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Abstract

We investigate the convergence properties of an adaptive learning model that over-
laps those of stochastic fictitious play learning and experience-weighted attraction
learning in normal form games with strict Nash equilibria. In particular, we consider
the case in which adaptive players play a game against not only other adaptive players
but also committed players, who do not revise their behaviour and follow a fixed (strict
Nash equilibrium or corresponding logit quantal response equilibrium) action. We then
provide conditions under which the adaptive learning process, the choice probability
profile of adaptive players, almost surely converges to the logit quantal response equi-
librium that committed players follow. We also provide conditions under which the
adaptive learning process of a more general adaptive learning model which overlaps
those of payoff assessment learning and delta learning converges to a logit quantal re-
sponse equilibrium different from the equilibrium that committed players follow with
positive probability. Lastly, we also consider the case without committed players and
provide conditions under which the adaptive learning process of the general learning
model converges to each of the logit quantal response equilibria corresponding to strict
Nash equilibria with positive probability.
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1 Introduction

In the standard learning-in-games literature, we mostly consider the case in which adaptive
players (e.g. incomers in a touristic city) following the same behaviour and learning rules
interact only with each other and play the same game (e.g. incomers choose a side when
passing by each other on a narrow street) repeatedly over periods. However, we can
also consider the case in which adaptive players sometimes face other types of players
(e.g. one-time visitors, local residents) who do not adjust their behaviour and commit
to the same action (e.g. keeping on the right) in each period. In the experiments of
finitely repeated prisoner’s dilemma games and public goods games for instance, we also
observe that some players seem to be not adjusting their behaviour but committing to
a cooperative behaviour over periods.! One intriguing question is whether the existence
of such committed players affects adaptive players’ long-run behaviour. In particular,
it is interesting to know (i) whether the existence of committed players guarantees the
convergence of adaptive players’ behaviour; (ii) if so, which equilibrium concept describes
adaptive players’ long-run behaviour; and (iii) if there exist multiple equilibria, whether
adaptive players end up playing one specific equilibrium or one of any equilibria in the long
run.

In this paper, to address these questions, we theoretically investigate the convergence
properties of an adaptive learning model which overlaps those of stochastic fictitious play
learning (Fudenberg and Kreps, 1993; SFPL hereafter) and experience-weighted attraction
learning (Camerer and Ho, 1999; EWAL hereafter) with a possibility that adaptive players
play a game against not only other adaptive players but also committed players, who do
not revise their behaviour over periods.

In particular, we consider the following situation. In each period, from the adaptive
players and committed players, a pair is randomly chosen to play a fixed finite normal form
game. When facing the game, each adaptive player assigns a subjective payoff assessment,
which corresponds to the expected payoff with the empirical distribution in the SFPL model
and an attraction in the EWAL model, to each of her actions and chooses the action which
has the highest assessment with the highest probability: she may choose the other actions
with some positive probability. If an adaptive player is picked and plays the game, she
observes payoff information for each of her actions, including the foregone/counterfactual
payoff information, the payoff that she could have obtained if she had chosen the other
actions. Using the payoff information, the adaptive player revises her assessment in such a
way that the new assessment becomes a weighted average of the past payoffs. Therefore,
each adaptive player chooses an action which has performed relatively better than the
other actions with higher probability and adjusts the assessments towards the payoffs.
Regarding the behaviour rule of committed players, we assume that each of them chooses
an action according to a fixed probability distribution in each period and does not revise

!See Andreoni (1995) and Andreoni and Miller (1993) for instance.



her behaviour. We also assume that each adaptive player cannot identify whether her
opponent is an adaptive player or a committed player, so she follows the same behaviour
rule even when she interacts with a committed player.

We first consider the simplest case in which there exist only two adaptive players 1
and 2 and one committed player v, where in each period, (i) adaptive players interact with
each other with probability p; 2 and interact with a committed player v with probabilities
p1,, and pa,, respectively, and (ii) paired players play a fixed symmetric 2 x 2 game. In
particular, we assume that pj 2 € [0, 1], and thus this model corresponds to (i) the typical
learning model in games when p;o = 1 and (ii) the model in a single-person decision
problem,? in which each player plays the game against nature, choosing a state according
to some fixed probability distribution, when p;2 = 0. We then consider a more general
case in which there may exist more than two adaptive players and committed players, a
pair of whom are randomly chosen to play a fixed finite two-player normal form game in
each period.

To investigate the convergence properties, we additionally assume that (i) each adaptive
player follows the logit choice rule and (ii) committed players follow a logit quantal response
equilibrium (McKelvey and Palfrey, 1995; LQRE hereafter) that is close to a strict Nash
equilibrium. In particular, we can show that any strict Nash equilibrium can be LQRE
approachable (Goeree et al., 2016), meaning that there exists a sequence of LQREs which
approaches the strict Nash equilibrium as the precision parameter of the logit choice rule
increases. Therefore, we can pick any strict Nash equilibrium for committed players to
follow.

From the existing literature, such as the SFPL model, we know that (a) in a single-
person decision problem, adaptive players learn to choose the optimal action, and (b)
in the case where adaptive players do not interact with committed players, each of the
Nash equilibria can arise with positive probability.? In this paper, we also consider the
intermediate case, that is, the case in which the probabilities of adaptive players interacting
with other adaptive players are between 0 and 1, and we provide a condition for the
probabilities under which the equilibrium that committed players follow is uniquely chosen
by adaptive players in the end. In particular, we show that if the probabilities of adaptive
players facing other adaptive players are smaller than some normalised value of what players
lose by unilaterally deviating from the equilibrium that committed players follow, then
adaptive players learn to follow the equilibrium almost surely. We also relax assumption
(ii), that is, committed players may not follow an LQRE, and provide the condition for the
convergence.

As an auxiliary argument, we also focus on the result of Benaim and Hirsch (1999)
showing that the SFPL process without committed players converges to any of the strict
Nash equilibria with positive probability. In this paper, we extend the result and show

2The case in which an adaptive player faces a single-person decision problem is also investigated in Funai
(2014).
3We show that the same result holds in a more general adaptive learning model.



Figure 1: Symmetric 2 x 2 game

s t
Ts,5sTss | TsityTt,s

ﬂ—t,87 Ts,t Tt,ty ﬂ—t,t

that without committed players, an adaptive learning process of a more general learning
model which overlaps those of SFPL, EWAL, payoff assessment learning (Cominetti et al.,
2010; Funai, 2019; Leslie and Collins, 2005 and Sarin and Vahid, 1999) and delta learning
(Yechiam and Busemeyer, 2005, 2006) also converges to any of the strict Nash equilibria
with positive probability.

Then, by utilising the result, we show that in the general learning model, if the prob-
abilities of adaptive players interacting with other adaptive players are greater than some
normalised value of what players lose by unilaterally deviating from the equilibrium that
committed players follow and shifting to another equilibrium, then adaptive players end
up following the different equilibrium with positive probability.

The rest of paper is organised as follows. In Section 2, we focus on the simplest case in
which there exist only two adaptive players and one committed player, a pair of whom is
randomly chosen to play a fixed symmetric 2 x 2 game. In Section 3, we consider the case
in which there may exist more than two adaptive players and committed players, a pair
of whom play a finite two-player normal form game. In Section 4, we consider the case
in which adaptive players may learn to follow an equilibrium which may be different from
that which committed players follow. In Section 5, we provide a brief literature review. In
Section 6, we conclude the argument.

2 The simplest case: two adaptive players and one commit-
ted player playing a symmetric 2 X 2 game

In this section, we focus on the simplest case in which there exist only two adaptive players,
who are labelled 1 and 2, and a committed player, who is labelled v, a pair of whom are
randomly picked and play a fixed symmetric 2 X 2 game, whose payoff matrix is shown in
Figure 1, repeatedly.* In detail, in each period, adaptive players 1 and 2 are chosen with
probability pi o, adaptive player 1 and committed player v are chosen with probability p1 ,,
and adaptive player 2 and committed player v are chosen with probability ps ., where the
probabilities are fixed over periods and p1 2 +p1, +p2, = 1.

When adaptive player ¢ € {1,2} faces the committed player, the committed player
chooses an action according to a probability distribution which is fixed over periods. Let
Ty, u € {s,t}, be the probability that the committed player chooses action u and T =

4General cases are discussed in Section 3.



Figure 2: Pedestrians’ coordination game
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(ZTs,T¢) be the probability profile.

Note that (i) when p;2 = 1, this model corresponds to a typical adaptive learning
model in games; (ii) when p;o = 0, this model corresponds to the model in a single-
person decision problem, in which the committed player corresponds to nature, her actions
correspond to states and T corresponds to the probability distribution over states; and
(iii) when p; 2 € (0,1), each adaptive player learns through the interaction with the other
adaptive player and the committed player.

For instance, consider the case in which, on a narrow street in a city, pedestrians have
to choose a side when they pass by each other. In this example, there exist two incomers,
who correspond to adaptive players, who (i) interact with each other with probability p o
and (ii) interact with the local resident, who corresponds to the committed player choosing
the same side each time, with probabilities p;, and ps,. In this example, during the
interaction, they play the coordination game of Figure 2, in which each player chooses L
(left) or R (right) and receives a payoff of 1 when they smoothly pass by each other, and
a payoff of 0 otherwise.

Now, we describe the behaviour rule of adaptive players. In each period, each adaptive
player assigns a subjective payoff assessment to each of her actions: let @, ;. denote player
i’s payoff assessment on action u in period n € N U {0}, where we assume that the initial
assessment is bounded.® After playing a fixed game in each period n, for each action, each
player ¢ observes a payoff, which is denoted by , ;,, and updates the payoff assessment
using the payoff information in the following manner: for each n, ¢ and u,

0 ) Quiu + Ani(Tniu — Qniys;)  if 4 is picked,
+1,5u — .
S Qniu otherwise,

:Qn,i,u + )\n,i]]-n,'i (Wn,i,u - Qn,i,u)a

where X\, ; € [0, 1] represents player i’s weighting parameter in period n describing how
much the payoff information of each action affects the next period’s assessment, and 1, ;
represents the indicator function such that 1, ; = 1 if player 7 is chosen to play in period n,
and 0 otherwise. Therefore, the subjective payoff assessment for each action is a weighted
average of the past payoffs, and if the observed payoff of an action is greater (less) than

In the SFPL model, the payoff assessment of each action corresponds to the sample average of the
past (realised or foregone) payoffs of the action, and in the EWAL model, it corresponds to the action’s
attraction.



the current assessment of the action, the player revises and raises (lowers) the assessment.
Regarding 7, ; ., the payoff that adaptive player i observes for action u in period n, we
assume that she observes m,, if the opponent player chooses v: for each n, i and u, if the
opponent player chooses action v,

Tniu = Tuv-

Note that since the opponent player can be the other adaptive player or the committed
player, m, ;. can be expressed as follows:

Tniu :ln,i,—i g Tu,v ]]-n,—i,v + ]]-n,i,u 5 7Tu,vﬂn,u,v,
ve{s,t} ve{s,t}

where 1, ; _; and 1,;, are the indicator functions for the events that the other adaptive
player —i and the committed player v, respectively, are chosen to play in period n, and
1,—i» and 1, ,, are the indicator functions for the events that the other adaptive player
and the committed player, respectively, choose action v in period n.

Note that when an adaptive player is chosen to play, she also updates the assessment
of the action which is not chosen by using the payoff information which would have been
obtained if she had chosen the action. Therefore, in this section, we consider the adaptive
learning model with (partial) foregone/counterfactual payoff information; in other words,
we focus on the belief-based part of the EWAL model.

In terms of the weighting parameter profile for each player, we assume that the profile
satisfies the following condition: for each i,

Z)\m = 0o and z:(/\m')2 < 00 (1)

almost surely. This condition means that the influence of the payoff information on her
behaviour diminishes over periods but does not vanish completely in later periods. Note
that as opposed to the standard assumption in the SFPL model, we do not need to assume
that the weighting parameter profile should be the same among players: how the payoff
information affects her behaviour can be different among players. However, we assume
that for each player, the weighting parameter for each of her actions should be the same.
Note that when A, ; = n%rl, the model corresponds to the SFPL model.

Next, we describe the choice behaviour of each adaptive player. In this paper, we
assume that she follows the logit choice rule. In detail, for each n, ¢, u and her assessment
profile Qn i = (Qn,i,s, Qn,i;t), Player i’s choice probability for action u in period n, which is
denoted by %y, ¢.; 4, is defined as follows:

eUQn,i,u

0Qnin’
Zve{s,t}e ey

Tn,o0,u —



Figure 3: Symmetric 2 x 2 game
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where o represents player i’s precision on her decision. Note that (i) the precision parameter
for each player is fixed over periods; (ii) if o — oo, the choice rule approaches the one which
chooses the actions with the highest assessment with equal probability; and (iii) if o — 0,
the choice rule approaches the one which chooses each of her actions with equal probability.
We also let zy,5i = (Tno,is, Tno,it) denote adaptive player i’s choice probability profile
and Tpo = (Tne.1,Tn,02) denote the adaptive players’ choice probability profile in period
n. We also assume that players’ decisions are conditionally independent: the probability
that adaptive players choose action profile (u,v) in period n is given by @y 4,14 X Tn,6,2,0-
In the following argument, we call the sequence {z, , : n € NU{0}} an adaptive learning
process.

Also, we assume that each adaptive player follows the same choice and updating rules
during the interaction with her opponent, whether the opponent is the other adaptive player
or the committed player, in each period. One interpretation of this assumption is that the
adaptive player cannot distinguish or does not pay attention to whether her opponent
is the other adaptive player or a committed player. In the context of the pedestrians’
coordination problem, players never ask each of the other pedestrians whether they follow
some local rule or whether they are local residents, so they never learn the types of her
opponents.

In this paper, we first focus on the case in which players face a game with multiple
strict Nash equilibria: letting A := 7, — m s and B := m; 4 — 75, we focus on the case in
which A, B > 0 or A, B < 0. One example of this case is the symmetric game shown in
Figure 3.

Before providing a sufficient condition for the convergence in this case, we additionally
assume that the committed player follows an LQRE with o. That is, we assume that
(Ts, Tt) = (255,75 ), where x; , denotes the equilibrium choice probability for action u
and satisfies the following condition: for each u € {s,t},

* *
eo—(ﬂ—“,s‘ra,s +7Tu»t$a,t)

Zve{s,t} €

0 (To,s85 s+ 0,027 1)

In particular, for the LQRE that committed players follow, we pick the one which corre-
sponds to strict Nash equilibrium (s, s), that is, the one which is closest to the strict Nash
equilibrium; in the following section, we show that any strict Nash equilibrium is LQRE

6As each player observes the payoff information of unchosen actions, it is sufficient to focus on the 2 x 2
in Figure 3 where A := 7,5 — m,s and B := my,; — 7s,¢ to analyse the original game.



approachable (Goeree et al., 2016). Thus, in the following argument, we pick large enough
o and the LQRE such that z7 ; > 27

In the following statement, we provide a condition for the conditional probability of
each adaptive player facing the other adaptive player, given that she is chosen, under which
adaptive players learn to follow the LQRE that the committed player follows almost surely.

Let
P12 P12

P12+ Py P12+ D2y

Pmax ‘= max{

be the maximum probability of each adaptive player facing another adaptive player given
that she is chosen to play the game.

Proposition 1. If ppax < %, then there exists @ such that for any o > &, the adaptive

learning process z, , almost surely converges to the LQRE z}, that the committed player
v follows.

Proof. See Appendix A. O

It is worth noting that in Appendix A we provide a more general condition for the
convergence. Note also that the condition pmax < i A|f|B coincides with the one under
which players do not choose t at the Bayesian Nash equilibrium when the committed player
chooses s with probability one. However, players in this model require less knowledge than
in the equilibrium theory: each adaptive player does not need to know the probability of
facing the committed player, the (mixed) action that the committed player chooses or even
the existence of the committed player.

Also, note that since we can pick any o which is greater than & and the LQRE ap-
proaches the Nash equilibrium as ¢ approaches infinity, the argument holds when the
committed player (almost) follows a strict Nash equilibrium.

To understand the condition further, it is helpful to focus on some specific games. We
first consider the pedestrians’ coordination game with the payoff matrix in Figure 2. Note
that |A + B| = 2 and |A| = 1. Therefore, incomers learn to follow the local rule if the
conditional probability of each incomer facing the other incomer is less than that of facing
the local resident: ppax < % if o is large enough. We can also show that if the conditional
probability of each incomer facing the the other incomer is greater than that of facing the
local resident, then there is a possibility that incomers fail to follow the local rule and form
a different rule.®

Next, consider the game of Figure 4. Note that |A + B| = 3, |A| = 2. In this case, for
large enough o, (i) if the committed player follows the LQRE corresponding to (L, L) and
if Pmax < %, then the adaptive learning process almost surely converges to the equilibrium,

“For instance, there exist three LQREs if ¢ > 2 in the coordination game of Figure 2. Note that the
number of equilibria depends on the precision parameter. If the precision parameter becomes small, then
there exists only one LQRE. For the analysis of the case, see Funai (2019).

8This is shown in Section 4.1.



Figure 4: symmetric 2 x 2 game with risk- and payoff-dominant equilibria
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Figure 5: Prisoner’s dilemma game
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and (ii) if the committed player follows the LQRE corresponding to (R, R) and if ppax < %,
the process almost surely converges to the equilibrium. Note that (L, L) risk-dominates
(R, R) but (R, R) payoff-dominates (L, L). Note also that the condition for the convergence
to the risk-dominant equilibrium is weaker than the one for the convergence to the payoff-
dominant equilibrium: for the preservation of the risk-dominant local rule, incomers need
to interact with the local resident less often than for the preservation of the payoff-dominant
local rule.

We next consider the case in which there exists only one strict Nash equilibrium, the
symmetric games with a strictly dominant action, in which, without loss of generality, we
assume that s is the dominant action for each i: for each v € {s,t}, w5, > 7. The class
of such games includes prisoner’s dilemma games, whose payoff matrix is shown in Figure
5. Then, in the following statement, we show that in these games, adaptive players in the
end follow the LQRE corresponding to the strictly dominant strategy equilibrium for any
interaction probability profile.

Proposition 2. In symmetric 2 x 2 games with a strictly dominant action, for any pmax €
[0,1], there exists @ such that for any o > @, adaptive learning process z, , almost surely
converges to the LQRE z}, that corresponds to the strictly dominant strategy equilibrium
and that the committed player v follows.

Proof. See Appendix B. O

3 Generalisation

3.1 Finite two-player normal form games

In this section, we generalise the argument above so that (i) there may exist more than
two adaptive players and (ii) the game that they play may not be symmetric and may have
more than two actions. In detail, in each period n € NU{0}, a pair of players is randomly



chosen from the set of players denoted by N' = {1,2, ..., N} to play a fixed finite two-player
normal form game. In particular, there exist two types of players, type 1 and type 2, and
in each period, a type-1 player and a type-2 player are chosen to play a game (7,5,7),
where (i) 7 = {1,2} corresponds to the set of types, (ii) S = S; x S2 is the set of action
profiles with S; being the set of actions for type-7’s players and |S;| < oo for each 7 € T,
and (iii) m = (71, m2) : § — R? is the payoff function, where for each 7 € T, 7, : S = R
represents the payoff function of type-t players. Therefore, for each i € N, if player i’s
type is 7, then the set of actions of player ¢, S;, and the payoff function of player i, 7;, are
S; and 7, respectively.

Let 7, s, denote the payoff that player i observes for action s; € S; in period n and
Tniss = Ti(Si,Sn—i) = Zs,ies,i mi(Siy5—i)1p —is_,, where (i) 1, ;s , is the indicator
function such that 1, _;s , = 1 if player i’s opponent chooses s_; in period n and 0
otherwise and (ii) sy —; is the action that player i’s opponent chooses in period n.

As in the standard argument, we extend the domain of the payoff function to the set
of mixed actions: let m;(x) = E(sz-7s,i)es mi(Si, S—i)%i s, T—is_, denote the expected payoff
of player i given a mixed action profile z € A(S) := {(z;4) € [0,1]% : Dos,es; Tisi =
1 for each i} and let m;(s;,x—;) = Zsﬂ_esﬂ_ mi(Si,S—i)T—i s , denote the expected payoff
of player i when player i chooses s; with probability one and the opponent player follows
mixed action z_;.

For the purpose of formal analysis, we introduce the following notation. Let (2, F,P)
be the probability space on which all the random variables that appear in this paper are
based. Let F, denote the o-algebra which is generated by the initial payoff assessments,
the information about which pair is picked and about all the choices of players up to, but
not included, period n: F, = 0(Qo, Lm i j; Lm,is;, : m < n,4,5 € N,s; € S), where Qo
denotes the initial assessment profile and 1,,; ; denotes the indicator function such that
1p,,; = 1if players ¢ and j are picked in period m and 0 otherwise.” This generates a
filtration {F,,}, where F,,, C F,, for m < n.

For any i and j € N, we assume that the event that they are picked is independent of
any other events and its probability is fixed over periods: for each n, let p; ; := E[1,;; |
Fn] = P({i and j are picked in period n} | F,) denote the probability that players i and
j are picked in period n. We assume that different types of players are picked in each
period: for each 7, p; ; = 0 for ¢, j € N;, where N; denotes the set of players of type 7 and
N = N1 UN;. Letting p; := > jeN Pigj be the probability that player i is chosen to play in
period n, we assume that p; > 0 for each i € N: we only focus on the decision problems of
players who actually play the game.

As in the previous section, there exist committed players, who follow a fixed (mixed)
action in each period, for each type.l® In particular, let (i) N;; = {1,..., N;;} and A}, =
{1,...,N;,} denote the sets of adaptive players and committed players, respectively, for

9The initial payoff assessment profile is formally defined in the following argument.
10T Section 2, there exists only one committed player. Since in that section, we consider the case in
which two adaptive players face a symmetric game, we omit the argument for their types and regard two

10



type 7 € {1,2} and (ii) N} = U;N;; and N, = U, N, denote the set of adaptive players
and committed players, respectively. We assume that each player is either an adaptive
player or a committed player: N; = N.; UN;, for each 7 and N = N, UN,,.

Next, we introduce notation regarding the interaction probabilities between players.
Let (i) Pijli = p;;j denote the conditional probability of ¢ and j being matched given
that 7 is chosen, (ii) for a set of players J, py 7y = Zjej P(i,j))i denote the conditional
probability that i and a player in set J are matched given that ¢ is chosen, and (iii) for

JE T, pijG,g) = % denote the probability that players ¢ and j are matched given

that 7 is matched with a player in set 7.

Next, we describe adaptive players’ behaviour. In each period, each adaptive player
(i) assigns a subjective payoff assessment to each of her actions, which represents what
she expects from choosing the action, and (ii) chooses an action which has the highest
assessment with some randomness. For each n € NU{0}, i € M, and s; € S;, let Qn,is; €R
denote the payoff assessment of player ¢ on action s;, let Qi = (Qn.is,)s;es, denote player
i’s assessment profile, and let @, = (Qn;)icn; denote the assessment profile in period n.
We assume that the initial assessment profile is bounded: there exists some Qo max € R
such that ||Qo||ec < Qo max almost surely, where || - ||oc denotes the maximum norm.

Given her payoff assessments, each adaptive player chooses an action which has the
highest assessment. In particular, we consider the case in which each of the payoff assess-
ments is subject to some random perturbation. In detail, given that noise is added to each
of the assessments, each adaptive player chooses an action which has the highest perturbed
assessment: for each n, 7 and s;,

P (player i chooses s; in period n | F,) = P(s; = arg inaé’((Qn,i,ti + i),
where 7; +, represents the perturbation of the assessment of action ¢; of player i.!1 In this
paper, we assume that (1; ¢, )i, is independent and identically distributed with the extreme
value distribution, F'(n;,) = exp(—exp(—omn;+,)), so that adaptive players follow the logit
choice rule: for each n, ¢ and s;,

Tn,oi,s; = (player i chooses s; in period n | F,)

ea—Qn,i,si
- UQn,i,t- ’
ZtieSi € ¢

where z, 5, denotes the probability that player i chooses s; in period n given her as-
sessments @y, ; and precision parameter 0. We assume that (i) the precision parameter is

committed players for both types as just one committed player.

11n the payoff assessment learning model, the perturbations are sometimes interpreted as emotional noise
on the assessment (Sarin and Vahid, 1999), while in the SFPL model, the perturbations are interpreted as
random payoffs (Fudenberg and Kreps, 1993).

11



the same among players and fixed over periods and (ii) players’ decisions are conditionally
independent: for each n, J C N, and (sj)jes € XjesS;,

P((s)jeg is chosen in period n | F,,) = H Tn,oj,s;-
JjeTJ

In the following argument, we call the sequence {2, s = (Tnois;)is; - » € NU{0}} an
adaptive learning process.

Next, we describe the updating rule, the way in which adaptive players revise their
payoff assessments. In each period, each adaptive player updates her assessments using the
payoff information in the following manner: for each n, 7 and s;,

Qn,iys; + i (m(si, 55) — Qn7i7si) if ¢ and j are picked and s;

Qn+1,iys; = is chosen in period n,
Qnis; if ¢ is not picked in period n
:Qn,i,si + )\n,i E ]ln,i,j( E 771'(81'7 Sfi)]ln,j,s,i - Qn,i,si)-
jGN S_;€S_;

Note that when player ¢ is chosen, the assessment of each of her actions is updated. It
means that each player also observes what she could have received if she had chosen other
actions: players observe foregone/counterfactual payoffs.!? However, when players are not
chosen, they do not obtain payoff information and do not update their payoff assessments.
Therefore, each adaptive player observes payoff information for all of her actions only when
she has been chosen to play the game.

Regarding the behaviour of committed players in each type, we assume that in each
period, the choice probability profile of each committed player is fixed: for each n and T,
let T; ks, denote the probability of committed player k € N, of type 7 choosing action
sk € Sr, that is,

P(Committed player k of type T chooses action s, in period n | ;) = Zr s, -

Also, we assume that each committed player chooses an action independently: for J C N,
K C Ny, (sj)jeq € XjegSis (Sk)kex € XkexSk and s = (s;, 8) € Xje7Sj X Xerc Sk,

P(s is chosen in period n | F,) = H Tn,o.j,s; X H Trk,sp
jeT keK

In particular, we assume that committed players follow an LQRE action of their own
type, where the LQRE is close to s* = (s}, s3). First, we provide the definition of LQRE
for a more general game (Z, S, 7), where (i) the set of players, Z := {1, 2, ..., [}, may consist

121f players know the payoff function, then the assumption means that each player imagines what she
could have obtained if she had chosen the other actions.
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of more than two players; (ii) S = X;ez.5; denotes the finite set of action profiles; and (iii)
the payoff function is 7 : S — R!, where m; : S — R denotes the i-th component and
corresponds to player i’s payoff function.

Definition 1. A logit quantal response equilibrium of the normal form game (Z, S, 7) is a
mixed action profile x} = (93?;152)231 such that for each i € 7 and s; € S;,

*

Uﬂ'i(Si,IU’,i)

e
Uﬂi(ti x* 7.) ’
ZtiESi € et

where for each t; € S;, mi(ti,x), ;) == Zs,iex#isj mi(ti, s—i) [1

* J—
0,1,8;

*
0‘7.]78]"

*

Then we assume that for each i € Ny D pcne  Pk)|GN_r ) T—r s, = Top_rs _ fOT

each s_, € S_;, where x; = (x,7;,) is an LQRE which approaches s* as o — oo,
. ¥ +s.) is the equilibrium choice probability profile for type 7, and z3 is the

xa,'r - (xO',T,ST o,T,St

choice probability that the equilibrium assigns to action s; € S,. This means that in the
population level, committed players follow an LQRE. If each committed player follows the
equilibrium, meaning that T,y s, = 27 . o for each 7, k and s, then the condition holds.

The strict Nash equilibrium that committed players follow, s*, is considered as a con-
vention (e.g. keeping on the right on a narrow street) that the existing members of a society
(e.g. local residents) have already formed. In this paper, we allow some perturbation of
players’ behaviour so that their behaviour can be expressed as an LQRE. However, in this
paper, we do not consider a big perturbation of their behaviour. We take a perturba-
tion small enough so that there exist multiple LQREs if there exist multiple strict Nash
equilibria.

We say that a Nash equilibrium of the normal form game (Z, S, 7) is LQRE approachable
(Goeree et al. 2016) if there exists a sequence of LQREs with respect to o such that the
sequence approaches the Nash equilibrium as ¢ approaches infinity. To be more specific,
the strict Nash equilibrium s* = (s7); is LQRE approachable if there exists a sequence
{on : n € N} converging to infinity and a corresponding sequence of LQREs {z; :n € N}
such that for each ¢, 7 ;. — 1 as o, — 00.13

One natural questiofl is whether any strict Nash equilibrium is LQRE approachable,
so that we can pick any strict Nash equilibrium for the one that committed players follow.
The following statement answers the question. Note that in the following statement, we

consider a more general game (Z, S, 7) in which there may exist more than two players.

Proposition 3. In any finite normal form game (Z, S, 7), any strict Nash equilibrium is
LQRE approachable.

3The definition of Goeree et al. (2016), which also includes the case for a mixed Nash equilibrium, is
as follows: a Nash equilibrium ¢* = (¢/;,) is LQRE approachable if there exists a sequence {0, : n € N}
converging to infinity and a corresponding sequence of LQRE {z :n € N} such that for each ¢ and s;,
Ty s, —F Siys; @S Tp — OO.
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Proof. See Appendix C. O

Now we consider a condition under which the adaptive learning process almost surely
converges to an LQRE corresponding to a strict Nash equilibrium s*. Here, we take o large
enough so that the expected payoff of the equilibrium action is greater than those of the
other actions: we take o such that wg’;i = mi(si ;) — mi(si, xy ;) <0 for each s; # 7.
Note that ﬂg’;i — (s, 8%;) —mi(sf,s*,;) <0 as o — oo, so that the condition holds if we
take large enough 0. Let pmax := max; p; a;)j; and M = max;(|.S;| — 1).

Proposition 4. If

Mmaxs, s s [ Ti(8i,5-i) — (8], 5-5) — mi(si, 8%;) + mil(s], s75)]

<1,

o min; s [mi(si,57,) = mils, 57|
there exists o such that for any ¢ > @, adaptive learning process z,, almost surely
converges to the LQRE z% that committed players follow.

Proof. See Appendix D. O

Roughly speaking, Proposition 4 says that if the conditional probability of each adaptive
player facing another adaptive player is lower than some normalised value of what each
player loses by unilaterally deviating from the equilibrium s*, then adaptive players learn
to follow what committed players follow. If (i) there exist only one adaptive player and one
committed player for each type, (ii) paired players play the symmetric 2 x 2 game in Figure
3 and (iii) committed players follow the LQRE corresponding to s*, then |S;| =2, M =1,
|mi(siy 5-i) —mi(s], s—i) =mi(si, sZ5) +mi(s], s2,)| = [A+B|, ming s, [mi(si, s7;) —mi(s], s7)] =
A and ppax = max{pl’f_li_’f)l’u, pl,f_li_’;’u}, and thus the condition corresponds to that of
Proposition 1.

Next, we consider the case in which there exists a strictly dominant action s; for each
player. That is, for each i, there exists s} such that for s; # s¥, m;(sf, s_;) > m;i(si, s—;) for
s_; € S_;. Then we can first show that there exists a period after which the assessment of
the dominant action is always greater than those of the other actions.

Lemma 1. With probability one, there exists N such that for n > N, Q;?L,i,si ‘= Quis; —
Qn,i,sj < 0 for s; # s;"
Proof. See Appendix E. .

Given Lemma 1, we can show that for any interaction probability profile, adaptive
players learn to play the LQRE corresponding to the strictly dominant strategy equilibrium.

Proposition 5. For a game with a strictly dominant strategy equilibrium, for any p; ; €
[0,1], there exists & such that for any ¢ > &, the adaptive learning process z, , almost
surely converges to the LQRE z, that committed players follow and corresponds to the
strictly dominant strategy equilibrium.

Proof. See Appendix F. d
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3.2 When committed players do not follow a logit quantal response equi-
librium

In the previous section, to show that the behaviour of adaptive players corresponds to that
of committed players in the long run, we assumed that (i) the precision parameters for
adaptive players and committed players are the same and (ii) committed players follow an
LQRE. In this section, we first show that given the condition (i), if the assessment profiles
and choice probability profiles converge and the limit choice probability profile coincides
with the choice probability profile of committed players, then the choice probability profile
of committed players should correspond to an LQRE. In the following statement, we assume
that committed players of each type follow the same choice probability profile: Z; s =
Trls, = Trs, foreach 7€ {1,2}, k,l € N;,, and s; € S:.

Proposition 6. If the assessment profile almost surely converges and the limit choice
probability profile of each adaptive player is the same as the choice probability profile
of committed players of the same type, then the choice probability profile of committed
players corresponds to an LQRE.

Proof. See Appendix G. O

Next, we relax the condition (i) and consider the case in which the precision parameters
of adaptive players and committed players may not be the same. For instance, we can
consider the case in which each committed player chooses the same action with probability
one and adaptive players follow the logit choice rule in each period.

To analyse the case, we consider the following auxiliary payoff function: for each i € N,
and (s;,5-;),

i (80, 5-i) = PNy i (815 5—i) + (1 = pga gy ) mi(si, Ti),

where T_; = (T_is ,)s , and T_; 5, := ZkeN,w P(ik)|(N—r.,)T—7k,s_; for each s_;. That
is, the payoff of adaptive player i given action profile (s;, s_;) under the auxiliary payoff
function is the weighted average of (i) the payoff obtained from playing against an adaptive
player and (ii) the expected payoff obtained from facing committed players. Note that in
this case, we do not need to assume that = = z,; we can obtain the convergence even when
T; s, = 1 for some action s;.

Proposition 7. If 7}(s}, s* ;) > 7(s;,s* ;) for each i and s; # s} and

M maxi,shs,ﬁésii |7r£(5i> 372') - W;(8j7 S*i) - W;(Sia Stl) + 772(32(7 8i1)|

i <1
mlniysi |7Tz,'(8’ia Siz) - 7[';(3;, 5i2)| )
there exists @ such that for any ¢ > @, adaptive learning process z,, almost surely

converges to the LQRE z¥ that corresponds to strict Nash equilibrium s* under 7’.
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Figure 6: A graphical expression of the condition in Proposition 7

L L
0.0 0.2 04

Proof. See Appendix H. O

We now focus on the case in which (i) there exist only one adaptive player and one
committed player for each type, (ii) committed players follow Z and (iii) paired players play
a fixed symmetric 2 x 2 game. Note that the payoff function 7’ in this case is expressed as

. ; / o Pi,—i Pi,v =
follows: for i € {1,2} and v,w € {s,t}, ™, = ;= Tow T 5 s Due(s,t} Toau:
I ! / 2 : .
Also, let A :=m;  —m ¢ and Bj :=m,, —m . In particular, we focus on the case in

which A} > 0 for each i, that is, (s, s) is a strict Nash equilibrium under 7. Also, since any

strict Nash equilibrium is LQRE approachable, we focus on the LQRE such that z* . . > %

0,1,8
for each i. Then, by Proposition 7, we know that if A7 > 0 and %@ﬁ' < 1 for each

1, then there exists @ such that for any o > @, the adaptive learning process converges to
the LQRE z} under 7’.

To understand the conditions further, we focus on the case in which (i) players play the
game in Figure 3 and (ii) p(, i) = P(i,—i)|— 50 that A; = A", =: A" and B} = B’ ; = B’
and maﬁiﬁ@fﬂ = |A|,X,]|3/‘. Then we express the conditions A’ > 0 and |A‘/X,]|3/‘ < 1 graph-
ically using a two-dimensional graph with x-axis representing T, and y-axis representing
p(i7,i)|i.14 In particular, when A =1 and B = 1, the conditions are graphically expressed
as in Figure 6.

MNote that

A" =Apii, iy + AL = p, i) Ts — B(L = pi,—iypi) (1 — )
=(A+ B)(Ts + p(i,—i)li — TsP(i,—i))i) — B,
B' =Bpgi,—iyji + B(L = p(i, i) (1 = Ts) — A(L = pi,—0)}i)Ts
=(A+ B)(—Ts + Tsp(i,—iyi) + B and
A"+ B" =(A+ B)pg,—i)i-
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Note that (i) the dark shaded area on the lower right part of the diagram represents
the profiles (Zs, p(;,—i);) which satisfy the conditions; (ii) when T < 1, the upper limit for
the probability p(; _;); to satisfy the conditions should be less than 1/2.

Also, it is worth noting that if the precision parameters are the same among adaptive
players and committed players, even for the case in which s = 27 ; < 1, the upper limit
for the probability p(; _;; to satisfy the conditions is 1/2. Therefore, if we impose the
restriction that the precision parameters for adaptive players and committed players are
the same, we have a better upper limit for p; _;); to satisfy the conditions.

4 Locking into a strict Nash equilibrium, and the possibility
of convergence to any strict Nash equilibria

In this section, first, we do not consider the existence of committed players. In particular,
there exist only two adaptive players facing each other to play a finite two-player game
repeatedly. By focusing on this case, we may provide one possible explanation for the
existence of committed players: if adaptive players have enough experience of the game
and their behaviour is close to one strict Nash equilibrium, then with high probability, their
behaviour converges to the equilibrium. Also, we show that in any finite period, adaptive
players’ behaviour can be close to any strict Nash equilibrium with positive probability,
which means that any strict Nash equilibrium can be selected by the adaptive learning
process.
In particular, we consider the following updating rule:

Qn+1,i,si = Qn,i,si + )\nfyn,i,si ( Z Wi(sia Sfi):ﬂ-n,fi,s,i - Qn,i,si)v

S_4

where (i) {\,} satisfies condition (1) in Section 2; (ii) vpn s, is such that, almost surely,
Enisiln—is i | Fnl = Elynis; | FalB[lp—is , | Fn] for each n, i and s;; and (iii)

Elln, | Fo] = % In particular, we focus on the case in which v, ;. =

Zti o sit; Lnjit:, where vl sit; € [0,1] and ~; s, = 1 for any 4, s; and t;, and thus

Qniis; = Qnjis; + /\TL(Z 7£7si,tiﬂn,i,ti) ( Z Ti(8i,5—i) In—is_; — Qn,i,si)' (2)
t; S_;

Note that (i) when ’Yv{,si,ti = 1if t; = s; and 0 otherwise, the learning model coincides
with those of Cominetti et al.(2010), Funai (2019), Leslie and Collins (2005) and Sarin and
Vahid (1999); (ii) when ~; ., = 1 for each s; and ¢;, the model coincides with the one in
the previous sections; and (iii) when ~; 4, ¢, € (0,1) for s; # t; and v; 4,5, = 1, the model
coincides with that of Yechiam and Busemeyer (2005, 2006).

Here, 'Yz{,si,ti represents how much/whether the assessment of action s; is updated when
player ¢ chooses action ¢;. In particular, the parameter can represent a situation in which the
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player may obtain foregone payoff information for only some of their actions. For instance,
among multiple routes to a destination, when player ¢ chooses route A, she may obtain the
traffic congestion information for routes B and C, but might not obtain the information for
routes D and E as they are far from route A. In this case, we can represent the situation by
assuming that %{, DA= 'y;? ga=0 Also, ’y{ﬁ%ti can represent what player ¢ can guess for
the payoff of s; when choosing action t;. For instance, when player i walks on the left-hand
side of street A and passes by another pedestrian smoothy, she may be able to guess what
could have happened if she had walked on the different side of the street; however, if player
¢ had chosen street B instead, she might not be able to guess what could have happened
if she had walked on the left-side of street A and faced a pedestrian. Therefore, ’y; s;.t; can
represent the physical and psychological distance between the actions.!®

For analytical purposes, we rewrite equation (2) in the following manner:

Qn+1,i7si :Qn,i,si + )\n’)/n,i,si ( Z 772'(31'7 S—i)]ln,—i,s,i - Qn,i,si)

S_;

:Qn,i,si + )\n (in,i,si (Z Wi(siv S—i)xn,a,—i,s_i - Qn,i,si) + Mn,i,si)y (3)

5

where

Mn,i,si =Yn,i,s; ( Z 771'(51'7 Sfi)]ln,fi,s,i - Qn,i,si)
S—q
~ Tni,s; (Z mi(si, S—i)xn,m—i784 - Qn,iﬁi)‘
s_4

Then, by the stochastic approximation method, the discrete-time learning process can be
approximated by the solution of the ODE @); = % = h(Q:),'® where function h = (h;,) :
RISl — RIS is defined as follows: for each 7, s; and Q; = (Qtiis,)s

hisi (Qt) = Fp4s,(Ti(8i5 Tt0,—i) — Qtiisi)s

exp(0Qt,—is_;)
t_; GXP(UQt,_iytii) ’

Where :I:taa7_i = (xuo’v_iasfi) and xt7o'7_7;7577; = Z

15Sarin and Vahid (2004) also consider the case in which players observe partial foregone payoffs. In
particular, ’Yz{,s,;,t,, corresponds to fi(s;, ;) in their model. However, the difference between their model and
the model in this paper is that in their model, players use the payoff obtained by choosing an action to
update the assessments of similar but different actions. While in this paper, players use the foregone payoff
of each action to update its assessment.

16See Benaim (1999) and Borkar (2008) for details. Note that we can show that the assumptions (A1) to
(A4) in Section 2.1 of Borkar (2008) hold: (A1) holds as the logit choice rule is Lipschitz continuous and the
payoff function, assessments and {v,} are all bounded; (A2) holds as we impose the same assumption on
{An}; (A3) holds as {M,, } is a martingale difference sequence and the payoff function, assessments and {, }
are all bounded; (A4) holds since the initial assessment profile Qo is bounded and each period’s assessment
of each action is a convex combination of the assessment in the previous period and a payoff.
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Let (s}, s*;) be astrict Nash equilibrium and z; be an LQRE which approaches (s}, s*,)
as 0 — o0o. Let m* = (7T;k Si) denote the LQRE payoff profile such that for large enough o,
T} o > T, for each i and s; # s7.
"'We now find the domain such that

V(Q) = 1@ = 7[loo

becomes a Lyapunov function for the ODE. Let @ C RISI be such that for each Q € Q and
i, —K < Qis; — Qisr < fors; #s;and 0 < e < K, where we pick € and K such that
(m:(8i,87))is; € Q and |Qnis; — Qniir;| < K for any n, i, Qn, s; and ¢;.!7 Note also that
Q is an open set.

Lemma 2. There exists & such that for o > @, V becomes a Lyapunov function for

Q1 = h(Q¢) on Q.

Proof. See Appendix I. O
Now we consider the case in which the assessment process converges to an LQRE

payoff profile with high probability. Here, to utilise Corollary 12 of Borkar (2008), we

additionally assume that (i) there exists ¢ such that A, < ¢\, for any n > m,'® (ii) there

exists a constant C such that [|h(Q)||s < C,! and (iii) there exists a Lipschitz constant
L for h: for any  and Q’,

17(Q) = M@ )los < LIIQ — Q' ~-

Now we pick an open set B such that 7* € B C B C Q, where B is the compact closure of
B.

Proposition 8. For any B such that 7* € B C B C Q, there exists 7 such that for any
no Z n,

P(Qn = 7 | Qny € B) =1 —n(b(no)),

where b(ng) 1= (An)? and 1 : R — (0, 00) is such that n(x) — 0 as x — 0, and thus

n>ng

lim P(Q, — 7" | Qn, € B) = 1.

nog—o0

Proof. See Appendix J. O

1"Note that since (s}, s*;) is a strict Nash equilibrium, m;(s;, s* ;) —mi(sf, s*;) < 0 for each i and s; # s;.
In addition, since we focus on a finite game, we can pick ¢ > 0 such that 7;(s;, s* ;) —m:(s7, s7;) < —e for each
1 and s; # s;. In terms of K, since each assessment is updated in a convex combination manner, for each n,
i and s;, we have Qni,s; € [min{Qo,i,s;, mins_, m;(s;, s—i)}, max{Qo,i,s; , max,_, mi(si,s—i)}], and thus we
pick K such that K > | max; s, max{Qo,i s;, maxs_; m;(s;, S—i)} — min; s, min{Qo,i s, mins_, m;(ss, s—;)}|.

¥Note that for the SFPL model, ¢ = 1.

9Such C exists due to the fact that the assessment, payoff function and + are all bounded.
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Roughly speaking, Proposition 8 says that in later periods, if the assessments are aligned
so that the assessment of the strict Nash equilibrium action becomes the highest for each
player, then with high probability, the process converges to the Nash equilibrium. Ianni
(2014) shows a similar result on the reinforcement learning model of Roth and Erev (1995)
and Erev and Roth (1998). Her result can be extended to the adaptive learning models
of Cominetti et al (2006), Funai (2019), Leslie and Collins (2005), Sarin and Vahid (1999)
and Yechiam and Busemeyer (2005, 2006).

Next, we show that assessments can be close to the payoff profile of any strict Nash
equilibrium with positive probability. Now, pick ¢’ and K’ such that 7* = (m;(s;,2%))is, €
B :={Q = (Qis;) : —K' < Qis, — Qi sy < —¢' for each s; # s7} and Bo = {Q = (Qis,) :
—K'<Q;s, — Qisr < —¢ for each s; # s¥} C Q. Note that B, is an open set.

Lemma 3. For any 7, there exists ng > 7 such that P(Q,, € B.) > 0.
Proof. See Appendix K. O

Given Proposition 8 and Lemma 3, we can show that any strict Nash equilibria can be
realised with positive probability by the adaptive learning process.

Proposition 9. For any strict Nash equilibrium, the probability of the adaptive learning
process converging to the LQRE corresponding to the strict Nash equilibrium is positive.

Proof. It follows from Proposition 8 and Lemma 3. O

Remark: Bendim and Hirsch (1999) show the same convergence result for the SFPL
process; we can show the result even when players are not required to know the payoff
function, as in the adaptive learning model of Sarin and Vahid (1999), for instance.

4.1 With committed players

In this section, we extend the result above to the case considered in Section 3, in which there
is a possibility that each adaptive player interacts with a committed player. In particular,
we consider the case in which there exist only one adaptive player and one committed
player for each type. As in the previous section, the updating rule of each assessment is
given as follows:

Qn—l—lﬂ‘,si = Qn,i,si + A\ Z ILn,i,j (’Ymi,si(z ﬂ-i(sh S—i)ﬂn,jasﬂ‘ - anivsi))7
JjEN 5_;

where v, ;5 = Zti ’y; sit; Injit;- Note that each player updates her assessments only when
she is picked, and 7, ;s is the discount factor for the foregone/counterfactual payoff in-
formation for action s;, where how much the information is discounted depends on which
action is actually chosen and v; ;. = (7] , 4,)t;» where v, .., € [0,1] and 7] , .. =1 for any
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1, s; and t;. Note also that since we focus on the same matching structure as in Section 3,
we have
Tn,o,5,5_; if .7 € Ma

ElLnjs_; | Fnl =
[ n,7,8—i | Fl {l‘i,si if j € N,

where without any confusion, T_; s , denotes the probability that the committed player
whose type is opposite to player ¢ chooses action s_;.

Now recall the auxiliary payoff function 7', which is defined in Section 3.2 as follows:
for each (s;,5-;),

i (86, 5-i) = P(i,—)imi(8is 5—i) + (1 = p(i—iyps)mi(5i, T—i),

where for each i, p; _;); represents the conditional probability of adaptive players being
matched given that adaptive player i is chosen and 7_; = (T_; 5s_,).

Proposition 10. If 7/(s}, s* ;) > wl(s;, s*,) for each i and s; # s}, then there exists & such
that for any ¢ > 7, the adaptive learning process with committed players converges to the
LQRE in ({1,2},S,7’) which corresponds to the strict Nash equilibrium (s}, s*,) under 7/
with positive probability.

Proof. See Appendix L. O

Note that in the case in which (i) players face the 2 x 2 game in Figure 3 with A, B > 0
and (ii) ; s = 1 for each ¢, the auxiliary payoff 7’ is given as follows:

mi(s,s) =4,

i (s, t) =A(L = p,—i)li)
mi(t,s) =0 and

mi(t,t) =Bpg,_i))i-

Therefore, (t,t) is a strict Nash equilibrium under 7" if Bp(; _;); > A(1 — p(;,—4))s) for each
i, that is, if pyin == min{plsﬁw,plyfjr’;w,} > AfB for v € Ny and v/ € N7 . In other
words, given each adaptive player being chosen, if the conditional probability of her playing
against the other adaptive player exceeds A_‘?_%B, then the probability of adaptive players
following the equilibrium (¢,¢), which is different from that which committed players follow,
is positive. In the example of the pedestrians’ coordination game with p1, = po .-, if each
adaptive player interacts with the other adaptive player more often than the committed
player, then there is a chance that adaptive players in the end choose a different side from
that which the local residents choose.

Next, we consider a more general case in which committed players follow strict Nash
equilibrium t* = (3, t3) while adaptive players may end up following strict Nash equilibrium
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*

s* = (s7,s3) in a finite two-player game. By Proposition 10, this may happen if
mi(s7,8%) = Pli—iyimi (575 855) + (1= pi—ay)mi(si, t2)
> Pi—iy)iTi(8is875) + (1= pi—iyp)mi(si t7;) = mi(si, 87;)
for each ¢ and s; # s;. In particular, this condition holds when

Wi(tfv ti@) - Wi(sfa t*,z)

mi(s7,8%) — mi(t], 8%,) +mi(t) ;) — mi(s),t,)

Pa,—i)|i >

for each .29 That is, if the conditional probability of each adaptive player interacting
with the other adaptive player is greater than some normalised value of what each player
loses by unilaterally deviating from the equilibrium that the committed players follow and
shifting to a different equilibrium, then adaptive players may end up following the different
equilibrium with positive probability.

Lastly, note that this result does not require players to observe foregone/counterfactual
payoffs: this result holds in the models of not only SFPL and EWAL, but also payoff
assessment learning (Sarin and Vahid, 1999; Cominetti et al., 2010; Funai, 2019; Leslie and
Collins, 2005) and delta learning (Yechiam and Busemeyer, 2005, 2006).

20Tf we rearrange the inequality in Proposition 10, we obtain
(Wi(837 sT;) — mi(si, 85;) + mi(si, 1) — Wi(Sf,t’ii))pu,fi)u > mi(si,t2;) — mi(si, o)

for each ¢ and s; # s;. Note that (i) mi (s}, s™ ;) —mi(si, s*;) > 0 and (ii) if the term inside the parentheses on
the left-hand side of the inequality above is equal to zero, m;(s;, s* ;) —mi(ss, 87 ;) +mi(si, t7;)—mi(s;,t2;) =0,
then m;(si,t2;) — mi(si,t2;) < 0 and the inequality above holds for any p(; _;); without contradiction. If
(83, t7;) — mi(si,t7) < 0 and m;(s], s%;) — mi(si, 874) + mi(ss, t2;) — mi(si, t=;) > 0, then

ﬂi(sia til) - ﬂ-i(s'?a tiz)

(milst, st = milsi s2) + milsist2,) = (s, t2))

)

P, —i)i = 0>

which holds for any p(; _;; without contradiction. If m;(si,t%;) — mi(sf,t2;) < 0 and m(s],s;) —
i (85, 8%5) + mi(84,t7;) — mi(sy,t7;) < 0, then
Wl(slvtil) — ﬂ-’b(s')::tiz)

(m(s;ﬂ 8% ) — mi(si, 8% ;) + mi(si, t* ;) — mi(s], tti))

D, <1<

)

which also holds for any p;,_;);; without contradiction. Lastly, if m;(si, tZ;) — mi(s7,tZ;) > 0,
i (Si7 tiz) — Wi(5:7 tiz)

Tt 57.) = milsis,) + milsi 17,) = milst 1))

)

P(i,—i)i > (

where the right-hand side of the inequality above takes the highest value when s; = t;. Therefore, if the
inequality above holds at s; = ¢, then the condition in Proposition 10 also holds.

22



5 Literature Review

In this paper, we focus on the case in which adaptive players and committed players are
randomly matched to play a finite two-player game. Utilising the SFPL model, which
the model of this paper overlaps, Fudenberg and Takahashi (2011) investigate a similar
situation in which players in some populations are randomly matched and play a symmetric
two-player game in each period, in which they only observe their own outcomes. They also
consider the case in which only some of the players are chosen to be active in each period,
which causes asynchronous belief updating among players. The model in this paper shares
the same motivation as theirs: we also consider the case in which players are randomly
matched and update their assessments only when they are chosen. However, they do not
consider the possibility that players are matched with committed players, who never revise
their behaviour. Also, they investigate the impact of initial conditions on the long-run
outcome via simulations; in this paper, we provide a theoretical prediction of the impact
of the initial conditions for the assessments on the long-run behaviour of adaptive players.

In the game theory literature, there have already been arguments concerning the exis-
tence of players who commit to a specific action or behaviour. For instance, in the finitely
repeated prisoner’s dilemma, Kreps et al. (1982) theoretically investigate how the belief
in the existence of players who commit to a “tit-for-tat” strategy or cooperative strategy
affects the behaviour of rational players in the equilibrium model. In the experimental
literature, for instance, Andreoni and Miller (1993) test the model of Kreps et al. (1982)
and argue that there actually exist such committed players, and Andreoni (1995) suggests
that we should incorporate such players into learning models.

Also, in the evolutionary game theory and learning-in-games literature, there have
already been analyses which consider the existence of players who do not revise their be-
haviour. For instance, Skyrms and Pemantle (2000) simultaneously consider the evolutions
of networks among players and of strategies that players choose in some games via a re-
inforcement learning scheme. However, they assume that as the evolution of strategies
is slower than the evolution of the structure, each player always chooses a fixed strategy,
but which can be different among players, during the evolution of the networks among
players.?! Although motivation for the existence of the committed players is the same, in
their paper, they mainly focus on the evolution of the networks and each player does not
learn which strategy to choose in the game.

We can also consider some other reasons for players committing to some behaviour. If
we consider that the commitment is due to inertia, Chmura, Goerg and Selten (2012) show
that on the experimental investigation of several learning models in 2 x 2 games, the rate
of the inertia of their lab agents tends to increase over time; they suggest incorporating the
inertia element into learning models. If we consider the commitment is due to some religious

2'Tn some non-game-theory literature, Singh et al. (2012) for instance, the effect of the existence of
committed agents on the social networks and the spread of some behaviour or opinions on some social
networks are considered.
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or cultural restrictions, Carvalho (2017) investigates perturbed best-response dynamics
with two populations, each of which may face a restriction on its own action set, which
may cause a commitment on a specific action, in coordination games.

For the stochastic stability analysis of an imitative model, Sandholm (2012) incorpo-
rates committed players instead of mutation.?? He justifies the existence of the players in
the following manner: they may not change their behaviour if they think the game that
they are facing is less important than other problems or if they engage in other activi-
ties which require more cognitive capacities.?> He shows that in two-action games where
committed players focus on one action and are not negligible, the imitative players end
up choosing the action that the committed players choose.?* In this paper, however, we
also consider the case in which players play the game with more than two actions avail-
able and provide conditions for the interaction probabilities under which we obtain the
convergence /non-convergence to the equilibrium that committed players follow.

Block et al. (2019) also incorporate the existence of committed players in a learning
model in which they assume that each action is taken by committed players to guarantee
experimentation on all the actions. However, they do not provide any implication for how
the degree of the interaction with the committed players affects the long-run behaviour of
their learning process. Also, they assume that for each action, there is at least one player
who follows the action, which we do not need to assume in this paper. Also, our motivation
for introducing committed players is different from theirs: in this paper, we focus on the
way in which the equilibrium that committed players follow is transmitted to adaptive
players.

When we do not consider the existence of committed players, Benaim and Hirsch (1999)
show that in coordination games, the SFPL process converges to any strict Nash equilibrium
with positive probability. Ianni (2014) shows the same convergence result for a different
learning process, the reinforcement learning process of Roth and Erev (1995) and Erev
and Roth (1998). While we also show that the convergence result is obtained in other
adaptive learning models, we mainly focus on the condition under which the equilibrium
that committed players follow is transmitted to adaptive players.

6 Conclusion

In this paper, we consider the case in which adaptive players interact with not only other
adaptive players but also committed players, who never revise their behaviour. We first
consider the case in which adaptive players in a model overlapping those of SFPL (Fuden-

%2eller and Mohlin (2018) also consider the existence of committed players in prisoner’s dilemma games
but in the equilibrium model: players do not revise their behaviour via their experience.

231In the evolutionary game context, Sawa and Zusai (2019) consider the situation where each player faces
multiple games and investigate the evolutions of actions in the games simultaneously.

24Nakajima and Masuda (2015) also argue that in a similar evolutionary model, players in a fixed popu-
lation always end up following what committed players play if committed players follow one specific action.
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berg and Kreps, 1993) and EWAL (Camerer and Ho, 1999) learn to play the equilibrium
that committed players follow. In particular, we show that if the conditional probabili-
ties of each adaptive player interacting with other adaptive players are lower than some
normalised value of what each player loses by unilaterally deviating from the equilibrium,
then adaptive players learn to follow the equilibrium.

We also extend the argument to a general model overlapping those of SFPL, EWAL,
payoff assessment learning (Sarin and Vahid, 1999; Cominetti et al., 2010; Funai, 2019;
Leslie and Collins, 2005) and delta learning (Yechiam and Busemeyer, 2005, 2006) and
consider the case in which adaptive players may not end up following the equilibrium that
committed players follow. In particular, if the conditional probabilities of adaptive players
interacting with other adaptive players are greater than some normalised value of what
each player loses by unilaterally deviating from the equilibrium that committed players
follow and shifting to a different equilibrium, then adaptive players may end up following
the different equilibrium with positive probability.

Lastly, as an auxiliary result, we also show that when adaptive players of the general
model interact with each other only, if their behaviour is close to an equilibrium in later
periods, then their behaviour converges to the equilibrium with probability close to one.

Appendix A Proof of Proposition 1

Before providing a proof of Proposition 1, we first introduce the following notation relating

to LQRE. For each u € {s,t}, let m, := 7y 57, + mu 475, and z ,, = L denote the

60—775 +e 07\'

equilibrium payoff and the equilibrium choice probability, respectively, for action u. Also,
let 7% := 7} — ¢ denote the equilibrium payoff difference. Then, in this Appendix, we
prove the following statement:

2o, 5|| < 1, then adaptive learning process z,, , almost surely

Proposition. If pyax|A + B|
converges to the LQRE z, (l‘* 7 1) that the committed player follows and corresponds

ag,s)

to (s, ). In particular, if pmax|‘4|;‘3| < 1, then there exists @ such that for any o > @, the

convergence is obtained.

To utilise a stochastic approximation method, we first rewrite the updating rule of each
adaptive player in the following manner: for each ¢ and u € {s,t},

QnJrl,i,u :Qn,i,u + )\n,i]ln,i (Wn,i,u - Qn,i,u)
:Qn,i,u + >\n,i (pi,fi + pi,zz) (ﬁn,i,u - Qn,i,u + Mn,i,u)a

where

= .__ Pi-i Dbiv _
Tniu ~=— TywTn,o,—ip T ——————— Ty, Ly
Di,

p’L ’L+plllve{st} Z+pll/v€{s7t}
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and L
Mn,i,u = ﬁ( n,i,u Qn,z,u) (fn,i,u - Qn,i,u) .
Note that for each i and w, {M,,;,} is a martingale difference sequence.
Since only two actions are available for each player, it is enough for the following
convergence analysis to focus on the assessment difference. In particular, let ng,i denote

the difference of player i’s assessments in period n: for s,t € .S and s # t,
gzi = Qnit - Qn,i,s‘

Let Q¢ = (Q¢ s ) be the assessment difference profile of adaptive players. Then each
player’s choice rule can be expressed as a function of the difference: let f, : R — R be the
choice rule of each player choosing s and defined as follows: for each ¢ and D; € R,

1
D) i = ——F——
I D) = T oDy
and let @y, 546 = fU(QzJ) denote the choice probability of player i for action s in period n.
Note also that LQRE can also be described by the equilibrium payoff difference and
fo. In particular, we have

b =(mts — 7T575)$;S + (7 — ﬂs,t)x:.’t =—(A+ B)z) ,+ B and

oL ey
o = e = o) = (A B L+ B),

recalling that A = 75 — my s and B = w3 — g 4.
To show the convergence, we express the updating rule of the payoff assessment differ-
ences in the following manner: for each n and 1,

d d d d d
n+1,4 — Wn,i + Anui (pi,—i +p’h”)(Gl<Qn> — YWn,i + Mn,i)
where
1. Mg,i = My, ;s — M, ; s, which is still a martingale difference noise;

2. G = (G;,G_;) : R? — R? is defined in the following manner: for each i and D =

(D1, Do) € RQ,
Gi(D) : p(z,—z )i Z Tt wTo,—iw + (1 p(z‘,—i)\i) Z Wt,va)
ve{s,t} ve{s,t}
- (p(i,fi)h' Z TswTo,—iw T (1 _p(i,—i)\i) Z 7Ts,va)
ve{s,t} ve{s,t}
— (A + B)(p(i,~i)iTo,—is + (1 = p(i,—i)i)Ts) + B,
where

26



() p,—i)ji = 5oy and

(b) Zoyis = fo(Di), Toit :=1— g5 and T4, := (T4, i) for each 7.

Now to utilise the asynchronous stochastic approximation method of Tsitsiklis (1994),
we consider the following difference: for each 4,

Gi(D) — n™| =p@,—i)il A + Bl|Ts,—is — T,

o]
=kni|D_i — 7%,

where

kni = / d* .
(i—i)il A + Bl - |fa( )| otherwise.

{ Z—’L)|’L|A+B|‘fo- ) fa(ﬂ I D_;, + 7,
Note also that in the first equality, we utilise the fact that Ts = z7 , that is, the committed
player follows the LQRE z%. Then, if there is a scholar g € |0, 1) such that for D € R?
and % = (7% 7d*) € R2,

1G(D) = 7|0 < BIID — 7|0,

then by Theorem 3 of Tsitsiklis (1994), Q¢ almost surely converges to w%*, that is, zy, o
almost surely converges to x. Note that (i) || - ||« denotes the maximum norm; (ii)
1(Q0,1,Q0,2)|loc < Q0,max for some Qo max € R, as we assume that the initial assessments
are bounded; and (iii) payoffs, assessments and the martingale difference noises are all
bounded in each period. Therefore, Assumptions 1 to 3 of Tsitsiklis (1994) are all satisfied.

Now, since f is positive and decreasing on the whole domain and concave on the non-
positive domain, we know that for any D_; € R,

‘fJ(D—i) _fa(ﬂ-d*” < ‘fc(ﬂ-d*)’

PR
and
7 - \W \
for 7™ < 0 and f,(7%*) > 1.25 Then
‘G1<D) - Trd*’ <p(z —1) \Z’A+ B’M‘D—z — ’

dx
|fo—(7T )|||D *Wd*Hoo

Spmax|A+B|W

ZNote that (i) for Q < 0, the first inequality holds since f is a concave function on the non-positive
domain; (ii) for Q > 0, if the first inequality does not hold (f”("Qjﬂdf*“(Q> > f‘:(:d*) = 17 f,(Q) >
fo(m¥)Q), then f,(7%*) or @ should be negative, which contradicts the assumptions and (iii) for the
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Therefore, by the asynchronous stochastic approximation method of Tsitsiklis (1994), if

Pmax|A + B folm d*‘ = Dmax|A + B| W* < 1, we know that z,, , almost surely converges to
the LQRE z,
Lastly, note that if o — oo, |A + B| ‘fr‘;’:' approaches ‘A‘;‘B‘. Therefore, there exists @

< 1 holds if puax 7 < 1.2

\xasl

such that for any ¢ > 7, the condition pyax|A + B|

Appendix B Proof of Proposition 2

We consider the case in which action s strictly dominates action ¢, that is, A > 0 and B < 0.
Since (i) the payoff from action ¢ is strictly lower than the one from action s for any action
of her opponent and (ii) for the payoff difference, —A or B is realised, we can show that for
any €, there exists N such that for all n > N, Qfm € [min{—A, B} —¢,max{—A, B} +¢]
for each i.2” In particular, we focus on ¢ such that max{—A, B} +¢ < 0 and n > N.. Now,
since f, is decreasing and concave on the negative domain, for D_; # 7%

N (gl

|D_; — m|
<|fo(max{~A, B} +¢)|

for some Dy; € (min{D_;, 7%} — e, max{D_;, 7"} + ). As max{—A,B} +¢ < 0,
|f2(max{—A, B} + )| — 0 as ¢ — oo. Therefore, for any pmax € [0, 1], we take & such
that for any 0 > &

Pmax|A + Bl|fy(max{—A, B} +¢)| < 1,
and thus

|fa(D7i) B fcr(ﬂ-d*”
|D—; — m|

p(z’_z)h‘A + B‘ < pmaX’A + B||f[,(max{—A, B} + €)| < 1.

second inequality, note that for Q < 0,

) . oexp(0Q)
|fo(Q)] _l—(1+exp(UQ)) |

=[fe(@)] -

1+6Xp( oQ)
1
<|fe (@) \q|
(@)
el
26Since Ld*lﬂ — \;\I as 0 — oo, for any ¢, there exists o< such that for any o > o, ‘f‘l’iﬂdl*)‘ < I:H (1+e).
Now pick &€ such that pmax|A4 + B|m( +¢e) < 1 (since Ppmax < |A|+‘B‘, there exists ¢ > 0 such that

Pmax(1l +¢€) < \A‘fB\)

27See Lemma 1 for details.
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For D_; = 7%, we have
PG—i)jil A+ Bl f(7™)] < pmax|A + BJ| f; (max{—A, B} +¢)| < 1.

Therefore, as in the argument of Proposition 1, we have the convergence for any ppax €
[0, 1].

Appendix C Proof of Proposition 3

We first characterise an LQRE by players’ payoff difference profiles and the logit choice
rule defined on the profiles. In detail, for each i, D; € RUSiI=1 and s7, which corresponds
to player i’s action at a strict Nash equilibrium (s}, s*,), let f, = (f07i78i)si¢s; cRUSH=D
RUSi=1 be such that for each i and s; # s7,
eUD'L,si

1+ Zti;és’.‘ eo’Di,ti .

fa,i,si (Dz) :

Then an LQRE is characterised as follows: for each ¢ and s;,

d
‘r;,i,si = faﬂ'ﬁi (ﬂ-i*)a

d*

where (i) w5 = mi(si,z; _;) — mi(s},x; _;) represents the equilibrium payoff difference

between actions s; and s}and (ii) 7er* = (ﬂ'ld;
difference profile.
Next, let function F, : xiR(‘S”_l) — xilR“Si‘_l) be such that for each ¢, D €

x;RUSiI=1) and s; # s7,

Fa,i,si<D) = Z (Wi(sias—i) - 7Ti<3f78—i))HfU7j7Sj(D)'

s—i=(s5) i el

) si#s; represents player ¢’s equilibrium payoft

Note that for s; # s and D € x;RUSi=1)

Fris(D)= > (mi(si,s5-i) — mi(s],s-4) — mi(s6,8%) + mils], s7) [ [ fos, (D)
s_ist, i

+ 7mi(si, 8%;) — mi(s), s%,).
Now, we restrict the domain of F' to
D := X s [mi(si, 855) — milsi, s5) — €, mil(si, sTy) — mi(sg, sZ;) + €]

for some € > 0 such that m;(s;,s*;) — m(s},s*;) + ¢ < 0 for each i and s;. Note that since
(sf,s*;) is a strict Nash equilibrium, there exists such e.
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Next, consider a sequence {o,} of precision parameters such that o, — oo as n —
oo. Since for any D € D, i and s; # s}, {fo,,is;(D)}n is monotonically decreasing and
converging to zero and { f,, i s, In 1S a sequence of continuous functions on D, we know by
Dini’s theorem that f,, ; s, uniformly converges to zero on D: for any ¢ > 0, there exists
N 5, such that for any n > N g, we have f5, ;s (D) < &' for any D € D. In particular,
we pick N such that for any D € D and n > N,

D Amilsivs i) = milsi 55) = milst, s) + wilst, 8| [ [ Fomss
5—i7é5ii .7#7'

Then for each n > N,

Fo, s (D) <mi(si, s2;) — mis7, 825)
+ Z |73 (83, 5—i) — mi(84,8%;) — mi(s;,5—q) + mi(s] |Hfan,J s
S_iFsT; J#
<mi(si,s*;) —mi(sl,s",)+e

and

FUn:i,Sz‘ (D) Zﬂi(siv Siz) - 7ri(52<7 Siz)

= > Imilsiysmi) = milsi, s%5) = milsT, s-a)  mils] sE) ] [ Foss
s_i#sT, J#i
Zﬂ-i(sh S*—z) - ﬂ-i(S?? S*—z) —¢
Therefore, Fy,, is a continuous mapping on the domain D to itself, which is nonempty,
compact and convex. Therefore, by Brouwer’s fixed point theorem, there exists D} € D
such that Fy, (D}) = D). Note that for each n, D} corresponds to an LQRE payoff

28For each j and sj, pick Ns; such that for n > N,

g 1
N-—-1
maxi,s; (D, sox  |mi(si,8-0) — mi(si, s%;) — mi(s], s-i) + mi(s], S’ii)l)>
T

fons; (D) < (

if maxi,s, (D0, o |mi(si,5-i)—mi(si, s2;) —mi(si, s—i) +mi(si, s2;)|) # 0. Then N = max; s; N, s, where
1
e = (G o e ey ehe ot enen) e Hmaxis (D e Imi(si s—i) —

*

i (8i, 8%;) — mi(s], s_-) + mi(si,s%;)]) =0, we can pick any N.
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difference profile: for each ¢ and s;,

*
ean Dn,si

14+ zti;ﬁs;‘ (&
o > (milsiss—i)=mi(s] i) [ fon.is; (D )
on(Xs_, (milti,s—i)—mi(s,5-i)) [1js fon.g.s; (D7, )

o'n,z S; ° fUn,Z 51( ) onD*

n,t;

1+ Ztﬁésf{ e

eInTi (si ,m:;n )

Zt- eo'nﬂz(tu on, _1) '
7

Also, note that for each n > N, D}, € D and thus, for s; # s}, 2, ;. = fo,is (D;f”) -0

as 0, — 00. That is, the sequence of LQREs {z, } converges to the strict Nash equilibrium

s* = (s}); as 05, — 00, which shows that s* is LQRE approachable. Since we pick a strict

Nash equilibrium arbitrarily, the argument above holds for any strict Nash equilibrium.

Appendix D Proof of Proposition 4

Without any confusion, let ¢ denote both a player and her type. For analytical purposes,
we first express the updating rule in the following manner: for each n, i and s;,

Qn—i—l,i,si :Qn,i,si + )\n,i Z ]ln,i,j( Z Wi(siv S—Z) n,J,8—i Q" z Sz)
J

s_;E€S_;

:Qn,i,si + an; (Wn,i,si - Qn,i,si + Mn,i,&-)a

where ()an,; = Aipis (i) T == Dog. 5 mi(8i, S— )(Z Pi)iBMngs_; | Ful) and
(ii)

nzsl = (Z ]]-n7z,] Z 7'('2'(82',8_@) n,7,5_; Qn,usl)

S_;ES_;

—ED Lnig( Y milsis—i)Lngs., — @nis,) | fn]),
j

s_;€S_;

which is a martingale difference noise. Note that

Tnojs ., forjeN
E[ﬂn,j,sﬂ‘ | ]:n] = 7ncr]s . ’
Tojs , forjeN,,
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and

> 0B ngs: | Fal =D PlagiTnogs s + D Plij)iToss

J JEN; JENY
= Z p(i,j)|il’n,o‘,j,s,¢ +p(Z7NI/|Z) Z p(ihj)‘(iv/\/"/)fo-’j’s*i
JEN; JEN,
= Z P(ij)iTnogs—s T (1= P ) To,—is_,
JEN;

/

_‘xn,a,—i,s_,-'

In addition, we assume that for each ¢,
Zam = 0o and Z(am) < 00
n n

with probability one, which holds when {\, ;} satisfies condition (1) in Section 2.

Now, we follow the argument in Appendix A: we define the payoff assessment difference
profile and utilise the stochastic approximation method of Tsitsiklis (1994). Let Q;im', 5 1=
Qniys; — Qn,i,s;‘ denote the payoff assessment difference of actions s; and s} in period n.

Note that for s; # s,

d d — = d
Qn+17izsi :QTL,’L‘,S,L' + anvi(wn7i75i - Wn,i,s;k - Qn,i,si - (Mn,i78i - Mn,i,s;‘))

d —d d d
:Qn,i,si + am (ﬂ-n,i,si - Qn,i,si + Mn,i,si)

where Mffi s; '= Mnis; — My s, which is still a martingale difference noise, and
bl k2
7T7’L,’L',S'L' ::Trn7i75i - ﬂ-TL,’L.,S;F
* /
= > (milsiys—i) = mils], )T o s,
S_iES_;

= Y (milsiss—i) = mils}, 5 g i, + (Wilsiss5) = mils, ) (U= D o i)

s_iFs*, s_iFst;
= Y (milsi,s—i) = mils], s0) — milsi,8%) + mi(s], 85))h o i, + (milsi, s55)
S*i#sii

To utilise the asynchronous stochastic approximation method, letting G = (G;,) :
><Z~IR|S”_1 — xiR‘S”_l be such that for each s; and D € xiR|Si|_1,

Gisi(D) =Y (mi(si,5-5) — mi(s}, 5-) — mi(si,8%;) + mi(s], 8%;))
5—1'7&5#;1'

X (Y Plagyifos (D) = (1= )T —is_.)
JEN

+ (mi(si,82;) — mi(sy,8%4)),
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we consider the following difference:
|Giys: (D) — 7k,
=1 pegi Y, (milsis—s) = milst,s0) — milsi, 8%5) + mils), 5%)) (T, — T i )]

JEN; sfiisiz‘

<D pagb D Tege = wh i,

JEN Sfi;ésii

where (i) Zo,js_; = foj,s_(Dj), (1) b =max; s, s 250, [mi(8i, 5-5) —mi(s], s-i) —mi(si, 87;)+

mi(s¥, s*,)| and (iii) for the equilibrium payoff difference profile 7% = (ﬂ'zd’i:i), we have
milt = (milsi,soq) — milsi, s))wh s,
S—i
= > (milsiysoi) = mi(s], s-i) — milsi, 575) + mils, 87 ))wh o+ (milsins™,) — mils), 875).
s—i;'éS*_i

Now, if there exists some f € [0,1) such that for any D € x RISl -1
IG(D) = 7%l < BIID = 7%||oo,

then we can show the convergence by the method.
To obtain the inequality above, we consider the inequality between the difference

d* : . %
and ||D—7%*||. In particular, we express the difference 24, ,—x

Lojs_;—L 0,—1,5_

*
0,—1,5_4
as a telescoping sum and consider the inequality between each term of the sum and ||Q? —
7%||oo. Todoso, given Dj = (Djs ., Djt ..., Dj, ) and 7% = (z& n ),

—1,5_430 =it N—1 2y
we define the sequence (Do j, D1, ..., D|g_,|—1,;) such that

Do,j = (Djs_is Dja_ss s Djz i) = Dy,
o d*
Dyji=(m Dj sy Djz),

—7:,8_1' ?

ceey

o d* dx .
Dig_ -2 = (m855 T8y 0 Diz ),

. dx d* d* d*
D\S,i|—1,j = (W—i,s,ia ---yﬂ—i,y,izﬂ—i,z,i) -

*

>—is_; can be expressed as the following telescoping sum:

Then the difference x5 ;, —

[S—i|—2

Tojsi —Tpis = Y (foris_i(Dmyj) = fois_;(Dmi1;))- (4)

m=0
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Next, we see an upper bound for each term of the summation in equation (4). For
m =0,

|fa —1,5_; (DO,]) fa,—i,s,i (Dl,j)|

|fo,—is_i (Do) = fo—is_;(D1j)| = Do — Drjllw [Do,j — D1,jl[0
_ |f0’7*72,87i(D0,*i) - ];U,*i,sfi(Dl,j” |Dj ., - 7Td_>; . |
"Djysfi - 71——*;757i| 7 o
If Djs_, >0, we have fo s (Do i) > fois_;(D1,-i), |Djs_, —n% | >|z% | and
| fo,—is_i(Do,j) = fo,—is_;(D1)| < |1 — fo—is_;(D1;)|- Then
11— fo—is i (D1)] .
| fo—i,si (Do) = fo—is i (D1,j)] < . dis | 2Dy — 7 .
—4,5_;

If D; s, <0, since f, _;s_, is convex and increasing in Dj_,,

fU,—i,S—i(DO,j) - fU,—@S—i(Dl,j) <f0'7—i73—i((0’ Dj,t—z'? ey Dj,z—i)) - fU,—i,S_i(Dl,j)

d* — d*
L —qe*
—1,8_; —1,85_4

|1 - fa —1,5_ i(Dl,j)|

|7d

Djvsfi -7

<

il

where fo ;s ,((0,Djt ;... Djz ) — fo—is_,(D1,) > 0. Therefore, for any D, .,

1= fo—is (D1;
| fo—i,si (Do) = fo—is_i(D1,;)] < | - dis (D)

—Z S_"

‘Dj,sfz‘ -

—1,5_;1°

Next, for m # 0, let u—; be such that || Dy, j — Diy1,jlloc = [Dju_; — Wdft,u,J- Then

|fcr,fi,s,i(Dm,fi) - fa,fi,sfi(Derl,*i)’
|fcr,fl,sﬂ( J) Jo,—is_ 1( m+1,1)| = HDm,j — Dm—i—l,j“oo
Nfo—is_i(Dm,—i) = fo,—is_i(Dm+1,-i)]

|DJ7U7¢ — |

—4,U_;

d*

‘Dj?u—i -7

If D, , <0,since f, _;s_, is concave and decreasing in D;,_,, we have

| fo,—i,s_i(Dm,—i) = fo—is_i (Dm+1,—4)|

‘Dj/u—i — ‘

—iu_g
<|f07—i75—i(ﬂd—>§,s_i7 : —zt i’ 0, D]ﬂbw"' ]Z—) fU —%,5_ L( m—l—l,—i)‘
- d* ‘

T iu_;

fo,fz 5_ z( m+1,j)
rax | ’

—zu i
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as fo—is_,(m% 7 0, Djay, e J,Zf) fo—is_;(Dmt1,;) < 0. Whileif D;,, , >

—%,5_;

0, since |Dyu, — 1%, | > |0 [ and o so(Dms) — forio-s(Dmsrs) < 0, we have

|fo,7i,sﬂ( J) fo,fzsf( m+1,j)| |f0,*28 7,( m+1,j)’

|1 Djuy =75 ]

—i,U—j L Uy

Therefore, for any D;,,_,, we have

f7_ —1 17‘
’fo,—zs_'< ) fa,—z s_-( m+1,j)’ ’ Z st*( mt ])"Dj,u_i —7Td_>§-7u7i .

—4,U_; |

Now, given the argument above, we have the following inequality: for D = (Di,si)i’s#s:
and 7% = (7% )isists

9,8;
|S—i]—2
Tojs i — x;,fi,s,i’ < Z | fo—i,s_i (Dm,—i) = fo,—is_i (Dm+1,-3)|
m=0
S| -2
<(|1_fa —1,5_ 1( ,j + i |f0’ —4,5_ l m—l—l,j)‘)HD_ﬂ_d*H
= 00~

d* ’

fzsz fzu,’

Note that for each s; # si, 7% — m(si,s*,) — mi(s},s*;) < 0 and for each m > 1,

1,8;
fo—iys_;(Dmj) = 0as o — 00.29 Therefore, for any €, we can pick large o such that®°

[S—i|—2
" | fcr,fl s_ Dl,j |f0,*l S— erl,J')‘ dx*
|x07j75—i - xU,—i,s,i| —( % : + Z Z )HD -7 Hoo
—z S_ L| —z U_ L|
(1 + {5) D dx
<— . rrvi I FE  |ES
min s, |mi(si, s%;) — mi(s], s7,)]
PFor m > 1, Dpj = (Wﬂ-’sﬂv, ...y Dj»_,), and thus the numerator of f converges to zero as o diverges.
Note that f is expressed as follows:
R
f v, 71'( ) -
S T SR
where, for the denominator, (i) D—;:_, is ﬂd,";,tfi or Dj;_,, depending on m, and (ii) each e7P—it—i diverges

s D_,;
to infinity, converges to zero, or converges to one. Even in the case where ¢’~ ~%!~i for each t_; converges

to zero, since there exists the term 1, fs,—;s_;(Dm,;) converges to zero as o diverges.
30Note that

ond*®

—i,s_y
e —1 oﬂ,dx_

fd,—i,s,i( m ]) - < e Tvs—i
L+ Zt iAsT, 7Pt

and o does not depend on D, ;.
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Therefore,
|Gi»sz( zsl| —_ Z p ,j ‘Zb Z |x0']3 i x:’,—i,S_i|
JEN; S— 1755,
(L+e)(S=i| = 1)
min, g, [mi(s;, s*,;) — mi(s}, s*;)
(14+e)M
min; s, (4, Sil) - 771(3;7 Siz)|
where M := max;(|S;| — 1). Now, if pmax|D|
(I4-e)M

mini,si |7ri (Si 75*_i)_7ri (S: 73*_2'

inequality holds, then the adaptive learning process converges to the LQRE 7.

Spmaxb |HD_7Td*H00

Spmaxb HD - 7Td*||00

T o YLy R P | < 1, there exists ¢

such that ppaxb il < 1. Thus, if we pick ¢ under which the above

Appendix E Proof of Lemma 1

Note that

Qn+1,s; — Qnivisr = (1= i) (Qniis; — Qniist) + ni(mi(Sis Tn,—i) — mi(87, Tn,—i) + Mgz 5i)
=1 — ani)(1 — an-1i)(@n-14,5 — Qn-1s:)

+ an-14(1 = ) (mi(8i, 2no1,—0) — mils], Tno1,—i) + M1 5,)

+ an7i(7ri(5i7 xn,—i) - 71—7;(5'7) xm—l) + Mg,z,sl)

n n n
=(JT = oma)(Quis; = Quivsr) + D> ami( [] (1= in)) (milsi, wm,—i) = mils], 2, i) + M. 6.)
m=0 m=1 l=m+1

where for m = n, [[.L, (1 — a;;) := 1. Note that [} _,(1 — am ) converges to zero as
n — 0.31 Therefore, for any e, we can take Ny such that for n > Ny,

g
H 1 - @mz ’QO,i,ti - QO,i,S¢’ <35

m=0 2
Also, note that as n — oo,
n n
Z O[mﬂ‘( H (1 — ai,l))MrCrlL,i,si —0
m=1 l=m+1

31Since an,; — 0 as n — 0, there exists N such that for n > N, an; < 1. Note that Il —oam;) =

Hz;é(l —am,i) [ 11—y (1 — @m,), and thus we focus on the latter term. In particular, we now show that
forn > N and 0 < anys < 1, I _n(1 — i) converges to zero as n — oo when Y a, = oo. First,
note that > _ \ am <[]0 _n(14 am,i), and thus J]7 _ (14 aum i) diverges to infinity. Next, note that

1 n(L = ama) [Ty (1 + ami) <1, a8 (1 — ami)(1 4+ @m,i) = 1 — a2, ; < 1 for each m. Therefore,

n N,
[y —ams) < [T7 (o, converges to zero.
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with probability one.?? Therefore, we take Ny such that for n > N,

Z ozmZ H (1-— a“))Mgl,i,Si < g

l=m+1

Since for any x_;,

i1, 4) — (s}, 3) € min(mi(si, 5-1) — 757, 5-4)), max(mi(si, 5) — mwils), 50))]

S—q

for n > N := max{Ny, Na},

Qn,i,si - Qn,i,s;* € (I};Hn(ﬂ'z(su S—i) - 71—i(S;!(? S—i)) -& max(ﬂi(si’ S—i) - 7-(-1-(32" S—i)) + 5)'
—1

54

Note that s} strictly dominates s;, max, ,(m;(si, s—i) — mi(s),5-i)) < 0 Therefore, we can
pick small enough e such that maxs_i(m(sz, s_i) — mi(sF, s ) ) <

Appendix F Proof of Proposition 5

Let s} be the strictly dominant action for player ¢. Then, from Lemma 1, for some 1 > 0
such that max, ,(m;(si, s—i) — mi(sF,s—;)) +n) < 0, there exists N such that for n > N,
Qﬁ,sz' € (min, ,(m;(s4, 5—;) —mi(s}, s—i)) —n,maxs_, (mi(s;, s—i) —mi(s}, s—;))+n) for s; # s?.
We now follow the argument of Appendix D, where the domain of G and f is restricted to
the set H,, := stz [ming , (m;(ss, s—i) —mi(s}, s—)) —n, maxs_,(m;i(si, s—;) —mi(s},s-3))+nl.
Consider the sequence (Do j, D1, ..., D|g_,j—1,;) and equation (4) in Appendix D. For
m = 0 of equation (4), there exist D;s , € (Djs ; A 7%
such that for D; = (Djs ;... Dj, ) and 0 > 0c js .,

) dx = .
1,5 D],Sfi v Trfi,s,i) and Oc,js_i

| fo,—is_i(Do) = fo—is_i(D1)| ) —
4,8 2 2,8 :|6D . fg,—i,s_i(Dj>’
‘Dj,sfz‘ - W—i,s,i’ —1,5—4
9 /
<lgp— forio-s(D5)
<e

)

where D} = (maxs_,(mi(si,s—i) — mi(s],5-:)) + 1, Dju_;, -, Dj>_ ;). Note that on H,,

E)DLfO’_i s =0fo—is (1 — fo_is_,) is increasing and positive and converges to 0 as
o — oo. For m > 0, there exist Dj, , € (Dju ;, A Wcitu yDju_; V ﬂd_’;u ) and O,
such that for D; = (m djs i ,7Td,*zs o Dju i Dja_;... D]’Z_i) and 0 > T ju_,,
‘f0'7_i75—i<Dm) - f07—i78—i(Dm+1)’ _| 0 f (E )’
‘Dj)u—i - ﬂ-d*};,u,i’ 8D—i,u,i 0,—%5—4 J
<e.

32For instance, see Lemma 1 of Tsitsiklis (1994).
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Note that 5 fU —is_; = —0fo—iu_;fo—is_; — 0 as o — oo on H,. Then for o >

max; s, U&,’L,Sza

Gis, (D) 251’_‘229 @l D (milsiys_i) = mi(s], s_i) — milsi, 8%5) + mi(s], 87) (T,

s_ﬁés* )

<ZP Wi Y \st DT s ]

s_iFs*,
E

0,—1,5_4 Dm — Jo,—t,5—; Dm %
<ZP YRS | fo,~iss—i(Dm) fd* ( +1)‘|Dj,u_i—ﬂii,u,i

|Dj»u—i - W*i,ufi

s_jF#s*, m=0

Spmaxb(|s—i| - 1) €HD — Wd*”oo

where b 1= max; s, |7i(8i, 5-i) — mi(8], 5-:) — mi(s4, 8% ;) + mi(s], 8%;)|; Pmax = max; pi ;)i
Therefore, if we pick € such that pmaxb(]S_;| —1)%c < 1, the process converges to the strictly
dominant strategy equilibrium.

Appendix G Proof of Proposition 6

Let @** be the limit assessment profile. Since the choice rule is continuous, the choice
oQj *sl

probability also converges; let x* be the limit choice probability for

O'ZSl -

action s;. Since we assume that adaptive players limit choice probability of each action
coincides with that of committed players, we have xU is; = Tiys; for each i € N, and s; € S;,
where without any confusion, ¢ and —i also denote player i’s type and her opponent’s
type, respectively. Now, let @Zsz =D _,es_, T(8i,5-i)T—is_, be the expected payoff given
committed players’ choice probability profile T = (Z; 5;). Then, we prove by contradiction
that Q@ = Q**, which means that T corresponds to an LQRE given precision parameter
0. Now we assume that Q # Q**. Since we assume that the choice probability profile of
adaptive players almost surely converges to what committed players follow, the updating
rule can be expressed as follows: for each n, i and s;,

Qnttis; = Qnis; + ni(Qis, — Quyisi + Muis; + 1nis;)

where 1,5, = Tnis, — @Zsl is a noise which disappears with probability one.?3 Then by
the asynchronous stochastic approximation method, the assessment profile almost surely
converges to @, which contradicts the assumption.3*

33?71,1‘,51» =>. es_ m(sl,s 7')(2]'6/\/1 D(i,j)|iTn,o4,s_; + (1 — Py )T—i,s_;) almost surely converges
to Zs,ies,i mi(8i, S—i )w—z,s,i as the choice probability of adaptive players almost surely converges to .

34For the stochastic approximation method with a noise which disappears with probability one, see
Appendix B of Funai (2022), for instance.
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Appendix H Proof for Proposition 7

Note that the updating rule is expressed as follows:
Qn—i—l,i,si :Qn,i,si + )\n,i Z ]]-n,i,j ( Z 7Ti(3i7 3—1) n,73,8_; Qn i sl)
i S_;ES

:Qn,i,si + an (Wn,i,si - Qn,LSi + Mn,i,&-)v

where instead of expressing 7, ; 5, as

ﬁn,i,si = Z T 317 Z P(i,5)|i%n,0,5,5—; (1 _p(i,./\/'l)|i)f—i,s_i)7
s_;E€S_; jGM

we express it as follows:3°

Tnyi,s; = Z 7T Sla Zp i) N)Tn,0,5,5—;

s_,E€S_; ]E./\/l

Therefore, by utilising the argument in Proposition 4 by changing (i) 7 to 7', (ii) p; ;s to
PG> (1) Pag)pi t0 0 and (i) pmax = max; 3 e n; P j)li 80 MaXi D e n; Plij)l(iM) =

1, we obtain the result.

35Note that

Tn,is; = Z 7ri(5i75—i)(z P, |i%n,0,5,s_; T Z D(ik)|iTh,s_;)

s_;€S5_; JEN] keEN,

= > milsi,5-) (D PeyliTnois—i T PGNP PaRI (6N Thys )
s_;E€S_; JEN; keN,

= D (O] papimil56,5-1)Tnogs s F PGNP PRI ) Ti(Si,5—1)Thys_,)
s_;ES_; JEN; keN,

Do D e iTi(si 5 Tnos s + Pl (8i, i)
s_,ES_; JEN]

Z Z p(i,j)|(i,Nl)p(i,Nl)|i7Ti(Sia S—i)mn,n,]’,s,i

s_;ES_; JEN;

F (L =penil) D D PeIGN) TS, i) T s
s_,ES_; JEN;

= Z Trz/'('siys—i)Zp(i,j)\(i,./\/l)xn,(r,j,s,i-

s_;€S_; JEN;
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Appendix I Proof for Lemma 2

Note that for Q € Q@ = {Q € RS K < Qiys; — Qisr < —¢ for any ¢ and s; # st} with
O<e< K,
GUQ'L,S,L'

fo,5,(Qi) = S @i

converges to 1 if s; = s} and 0 otherwise when o — co. Let V : Q@ — [0,00) be such that
for @ € Q, V(Q) := ||Q — 7*||co- Let s; be such that 1Q — 7r*||oo = |Qis; — m;5,|- Also,
without loss of generality, we assume that |Q; s, — 7/ | = Qi s, — 7/, . Note that for t; € S;

and ¢ € R, o(Qis, — 771,) < 16(Qigs = 70 ) < lell(Qis; = 7)] = el( @, - Tis,). Now

(Qt) ’Yn,z,sl (7TZ'(S7;7 xt,a,—i) - Qtﬂ',si)
Vnz,si(ﬂi(sithﬁ,—i) - 181 (Qtlsz - 151)>

niss (Ti(Sis Tt —i) — Til8i, 75 ;) — (Quiys; — Wi 81525 ),
Uﬂii s
where 2} ;= (2} ,;, )s ;and ) , == —¢ =" Note that
) ) 30 —1 - Zt e —i,t_;

Ti(Si, Tt,0,—i) — TS0y Ty ;) = Z (8i,5-i) (Tt —is_i = Tg—is_;)

—Z 51) Z OQ e fO‘ —i,5_ Z(Q )(Qt —i,u_g _ﬂ-ii,u,i))

S_4

for some ¢ € (0,1) and Q" ;, = cQ_; + (1 — ¢)7*

*.. Since Q" , € Q_; == {Q_; € RI%-l .
K <Q-is_ ; — Qs < —¢fors; #s7},

V(Qt) :ﬁnisi(ﬂi(siv'xtﬁ,—l) Wl(sl? Lo — ) (Qt,z,s2 - zsl))
—’Yn,z,sl ZZ |7Tl Siy 8 OQ s fo‘ —1,5_ 1( /—z)| - 1)(Qt,i,8¢ - W:‘,sl))

S_j U_;

Note that (i) for u_; = s_,

8 O_eani,sf,L- (qu_i 6UQ7i,vﬂ-) o o_eUin,siieﬂin,s,i
P) fo —%,5_ 1(Q ) = oQ’ .
Q—Z S (zvii e —,v_ )2
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and (ii) for u_; # s_;,

0Qs_; 0Qu
o€ el u-i
fa —4,8_ Z(Q ) Sy E—
- : (Z,, €%
= UfU,—ivs—i(Q/—»fa,—i,u_i(Q/—i)'
Now, we show that for |8Q - fo—is_;(Q";)| in both cases (i) and (ii), there exist

upper bounds which do not depend on () € Q and converge to zero as o goes to zero, so
that there exists & such that for any ¢ > & and Q' € Q,

ZZ’WZ 8175— 6@ s fa—zs,( —2)’_1)

and thus V becomes a Lyapunov function.
First, when s_; # s*,

eaQ_i’S—i
fo—is Qi) =5
7,8 i Ztﬂ. egQ*W—i
U(Q*i,sii_Q—i,s* )
— € -
1+ Zt,ﬁés*_i eU(Q_i’t_i_Q*i’s*—i)
e~ o€
<

1+ (|Si] —1)e—oK

and

g

o—is_i\&—i) < ’
0 fo,—i, Z(Q ) egg+<‘si’_1)eo(s—K)

where the right-hand side of the inequality above converges to 0 as o goes to infinity.
Therefore, since both s_; and u_; cannot be s*;, for the case (i) in which s_; # s*, and
case (ii), 5 is the upper bound.

g
605+(|Si‘—1)60<57K
Next, for the case (i) in which s_; = s*;, we have

o(1=fuis (@)= Y ofoit (Q)
t_i#st,
<(|5i| = 1)

g
eoc + (‘Sz’ _ 1)60(6—1()’

where the right-hand side of the inequality above converges to zero as ¢ goes to infinity.
Therefore, for the case (i) in which s_; = s*,, (]S — 1 —@—xy is the upper
bound.

)= mD
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Appendix J Proof for Proposition 8

By Proposition 2, there exists ¢ such that on Q, V becomes a Lyapunov function. To
utilise Corollary 12 of Borkar (2008), we also need to show that (i) we can pick ng such
that (CAn, + cK1CLb(ng))c, where K is some constant, is small enough and (ii) we can
pick some constant Ky such that ||[Mp|lcc < K2(1 4 ||Qm—1]|ec) for m > 1. Regarding (i),
since A\, and b(n) converge to zero as n diverges, there exists such ng. Regarding (ii), since
M, is bounded for each n, we can pick Ky large enough so that the inequality holds.

Appendix K Proof for Lemma 3

Consider the event & defined by the following steps.

e Step 1: each player i except player 1 plays s and player 1 plays all of her actions
except s] until some period n1 > 7 such that Q,, 1.5, < Wisf — 3¢’ for each s1 # si.

e Step 2: each player i except player 2 plays s; and player 2 plays all of her actions
except s3 until some period no > nq such that Qn, 2., < 5 5~ %5’ for each sy # 3.

e Step 3 to N: follow the same procedure as Step 1 and Step 2 for all the remaining
players.

e Step N +1: players play s* = (s}); until some period ng > ny such that (i) Qngi,sr €
(m} e — 36/, 7}« + 3¢) for each i and s; and (ii) Qngi,s, < 7+ — 3¢ for each i and

s; # S5

Note that if ~; 50 = 0 for any i and s; # sj, then at Step N + 1, s* is repeatedly

played until @y, ; sr reaches the interval for each i. If %{, si? # 0 for some i and s;, Qnis;

may be adjusted and become greater than or equal to 71;78* — %5’ when player ¢ chooses
s; and some player j > i chooses s; # Cp after Step i. In this case, at Step N + 1, s*
is repeatedly played until both conditions (i) and (ii) at Step N + 1 are satisfied. Note
that for any assessment profile in period 7, this event happens in some finite period as
the sets of players and actions are finite. Note also that since the probability of any

action profile s = (s;); being chosen in each period given the assessment profile is greater
than [, fois (Ql) > 0, where for Q, = (Q. uyy Q. . = min{Qo;s,, min;_, m;(si, t—_;)}

1,U; —1,84

and Qit_ = max{Qo,z+,, maxs , mi(t;,t_;)} for t; # s;, we have P(£) > 0. Lastly, since
E C{Qn, € B}, P(Qn, € Bos) > 0.
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Appendix L Proof for Proposition 10

Note that the updating rule can be expressed as follows:

Qnitisi =Qnisi + A Y Lo (s Y milsii5-) Lnjs_, — Qniis,))

JEN s_€5-

:Qn,i,si + Anpi7n7i,si( Z Wg(sh S—i)wn,o,—i,s i Qn % 51 ;” 31)
S_;€S_;

where z, ;i denotes the probability that player i’s adaptive opponent chooses action
s_; in period n and

M e (3 b i Y il L, — Qi)

pl’)/'rm& ]EN s_ iES—i
- E[Z ]ln,z',j (7n,i,si( Z Wi(sia S ) n,J,5_; Qn,z,s,)) ‘ Fn]) .
7 s_;E€S_;

The remaining proof follows the argument in Proposition 9.
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