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Abstract

A long-standing open question raised in the seminal paper of Kalai and
Lehrer (1993) is whether or not the play of a repeated game, in the rational
learning model introduced there, must eventually resemble play of exact
equilibria, and not just play of approzimate equilibria as demonstrated
there. This paper shows that play may remain distant - in fact, mutually
singular - from the play of any equilibrium of the repeated game. We
further show that the same inaccessibility holds in Bayesian games, where
the play of a Bayesian equilibrium may continue to remain distant from
the play of any equilibrium of the true game.

1 Introduction

The premise of rational learning is that decision-making agents update their
beliefs about what other agents will do based on the actions that they have
observed. The seminal work [Blackwell and Dubins (1962)] shows that when
a single agent learns rationally in this way, even if his prior beliefs about the
process are incorrect but do contain a minimal amount of truth, his posterior
beliefs will eventually lead to true beliefs about the process. The staple work
in game theory which incorporates this paradigm into the multi-agent setting is
[Kalai and Lehrer (1993)], in which agents both learn and also try to maximise
their utility in a repeated game. Their work studies the question of whether the
beliefs of the agents not only merge, but converge to beliefs induced by the Nash
equilibria of the repeated game. As it turns out, the answer is, not necessarily.

[Kalai and Lehrer (1993)] was not the only work at that time to explore
questions of convergence under rational learning; in fact, other influential works
that both support it and contrast with it were carried out around the same time
and in the following years. [Jordan (1991)], for example, shows that under ap-
propriate assumptions, rational learning converges to the set of stage game Nash
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equilibria. However, [Kalai and Lehrer (1993)] struck on a property of learning
discussed very little at the time: the convergence of the agents’ strategies to
(approximate) equilibria of the repeated game, not of the strategic game that
is being repeated. While their assumptions that the players’ beliefs all contain
a grain of truth! have been scrutinised as both an over-demanding coordina-
tion requirement (e.g., [Miller and Sanchirico (1999)]) and a highly non-generic
condition (e.g., [Miller and Sanchirico (1997)]), the resulting body of literature
extending, discussing, and contrasting [Kalai and Lehrer (1993)] ”is, in many
respects, a natural successor to the earlier literature on learning rational expec-
tations” as ”both literatures address the question of whether decision-makers
can, through repeated experience, learn to make optimal or equilibrium deci-
sions”, [Jordan (1993)].

Two main veins of subsequent work exist. One direction generalises the re-
sults of [Kalai and Lehrer (1993)], some works by weakening the absolutely con-
tinuity assumptions on the beliefs, as in [Sandroni (1998)] and [Norman (2012)],
others by weakening assumptions on the players’ knowledge, as in [Kalai and Lehrer (1995)],
[Jordan (1995)], and [Nyarko (1998)], and still other variations, e.g., [Gilli (2001)]
and the references there. Another direction, however, was to point out the limi-
tations of the assumptions and results, as in the papers [Miller and Sanchirico (1997)]
and [Miller and Sanchirico (1999)], [Nachbar (1997)], and [Foster and Young (2001)].

The contribution of this paper is to answer a long-standing open question
raised in [Kalai and Lehrer (1993), Sec 7.1]. The classical result of that paper
ensures convergence of the play to the set of approxzimate equilibria (i.e., e-
equilibria) of the repeated game. (It is clear that one cannot in general expect
convergence to a specific equilibrium or approximate equilibrium, as players
may, for example, rotate among different equilibria.) The authors raise, but
leave open, the question of whether the play must converge to the set of exact
equilibria? In this paper we show by example that this need not be the case.
Furthermore, not only does convergence fail to occur, but the play induced by
any Nash equilibrium remains far - in fact, mutually singular - from actual play.

A related problem, discussed in [Kalai and Lehrer (1993), Sec 6], is learning
in Bayesian games. In these games, each player is privately assigned a type -
types are chosen independently - and a player’s payoff may depend on his own
type. Players can then condition their actions both on the public play so far
and on their type. [Kalai and Lehrer (1993), Sec 6] shows that as time goes by,
play must converge to the set of the approrimate equilibria of the true game.
In other words, players begin to play as we would expect in e-equilibria as if
they were learning the types of the other players, even though they need not be.?
We also show in our paper that this result cannot be strengthened to deduce
convergence to the set of plays induced by equilibria of the true game.

1Or somewhat weaker absolute continuity conditions.
2E.g., in the case that a player does not condition his actions on his type, the others would
never actually garner any information about his type.



The rational learning model is presented formally in Section 2. A brief
informal overview of the construction is given in Section 3. The stage game of
our example is presented in Section 4, while the strategies and beliefs are given
in Section 5. In order to prove that convergence to Nash equilibrium does not
occur, Section 6 contains a preliminary result, while the proof itself is given in
Section 7. Section 8 presents the Bayesian game. Section 9 presents a slightly
different example, with its own virtues and disadvantages. Some probabilistic
tools appear in Appendix A, while proofs from Section 6 appear in Appendix
B.

2 The Rational Learning Model

Let P be a set of players with finite action spaces (A¥)iep, and let G be a
strategic game on this set of players with payoff functions r = (rF)pep. Let
A = [],ep A* be the set of pure action profiles - hence 7¥ : A — R for each

ke®-andforT=0,1,2,...,00, let Hpy1 = a" be the collection of histories
of the T-stage repeated game® (with H; = {()}). Denote H, = t<U H,.

A behavioural strategy for Player k € P is a mapping* ¥ : H, — A(A¥). A
profile of strategies ¢ = (0% ),ecp induces a measure P, (and associated expecta-
tions operator E,) in the T-stage repeated games in the usual way, i.e., on Hpy 1,
foreach T =0,1,2,..., 00, defined by Py (a1, ...,at) = [[,.,0(a1,...,as-1)[as].
The payoff in the infinitely repeated game G is given by

oo

7(ay,ag,...) = Zﬂtflr(at)

t=1

where 0 < 8 < 1 is a fixed discount factor. For ¢ > 0, a strategy profile o of
G is an e-equilibrium (or just equilibrium when e = 0) if for each player k € P
and each strategy 7 of Player k,

Ea [Fk} +e> E(‘r,(aj) k]

[T
For each h = (ay,...,ar) € H, and t < T, denote hl; = (a1,...,a;—1), and for

k € P and strategy o of Player k, let oF be the strategy defined by of (k') =
o*(h,h’), where for b’ = (a},...,a}) we have (h,h') = (ay,...,ar,a},...,a}),

and similarly for profiles of strategies. To recall the results of [Kalai and Lehrer (1993)]
and to state our results clearly, we introduce the following concepts:

Definition 2.1. Let (79%); ycp be a P x P collection of strategies, where T5:*
is a strategy of Player k (interpreted as the belief of Player j about Player k’s
strategy). We say that in (19F); vep each player is best-replying to his beliefs

31t is convenient to denote histories of the T-stage game as Hr 1, since we will view this
set as the space of plays proceeding stage T + 1.
4For a set X, A(X) denotes the space of probability measures on X.



if for each j € P, 779 is a best reply to (Tj’k)k#, i.e., for each strategy m of
Player j, _ _
wer 7] 2 B (rak) ) 7]

Bk

Given such 7 = (79%); rcp, by Pr we mean the distribution induced by the
diagonal (777) ¢, interpreted as the strategies which are actually played (since
each player knows his own strategy).

For a measurable space (2, B), the set of probability measures on 2 is de-
noted A(Q), and for each u, v € A(Q), the total variation distance between p, v
is:

= vl =2 sup |u(A) — v(A)
AeB

w is absolutely continuous w.r.t. v, denoted p < v, if v(A) = 0 implies p(A) = 0.
p and v are mutually singular if there is A € B such that pu(A4) = v(\A) = 1.
Observe that plv implies ||y — v|| = 2.

Definition 2.2. Let P,Q be probability measures (on the same space); then Q
contains a grain of truth of P if P < Q and the Radon-Nikodym derivative g—g
is bounded; equivalently, if for some 0 < A\ < 1 and some probability measure

P, Q=A\P+(1— AP
If Qis any set and f : Q — RY, denote ||f||cc = sup |f™(w)|. We use
N

well,n

this notation also for p,q € A(Q) for finite Q: ||p — ¢l|cc = r;laédp[w] — q[w]|-®
we

The following is the main result of [Kalai and Lehrer (1993)]:

Theorem 2.3. Let 7 = (Tj’k)ijEfp be such that everyone is best-replying to
their beliefs. Denote 7 = (79%)rcp, the beliefs of Player j. Assume that for
each j € P, P. < Pz;. Then for Py-a.e. h € Hy, and any € > 0, there exists
T € N such that for all t > T, there is an e-equilibrium® o of G™ such that
||P7'h\t - PUH <Ee.

It should be emphasised that this result does not say that there exists any
particular e-equilibrium o such that from any late enough time period ¢, the
play induced in the game after ¢ stages is close to the play induced by ¢.” The
result says that the distribution of play induced after enough time is close to the
set of possible distributions of play induced by all e-equilibria. That is, at some
periods, the induced play may be close to the play induced by one e-equilibrium,
but at other periods, close to the play induced by another.

In Section 7.1 of [Kalai and Lehrer (1993)], the following question is posed:
Can Theorem 2.3 be strengthened to require that the process converges to the

5Hence, on A(Q) for finite Q, we have both the supremum norm || - ||ec and the total
variation norm || - ||.

6The choice of e-equilibrium o may depend on t.

"Indeed, if the stage game possesses multiple equilibria and if the strategies alternate
between these equilibria, we will would never get such convergence.



set of exact equilibria (that is, 0-equilibria) of the G*°, and not just the set of
e-equilibria? This question has remained open until now. The purpose of this
paper is to present a counter-example, showing that we may not, in general, be
able to guarantee that play of the game will eventually resemble the play of an
exact equilibrium. To be more precise:

We construct a game G and (Tj’k)j7ke§p in which everyone is best-replying
to their beliefs, such that for each j € P, P, < P;; - in fact, the beliefs contain
a grain of truth - and such that for P.-a.e. h € Hy, for each t € N, and each
equilibrium o of G, Pr,| LP;.

A particular type of beliefs arise from repeated Bayesian games (a.k.a. games
of incomplete information): Each player has a discrete type space, (T*)pcp. At
the beginning of play, types are chosen by Nature before play begins indepen-
dently - i.e., via a commonly known product distribution 1 = [],cp . Each
player is informed of his own type: Hence, a strategy for Player k is then a
mapping n* : H, x T* — A(AF), and a profile = (7*)rep of such strategies
together with the prior 4 induces a measure P, on Hoo X []1co Tk, The payoff
of Player k may include dependence on the type of Player k (and only his type),
and hence is a function 78 : 7% x A — R. Let G*°(u) denote this game of
incomplete information, and for each profile of types (t*)rep € erpr’“ , let
G((t*)rep) be the strategic game resulting from this selection of types (i.e., the
one-shot game in which the types (t*),cp are selected and made public), and
let G°((t*)rep) be the game in which the strategic-form game G((t*)rep) is
repeated infinitely many times. Defining the payoffs also to be the discounted
sum of the stream of the stage payoffs, Bayesian equilibrium is defined in the
same way - if no player can increase his expected payoff by deviating.®

Theorem 2.4. [[Kalai and Lehrer (1993)] , Sec. 6] Let n = (n7)jep be a
Bayesian equilibrium of G*™(u). Then for each € > 0, for u-a.e. choice of
types (t*)pep € [lico T* of Nature, for P,(- | (t*)kep)-a.e. play h € Hu, there
is a time T such that for each t > T, there is an e-equilibrium o = (O'j>j€3> of
G>((t*)rep), such that ||Py,, (- | (t*)rep) — Pol| <e.

In this paper:

We construct a repeated Bayesian game G™ (1) with finite type spaces (T*) e
and a Bayesian equilibrium (n*)rep of G (1), such that for some choice of types
(t")kep € [yep T* by Nature and Py(- | (t*)rep)-a.e. play h € Hu, for each
t € N, and each equilibrium o of G ((t*)re), Py, (] (t*)kep) LP,.

We raise some questions worthy of further investigation but that we shall
not attempt to answer here. The first issue is that in the examples presented in

8Since the type space is discrete, we needn’t differentiate between ex-ante deviations - i.e.,
deviations proceeding the selections of types - or ex-post deviations - i.e., deviations following
the selection of types. If the type space were more general, technical measurability issues
arise. However, Theorem 2.4 does not remain correct in such a general framework anyway.



this paper, the payoffs will be seen to be highly non-generic, and their success
in evading rational learning converging to equilibria is dependent precisely on
how they are defined. Hence, it is natural to inquire: Does convergence to the
set of equilibria occur for generic games, i.e., that the set of stage games for
which this strengthened convergence does not hold is small in an appropriate
sense (first category, measure zero, etc)?

A second issue concerns our Bayesian game, presented in Section 8, in which
there may not be convergence to the set of equilibria of the true game. The lack
of convergence in that example is only for some of the type profiles that can arise.
One can ask if this limitation of our example is fundamental: Must convergence
in Bayesian games occur for a set of type profiles of positive probability, or is
it possible to find examples where convergence does not occur for almost any
type profiles?

3 Informal Construction Overview

e The game has six players, P = {43, Ao, A3, A4, C, D}. Each player has
two actions, L and R.

e C and D play a coordination game between them. When D plays L, ev-
eryone is incentivised to play L as well. When D plays R, Ay, As, A3, Ay
play a sort of anti-coordination game among themselves - which also de-
pends on C' - and it is a mixed equilibrium of this game we will focus on.
The equilibrium in which all play L is far preferred by all players.

e The influence of the players on each other can be viewed via the following
graph:

Ay
Ag\
X
/ D<~—sC
As/ §
Ay A Ay As Ay

e When C and D coordinate on (R, R) for the n-th time, players Ay, As, Az, Ay
will incorrectly put some small probability 63 on C playing L.? As a re-
sult, equilibria for A;, Ay, A3, A4 are mixed. We will concentrate on the
equilibrium where each plays L with probability % + 0.

9This can be justified, as we will do later in the framework of Bayesian games, by believing
that with small probability C' is actually indifferent between his actions and that he puts
positive probability on both.



e Although the beliefs about C’s action contain only a small error - on the
order of 03 the n-th time C' and D coordinate on R - this leads to a much
larger - order of ¢, - deviation in equilibrium strategies for Ay, As, A3, Ay.
Although (4,,) will converge to zero quickly enough to guarantee that the
beliefs contain a grain of truth, they will shrink slowly enough so that if
an equilibrium of the stage game is used at each stage, the play of the
game must be far (in fact, mutually singular) to the true play.

e Thus, to avoid equilibria in the repeated game in which players do not play
equilibria in the stage game - by implementing intertemporal dependence
and coordination - we have in our strategies and beliefs in between such
stages at which C' and D coordinate on (R, R) long periods in which they
coordinate on (L, L), hence incentivising Aj, As, A3, A4 to play L as well.
Hence, at those stages in which C' and D coordinate on (R, R), play must
be very close to an equilibrium of the stage game, since all know that the
next time any player has an incentive to play anything other than L -
which, recall, is a much-preferred outcome for all - will be so far into the
future and hence so discounted, no player has any hope that a deviation
could lead to a future profit.

4 The Stage Game

The stage game G has six players, which we denote P = { A, A%, A3, A* C, D}.
Each player has action set A = {L, R}. Let  be a mixed action profile. For
k € P, we will write 2* instead of x*[L] (the probability that k plays L). For
j=1,2,3,4, denote A=J(x) = Hk#(xAk - 1)

The payoff to Players C, D depends only on each other, and is a coordination
game given by:

C\D[ L[R
r@P(La1OPh =L 12,270,
R [0,0][1,1

For j =1,2,3,4, the payoff to A; is given by:

aP =L a? =R
rdi( e ) =L 2 2% — A7 (z)
R 0 0

This gives a well-defined payoff since the payoff for A7 depends in a multi-linear
way on the other’s actions.

Lemma 4.1. For each 0 < § < 1, there exists 7 > 0 such that there is no
n-equilibrium z of G satisfying:

o 20 =P =R

o Forj=1,2,3,4, 3416 <%,



Proof. Fix 0 < § < 1. Suppose for each n > 0, there was an n-equilibrium
z, satisfying these conditions. Taking a limit of a subnet of (z,),>0 would
give an equilibrium y of G satisfying these properties, and in particular, for all
j=1,2,34, 29— A7(z) < —£6% < 0; hence, since 2 = 2P = R, we would

’
J

have z4’ = R for all j = 1,2, 3,4, a contradiction. O

It is immediate to verify:

Lemma 4.2. The profile L with fk = L for each k € P is an equilibrium of G.

5 The Strategies and Beliefs

Let (0, )n=1 be any positive sequence with
ol N3 o o
strllpdn < mln[z,s,g ], ,;5n < 00, ;571 =00 (5.1)

where €,¢ > 0 are specified later in Proposition 6.1. Let L, = Ty(d,), with
To(-) also defined later in Proposition 6.1. Denote S, = 1+ >, _, L, (note
that S; = 1). We define the following array of strategies (77:%); ycp; they are
history-independent and hence we will not reference the history explicitly in
the definition, i.e., we will denote 77" instead of 7% (k). Recall also that we
denote 7% instead of 75,

C D R ifdneN;t=5,
TS =17 = .
t t L ifVneN;t+#S5,

e For each j =1,2,3,4,

A; % +6, ift=25,
T L ifVn e Nt # S,
e All players have correct beliefs about A, As, A3, Ay, D: 7F4 = 745

hD = 7D for k€ Pand j =1,2,3,4.

e However, for all k € P, k # C,

k.C 63 1ff—_Sn
5 n
L ifvneNt#S5,

Recall that we denote the beliefs of Player j € P by 7/ := (77F).cp, and
similarly we denote 77 := (77"")rep.

Lemma 5.1. In 7, each player is best-replying to his beliefs.



Proof. Because of the history independence, it’s enough to check that for each
t € N, each k € P, 7F is a best-reply to his beliefs 7/ in the stage game G. If
Vn,t # S, then 7, is just the equilibrium L from Lemma 4.2 and all players
have the correct beliefs of the other players’ action at stage t, i.e, Tt’k = 7F.

Suppose t = S,,. We contend that the (A;) are all indifferent; indeed,

1 1.,
+5n)_§) =0

A ~A;k A;,C i nA
(R, (Tg)  kza;) =757 — A J(TSJ)Z@S’I—((?
Furthermore, since y” = R, C prefers R; and it’s easy to see that D prefers R

since 7PC = 63 < L. O

Lemma 5.2. For each player k € P, P, < P:zx, and in fact, Pzx contains a
grain of truth of P..

Proof. C has correct beliefs about all players; if k # C, then denoting
1
ug = (52,uD = R,Vj, uﬁf =3 + 0

Then one verifies

~Aj _ ~D _ Un lft:Sn
T TUT ifvneNt#£S,

where L is the equilibrium of the stage game given by fk = Lforall k € P. Let
vy, denote the profile

1
’UTC; = Ufl) = R, \v/j’ 'U;?j = uAj = 5 —+ 6” (52)

n

Then
v, ift=09,
TTVL ifvneNt£S,

Since Va € A, u,[a] = 0 implies v,[a] = 0, by Corollary 10.3 and Proposition
10.4 it suffices to check that

o0
Z [[tun, — Unlloo < 00
n=1

and that there is some a > 0 such that for all ¢ € N and all profile a € A4
if 7[a] > 0, then 7[a] > a. For the latter claim, take'® o = (1)*. For the
former, observe that [|u, — Unlloc < Yo |uk — vk = 63, and by assumption,

308 < . O

n=1"n

0Since 6, < i.



6 Preliminary Repeated Game

Fix a discount factor 3 > 0. For T € Nand g : Hry; — R”, let I'(T, g) be the
game with payoff from play h = (ay,...,ar) € Hyy1 given by:

T
To(h) = B r(ar) + 87 - g(h)

Le., the players play T rounds, and then at stage T + 1, get payoff g(h) (in
addition to the accrued payoffs) and the game is over; payoffs are discounted. g
will be referred to as a continuation payoff. Also, for t < T,

7i[h] = Te[hle41] = 258_17‘(@5) (6.1)

Denote

H, ={h=(a1,...,ar) € Hrq; |af:alDzRandeje?,QStST,af:L}

(6.2)
i.e., those histories in which Players C, D plays R in the first round, and after
the first round, everyone plays only L. Note that H, is finite, |H,| = 2*. The
following is the main proposition that we will require:

Proposition 6.1. There exists € > 0 such that for each 0 < § < %, there exists
To = To(8) € N such that if T > Ty and g is a continuation payoff satisfying
[g]loo < %, then there does not exist an equilibrium'' profile o of T'(T, g)
which satisfies:

e Forallj=1,2,3,4, 1 + 15 <% ().
e P,(Hy) >1—¢ and P,(h) > 1(7! for each h € H,,, where ¢ = 4*.

Specifically, let € > 0 and 77 € N satisfy:

(6.3)

| =

1 1
e<yg Ce(2+ |\7"||oo)m <

and

5T1|1Tl°;} < min[g, é} (6.4)

where 7 corresponds to § as in Lemma 4.1, and set T :=2 - T7.
Suppose ¢ were such an equilibrium (for some T' > Tj and some continuation

payoff g). The following lemmas are proved in Appendix B:

Lemma 6.2. For all h € H, and all 2 <t < T —T1 and each player k € P,
o*(hly) = L.

1 The notion of equilibrium extends to I'(T, g), with 74 replacing 7.

10



Lemma 6.3. If T > Ty, then c¢(0) = oP () = R.

Lemma 6.4. If T > Ty, then o(0) is a n-equilibrium of the stage game G,
where 1 corresponds to 6 as in Lemma 4.1.

(Proof of Proposition 6.1). By Lemma 6.4, z := o((}) is an n-equilibrium of the
stage game. Hence, we cannot have both the conditions listed in Lemma 4.1
holding. However, Lemma 6.3 shows indeed that z¢ = 2P = R, while by
assumption, z47 > % + %5 for each j = 1,2,3,4. O

7 Proof of No Convergence to Equilibrium
Proposition 7.1. For any equilibrium o of G, P, LP,.

Proof. For each n € N, let X,, = ({L, R}")*» the possible sequences of play
in the L,-repeated game, where recall that S, = 1+ > ,_, L. Then clearly
Ho = X :=[],cn Xn, while Hg, = X, := [], ., Xi. (Essentially, we’ve par-
titioned the stages into blocks X, Xs,...) We use the following notations:

For a strategy profile 7 and its induced measure P, € A(X), let (Pr),
denote the marginal of P; on X, 41 = Hg,,,, and let (P;),[:|:] be the con-
ditional on X,, w.r.t. X,: Le., (P.),[ | Z,] is the distribution on X,, given
ZTn = (21,...,Tpn_1) € Xn; if P-(T,) = 0, then these conditional distributions
are arbitrary, and any specifications of it are called a wversion of (Pr),[- | ‘]
(Referring back to our game, (P;),, is the distribution on the L,-block of the re-
peated game, given the play of the proceeding blocks of the sizes Ly, ..., Ly_1.)

Now in our case, for our specific strategy profile 7 we have the version of
(Pr)nl- | -] given by (Pr)n[-| -] = P,,, where p, is a strategy profile in L,, stage
game where p,,(0) = v, and p,(h) = L if h # 0, with v,, defined in (5.2), and

I =Lforallke P ie, P, =v, ok, L.
On the other hand, for z,, € X, = Hk<n X, = Hg,, letting o be an
equilibrium of G*°, we have the version of (P,),[ | Zn] given by:
o If Py(7,) > 0, then (P,)n[ | Tn] = Pryz,}, where 7{Z,} is the strategy
LTI,
profile in the L,-stage game defined by 7{Z,}(h) = oz, (h) for h € |J H;.
t=1

o If P,(Z,) =0, m{Z,} is chosen to be n{y,,} for some 7, with P,(7,) > 0.

Hence, for all 7, € X,,, m{Z,,} is an equilibrium'? in the game I'(L,,, gz, ) for
the continuation payoff gz, (h) = E, ., [F], which satisfies ||gz, [loc < [[F]|cc <

[Ir[loe
1-5

12Indeed, if o is an equilibrium and h € H, with P, (h) > 0, then oy, is also an equilibrium.

11



Fix Z,, € X,, and denote 7 for brevity instead of 7{Z,}. Proposition 6.1
and the fact that L, = Ty(d,) then implies that one of the following holds:

(i) For some j = 1,2,3,4, mn (0) < 3+ 30

(ii) Pr(Hq) <1 —¢g, where H, is defined just before Proposition 6.1 (for the
L,-stage game).

(ili) Pr(h) < 3¢ for some h € H,.
Going over these case-by-case:

(1) In this case,
(74 (0) = pi? (D)) = |79 (0) = (5 +8a)| =

S0 ||Ppn _P7T|| Z %'
(i) Pr(Ho) <1 —¢ while P, (H,) =1, hence ||P,, — Pr|| > 2 > 0y,
(iii) Pr(h) < 3¢7%, while P, (h) > (7% hence ||P,, — Pr|| > (71 > 6,.

Hence, ||P,, — Pr|| > % Since P, (Hy) =1 and |H,| = 2%, we have'?

1 On

}L nl|Tn) — }% nlTnllloc = P, _'F% 0o = ——||P, _'}% > =

1P )l = (Po)abEllle = 1Py = Prlloo 2 51 l1Ps, = Prll = 53
This was for any Z, € X*. Hence, by Theorem 10.7, since Y 52 = oo,
P.1P,. O

Corollary 7.2. For P.-a.e. h € Hy, for allt € N, P,

), LEs for any equilib-
rium o of G™.

Proof. Fix h € Hy and ¢ € N with P,(h|;) > 0 and an equilibrium o of G*.
Denote 7" = 75, . We will show that P/ LP,.

First take the case that t = S, for some n. In this case, one simply observes
that P, is induced by the sequence (Ly, Ly11,...) in the same way that 7 is
induced by the sequence (L, Lo, . ..), and applies Proposition 7.1 (since the se-
quence (8, 0p41,-..) also satisfies (5.1), and L,, = Typ(dy))-

BIf p,v € A(A) with A finite and v supported on a set B of size M, then ||u — v||oo >
ﬁ”ﬂ — v||. This is because

H(A\B) = |u(A\B) — v(A\B)| = [u(B) — v(B)| < 3 |ula] — v[a)| < M - ||~ v|e
a€EB

SO

vl = 3 lula] = viall = 3 lula) = via]| + u(A\B) < 2M||u — v]loo
acA a€EB

12



Suppose now S, < t < Spy1. Denote T = S, 11 — t. Fix some h’' € Hpyq
(hence, (h|¢,h') € Hg such that P (h’) > 0 and also P,(h') > 0. Let
= 7;,, 0' = op; then ¢’ is an equilibrium of G* since P,(h') > 0, and
7" is the induced by the sequence (L1, Lnta,...) in the same way that 7 is
induced by the sequence (L1, La, . ..). Hence, like the case above, Py L P/, i.e.
P 1Py, , and therefore P/ (- | ') LPy(- | k). To sum up, for each h’ € Hrq
such that P/ (h') > 0 and also P,(h') > 0, we have Py (- | ') LP,(- | ). Hence,
from Proposition 10.8, P, 1 P,, as required. O

n+1)

8 The Bayesian Game

Relying on the payoffs r defined in Section 4 and the strategies and beliefs
T = (T]’k)j’k,efp defined in Section 5, we now define a Bayesian game:

e First, let (4,,)52; be a positive sequence satisfying, in addition to (5.1),
the condition
S |
11 <
853 =
i L )4

(E.g., take 6, = \/ﬁ7 for large enough M > 0.)

ol

(8.1)

e The set of players P = {C, D, A, A2, A3 A%} is the same as before, each
with actions {L, R}.

e Player C has two types, which we denote t¢ =1 or t¢ =, and which are
chosen with equal likelihood. All other players can each be of one type
only, and hence we drop reference to their types.

e For a player k # C, the payoff p¥ satisfies p* = r*, while
pC(Tv ) = TC(')a pc(\lfy ) =0

e Define a positive sequence (p, )22, by:

L ifn=20
_J) 2 1
Pt { 2% ifn>0 (8.2)

e Now, define the strategies (77)jcp in the following way: n* = 7% for k # C,

while
L if Vn,t # 5,
0’ (tAJ7h/|t) = R53 ift =85,,t% =1 (8.3)
- if =S, t4 =]

Lemma 8.1. % <pp < % for all n € N.

Hence, since 65 < g, the strategies given by (8.3) are well-defined.

13



Proof. This follows by (8.1), since one shows inductively that:

1 1
51_‘[17752—1)7%%1

k<n

Lemma 8.2. p, = P,(t° =1| R,,) where
R, ={vm<n,a§ =R andVt<S, s.t. ¥m,t# Sp,ay =L} (8.4)

Le., the probability that the other players associate with the type of C' being
T, given that only R has been played by him at each stage of the form Sy for
k <n and L at all other stages, is p,. Note that Ry = {0}.

Proof. Observe that by the definition of 7,

53
Py(Rps1 | t9 =} NR,) =1~ ﬁ, Py(Rpi1 | t9 =t NR,) =1

n

Assume inductively p, = P,(t® =t| R,): This clearly holds for n = 1, since
P,(t% =1 {0}) = P,(t° =t) = 1. Using Bayes rule, since R,11 C Ry,

P, (t% =1t| Rys1)
B Py(Rui1 | t9 =1 NRy) - Py(t° =1| Ry)

 PyBar1 [1€ =1 NRy) - Pyli€ =] Ru) + Py(Boss | 1€ =L (Ry) - (€ =1 Ry)

_ 1-pn _ DPn = Pni1
- 53 T 1_g  Pn
Lopn+ (1= 1) (1—pa) 1=03

as required. O

Lemma 8.3. For all n, and all player k # C, T’SC:LC = P,(af =L|R,), where

R,, is defined in (8.4), and if t € N is not in (Sp)nen, then 77°¢ = Py(af =
L|h) for any h € Hy.

(Recall that 7 is history-independent.)

(o]

Proof. Indeed, by the previous lemma and the definition of Tgn ,

Py(af, = L| Ru) = pn-nS, (1) + (1= pa)u§. (1)

_ o ke
—pn'0+(1_pn)1_p =0, =Tg

n

The second part of the lemma is clear from (8.3). O

Corollary 8.4. (n®)rep is a Bayesian equilibrium, and P, is precisely the
marginal of Py(- 1) on Hs.

14



Proof. The first part follows by combining Lemma 8.3 with the fact that under
(T9F) .k €ach player was best-replying to his beliefs, while the second part follows
by the definition of 7. O

Given what we have already proven for 7 in the game with payoff r in Section
T

Corollary 8.5. P, (- [1)-a.e. h € Hy, for allt € N, and for all equilibrium o
of G*(1), we have Py, (- [1)LP,.

Indeed, o must also be an equilibrium of G*°, for G defined in Section 4,

since G = G(1).

9 An Alternative Example

We present now an alternate example. The advantage of this example is that
it is simpler in some respects, although shares a similar theme. A disadvantage
of this example is that it cannot be modelled into the frame of Bayesian games,
as we had done for the other construction in Section 8.'* We do not present a
complete proof that convergence to equilibria does not occur, rather we state
parallels of Lemma 4.1 and Proposition 6.1, and the proof from there continues
very similarly.

There are seven player, P = {A, By, By, Cy,C5,C3,D}. Each has actions
L, R. The payoffs are given by:

o 101 =702 =% =4 = 0. Denote A%(z) = Hj:1,273(xcf — 1), A z) =

A1
e For j=1,2,
2P =1 2P =R
rBi( 2By =L 2 A(z) + (—1)7A%(x)
R 0 0
y ;|
L|4z° -3
D¢ ,—Dy _

Again, the profile L in which " = L for all k € P is an equilibrium. The
parallel of Lemma 4.1 is:

Lemma 9.1. For each 0 < § < 1

1, there exists n > 0 such that there is no
n-equilibrium z of G satisfying:

14The reason is that, since types must be independent, it is always true that any two players
must, at any given time, have the same belief about the type (and hence the actions) of any
third player. In this example, this is not the case, and this is crucial for the success of the
example.

15



e Forj=1,2,3,$+16<2% <3.
o 251 B2 (5,14

Proof. As in the proof of Lemma 4.1, we would get an equilibrium y satisfying
these conditions. Then y” = R, and we have A%(y) # 0, so By, By cannot be
both indifferent between L, R. O

Similar to Section 5, let (65 )n=1, (L,)22; be a sequences satisfying (5.1) and
the definition after it, except with ¢, and the function Ty being specified by
Proposition 9.2 below instead of Proposition 6.1. Define:

T406, ift=25,
L if Vn e N, t £ S,

b R ifdneN, t=S5,
L if¥neN,t#S,

ifIneN, t=25,
ifVn e Njt £ 5,

\]
b
Il
—
o=

° Ifk?éBl,BQ OI‘?TL7£147 Tk’mzrm.

However, for j = 1,2,

JBiA L (-1)y8 ift=25,
¢ o ifvneN,t #£S5,

We leave it to the reader to show the parallels of Lemmas 5.1 and 5.2 - that
is, that each player is best-replying to his beliefs in each stage, and that the
beliefs possess grain of truth. Now, if one defines the T-stage version of this
game with continuation payoffs as we did in Section 6, one can show in a similar
manner that if we denote

H,={h=(a1,...,ar) € Hryy |aP = Rand Vk € P,2 <t < T,a¥ = L}
(9.1)
then:

Proposition 9.2. There exists € > 0 such that for each 0 < & small enough,
there exists To = To(0) € N such that if T > Ty and g is a continuation payoff

[[rlleo

satisfying ||glleo < “=5 then there does not exist an equilibrium profile o of
(T, g) which satisfies:

e Forallj=1,2,3, £ +16<o%(0) < 2.

e P,(Hy)>1—¢ and P,(h) > (7! for each h € H,,, where ¢ = 45.

16



Indeed, one proves parallels of Lemma 6.2 (only for the non-indifferent play-
ers D, By, By), Lemma 6.3 (only for Player D), and Lemma 6.4 (using n from
Lemma 9.1 instead of Lemma 4.1); one then observes that if ¢ is small enough,
P,(h) > 3¢~ for each h € H, implies that 051 (0),o52(0) € [6,1— 6], and then
derives a contradiction using Lemma 9.1 just as in the proof of Proposition 6.1.

Following the proof of this proposition, the proof that convergence to equi-
libria does not occur proceeds in the same manner as in Section 7.

10 Appendix A: Probabilistic Tools

Let™ X, X5, ... be finite, X = Ien Xn, X, = [Iicn Xk For a measure
P € A(X), let P, denote the marginal of P on X, ;. For P,Q € A(X), we
will say that P is locally absolutely continuous w.r.t. Q if P, < @, for all n.
For each n, let P,[:|-] be the conditional on X,, w.r.t. X,: Le., P,[ | T,] is
the distribution on X,, given 7,, € X,,. The distribution P,[- | Z,] is uniquely
defined!” if P(F,) > 0. A version of P,[- | -] is such a conditional distribution

with P[- | Z,] defined in this unique way when P(T,) > 0, and an arbitrary
element of A(X,,) if P(Z,) =0.

16

The following is known as the Kakutani dichotomy (the version for products
of finite spaces); see [Shiryaev (1995), Sec. VIL.6], Theorem 4, which generalises
[Kakutani (1948)].

Theorem 10.1. Let P,Q € A(X), and for each n, such that P is locally
absolutely continuous w.r.t. Q. Then

P<<Q<:>P[Z(1— S VB | %al - Qula| 7)) < oo] —1

n=1 a€EX,y,
and
PLQ = P[Y (1= Y VR 7] Qula[7a]) = 0| =1
n=1 acX,,

Note that the summand is well-defined - since if Q(Z,) = 0 then P(Z,) =0
- and is seen to be non-negative.

Lemma 10.2. For any finite set A, and any p,q € A(A),

1 1
§||p—q\|2 <1- +/rla]-qld < 1Al lp = allo

acA

15Some of the notation here is a repeat of Section 7.
16 X is endowed with the Borel o-algebra induced by the Tychonoff topology.
17For all T, = (z1,...,2n-1) € X*, P(Tp) = Hk<n Plzy | Tg).

17



Proof. The right-hand inequality follows since for 0 < x,y,

(Wi Vap = () =l < s

and therefore, since ), pla] = >, .4 qla] =1,

137 Vol ] = 5 S (el Valal)? < 5 3 Ipfa)—alall < 314l p-allc

acA a€A acA

For the left-hand inequality, for 0 < z,y < 1 we have

Wy — V| =ly—=x I\[+\f_2 ly —

and hence
1= 3 Volal -alal = 5 3" (Volal~ Vala)? = 5 3 (vlal ~alal)? = 5llp-all
a€A a€A aGA

O

Corollary 10.3. Let X, = A for alln € N, for some finite set A. Let (p:)$2,,
(qe)22, be sequences in A(A), such that for allt € N, py < q:. Let P = ®Npt,
te

Q= t(é@th. IfF 372 o — @tl|oo < 00, then P < Q.

Proof. Clearly local absolute continuity of P w.r.t. @ holds. One applies the
right-hand inequality of Lemma 10.2 to the criteria for absolute continuity given
in Theorem 10.1. U

Proposition 10.4. If, in Corollary 10.3, it in addition holds that for some
a>0, for all t, pe[z] > 0 implies pi[z] > «, then Q contains a grain of truth of

P (i.e., @ is bounded).

Proof. For each element T € X s.t. P(Z,) > 0 for all n (which implies Q(Z,) > 0
for all n), denote
P(z,) Prlzk]

Then for Q-a.e. T, g—g(f) = limy, 00 70 (T). Since ||pn —qnlloc — 0, by shrinking
a and possibly disregarding finitely many ¢, we may assume that piz] > 0

implies both p:[z] > o and ¢:[x] > a. Then, for Q-a.e. T,

In(T, (@) < sup  max(in(p[a]) — In(g[e]), 0)
t—1 TEX¢t,pe[z]>0
Sli sup max (p;[z] — q¢[z] li”pt_qt‘|oo<oo
Q{7 € Xe,pela]>0 o =

O
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Corollary 10.5. Let P,Q € A(X), and for each n, let P,[|-],Qn[ | -] be
versions of the marginals and suppose that for all x € X,

S (1= Y VP [Tl Qula | T]) = o0

acX,

Then PL1Q).

Note that the power that Corollary 10.5 adds to the Kakutani criterion for
the divergent case is that P need not be locally absolutely continuous w.r.t. Q.

Proof. For each n, let u, € A(X,) have full support. Define 1, : [0,1] X
(A(X,))? = R by

Yalepia) =1 Y V(L —e)pla] +epnlal) (1 = e)ala] + pnla])

acX,

¥y, 18 clearly continuous. Let &, be such that for all e < ey, sup, jea(x,,) [¥n (e, p, )~

¥n(0,p,q)| < 5+, and denote & = (g,). Define new marginals P, [- | -], Q. | -]
by

Pl [ 1= =¢en)Pul | 1+ enpin, Q- |1= (1 =en)Qnl | ] + entin

and let P, Q" be the induced distributions on X with these conditional dis-
tributions. If needed, further shrink e, such that ¢, < M\ETIIZ - call such a

sequence quickly decreasing. Observe that, since |v/a — vb| < y/]a — b| and
le-d—c-d|<d-|le—d|+ - |d—d|we have

| VP TE] @)ala 17l = Y. VPulo [Tl Qula [ 7]

a€X,, aeXy

< Z \/|(P/)n[a | En] : (Q/)n[a ‘ jn] _Pn[a ‘ jn] : Qn[a | fn]l < ‘Xn| : \/ES

aceX,,

Hence, for all x € X,

Z (1 - Z \/(Pl)n[a | Zp] - (@ )nla | fn]) =0

n=1 acX,,

As such, ||P' — P|| < ey, ||Q — Q|| < 1 by Lemma 10.6 below. Hence, taking
a sequence ("),¢cn of quickly decreasing sequences satisfying ] — 0, we have
P — P, Q' — @, and clearly, each pair P’ and Q' are locally absolutely
continuous w.r.t. each other. Applying the Kakutani criterion, we have P’ 1Q’,
and hence'® P1Q. O

18Tndeed, this implies that for each & > 0, there are disjoint A, B with P(B) < ¢, Q(4) < ¢;
this easily implies P_LQ.

19

\/281
on




Lemma 10.6. Let P,Q € A(X) such that for some versions of P,,Q., for
eachn € N, [[Po[- [ -] = Qul- | ]Il < Cn. Then ||[P = Q[ < 32, Cn-

Proof. Inductively, for each n € N, it can be shown via standard arguments'®
that

1Pr = Qull < |1Po1 = Quall + sup [[Po[[Tn] — Qul-[Zn]l]
5’VLEA)(’!'L

and hence ||P, — Q|| < Y e G < Dok Gk for each n, and hence® ||P — Q|| =
- O

lim ||, — Qnl[ <e.
n— 00

Theorem 10.7. Let P,Q € A(X) and suppose that for some versions of Py |
']7 Qn[ | '], and all x € X,

D Pl | Tn) = Qul | 2|3 = o0 (10.1)

Then P1Q.

Proof. This follows from Corollary 10.5 and the left-hand inequality of Lemma
10.2. O

We will also make use of the following:

Proposition 10.8. Let P,Q € A(X) and T € N. Denote Py = {Tr €
Xr|P(@r) > 0} and similarly define Q4. Suppose for each Tp € Py N Q4

Proof. For each Tr € PLNQ+, let Sp(Tr), Sq(Tr) C [[,>7 Xn be disjoint such
that P(ET X SP(ET) ‘ ET) =1, Q(ET X SQ(ET) ‘ fT) = 1. For zr ¢ PN Q+,
take Sp(Tr) = Sq(Tr) = [[,,>7 Xn- Then define,

Sp= |J @rxSp@r), So= |J @rx )
TreXT TreEXT
Then it is easy to check that
P(Sp)=Q(Sq) =1-Q(Sp) =1-P(Sg) =1

O

9Tndeed, given transition kernels 7(- | -), ¢(- | -) from a Borel space X to a Borel space Y,
and measures p, v € A(X), letting n(- | 1) and (- | v) be the induced measures on X XY, we
have

[InC | 1) = <C I < sup [In(-le) — C(lz)l] + [|w — vl
rzeX

20Tn general, for any measure A on a measurable space (2, B), and any filtration (B, )nen,
if A, = A|Bn, we have ||[An|| = [|A||, where || - || denotes the total variation norm.
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11 Appendix B: Proofs from Section 6
Lemma 11.1. For each h € H, and each 2 <t < T,
Py(Ho|{hli}) > 1~ 2€Ce

Proof. If not, let h € H, and 2 < t < T such that PU(HT_H\HQ‘{Mt}) > 2(e.

Py(Hr11\Ha) > Po(Hry1\Hao|{ht}) - P> (hls) > (2€e) - (%C_l) =€

and therefore P,(H,) < 1— ¢, a contradiction. O

Proof. (Proof of Lemma 6.2) Suppose not; let h = (a1,...,ar) € Hy, 2 <t <
T — Ty, k € P be such that o*(h|;) < 1. Let o, (resp. or) be strategy profiles
such that % (h|;) = L (vesp. ok (h|;) = R) and agrees with o otherwise.?! We
have (recall the notation of (6.1)),

T
Eqn[Fyl{hle}) = Ti_1(hl) + Bop [ Y r*(as) 87" + 879" (h) | {hl:}]

s=t

T
ST (bl +1-87 42 Y B+ BTgllo
s=t+1

where we have used the fact that r*(R,z=*) < 1 for any profile z, and r* < 2.
On the other hand, since for h = (ay,...,ar) € Hy, 7*(a;) = 2forall 2 <t < T,
and 7% > —||7]]oo,

T
Eq, [Pyl{hle}) = Ty (hle) + Eop [ Y r*(as) 8" + 879" (h) | {Al:}]

5=t

> 7ty (hle) + (2 Poy (Ha|{le}) = llrlloo - (1= Poy (Hal{R1:1))) D 87" = 87 |lgllos
T
> 7y (hle) + (201 = 2¢e) — 2€ellrlloo) D B°7" = B l|glloo

where we have used Lemma 11.1, since Py, (Hq|h|¢) > Py(Hq|hl). In order to
have E,,, [f’;] < E,, [F¥] (which implies E,[Fh] < Eq1 [Ty] and gives the desired
contradiction to 0% (h|;) < 1), it suffices to have,

T T
1A 30 28 4 B lglloe < (2= 22+ Irl]e)) Y 851 = B lglloe

s=t+1 s=t

21 That is, o, o = o™ form # k, and oﬁ(q) = cr%(q) = o¥(q) for any q € Us<T Hy except
for the one case ¢ = hl;.
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or equivalently,

T
268" (|glloo < B = 2¢e(2+ [I7llee) D B!

s=t
Since ||g]]oo < Hﬂ"" and Z _ B8 ﬁ, it suffices to have
T—t+1I7[loo 1 1
2 — < =

For this to hold for ¢t < T — T, it is enough to require that the following pair
hold:

T1+1||7“||oo 1 1
FITTE < and Ce(2 4 irll) = <

which follow from (6.4) and (6.3). O

>~ =

Proof. (Proof of Lemma 6.3) We deal with Player D; Player C follows similarly.
Like above, let oy, (resp. or) be the strategy profile such that o2 () = L (resp.
aB(0) = ) and agrees with o otherwise. Observe that P,(H,) > 1 — ¢ implies
o (D[R] > 1 — ¢, hence

Es, [TD(G'I)] =E,;, [TD(al)‘Ha]PGL (Ho) + Eop, [TD(GINHT\Ha](l — Py (Ha))

< By, [P (a1)|Ha] -0+ (2 - S (@)[L] + 0- sC@O)[R]) - (1 — 0) < 2¢ < i

by (6.3) and since r” < 2. Hence, also since r” < 2, we have

T
Eoy[70] = Boy (3 r2(a) 60 + 57g()] < 5 +23° 5" 4 57 1|T_|Oﬂo
s=2

Similarly, since P,,(H,) > P,(Hy) > 1—¢ and rP > 0,

Eop[rP(a1)] 2 Eoplr? (a1)|Hol Poo (Ho) 2 09 D)[R](1 — ) = (1 — ) > %
Therefore,
Eop[T2) = Eop[Y 1P (as)B " + 879" (h)]

T
> 3 2 Pay () = (1= Poy(a)) - o) 32 5770 = 57
s=2

3 o |7} oo
> 1 +2(1-¢) - ||7°||oo€)§»3 ! —ﬂTW
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where we have used again the fact that P, (H,) > P,(H,) > 1 —e. In order
to have E,,[F)] > E,,[F}'] it is sufficient to require

SR ||r||oo>sigsfl Cgrlirllee S 1 grllrllee
! s=2 1-p " 4 1-p
which holds if
e Irllse 1
e(2+ Hrl\oo)sz_;ﬁs ! HﬁTW <5
and since T > T, this holds if
(2 + ) 2 + 267 L < 2
This will hold if
25n% < i and (2 + \|r\|m)ﬁ < i
which follow from (6.4) and (6.3). 0

Proof. (Proof of Lemma 6.4) For each u € {L, R}T, where P :iAl’ Ag, Az, Ayl
let o, be the strategy profile in the T-stage game in which ¥ () = u, and oy,

agrees with o otherwise.?? z = ¢” () must then be an equilibrium of the game
with payoff

Eo, [r"] = 17 [u] + &(u)

u

where
T —_ J—
E(u) = B, [Y 7 (a)B 1 + 8797 (h)]

If we can show that [|€(u) — £(v)||ee < 7 for any two u,v € {L,R}”, then
x = () will be an n-equilibrium in the stage game r(-), since 0% () = (R, R)
by Lemma 6.3.

We have by Lemmas 6.2 and 6.3,
P,(V2<s<T-Ty,a;,=L)=1
and hence for 2 < s <T —T7,
P,(r7(a;)=2) =1

Furthermore, by the final condition assumed in Propositon 6.1, o(@)[u] > 0 and
o(0)[v] > 0 for any u,v € {L, R}?, hence P, < P, and P, < P,. Hence, for
2<s<T-T,

Es, [Tﬁ(%)] = E,, [Tﬁ(asn =2

22That is, 052 (0) = 0L (D) and if ¢ € UL, Hy, ou(q) = o(q).
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Hence, to show that ||{(u) — &£(v)||ee < 7, it’s enough to require that

- Ir]
> lrlleos ™+ 8T < 7
s=T-T1+1
or equivalently,
Il - 67 _
1-3 2
which follows from (6.4). O

References

[Ash and Sexton (1985)] A Surface With One Local Minimum, Mathematical
Association of America, 58, 147-149.

[Blackwell and Dubins (1962)] Merging of Opinions with Increasing Informa-
tion, The Annals of Mathematical Statistics, Vol. 33, 882-886.

[Foster and Young (2001)] On the Impossibility of Predicting the Behavior of
Rational Agents, Proc. Nat. Acad. Sci., 98, 12848-12853.

[Gilli (2001)] A General Approach to Rational Learning in Games, Bull. Econ.
Res., 53, 275-303.

[Jordan (1991)] Bayesian Learning in Normal Form Games, Games Econ. Be-
hav., 3, 60-81.

[Jordan (1993)] The Problems in Learning Mixed—Strategy Nash Equilibria,
Games. FEcon. Behav., 5, 368-386.

[Jordan (1995)] Bayesian Learning in Repeated Games, Games Econ. Behav.,
9, 820.

[Kakutani (1948)] On Equivalence of Infinite Product Measures, Annals of
Mathematics, 49, 214-224.

[Kalai and Lehrer (1993)] Rational Learning Leads to Nash Equilibrium,
FEconometrica, 61, 1021-1045.

[Kalai and Lehrer (1995)] Subjective Games and Equilibria, Games. Econ. Be-
hav., 8, 123-63.

[Miller and Sanchirico (1997)] Almost Everybody Disagrees Almost All the
Time: The Genericity of Weakly Merging Nowhere, Columbia University
Discussion Paper No. 9697-25.

[Miller and Sanchirico (1999)] The Role of Absolute Continuity in Merging of
Opinions and Rational Learning, Games Econ. Behav. 29, 170-190.

24



[Nachbar (1997)] Prediction, Optimization, and Learning in Repeated Games,
FEconometrica, 65, 275-309.

[Norman (2012)] Almost-Rational Learning of Nash Equilibrium without Ab-
solutely Continuity, Economics Series Working Papers, 602, Univ. Oxford,
Dep. Econ.

[Nyarko (1998)] Bayesian Learning and Convergence to Nash Equilibria without
Common Priors, Econ. Theory, 11, 643-55.

[Sandroni (1998)] Necessary and Sufficient Conditions for Convergence to Nash
Equilibrium: The Almost Absolute Continuity Hypothesis, Games Econ.
Behav., 22, 121-147.

[Sandroni and Smorodinsky (1999)] The Speed of Rational Learning, Int. J.
Game Theory, 28, 199-210.

[Shiryaev (1995)] Probability, 2nd Ed., Springer.

25



