning processes and converge
almost surely to (2., A«) and x,, respectively, and step size 7, = % is considered. This rate of convergence
is closely linked to the largest real part eigenvalue of the Jacobian matrix of the functions ¥ = (¥, ¥)) and
® at the respective rest points.

Let us denote p(B) the maximum real part of the eigenvalues of a matrix B € R¥*k | je.,

p(B) = max{Re(y;); j=1,...,k, where u; € C is an eigenvalue of the matrix B}.
We say that a matrix B is stable if p(B) < 0.

Lemma 5.3. Assume that 2na < 1. Let (x4, As) and z. be the unique rest points of the dynamics (4.3) and
(4.6), respectively. Then

lngW@MMD<;§§;%HSMVﬂm»<O (5.4)

keA

Proof. Straightforward computations concerning the function ¥ (see (4.3))) show that

\I/is \I/is
0 A (Jj*, A*) =0 and g)\;\ (JT*, A*) = _]l{iS:jT}7

oxIm
for every i,j € A and (s,r) € S* x S7. Therefore, the matrix V¥(z., \.) looks like
VeV (T, Ay 0
v = (Ve D), 55)



where I stands for the identity matrix and VWU, (z., \.) denotes the Jacobian matrix of ¥, with respect to
x at (x4, A«). Notice that the interesting eigenvalues of this matrix are given by its upper-left block because
of the zero block and the identity matrix on the right side in ([5.5). Observe also that %(x*, A) = -1, ie,
matrix V, ¥, (z., \«) has diagonal terms equal to —1.

On the other hand, we know that every eigenvalue of a complex matrix B = (B,4) lies within at least one
of thfe Gershgorin discs D), (B) = {z€C,|z - Spp| < Rp} -Where R, = Zq#} |Bpg|. Given the specific form of
matrix V,¥(z., Ax) we can estimate the position of its eigenvalues. So, in our case,

ovis
Ris = Z Z zir (e, M)
JEA, reSi
J#i
since g%}:(z*,k*) = 0ifi = j and r # s. This follows from the fact that F*(x) (defined in ([4.7)) is

independent of the vector z*. Explicitly,

ovy jr [ i — (4, i —i
Bir (e, As) = B0l [G (s,1, 0% ( ’J)) - G'(s,0; )L
where _ . ' .
Gi(s,r00 ")y = 37 Gi(s,a) [ o,
a€S™? k;éz
@l =r k#j

for i # j. So that

Rie=Y_5; Y ol"|G(s,r, 0. 9) = Gi(s,077)|
JEA reSi
J#
< na.

Then we have that all the eigenvalues of matrix V, W, (x,, \.) are contained in the complex disc

{zeC lz+1] <na} 2 U Dis(Va Vo (2, Ax)), (5.6)
icA
s€S"

which implies that p(VU(z., A,)) < —1/2.
Analogous computations involving function ® show that

Diy(VO(,)) € {z € C, |2+ 0| < olna},

for every i € A and s € S*. Since —0%* + o¥*na < 0, then p(V®(z,)) < 0.
It is obvious that —1 < p(V¥(z., \.)). Inequality —N/ >, [S*| < p(V®(z.)) follows since the trace of
matrix V®(z,) is equal to —N. O

Remark 5.4. Notice that 1/2 = N/, |S*| if and only if |Sx| = 2 for all k € A.

The following reduced version of Chen [9, Theorem 3.1.1] will be useful.

Theorem 5.5. Consider the discrete process given by (2.1). Assume that the following hold.

(a) For everyn € N, v, >0, limy 4007 =0, >, 7 = +00 and

lim Tn — Yn+1

=7v2>0.
n—=+00  Yni1Yn

(b) zn — 2o almost surely.



(¢) There exists § € (0,1] such that

(c.1) for a path such that z, — zy, the noise V,, can be decomposed into V,, = V) + V" where

D o Vi <400 and V) =0(),

n>1

(c.2) the function H s locally bounded and is differentiable at zo such that H(z) = H(z — zo) + r(2)
where 7(z0) = 0 and r(z) = o(||z — z0||]) as z — 2y and

(c.2) the matriz H is stable and, furthermore, H + 61 is also stable.

Then, almost surely,
€n(zn —20) = 0, as n — +oo,

for any e, = o((1/72)°).
The previous result allows us to show that our algorithm is faster. This means that, under the common

hypothesis 2na < 1 (which ensures almost sure convergence for both processes), employing the adjusted
process (4.1)) will help the players to adapt their behavior faster than with the original process (4.4)).

Proposition 5.6. Assume that 2na < 1 and let (x.,Ay) € X X A and x, € X be the unique rest points of
dynamics (4.3) and (4.6)), respectively. Then the following estimates hold

(1) for almost all trajectories of (4.4)
en(n —2x) =0, as n— +o0,

for every sequence e, = o(nlP(VE@DI)

(it) for almost all trajectories of (4.1))

sn((xn,)\n) - (x*,)\*)) — 0, as n— +oo,

for every sequence e, = o(n%),

Proof. Recall that €, = (U,,, M,,) and U,, are the noise terms associated with and respectively (see
and (L5))). We observe that, for both processes, hypotheses (a) and (b) in Theorem [5.5| are immediately
satisfied, since 7, = %7 (with 7 = 1) and since Propositionapplies. Let us verify that condition (c) holds.
(i) Fix 6 € (0,|p(V®(x,))|). The random process (U, ), is almost surely bounded and satisfies that
E(Upi1 | Fo) = 0. Therefore, Z, = S3_,(1/k)* U411 is a martingale where sup,, || Z,|° <
F20(1/k)20-9) < 400, and thus convergent (since § < 1/2). To conclude, observe that function

® is smooth and that matrix V®(z,) + 61 is stable.

(ii) Fix 6 € (0,1/2). We repeat the argument by noting that €, = &, + b, where b, = O(1/n) and
E(én+1 | Fn) = 0. To finish, we use the fact that matrix VU (z., A.) 4+ d1 is stable since inequality (5.4)
holds.
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Two important comments are in order. First, as before, let us call C), the upper-left block of the matrix
E(el, ent1 | Fn), where,

Cirir = § = (TS (G (s, 07 () = wi) ) - (TR (G o7 @a) — @) ) + O (2)  ifi=jis £,
iy [B(G (s, 5,00) = i) | Fa) = 008 (Gi(s,0,,) — 2i3)2+] O () otherwise .

Given that the vector of probabilities o,, converges, C,, converges almost surely to a deterministic matrix C'
(which is diagonal since C*" — 0 when i = j and s # r). Moreover, C is positive definite since

ois . . ) . . ) . . . . . 1
g [BUG ) | 7o) = (G s, )+ 08 (L 0o ol = Gs0f)] 401 ).

n

and therefore

is,jr _
CrIt =

Clisar — 1 [ Z (Gi(&s%))%;i(yi) giS(Gi(s,g*i))Q]
* s—icS—i

1 L S
> — [ Yo (G(ss7)) o (s7) = (GY(s, 0 Z))2] > 0,
* Ls—igs—i

from the fact that 0 < ¢’ < 1 and the convexity of z2. Hence we can conclude that E(e,  €,11 | F,) con-
verges to a positive definite deterministic matrix and that /n((z,, A\n) — (z«, Ax)) converges in distribution
to a normal random variable (see e.g.. [0, Theorem 3.3.2]). For (4.4]), considering the continuous function

C(z) = E(UL,1Un+1 | ©, = 2) and slightly modifying the proof of [I2, Theorem 2.2.12], it can be shown
that nlP(V®@)l(z, — x,) converges almost surely to a finite random variable if 0 < |p(V®(z,))| < 1/2. For
instance, considering the game defined by (5.7), we have that [p(V®(z.))| &~ 0.3. Figure[l] depicts the results

of a numerical experience in this particular example where 2na = 0.8.

Second, observe that a better rate can be achieved for if the step size is given by v, = & for
a > |p(V¥(x,))|. This leads to the rate o(n=?) for all § € (0,1/2). However it is somewhat unrealistic to
assume that the players have this information in advance. Nevertheless, we always have that |p(V®(z,))| <
|p(VU(z., Ay))| and thus the scheme can reach at least the same path-wise rate of convergence under
the hypotheses of Proposition [5.6| and regardless of the step size considered.

(0,1)
(1,0)
(0,0)

(5.7)

5.2 Convergence with positive probability

We use the estimates given by Lemma to extend the range of parameters where general convergence
results can be obtained for the process . We start by showing that there exists a unique rest point of
(4.3])) which is stable if 1 < 2na < 2. Let ) € X x A be the set of rest points of and let B(A) be the
basin of attraction corresponding to an attractor A.

Proposition 5.7. Assume that 1 < 2na < 2. Then, there exists a unique rest point (., \.) for the dynamics
(4.3) which is an attractor.

Proof. Let (x4, ) € V. If 1 < 2na < 2, equation (5.6) shows that matrix VU (z,, \.) is stable. To prove
that {(z«, \«)} is an attractor, take V(x,\) = ((x,A) — (24, \s)) T D((z, \) — (74, A4)) as a (local) Lyapunov

11
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function where, for instance, D is the positive definite solution of the Lyapunov equation VW (x,, \.)TD +
DVU(x.,A) = —I. Given the fact that basins of attraction cannot overlap, ) is finite since X x A is
compact and ¥ is regular. Finally, ) reduces to one point since, in this case, it is impossible to have finitely
many stable equilibibria due to the Poincaré—Hopf Theorem (see e.g., Milnor [23, Chapter 6]). O

The following definition is crucial to ensure convergence with positive probability of the process (., An)n
to a given (not necessarily global) attractor.

Definition 5.8. Let (z,), be a discrete stochastic process with state space Z. A point z € Z is attainable by
(zn)n tf for each m € N and every open neighborhood U of z, P(In > m, z, € U) > 0.

The following lemma relies on the particular form of the updating rule (APD)) considered in this work.

Lemma 5.9. Fiz A = (\',...,A\"N) € A. Set 2' € RIS such that i = Gi(s,\7%) for all s € S* and set
x=(zb,...,2V) € X. Then, (z,\) € X x A is attainable by the process (x,, A\n)n. In particular, any rest
point of (4.3) is attainable.

Proof. The fact that 0 > £ > 0 for every i € A, s € S* and n € N implies that any finite sequence generated
by (4.1) has positive probability. The updating rule (APD)) can be expressed almost surely, for n sufficiently
large, as

. 1 . . _ _ 1
$7}LS+1 = %(g;mw:ﬁ) + gz,is(g:'lsfl) + -+ g;m(l) + 1'68) + O <7’L> B (58)
n

where v (k) = inf{q > 1, 925 = k}, i.e., the stage when player i has played s € S for the k-th time. Observe
that we can assume that m = 0 in the definition of attainability. Let ¢ be the number of times that the
action profile s € S has been played up to time n. Hence, for every i € A and s € S, (5.8)) implies that

. . (1)
L1 = Z G (s, r)gT + bn,
reS—i n
with b, = O((6%)~!). Observe that 0¥ — 400 almost surely, due to the conditional Borel-Cantelli lemma.

Fix € > 0 and let n be an integer such that ki = nk’ € N, where, for every i € A and s € S?, k! denotes
a rational number satisfying that |\ — ki| < e. For a profile s € S, let us define the positive integers
ng = [;eakl and m = Y g ns. Now we take the sequence generated by (4.1) defined by I € N blocks of

12



size m where within each block, each s € S is played exactly ng times, regardless of the order of play. Fix
i€ Aand r € S, so that, by construction

(s,r) i
in NP SV
6;% k ZS: HJ#Z ul JAi

ue g

where b, — 0 as ¢ — 0. Finally, given &’ > 0, set [ large and & small to have ||(2n41, Aint1) — (2, A)] <&’. O

Recall that L£(z,) is the limit set of sequence (zy),. The following result is the goal of this subsection.

Proposition 5.10. If an attractor A for the dynamics (4.3) satisfies that B(A)NY # 0, then P(L(xp, Ay) C
A) > 0. In particular, under the Logit decision rule (5.1), if 1 < 2na < 2, then Y reduces to one point
(Tas M) and P((zn, An) = (24, Ai)) > 0.

Before providing the proof we need, to briefly introduce the following concepts. Let ¢ be the semi-flow
induced by the differential equation (4.3) and Y; the continuous time affine process associated with the
discrete process (zn, Ap)n, i-€.,

(xn—i-lv An-i-l) - ($n7 )\n)

Y n = n) )\n s 5.9
(T +u) = (z )+ u P — (5.9)
for all n € N and u € [0, n%rl), where 7, = >0 _, —. Let (F¢)¢>0 be the natural associated filtration.

The following technical lemma is now needed. We omit the proof because we keep strictly to the lines
of Benalm [3], Proposition 4.1] along with the explicit computations provided in the proof of Schreiber [29]
Theorem 2.6].

Lemma 5.11. For all T > 0 and § > 0,

P(sup [ sup V() — on(Y ()] 25| ) < &

u>t 0<h<T
for some positive constants ¢ and C(5,T) when t > 0 is large enough.

Proof of Proposition[5.10. In view of Proposition and Lemmas [5.9] and [5.11] the result follows directly
from Benaim [3] Theorem 7.3]. O

Note that for Lemma and for the first part of the statement in Proposition [5.10, we have only assumed
condition on decision rule o.

The following example shows that the first part of Proposition [5.10]is interesting in its own right. Consider
the 2-player zero-sum game defined by the payoff

G- <(1) —(1)> . (5.10)

Let (2., 0(x.)), with o' (2}) = 0?(27) = (1/(1 +€”), e /(1 + 7)) and ] = 27 = (=e’ /(1 +¢°),1/(1 + 7)),
be the unique rest point of (4.3). In this case, every eigenvalue of V¥ (z,,o(x,)) is equal to -1. Then
P((xn, An) = (24, 0(z4))) > 0 for all g > 0.

Remark 5.12. Observe that, for any zero-sum game, there exists a unique equilibrium. It is exactly the
same proof as in [I8, Theorem 3.2], since if (x,A) is a rest point of (4.3), then A is the unique rest point of
the perturbed best response dynamics studied.
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A traffic game

The (almost sure or with positive probability) convergence to attractor results obtained when the Logit
decision rule is considered are valid under the strong assumption 2na < 2. In fact, this condition becomes
very difficult to verify as the number of players increases. Moreover, nonconvergence can occur for some games
(see Section for details) if parameter na is large. In this part, we will discuss the interesting application
developed in Cominetti et al. [I0] Section 3] and we will show that a result in the spirit of Proposition
can be obtained under a much weaker condition.

Consider a network with a topology that consists of a set of parallel routes. Each route r € R in the
network is characterized by an increasing sequence of values c] < --- < ¢}y where ¢, represents the average
travel time when r carries a load of uw users. The traffic game is defined as follows. The action set is common
to all players, i.e., S* = R, for every i € A with R the set of available routes. The payoff to each player i,
when action profile r € R” is played (i.e., when the network is loaded by the configuration r), is given by
—c' = G'(r), that is, minus her travel time.

This traffic game is shown to be a potential game in the sense that there exists a function A : [0, 1]V <RI —
R such that

OA

aAis
for every A € A. Explicitly, the function A is given by

“EL[ > el (5.11)

reR u=1

() =G'(s,27),

where the expectation is taken with respect to random variables U" = Zie a4 X i with X* independent
Bernouilli variables such that P(X® = 1) = 7', It is also shown that the second derivatives of A are zero
except for
82A T T
W(W) =K, (CU;.+1 - CU;.+2) € [-n,0], (5.12)

i # j, where UJ; => 4, - X" Notice that this notion does not correspond to the standard Monderer and
Shapley’s [24] notlon of a potentlal game.

We suppose that the smoothing parameters are identical for all players, i.e., 8; = 3 for every i € A. Note
that, in this framework, n (defined in (5.3)) translates to

n=max{n,;r€R, 2<u< N}=max{c, —c,_1;7r€R, 2<u< N} (5.13)
Cominetti et al. [I0] obtain the following result.

Proposition 5.13. If nf < 1, then (4.6) has a unique rest point x. € X which is symmetric in the sense
that x, = (Z,...,&). Furthermore, {x.} is an attractor for (4.6).

Remark 5.14. The strong requirement (also for the model in [I0]) on the smoothing parameter in order to
ensure uniqueness of equilibrium, can make the prediction of the model very different from the set of Nash
equilibria of the stage game. For instance, this is the case in the two-player congestion game with two links

represented by the matrix
-2 -1
(3 3)

where there are two strict equilibria (one player on each route) and one symmetric mixed Nash equilibrium
& = (2/3,1/3). In this particular case, we can check numerically that if 5 < 8* = 0.99 then there exists
a unique equilibrium point (o4, x,) of our model. Observe that, naturally, this range is larger than the
one derived from our general result 3 < 7! = 0.5. When taking the value 8*, we have that o} = 02 =

(0.5709, 0.4290), which is far from the Nash equilibrium &.

The previous proposition provides a much weaker condition for the existence and uniqueness of a rest
point of (4.6). Observe also that, despite the fact that the second part yields the existence of an attractor, no
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convergence result is obtained for the discrete process (4.4)). The next result shows that, under the assumption
1B < 1, an additional result can be obtained for (4.1)).

Proposition 5.15. If n8 < 1, (4.3) has a unique rest point (x«, Ax) € X X A which is symmetric in the
sense that x, = (Z,...,&) and Ax = (A, ..., \) = o(x.). Furthermore, {(x., A\s)} is an attractor for (4.3)) and
P((xn, \n) — (24, As)) > 0.

Proof. The existence and uniqueness of the symmetric rest point of (4.3) follows from Remark and
Proposition The rest of the proof (below) shows that matrix VU (x,, A.) is stable. Hence, {(z., Ax)} is

an attractor for (4.3) and Proposition applies.

Recall that Jg = VU, (x4, Ay) is the upper-left block of matrix VW (x., A.) (see (5.5)). Observe that,
from the definition of W, the fact that o depends only on z* and (5.11]), the entries of .Jz are given by

/

s do 92\ oI’
’ Z Z ﬂ-kr 7-(-13 ) oxir (LE*) - ]l{i3=j7"} = Z OmiT Hris (A*) OxiT (.’E*) - ]l{i3=j7"}
kEAT ER rER
= BA(1 = MNEx. (clr 41 — €Uy, 42) Lis=nizgy — Liis=jr)- (5.14)

Since A, is symmetric (A" = A", for all i, j € A), J3 is a symmetric matrix. Let us show that Jp is negative
definite by modifying the trick used in Cominetti et al. [I0, Proposition 12]. Take h € RNIRI\{0}, then, from

E1D.
W7 Ish = 3 (B3 W /AT AN (= MVEs (e 1 — € y2) — S0,

reR  i#j i

For every i € A and r € R, put v = h'" Zr =o' X and set nf =1} = 0. Therefore,

)\’LT )

L . ir)2
W' Jgh = Z {ﬂ Z v ITATNTE, (C;J{j-i-l - C?J;j+2) - Z A 1(”_ ))\"]

rER - i#j i
Zir 2
— ZE’\ (ﬁZZ"Z” (chr_qy — Cpr) — Z ( /\)ZT>
reR i#£]
< ZEA*< Uﬁ(ZZ”) + (5B — 1)2(2")2) <0,
reR %
where the last inequality follows by observing that ng. < 7. O

5.3 Nonconvergence

In order to give an idea of the behavior of the stochastic process defined by when § (we assume (; = § for
all i € A) becomes large, we provide a small class of games which underlines the relevance of the hypotheses
considered throughout this paper. Consider a 2-player symmetric game, i.e., the action set S = S' = §2 is
common for both players and the payoffs verify that G' = (G?)”. Let us assume that G' has constant-sum
by row, which is, > Gl(s r) =k € R for every s € S. It is easy to check that for this kind of game there
exists a rest point of (4.3) which has the form (7,0 (%)) € X x A such that " = (1/k,...,1/k) for i € {1,2}.
We also assume that Z Gl(s s) # k.
A game that satisfies the preceding conditions is the good (resp. bad) Rock-Scissors-Paper game

0 a —b
—b 0 al,
a —b 0



where 0 < b < a (resp. 0 < a < b) or the game (5.7)).

The (strong) hypotheses above ensure that at least one rest point of does not depend on the parameter
B. In the following we will easily show that if 8 is sufficiently large then the rest point (Z,c(Z)) becomes
linearly unstable. Later, we will prove that this implies that P((z,, \,) — (Z,0(T))) = 0.

Lemma 5.16. If 8 > 0 is sufficiently large, then there exists an eigenvalue p of VU(Z,0(T)) such that
Re(p) > 0.

Proof. Again, let Jg = V,¥,(Z,0(T)) be the upper-left block of the Jacobian matrix of ¥, which is the only
relevant part, evaluated at (Z,0(Z)). The precise expression for the entries of Jg is

-1, ifi=jand s=r
(Z,0(7)) = 0, ifi=jand s#r
Bl%l[Gi(s,r) — L], otherwise,

E
_J jﬂ
Jg —1)’

with Jg € RISI x RIS, Observe that we can decompose Jg as Jg = BJ — I, where

-6

Let p1,...,15) € C be the eigenvalues of J (counting multiplicity). Since we have assumed that

ovis
Oxir

is,gr _
‘]B =

i,7 € {1,2}. Thus Jg has the form

> .G (s,s) # k, the trace of J is not zero. Therefore, there exists some eigenvalue uy,k € {1,...|S|},
with a nonzero real part. We have that, if v is an eigenvector associated with jux, then jy is an eigenvalue of
J with corresponding eigenvector u = (v,v) € RIS x RIS since

Ju— 0 J\ (v [(Jv\ _ u

“\7 o) \v) = \Jy) T ™
If Re(pr) > 0, the proof is finished. If Re(y;) < 0 for all I € {1,...]S]} then Y=, Re(y) < 0. Also, the
trace of J is zero and therefore there exists an eigenvalue p of J (which is not an eigenvalue of J) such that

Re(p) > 0.
Finally, observe that

1 %
det (8] — pl) = ——det [ J — 1), 1
et (8 = 1) = st (1= 1) (515)
and it is straightforward from (5.15)) that 7z is an eigenvalue of the matrix Jg if u = (1+7)/3 is an eigenvalue
of J. Then t = Bu — 1 whose real part is strictly positive for a sufficiently large 3. O

Proposition 5.17. There exists 8 > 0 large enough and at least one rest point (Z,0(T)) € X x A of (4.3)
such that,
P((2n, An) = (7,0(3))) = 0.

Proof. We can directly apply Brandiere and Duflo [7, Theorem 1]. The hypotheses of the theorem concerning
the continuous dynamics and the step size of the discrete process are immediately satisfied. The only
condition that needs to be verified if how powerfully the noise is projected in a repulsive direction at (z, o (T)).
Explicitly, it is sufficient to prove that

liglJirnfE(Heﬁil > | ) >0 as. on the event I'(Z,0(Z)) = {(zn, M) — (T,0())}, (5.16)
since the noise term €, = (U,, M,) is almost surely bounded. Here, the upper-script pr stands for the

projection onto the repulsive subspace spanned by the eigenvectors associated with the eigenvalues with a

16



positive real part.

Fix i € {1,2}, take § large to have an eigenvalue p of VU (Z,o(Z)) such that Re(u) > 0 and let v
be a correspondent (possibly generalized) eigenvector. The vector v has the form v = (v, v3). Note that,
necessarily, vo # 0 since, if vo = 0, then v; is a vector of ones, which is indeed an eigenvector for the upper-left
block of V¥(Z, 0(T)) having -1 as the associated eigenvalue. So that

E(len il | Fa) = E(l(ensta, vIVI® | Fa) = cE((M750)* | F),

with j = —i and for some r € S and ¢ > 0. In view of (4.2)),

) . . 1 . . . . 1

Jr 2 — . — I (I ))? Z ) = I (I — I (I -
B | 7o) = Bl(L g,y o ) | 7 40 +) = a1~ o () + 0 3):
To conclude, take the liminf,, in the previous expression on the event I'(Z,o(Z)) to conclude that (5.16)
holds, since o* is bounded away from zero for every i € {1,2} and s € S. O

As observed by Pemantle [25], nonconvergence results like the previous proposition are not very interesting
if the set of unstable points is too large. The most useful consequences can be stated when this set is finite, as
in our example ; moreover, it is easy to check that (T, o(T)) is the unique rest point of for all g > 0.
The previous result shows that, for a large /3, (Z,o(Z)) has probability zero of being the limit of the process,
while for small 8 it is almost surely the limit. More precisely, we have that p(VU(Z,0(Z))) > 0 if 5 > 3.
Note that, since in this particular case the equilibrium point is known, we can show that (Z, (%)) is stable if
2na = 28 < 6, i.e. if f < 3. Therefore, by using Proposition[5.10] we can fully characterize the behavior of the
process in this case (except for the case where 5 = 3). Simulations suggest that there is a cycle that attracts
the trajectories and that the empirical frequencies of play still converge to o (), when f is large (see Figure.

Figure 2: The mixed action o} of Player 1 when 3 = 4.

Finally, note that the same analysis will not work for a general class of games (for instance zero-sum
games, as shown by the game given by Equation ) Nevertheless, similar analysis can be applied to
cases where the game has a unique equilibrium which is known to be unstable. See, for instance, [28, Chapter
9], where this type of study is applied to some of the most well-known dynamics.
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