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Abstract

We investigate the behavior of two learning rules, Stochastic Best Response (SBR) and
Replicator Dynamics, in a model with aggregate and time-correlated shocks to payoffs. The
main difference between the two behavior of the two rules is that under SBR corners are
not absorbing. We study a setting where there are two actions and many states of nature
and the transition between states follows a Markov chain. We find that the SBR converges
to a behavior similar to probability matching. On the other hand, the Replicator Dynamics
selects the optimal action only if the average payoff of both actions is different enough.
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1 INTRODUCTION

Despite the many applications Markov processes have for modeling real life environments, few
papers are devoted to study the evolutionary properties of models with such processes. To our
knowledge, only Ben-Porath et al. (1993) and Rustichini (1999) deal with this issue.

Ben-Porath et al. (1993) present a model that is framed within an environment that changes.
They study two types of changing environment. One in which the change is deterministic and
another in which the changes in environment follow a Markov chain. In their model, players
actions are subject to random mutations. They characterize the mutation rate that maximizes
population growth in the long run. On the other hand, Rustichini (1999) presents a paper that

focuses on the optimality of two different population dynamics within a Markovian environment.
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In his model, the environment changes according to a Markov chain and for any state in the chain
there is a unique action that maximizes payoff. Rustichini studies the optimality properties of
linear and exponential (logit) adjustment process under different informational settings about

payoffs of actions. In section 5.1 we dedicate more time to discussing Rustichini’s work.

In this paper we present a model where the environment changes according to a Markov
chain and for any state in the chain there is only one action that maximizes payoff. Players
do not know how does the payoff matrix look like. What is more, they don’t know how many
states there are or what are the transition probabilities between states. To motivate the idea
behind this setting, consider the following practical example. Assume there is a firm that faces
a random demand. The demand follows a Markov process with m states and the firm does not
know the value of m. The probability of transiting from state i to state j is given by 6;; € (0, 1].
We can think of this demand as a demand that follows fashions. In some states the product 1 is
on fashion and most of the costumers buy product 1. Of much better product sells will depend
of the specific state of the demand. On the other hand, in the rest of states product 2 is on
fashion most of the costumers buy product 2. Assume that the profit for the firm of producing
good ¢ when state is j equals m;;. Assume for simplicity that the cost of producing each good
is zero. However, the firm has a fixed productive capability of measure 1. This means that the
amounts of good 1 and good 2 produced must always add up to 1 or less. The firms’ problem
is to choose how much of either good to produce. However, the firm does not know how many
states nature has. Neither she knows what are the values of m;; and 6;; for all i € {1,2} and
j€{l,...,m}. The firm just observers that his profits from selling either product change over
time. In this paper we show how the two different learning rules we consider will behave in such

setting.

Within the setting we just presented, we study the behavior of two learning rules: Stochastic
Best Response and Replicator Dynamics. The two rules are very well known and have been
widely used in the literature because of their appealing interpretation and their match with real
life behavior. Intuitively, the main difference between the two rules is that the Stochastic Best
Response is an individual leaning rule (or non-selection rule) while the Replicator Dynamics is a
population learning rule (or selection rule). The implications of this differences for our analysis
will be clear later on. With this paper we aim at exploring how the two rules we consider behave
in a setting with markovian changes in the state of nature. In particular, the question we want
to address is the following: Are the rules considered here able to select, in the long run, the best

action?

The Stochastic Best Reply is an individual learning rule because players do not learn form
their neighbors but from their own experiences. It is a reinforcement rule in that more successful
actions today are likely to be adapted for tomorrow. Under the Stochastic Best Reply, at any
period players observe the performance of both actions. A player increases the probability of
playing a given action for the next period if and only if that action yielded higher payoff than the
others in the current period. The increase in the probability of playing the action will depend
in the difference between the payoffs achieved by all actions and in the current probability of

playing the action. In particular, the Stochastic Replicator Dynamics incorporates opportunity



cost considerations. If action 1 yields more payoff today and the player is already playing it
with high probability, the increase in the probability of playing action 1 is small because the
players feels she is already doing quite well. That is, the opportunity cost of not increasing
the probability of playing action 1 is low. However, if action 1 yields more payoff today than
the other actions but the player is playing it with very low probability, then the increase in the
probability of playing action 1 is big because the player feels she is doing quite badly. That is, the
opportunity cost of not increasing the probability of playing action 1 is high. The opportunity
cost consideration has its more extreme manifestation in the case where the player use the
deterministic Best Response. Under the deterministic Best Response the player plays tomorrow
with probability 1 the action that yielded higher payoff today. The deterministic Best Response

is just the degenerated case of the Stochastic Best Responses.

Under the Replicator Dynamics, players learn by observing actions and payoffs of other
players. Every period, each player observes the average payoff of the population. If the payoff of
a player is higher than the average payoff of the population, then she will increase the probability
of playing the action she played. The magnitude of this increase will depend on the difference

between her payoff and the average payoff of the population.

Learning rules can be divided into two categories. The individual (or non-selection) learning
rules and the population (or selection) learning rules. Concerning the individual learning rules,
we focus our attention to the Stochastic Best Response. The Stochastic Best Response gathers
many of the aspects that real life agents’ decision exhibit. Mainly, it captures the idea of
reinforcement learning. That is, actions that were more successful today are more likely to
adapted for tomorrow. For two excellent detailed expositions on reinforcement learning and its
relationship with real life behavior the reader is referred to Roth and Erev (1995) and Erev and
Roth (1998) and Camerer and Ho (1999).

Concerning the population learning rules, we decided to use the Replicator Dynamics. The
Replicator Dynamics is the most commonly used learning process for population learning in
economics and in biology. The literature on selection learning rules is extensive. Other repre-
sentative rules may include various types of imitation, etc. However, it has been shown that the
behavior of many of these rules converges to that of the replicator dynamics. For example, Schlag
(1998) shows that the Proportional Imitation Rule converges to replicator dynamics. Moreover
the Replicator Dynamics can be derived from behavioral axioms as shown by Easley and Rusti-
chini (1999). Hence, by focusing on the Replicator Dynamics we are indirectly considering other

population learning rules.

In our results, we show the following two facts. First, when the agents play according to the
Stochastic Best Response, the long run behavior of the population resembles to what is know
as probability matching. Probability matching prescribes that if an action is better than the
other = percent of the time, then the population will play it with a frequency of x. We show
that if an action is on average better than the other, then the population will be playing it
more often, but not always. The frequency by which the each action is played will depend on

two things. First, the difference in average payoffs between the two actions. Second, on the



probabilities that the limiting distribution of the Markov chain for states puts on each state.
The probability matching behavior is clearly suboptimal. While some experimental papers
report that this behavior is observed in real life (see, for example, Rubinstein (2002), Siegel
and Goldstein (1959)). There seem not to be consensus whether probability matching is in fact
present in the behavior of real life agents (see, for instance, Vulkan (2000) and Shanks et al.
(2002)).

Our results for the Stochastic Best Response are closely related by the findings by Kosfeld
et. al. (2002). They study a setting where a finite set of players repeatedly play a normal-form
game. Players adapt their strategies by increasing the probability of playing a certain action
only is this action is a best reply to the actions played by the other agents. Hence, the rule they
use a particular case of the Stochastic Best Response in which the magnitude of the payoffs is
irrelevant for the updating of strategies. Kosfeld et. al. (2002) find that the system converges
to a best-reply matching equilibrium. In a best-reply matching equilibrium each player plays an
action with a probability that is equal to the probability that this action is a best response to
the actions of the other players. Our setting is different from theirs in that players do not play
against other players but against nature. The probability matching behavior we find in games
against nature is the equivalent to the best-reply matching equilibrium Kosfeld et. al. (2002)

find. In Section 5.3 we discuss this issues in more depth.

In our second result, when players play accordingly to Replicator Dynamics, we show that
the population may end up playing a suboptimal action forever. On the other hand, if the
difference between the average payoff of the two actions is high enough, then the population
will for sure end up playing the action that has higher average payoff. That is, if the differences
in payoffs are not too high, the population may end up playing either action in the long run.

Hence, the system may exhibit lock out on a suboptimal action.

A rule that has recently attracted some attention is the Borgers et. al. (2004) best monotone
learning rule (BMS rule henceforth). Under the BMS rule, if the payoff achieved by the action
played is higher than an endogenous aspiration level, then the probability of playing the action
increases. How this aspiration level is formed depends on the initial probability of playing each
action. A rule is defined to be monotone if the expected probability of playing the action that is
best given today’s state increases. A rule is said the be the best monotone rule if the expected
increase in playing the best action form period to another is highest among all monotone rules.
Borgers et. al. (2004) derive a rule that is the best monotone individual learning rule when
the environment changes independently of its past values and foregone payoffs are not observed.
We show that the BMS rule has a very similar behavior in the long run that the Replicator
Dynamics. Whether BMS rule is more likely to select the best action in the long run than the
Replicator Dynamics will depend on the specific value of the parameters of the model. A deeper

analysis of BMS rule is presented in Section 5.2.

The contribution to the literature of our work is twofold. First, we have mentioned already
the fact that very few papers study the situation in which the future realization of the state

of nature depends on its past realizations. Most of the papers on learning consider either that



the environment doesn’t change or that it changes independently of past realizations. This is
probably due to the technical difficulties involved in dealing with correlated realizations of states.
In this paper we show how this difficulties can, at least partially, be overcome. Our proofs for
the result for the Stochastic Best Response show how one can deal with dependent randomness
by showing that for any possible realization of states of nature, the position of the system in
the future can be approximated by simply the differences in speed of convergence towards each

action.

The proof of our result for the Replicator Dynamics learning extends the result on Ellison
and Fudemberg (1995) to the case of dependent state realizations. We show that the behavior
of a system that evolves according to a Markov Chain can be approximated by the behavior
of a system in which the probability of each state occurring is independent and equal to the
limiting distribution of the Markov Chain. Hence, our first contribution to the literature is that

we introduce new techniques for dealing with correlated states of nature.

Our second contribution to the literature is of an informative nature. The two rules we are
considering here have been widely studied before. However, to our knowledge, there is no paper
that shows of these rules will perform in a setting with correlated states. While our conclusion
for the Replicator Dynamics may not seem very unexpected, we find the fact that Stochastic

Best Response yields probability matching behavior quite surprising.

The rest of the paper is organized as follows. Section 2 presents the model. The two learning
rules considered are introduced in Section 3. Results are developed in Section 4. Section 5
presents a discussion and a deeper comparison of our work with the existing literature. Finally,

Section 6 concludes.

2 'THE MODEL

Consider a continuum of identical players of measure 1. Every period ¢t = 1,2,... players in
the population have to choose between action 1 or action 2!. The payoff of each player at time
t depends on her action and on the value of a random variable s;. The variable s; follows a
Markov process P with states m states. The probability of transiting from state i to state j is
given by 6;; € [0,1]. We assume the Markov chain to be ergodic. Hence, if 6;; = 0 for some
i,j then there exists a sequences of states ki, ks, ..., ky, such that O, , 0k, ko, .., 0k, ; #0. We
define p € [0, 1]™ as the limiting distribution of the Markov Chain P where p; is the weight the

limit distribution puts in state <.

If a player chooses action i and the state equals j then she gets a payoff m;;. We assume
that m;; € [0,1] for all 4, j € {1,2}. Further we assume that there is no weakly dominant action.
That is, there exists no i € {1,2} such that m;; > m_;; for all j € {1,...,m}. Without loss of

generality we assume that for some h < m, m; > mo; for j < h and mo; > my; for j > h. That

ncreasing the number of actions will make computations and exposition less transparent and won’t add any

extra strategic value to the case with 2 actions.



is, in the first h states action 1 yields at least the same payoff as action 2. In the rest of state,

action 2 yields more payoff than action 1.

One could think of adding idiosyncratic perturbations to payoffs by adding ep; to each
m;j. Where ep; are normally distributed zero mean random variables that are independent
across players h and time t. However, since the Stochastic Best Response can treat payoffs in
a non linear way (exponential, square, etc.) it is not true that the process will converge to
the same value as for the case without noise. The reason is the same as why, for instance,
E(2?) # E ((z +¢)) with E(¢) = 0. However, it can be easily verified that adding noise makes
no change in the results for Replicator Dynamics and the Stochastic Best Reply when payoffs

enter linearly in the learning rule.

Players have very limited information about the game they are playing. They don’t know
the payoff matrix nor how nature evolves or how many states there are. The only thing players
know is that they have two actions at their disposal. Furthermore, players have limited memory.
In particular, the only information they keep from period to period is the current strategy they

are playing. Next we explain this in more detail.

The timing within each time period works as follows. First, players choose actions according
to their strategies. Then, nature decides the state. Third, payoff are realized and players observe
their payoff. At this stage, only under the Stochastic Best Response, players also observe foregone
payoffs?. Finally, players updates their strategies. A strategy is the probability of playing each
action. When updating their strategies, players use the following information: their strategy
at the beginning of the period, the action they played and the payoff they got and, under the
Stochastic Best Response, the payoff the other action would have yielded (foregone payoffs).
Hence, the only information that players carry over to the next period is the strategies they
have. That is, players have limited memory about payoffs or the actions they played in the
past. The only information that players have about past payoff realizations is via their current
strategy. Hence, their current strategy can be seen as an aggregation or summary of past payoff

experiences.

Given that the two learning rules we consider only take into account the present realization
of payoffs, players having full memory won’t change our results. One might argue that if players
had long memory they could observe different payoff realizations and easily have a significant
information about the world they are living in (transition probabilities, etc.). However, this
is not true since players do not know how many states nature has. The number of states of
nature can be huge and players do not know how many states there are. Thus, players having
long, but limited, memory won’t guarantee them to learn about the environment they are living
in. Hence, the question if players are able to select the best action in the long run is still open.
Moreover, experimental results show that players do not tend to have very long memory (see, for
example Erev and Roth (1998)). Furthermore, as showed by Rustichini (1999), even if players

had infinite memory, it is not true that they will learn the best action for sure. This issue is

2Whether players observe forgone payoff under the Replicator Dynamics case or not is completely irrelevant

as will be clear later on



further discuss in section 5.

A learning rule is a function b such that b : [0, 1] x {1,2}2 x [0, 1]? — [0, 1]. That is, a function
that maps three arguments, strategy for the present period, action played and payoff gotten and
action not played and foregone payoff, into the strategy from the next period. The functional

form of the function b will depend on the specific learning rule we consider.

Denote by z the probability that a player from the population plays action 2. The variable z;
refers to the value of z at the end of period ¢ — 1 and the beginning of period t. Note that given

our setting, the variable z is a continuous Makorv process on [0, 1] and this process is ergodic.

Since we are dealing with a continuum of population, Law of Large Numbers applies and
we have that z is also the fraction of players playing action 2 deterministically. In an abuse of
notation, throughout the paper we will refer to z as both the probability for a single player of
playing action 2 and the fraction of the population playing action 2.

3 THE LEARNING RULES

3.1 STOCHASTIC BEST RESPONSE

To save notation we simply write 2;41;; to denote the value of z;11 given that action 7 yielded
a higher payoff at the current period and the current state of nature is j. The Stochastic Best

Response is characterized by

Zt+1,1,5 = 2t + Ztuf(H])
Zit12 = 2+ (1—z)pf(IL)

where p € [0, 1] is a learning speed parameter. The use of the learning speed parameter will be
discussed later in the paper. The value of ji is set such that z;41 remains always between 0 and
1. II; are the payoff gotten and the forgone payoff of both actions at state j and f is a function

on the payoffs. Function f must satisfy a the following assumption.
Assumption 1.

f(IL;) < 0 forje{l,...,h} with strict inequality if and only if 0 < z <1,
f(L;) > 0 forje{h+1,...,m} with strict inequality if and only if 0 < 2z < 1.

As an example, we present a rule in which payoffs enter exponentially in the function f.

€7r2j _ 67r1j

Al = act Al e (1)
eT2i — e™j
Zip125 = a+(1— Zt),um (2)
Another example could be the following.
Z41,1, = 2t 2T — )
Zip125 = 2z + (1 — z)p(mey — mi )



The intuition behind the Stochastic Best Response is the following. Each period, every player
observes the payoff of the action chosen and the payoff of the other action. Then she updates
her strategy in the following way. She increases the probability of playing action 1 in the next
period if and only if action 1 yielded higher payoff than action 2 in the current period. The
increase in the probability of playing action 1 will depend on the difference in payoffs between

the two actions.

A different interpretation of this same rule uses the fact that z can be considered as the
fraction of population playing action 2 deterministically. Under this consideration, at every
period, any player that didn’t play the best action, will change her action (best response to
the environment) with some probability. The probability of changing action depends on the
difference in payoff between the two actions. The Stochastic Best Response is an individual
learning rule because actions played by other players have no effect on the updating of the own’s

strategy. That is, players learn only from own experiences.

3.2 REPLICATOR DYNAMICS

The functional form for the Replicator Dynamics is the same independently on which action
yielded higher payoff. We write 211 ; to denote the value of the variable z at time ¢ given that

the state at time ¢ was j. The Replicator Dynamics is characterized by the following equation.

Zt+1,; = A+ Zt(ﬂ'Qj - ((1 - Zt)ﬂ'lj + Zt7r2j))

The intuition behind the Replicator Dynamics is the following. Every period, each player
observes the average payoff of the population (this is the term ((1 — z¢)m1; + 27m2;) in case
state equals 7). If her payoff is bigger than the average payoff of the population, then she will
increase the probability of playing the action she played. The magnitude of this increase will
depend on the difference between her payoff and the average payoff of the population. Another
interpretation of the replicator Dynamics is based on imitation. Every period, every player
observes the action and payoff of another player and imitates the action of the other player if

and only if the other player got a higher payoff than herself.

4 RESULTS

4.1 STOCHASTIC BEST RESPONSE

Before going to the formal results, we present a small discussion on the behavior of the learning
rule. First, note that under the two rules we consider, the learning process always puts more
weight tomorrow in the strategy that was more successful today. The biggest difference in
the behavior of the two rules that we consider lies in the way they behave when z is close to
the corners (0 and 1). In particular, under the Stochastic Best Response the corners are not

absorbing. On the other hand, under the Replicator Dynamics both corners are absorbing.



Assume for this discussion that there are only 2 states of nature. Under the Stochastic Best
Response, the speed at which a player adapts an action slows down as the probability of playing
that action increases. That is, consider that action 1 is played with a high probability and that
today action 1 yielded a higher payoff than action 2. Then the increase in the probability of
playing action 1 will be low. On the other hand, consider that action 1 is played with a low
probability and today action 1 yielded higher payoff than action 2. In this case the probability
of playing action 1 next period will have a high increase. Figure 1 shows how z changes over

time under the Stochastic Best Response.

Figure 1: Stochastic Best Response

Action 1 better than action 2
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Figure 1 shows the movements of the probability of playing action 2 (z) as a response to an
action being better than the other in the current period. As we mentioned before, assume that
an action is played with a high probability. Then the increase in playing that action in case it
yielded a higher payoff than the other action at the present period is low. This characteristic of
the Stochastic Best Reply will be exploited for the proofs of our results..

As one could possibly guess already, the Stochastic Best Response won’t converge to any
of the corners. The variable z will be always going back and forth. To study convergency,
we consider the limit case when pu, which can be view as the size of the changes in z, goes
to 0. Once such a limit is taken, the Stochastic Best Response converges to a single point.
This issue can be seen much clearer by looking at Figure 2, where a simulation is conducted.
The specific rule used is given by 1 and 2. The value of the parameters is set to m = 2,
w11 = 0.5, 112 = 0.3, 191 = 0.1, 7m0 = 0.6 and 012 = #27 = 0.3. The initial value of z was set to
zo = 0.4.

By studying the behavior of the system when p is made arbitrarily small we are characterizing
the asymptotic behavior of z. When p is taken to zero the adjustment in the strategies is made
arbitrarily small. However, as time goes to infinity the number of times the adjustments take
place is also made arbitrarily big. For papers that use this continuous time limit approximation
in setting somewhat different form ours see, for example, Borgers and Sarin (1997) and Benaim
and Weibull (2003).

The following proposition characterizes the convergence of the Stochastic Best Response

when p is arbitrarily small.

h . .
Proposition 1. Define z = % For any € > 0 there ezists a i € (0, 1] such that if
=1 J



Figure 2: Simulation - Stochastic Best Response
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The proof is presented in the appendix. Below we present a sketch of the proof. The point Z
corresponds to the point where an expected increase in z; due to action 2 yielding higher payoff
at time ¢ than action 1 would be equivalent to the expected decrease in z; from action 1 yielding
more payoff than action 2. That is, with m = 2, Z is such that |z4111 — 2| = |2e41,22 — 2]
In Figure 1, the point Z would be such that the size of the arrows (or jumps) towards the left
form a given point z is the same as the size of the arrows towards the right from this same point
z. Hence, Z is the point where the marginal movements towards action 1 and towards action 2
is equalized. One can easily check that if action 1 is better in the long run, which happens if
2?21 pif () > >, ) i f (IT;), then it will be played more often than action 2. However, it
will never be the case that action 1 is played with frequency 1. In our simulation above we have
that Z = 0.43. That is, in the long run at any given period action 2 is played with probability of
0.43. The behavior under Stochastic Best Response in the limit when p goes to 0 resembles the
intuition behind the probability matching behavior explained in the introduction. This behavior
is clearly suboptimal as if 2?21 paf (IL;) > 57", 1 i f(I1;) then the 2z that maximizes payoff is
z = 0. That is, playing action 1 always is better than playing action 1 with probability 1 — z for
z>0.

We now present an sketch of the proof of our result. For studying the convergence of the
variable z we first show that it suffices to study the convergence of a variable y that evolves in
a world with just 2 states of nature and symmetric transition matrix. Define h < m, as the

maximum j such that 71; > m;. Define y as y; = 2 and

Yr + 2y; 2?21 i f(I1;) with probability 1/2
Yt+1 = . -
* ye +2(1 — ye) iy wig(IL;) with probability 1/2.
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The following result, whose proof is presented in the appendix, states that both z and y converge

in probability to the same value.

Lemma 1. For any € > 0 there exists a it > 0 and a k € N such that for any p < iy and h > k

we have that

P (|zt4n — yr4n] > €) = 0.

The intuition is as follows. Assume that we are at time k. Hence, for ¢ > k big enough we

can rewrite the evolution of the variable z as follows.

zt + 2z f(I11) with probability g

zt + 2z f (I1},) with probability up,

Ei(z =
1 (Ze41) 2+ (1 — 2) f(II,) with probability p,.1

zt + (1 — z) f(IL,,) with probability um,

\
Note that the variable y evolves according to the expected movement in the long run of the
variable z. It can be easily seen that Ex(zi4+1) = Ei(yi+1). By time invariance of both z and y

we can extend this to Ex(zein) = Ee(Yern)-

Furthermore, by making g arbitrarily small we make the variance of both random variables
z and y to shrink to zero. Thus, we must have that their limiting distribution puts weight on a
single point. In other words, z and y converge in probability to a fix value Z and g respectively.
Since Ey(2t4n) = Eyt4n) for t big enough and for all h > 0, we must have that Z = §. Hence,
instead of studying the convergence of the variable z we focus on the convergence of the variable
.

For simplicity of the exposition, assume for now that # < 0.5. Imagine that we start at a
point y to the right of . From that point take a sequence of the next k states of nature where
states 1 occurred at least the same times as state 2. Call this sequence {st+h}’2:1. Take now the
sequence that is exactly opposite to {stJrh}i:l except for s; and call it {§t+h}2:1' That is, if
the second state in the sequence {s;y5}¥_; is 2 then the second state in the sequence {3 }%_,
would be 1 and so on. Given that the transition probability between states is symmetric,
the probability that the sequence {§t+h}ﬁ:1 occurs equals ﬁ times the probability that the
sequence {st+h}§:1 occurs. The only different between the two probabilities is due to the value

of the state of nature at time t.

For any point y to the right of j, we will have that the one-step movement towards action 1 is
bigger than the movement towards action 2. In graphical terms the arrows towards the left are
longer than the arrows towards the right if you are at a point to the right of §j. Figure 3 presents
a representation of this situation. A point like 31 > ¢ is such that the one-step movements
towards the left (towards action 1) are bigger than the one-step movements towards the right

(action 2). Exactly the opposite happens to a point such as ya < §.

Consider now our sequences {s;45}5_; and {81,}F_,. It can be shown that the value of

z after the sequence {st+h}§:1 occurs is smaller than its initial value 2z;. However, it is not

11



Figure 3: Movement under Stochastic Best Response

Action 1 better than action 2

Action 2 better than action 1

necessarily true that the value of z after the sequence {§t+h}§:1 occurs is bigger than its initial
value z;. It can be shown that the change in z starting off at z; > Z and after the sequence
{8t+h}221 happens, is significantly higher than the change in z starting off at z; and after the
sequence {EHh}z:l occurs. In particular, the value of l%yﬂk under the sequence {St+h}z:1
plus the value of y;1 under the sequence {§t+h}§:1 is smaller than g;. This is true for any

sequence {§t+h}£:1 where states 1 occurred at least the same times as state 2.

Hence, the sum over all possible sequences {s; }¥_, of %ywk({St+h}i:1)+yt+k({§t+h}221)
is smaller than ;. That is, if we start at y; > 7, then the expected value of y after k periods, will
be smaller than y,;%. That is, for y; > 7 and some k, E;(ys41) < y:. This same reasoning applies
to show that for y; < ¢ and some k, E;(ys1x) > y;. With this information, we can conclude that
for some k E;(ys1x) = §. The reasoning why we can extend this fact to any k bounded from

below is more technical and only presented in the appendix.

Once we have that for k big enough E;(y;+x) = 3. It only remains to explain the intuition
why when p goes to zero, ¥4, goes to § as h increases. It can be easily seen by the equation
of the Stochastic Best Response that as we decrease i, the statistical variance of y decreases as
well. Hence, since E;(y1+r) = § and the variance of y tends to zero as p goes to zero, we must

have that y;4p tends to g as h goes to infinity and p goes to zero.

4.2 REPLICATOR DYNAMICS

The Replicator Dynamics has a completely different behavior than the Stochastic Best Response.
Under the replicator dynamics, the changes in the variable z become smaller as it gets closer
to either bound. For example, assume that m = 2 and consider that action 1 is played with a
high probability. Then the change in z will be small independently of whether action 1 yielded
higher payoff than action 2 or the other way around. Figure 4 shows how the transitions work

for the Replicator Dynamics.

As we see, the process will spend almost no time in intermediate values of z. This will

allows to draw our conclusions from analyzing only the behavior of z in the neighborhoods of

3The value of k must be bounded above and below. Intuitively, we need k to be bounded below so that the
value of the current state of nature is almost not influencing the value of y:+r. We need k to be bounded above
so that y does not hit a §. For any sequence of nature and any value of y; there exists a i such that for u < g

we can always find such a k. See formal proof in the Appendix for the details.
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Figure 4: Replicator Dynamics
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its bounds. In this respect, our analysis will rely partially on the approach by Ellison and
Fudemberg (1995).

Figure 5 shows the same simulation as Figure 2 but with the Replicator Dynamics Learning
instead of the Stochastic Best Response. That is, the parameters used are the same but the
learning rule is different. Figure 5 shows the result of the same simulation performed with two

different random seeds.

Figure 5: Simulation - Replicator Dynamics
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As we see, the Replicator Dynamics quickly converges to a situation in which all the pop-
ulation plays the same action a fraction 1 of the time. An interesting thing to note is that it
is not necessarily the case that the action selected by the Replicator Dynamics coincides with
the best action. The simulation in the right hand size shows a situation in which the Replicator
Dynamics converges to a situation in which everybody is playing the suboptimal action. As we
show below, this fact will be the result of the two actions performing not too differently in terms

of payoffs in the long run.

Define v; = 1 4+ mg; — m1j and v; = 1 — mpj + my; for all j € {1,...,m}. The following

proposition characterizes the convergence of the variable z when it evolves according to the
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Replicator Dynamics equation.

Proposition 2. Consider the two inequalities:

m

> pilogy; >0 (3)
j=1

m
> njlog; > 0. (4)
7j=1

1. If both (3) and (4) hold, then z does not converge to any value.
2. If (3) holds but (4) does not then z converges to 1.
3. If (4) holds but (3) does not then z converges to 0.

4. If neither (3) nor (4) hold then z converges to either 0 and 1, both with positive probability.

An important fact that the proposition above is revealing is that the process may fail to
converge to the best action. Action 1 is weakly better than action 2 in the long run if and only
D iy mgmj > 3000 pymaj. This condition can be rewritten as 71, (1 + pj(mo; — mi5)) < 1.
Which in turn can be rewritten as ZTZI piy; < 1. Similarly, action 1 is weakly better than
action 2 in the long run if and only Z;nzl w;v; = 1. However, even if Z;nzl (5 = 1 holds it
may happen that 4 does not hold. For making this point more clear consider the case in which
m = 2 and p; = po = 0.5. That is, there are only two states of nature and both states are
equally likely in the long run. The following proposition characterizes the convergence of z in

this case when action 1 is better in the long run than action 2.

Proposition 3. Assume m =2, 1 = po = 0.5 and w11 + w19 > Wo1 + T2,

o If

i1 + T2 — o1 — Mg — (M1 — m21)(me2 — mi2) > 0

then the process converges to z = 0.

o If

i1 + T2 — o1 — M2 — (M1 — m21)(me2 — mi2) <0

then the process converges to either z =0 or z = 1, both with positive probability.

Proof. We can rewrite Proposition 2 for the case with m = 2 and pu; = pg = 0.5 as follows.

Consider the two inequalities:

1— 1
p > _ ogM (5)
P log 72
1— log ~
p > _ Og’YA2. (6)
P log 71

1. If both (5) and (6) hold, then z does not converge to any value.
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2. If (5) holds but (6) does not then z converges to 1.
3. If (6) holds but (5) does not then z converges to 0.

4. If neither (5) nor (6) hold then z converges to either 0 and 1, both with positive probability.

Moreover, the condition in (5) can be rewritten as

log(1 — b)

- S |
log(1+a) <

with 1 > b > a > 0. The equation above can be rewritten as

log(1 —b) +1log(l4+a) >0
1
1+a

1-b6>

Hence, (5) implies —b + a — ab > 0 which is impossible if 1 > b > a > 0. Therefore, if
711 + 712 > a1 + o2 condition (5) can not hold. Thus, we must have that either z converges

to 0 or z can converge to both 0 and 1. ]

For the process to select the best action, the two actions need to perform significantly
different. That is, having w11 + w12 — 91 — w22 > 0 (action 1 better than action 2) is not enough

for the Replicator Dynamics to select the best action. We must have 71 + w192 — w91 — o9 —

(m11 — ma1)(ma2 — m12) > 0.

Here we present the intuition for the proof when there are only 2 states of nature. The proof
of Proposition 1 relies partially on the analysis by Ellison and Fudemberg (1995). Their trick
is the following. Assume, as in their paper, that there are only 2 states and the realization of
states is independent. Let p be the probability by which of state 2 occurs. Since the process
spends almost no time at its intermediate value, only the boundaries, it suffices to examine the
convergence of the variable z when it is close to its boundary values (0 and 1). Imagine that
z is arbitrarily close to 0. Then, we can rewrite the equations for the Replicator Dynamics as

follows,

Ziv11 = M2+ o(z)
Zir12 = Y2z +o(z)
where 71 = 1+ w91 — 711, 72 = 1 + mo2 — w12 and o(z;) it’s a term that goes to zero at a higher

rate than z;. Since action 1 is better in the long run than action 2, that is w11 + 712 > wo1 + T2,

we have that v > 1 >~ > 0.

The variable z converges to 0 if and only if the variable z = log(z) converges to —oco. The

process for x when z is close to 0 can be approximated by

Ty = ¢+ log(m)
T2 = ¢+ log(y2)
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where x4 = 41,1 with probability 1 — p and 441 = 24412 with probability p. Therefore,
Ey(xi11) = (1 — p)log(m) + plog(ye) + x;. Hence, if (1 — p)log(y1) + plog(y2) > 0 then
Ey(x441) > x which implies that z is a super-martingale. Thus, by the Martingale Convergence

Theorem, if (1 — p)log(y1) + plog(v2) > 0, then = cannot converge to —oc.

The result by Ellison and Fudemberg (1995) is presented here for the readers convenience.

Lemma 2 (Ellison and Fudemberg (1995)). Let 2y be a Markov Process on (0,1) with

Hi () with probability 1 — p
x = .
o Hy(xy) with probability p

Suppose that Hi(x;) = vix; + o(xy), with v9 <1 < 1.

(a) If
1-p _ log(m)
p log(72)
then x; cannot converge to O with positive probability.

(b) If

1-p _ _log(n)
p log(y2)
then there are strictly positive 6 and € such that Problx; — 0|zg < 6] > e.

(c) If

1—p log(71)
> — .
p log(72)
there is a x* > 0 such that for all xy > 0, Prob[z; < x*Vt|zo] = 0.

The difference between Ellison and Fudemberg setting and ours is that in our model the
nature evolves according to a Markov chain not as independent realizations of a bernoulli random

variable.

So how do we get from our setting to profit from their result? Under our setting, the state
of nature tomorrow depends on the state of nature today. However, the state of nature many
periods ahead is independent of the state of nature today. This means that by the law of large
numbers, we can use Ellison and Fudemberg’s setting taking their probability of each state being

realized p as the limiting distribution of the Markov chain that governs states under our setting.

5 DISCUSSION

5.1 THE INFINITE MEMORY CASE - RUSTICHINI (1999)

As mentioned in the introduction, Rusthichini (1999) presents a model where the environment

changes according to a Markov change and for any state in the chain there is a unique action that

What we here write as p is written as 1 — p in the original paper. Moreover, what in the original papers is

written as 1 (72) we write it here as v2 (711).
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maximizes payoff. Rustichini considers the case of many actions and many states as opposite
to just two actions. The two main difference between his analysis and ours are the rules he
considers and the fact that he assumes that players have infinite memory. Rustichini explores
two situations, one in which players observe only own payoffs (partial information) and another
one in which players also observe foregone payoffs (full information). He shows that exponential
procedures (Logit learning) selects in the long run the best action under the full information case
but not under the partial information case. On the other hand, linear procedures select the best
action in the partial information case but not under the full information set. The exponential
procedures are defined as follows. Under full information denote by Il;; the payoff that action ¢
yielded at time ¢t. Under partial information, write II;; to denote the payoff that action ¢ yielded
at time ¢ if it was played by the agent, write II;; = 0 otherwise. The exponential procedure is
defined by

ezzzo H2h

241 = .
@Z;L:o th _|_ ezzzo H2h

On the other hand, the linear procedure is defined by

Zzzo Hap
Zzzo I, + ZZ:O Hap

Rt4+1 =

5.2 BORGERS ET. AL. (2004) BEST MONOTONE LEARNING RULE

In this subsection we use our analysis above to study the convergence of the Best Monotone
rule in Borgers, T., Morales, A. and Sarin, R. (2004) (BMS rule henceforth). The BMS rule is a
fairly recent rule that is attractive because of its optimal properties. In particular, it is the best
monotone rule (to be explained later) among all the individual learning rules in setting were

foregone payoffs are not observed.

The BMS rule is derived from the Cross (1973) learning rule. Under Cross learning rule,
players increase the probability of playing the action they just played. The increase is propor-
tional to the payoff archived by the action they chose. Note that the probability of playing the
action the player chose increases for the next period even if the payoff achieved was low. Another
important point to note here is that under BMS or Cross learning rule players do not observe
foregone payoffs®. As opposite to the Cross learning rule, BMS rule incorporates an endogenous
aspiration level. If the payoff achieved by the action played is higher than the aspiration level,
then the probability of playing the action increases. How this aspiration level is formed depends
on the initial probability of playing each action. Borgers, Morales and Sarin (2004) show that

this rule is the best monotone rule.

A rule is defined to be monotone if the expected probability of playing the action that is
best given today’s state increases. Since Borgers et. al. (2004) study a setting in which the

realization of states is independent of its past value, the action that is best today is the action

50One could assume that players observe foregone payoffs but don’t use this extra information in the way they

update their strategies
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that that is best forever. In our setting the action that is best today may not be the best action
tomorrow due to the markovian evolution of the states of nature. This particular difference will
have big consequences in the optimality properties of the BMS rule. A rule is said the be the
best monotone rule if the expected increase in playing the best action form period to another is

highest among all monotone rules.

In the Borgers et. al. (2004) setting there is a single decision maker instead of a continuum
of population. Let atl +1,; be the probability by which the decision maker plays action 2 at time
t+1 given that action 1 was played at time ¢ and state at ¢ equals j. Note that since the decision
maker does not observe forgone payoffs she conditions the way she updates her strategies in the
action she played but not in which action yielded higher payoff. Let zg be given exogenously and
define A = —W, B = ——1 . The BMS rule when there are two actions available

0,20} max{1—20,20}
is defined as follows.

Ut1+17j =0y — 0y (A+ Bmyj)

sz2+1,j =0t + (1 — O't) (A + B7T1j)

Notice the similarity between BMS rule and the Stochastic Best Response rule. The main
difference lies in the fact that under the Stochastic Best Response, the probability of playing
action ¢ increases if and only if that action was better than the other. On the other hand, under
BMS rule, the expected probability of playing action ¢ increases if the action yielded higher
payoff than the endogenous aspiration level determined by A and B.

Since we are dealing with a continuum of population, Law of Large applies and we can define
our variable z as follows. Let z} +1,; be the probability by which the population (alternatively,
the fraction of people in the population) that plays action 2 at time ¢ + 1 given that action 1
was played at time ¢ and state at t equals j. Then we can write the evolution of the variable z

as follows.
ztr1; = 2t (1+ (1 — 2¢) B(maj — m15))

For studying the convergence of the variable z under the BMS rule we proceed in a similar
fashion as in the Replicator Dynamics case. We focus on the convergence of z when it is close

to the corners. First, if z is arbitrarily close to the borders we can rewrite the value of 211 ; as

Zt41,5 = 2t
where 3; = (1+ B(m; —m1;)). Once we have this, using the same steps as in the proof of
Proposition 1 we can get the following result.
Proposition 4. Define 3; = (1 + B(my; — m1;)) and §; = (1 — B(maj — m1;)). Consider the two

inequalities:

> ujlog; >0 (7)
j=1
> njlog B > 0. (8)
j=1
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1. If both (7) and (8) hold, then z does not converge to any value.
2. If (7) holds but (8) does not then z converges to 1.
3. If (8) holds but (7) does not then z converges to 0.

4. If neither (7) nor (8) hold then z converges to either 0 and 1, both with positive probability.

The only difference in the conditions for convergence between BMS rule and the Replicator
Dynamics lie in the parameter B. Next we compare which of the two rules is more likely to

select the best action in the long run.

We have that B = m, thus, 1 < B < 2. Hence, v; > f; for j € {1,...,h} and
v; < pBj for j € {h+1,...,m}. That is, under BMS rule the process moves faster towards the
action that is better given today’s state as compared with the Replicator Dynamics. However,
the action that is better given today’s state needs not to be the action that is better in the long
run. Hence, moving faster towards the action that was better given today’s state maybe a bad
thing if that action is not the one that is actually the best in the long run. Moreover, what
matters for the convergence of z in the long run are not the values of v; and ; but the values
of log~y; and log 8;. We find that whether BMS rule is more likely to select the best action in
the long run for sure than the Best Response ill depend on the specific payoffs and transition

matrix we are dealing with.

5.3 RELATING OUR RESULTS FOR THE STOCHASTIC BEST RESPONSE WITH
KOSFELD ET. AL. (2002)

Kosfeld et. al. (2002) present a setting were a finite set of players play a normal-form game.
Each period players update their strategies myopically in the following way. They increase the
probability of playing an action if and only if that action is a best response to the action played
by the other players. In case there are many actions that are a best response, the increase
in probability is shared among these actions. Formally, let of(s;) be the probability by which
player i plays action j at time ¢. Define s_; as the actions played by all the players but i. Finally,
let B;(s—;) be the set of actions that are a best response to s_; for player i. The change in the

strategies of every player i is governed by

1—0)ot(s;) otherwise.

o (s)) = { (1 0)0t(si) +0/|Bi(s_s)| if si € Bi(s—),

where 6 € (0,1) is exogenously given.

Comparing this rule with the Stochastic Best Response there are two points worth noting.
First, in our model players play against nature and not against themselves. Hence, in Kosfeld
et. al. (2002) setting, players best responds the actions of other players while in our setting
players best respond the actions of nature. Second, and most important, in our setting how fast

an action is adapted depends on whether it is a best response to the environment and in the
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payoffs it yields. On the other hand, in Kosfeld et. al. (2002) how fast an action is adapted

depends only on whether it is a best response to the actions of the other players.

Kosfeld et. al. (2002) show that the continuous time limit of their process converges to a
so called best-reply matching equilibrium. The best reply matching equilibrium is a situation
in which for every player the probability of playing a given action is equal to the probability of
that action being a best response given the strategies of the other players. It is clear from this
definition that the set of pure strategy best reply matching equilibria coincides with the set of

pure strategies Nash equilibria.

Their result and our result for the Stochastic Best Response have the same intuition behind
and in some setting are equivalent. Consider the Stochastic Best Response in which the magni-
tude of the payoffs doesn’t matter. That is, consider the following equation for the evolution of

the variable z.

241,15 = 2T Zp (9)
ze125 = 2+ (1—2)p (10)
. . - SR ()
In Proposition 1 we show that the process above converges in probability to z = W =
i J

i=1
hoo
% That is, z, which is the probability of playing action 2, converges to the limiting prob-
ability that action 2 is a best response to the environment. Hence, the population strategies
are matching the nature’s strategies, exactly what the best-reply matching equilibrium would

prescribe.

In our results for the Stochastic Best Response we consider a much bigger set of rules than
Kosfeld et. al. (2002) do®. However, for the specific rule in which the magnitude of payoffs do

not matter, as in equations (9) and (10), our result is a particular case of theirs.

6 CONCLUSIONS

In this paper we investigate the behavior of two well known and widely used learning rules
in a model with aggregate and correlated shocks to payoffs. In particular, the payoff of each
possible action depends on the state of nature. The transition between states follows a Markov
Chain and, hence, there is correlation between today’s state and tomorrow’s state of nature.
The learning rules we studied, Stochastic Best Response and Replicator Dynamics, represent in
our opinion the paradigm of individual and population learning rules. Our contribution to the
literature relies on the fact that we studied the behavior of these two rules in a setting where

the realization of the state of nature is correlated with the past.

The literature has focused its attention to the study of such rules only in setting where the
realization of states (or the shocks to payoffs) is independent. The most likely reason being the

technical complexities involved in dealing with correlated realization of states.

5In particular, they only consider one rule
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There are several questions that we have been unable to answer in this paper. For the
Stochastic Best Response, we had to assume that the transition matrix between states is sym-
metric. The characterization of the behavior of the Replicator Dynamics we presented is only
partial. That is, in the cases where z can can converge to either end point, we are unable to

specify with which probability z converges to each of the two end points.

We expect that in the future more papers dealing with correlated environments will appear.
The present piece of work has tried to shed some light on the techniques one could use for dealing

with such environments.
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APPENDIX
PROOF OoF LEMMA 1

Define h < m, as the maximum j such that m1; > my;. Define y as y; = z; and

B Yy + 2y Zzh:1 i f (I1;) with probability 1/2
Y= ye +2(1 — ) 310y, 41 mig(IT;) with probability 1/2.

Hence, we have that Fy(ys+1) = Eg(2¢+1). Moreover, since both z and y have time invariant
distributions we have that Ey(ys1n) = Fk(2z44) for all h € IN.

Lemma 3. For any € > 0 there exists a 1 > 0 and a k € IN such that for any p < i and h > k
we have that Varg(yern) < € and Varg(ze4n) < €.

Proof. Given the definition of z and y, as p is taken to zero the variance of both y and z goes

to zero as well. The lemma follows. O

Hence, we have that the variable y as the same expected value in the long run than z and
it’s variance collapses to zero in the long run as p goes to zero. Thus, we can show the following

result.
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Lemma 1. For any € > 0 there exists a 1 > 0 and a k € IN such that for any p < i and h > k

we have that

P (|zt4n — Yi4n| > €) = 0.

Proof. Assume the opposite. As u goes to zero the variance of z and y goes to zero. Hence both
variables will converge in probability to a single point. If this point is different them we must

have that Ey(2z¢+m) # Ek(yi4m) for some m. Which represents a contradiction. O
PROOF OF PROPOSITION 1

We can rewrite the process for y as follows
Ye+1,1,1 = b(ye, p, 1)
Yer1,22 = b(Ye, 1, 2)

Define
b (yt’ K, {52 t+k) b(b( . b(b(yt’ K, St)v My St+l)7 ‘e ')7 Hs 5t+/€)

with £ € IN.

We now establish a set of facts about the function b.

Fact 1. For all i € [0, fi] we have that

IN

b(ye, b, yr with strict inequality if and only if 0 <y <1 and p > 0,

(ytnu’a
Jm O (ye, p, {1}

hm bl (Yt 1, {2}

>y with strict inequality if and only if 0 <y <1 and p > 0,

1)
2)
) = 0 forally €10,1),
)

1 for all y, € (0,1].

Fact 2. For any vy, s; and p € [0,[], the function b(ys, i, s:) is in C* with respect to y;.

Furthermore,
b 1) —
a( (ytnuv ) yt) < 07
Oy
8(b(yt7 M, 2) - yt) <0.
Oy
Fact 3.
b(0,,2) >0
b(1,p,1) >0

Fact 4. For any y; € [0,1] we have that

b(yt7 07 St) = UYt.
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Fact 5. For any y; and sy, the function b(y:, p, s¢) is twice continuously differentiable with
respect to u € (0, f1]. The function b(y., p, 1) is weakly conver and b(yy, p,2) is weakly concave
with respect to p € (0, ii]. Furthermore,

8b(yt7 Hy 1)
op
ob(yz, 11, 2)
O

< 0 with strict inequality if and only if 0 <y < 1.

> 0 with strict inequality if and only if 0 <y, < 1.

h . .
Fact 6. For gy = % we have that:

o For any y: = y then the following must hold.

[0(Ys; 11, 1) = el = [6(ye, 11 2) =yt
e For any yi € (9, 1] then the following must hold.

0(ye, 11:1) = yel > [6(ye, 115 2) = wil
e For any y: € [0,7) then the following must hold.

[0(Ys; 11, 1) = el < [6(ye, 11 2) =yt

For proving Proposition 1 we first proof the following result.

Proposition 5. For any e > 0 there exists a i € [0, 1] and h such that for u < ji and h > h we
have that

P(lyern — 9| > ¢) = 0.

First, we aim at showing that limy,_ o lim,—o E¢(ys+r) — 3. Define the variable z; € [Z,1]

as follows,

y ity <y
e = . ~
yr ity >9

ye ify <y
wy = . ~
gy ity >y

Given the definition of x; and w; we have that for any ¢,h € IN, Ei(yiypn) < Er(z444) and
Ei(yt+n) > Ei(weyp). The strategy for the proof will be to show that limp,—, o0 lim, o Ey(z¢4p) <
g and limy_, hm,uﬂo Et(wt-l-h) > .

First we show that limy,_.o lim, o E¢(244n) < 9.
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Definition 1. Define
= inf{x; such that b*(zy, p, {1}%) > 2}

and
7% = sup{z such that b* (s, u, {1}%) < 1}.

Lemma 2. For any x; such that x; > x° and any and Ty € [z}, 1] there exists an n > 0 such
that |b($t>,ua 1) - xt‘ - ’b(i’tv/% 2) - jt| > 1.

Proof. Assume that z; < Z;. By Fact 2 we have that |b(z,p,2) — x¢| > [0(Ze, 1,2) — Ty
Furthermore, by Fact 6, |b(z¢, i, 1) —x¢| > |b(x¢, p, 2) —x¢|. Hence we have that |b(xe, p, 1) — x| >
|0(Zt, 1, 2) — T4

The proof for the cases in which Z; > x; follow the same logic as above. Finally, we define
n = argming, z, {|b(zs, pu, 1) — x| — |b(Z¢, 1, 2) — T¢|}. Such n is strictly positive and well defined

due to what we shown in the preceding paragraph and the fact that x;, z; are bounded. O

Define 77 = min{n such that {|b(z¢, 1, 1) — z¢| — |b(Z¢, 1, 2) — Z¢|} > n for all x4, T € [22,1]}.

From Lemma 2 we have that i > 0.

Assume that learning is slow. In particular, u is such that z* < l for k = [2 + 1]. In other
words, learning is such that if you start somewhere below , you need at least 2 =+ 1 consecutive
periods where the state is always 1 to get to 0. Note that we are still not 1mp081ng that p should

go to zero.
Finally, for any given sequence of states of nature {s;}/** define 1{s;}1™" = {#1 € {s;}1™"}.

Lemma 3. Take k € IN > 2. For any two sequences of states of nature {s;}; k=1 and {5i}; t+k—1

such that 1{s;}1™* 1 > 1{5;}17*"1 and s; = {1,2} ~\ & for each i € {t +1,...,t +k — 1} with
st = 51, we have that |b*(xs, p, {5} — o] — [0F (24, p, {53757 — 24| > ki for zp > 2F.

Proof. Because of the fact that 1{s;}!™* ! > 1{5}"*~1 and s; = {1,2} \ & for each i €
t+1, 0+ k- we know that 1{s; > 5. Hence, we have the following,
1,. k — 1} we know that 1{s;}i"* 1 > % have the followi

bk (¢, i, {SZ}HIf 1 xt‘ > (]l{sz t+k—1 (k 1{s }t+k 1)) min {b(x¢, p, 1)}

z€(zk 1]

+ (k - 11{si}§+’€—1) 7. (11)
By the same token, we have that,

e (S~ < (k= LRI 0N ){bm,u,z)}

Because of the fact that s; = {1,2} \ §; foreachi € {t+1,...,t + k— 1} and s; = 5 it is
true that

k— ]1{52 t+k— 1—]1{8 t+k—1 1 (13)
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Hence, combining equations 11, 13 and the fact that, by definition of 7, min,, ¢ 1) {b(x, p, 1)} >
7, we get the following.

Ve, {530 = | > (b= 1017 = 157 ) min RUCEER

rre(z”,

N ()
Combining 12 and 14 we get to the following result.
|b (wtnu’a {SZ k= 1) xt‘ - ‘b (xtuu {S’L bk 1) xt’ >

(k: 15} Hh1 _ 1 {5}tk 1)( min {b(x¢, 1,1)} — max {b(:nt,,u,Q)}>—|—

ze€(zF,1] z+€[0,zF)
21 {5} 15 (15)
Now, by the definition of 77 we have that
min {b(xy, u, — max {b(Ty, u,2)} >n 16
min (b)) - max (b 2) 2 (16)

Finally, combining 15 and 16 we get that
0 e, oo {5} F) = ] = 0¥ (e, {5357F) = ] > B
O]

Lemma 4. Take k € IN > 2. For any 0 € (0,1) there exists a % +1<k<?2 =+ 1 such that

for any x; > 2¥ and any two sequences of states of nature {s; ii’f_l and {sz}iff U such that

1{s; ii’f‘l > 1{s; iff_l and s; = {1,2} N\ §; for each i € {t +1,...,t +k — 1} we have that
OF (e, {se, {si b8 0) + ¥ (e, s {50, {811 < e — 7

Proof. The fact that ]l{si}ifffl > ]I{EZ-}ﬁlffl and s; = {1,2}\3; foreach i € {t+1,...,t+k—1}
with s; = § implies that by Lemma 3,
|bk(wt>/ﬁ,{32 e 1) | — ‘b (zt, 1, {31} e 1) x| > ki (17)

Finally, note that b*(xy, u, {s;}: tHk=1y _ 2, < 0. We now distinguish two cases.

Case 1. b*(zy, p, {5;}7F 1) — 2, > 0.

In this case by equation 17 we have that
Ve (g, o, {si 00 4+ 08 (g, o, {5} 0TR ) < 20 — k7 < 2 — K7

Take k = [2_—,“ + 1]. With such k the result of the lemma in this case holds true.

Case 2. b*(zy, p, {5,301 — 24 < 0.

In this case we have that, proceeding as in the previous case,

O (e o L by 1) 0P (e p {53 < 268 (e, p {51 — R < 2 — K.

Take k = [2_7% + 1]. With such k the result of the lemma in this case holds true, which
completes the proof.
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Define the probability that the sequence of events {si}iff_l takes place given the current
state of nature s; and a given value for 6 as P(s, {si}ii’ffl\ﬁ, st). We can write the expected

value of x4, as

Et(.’BtJrk) = Z P (3t7 {Si}ﬁ:,f_lw, St) bk (xta Hy {Stv {Si}ii’f_l )

k—1
{si}iil

That is, the sum over all possible sequences of states of nature of the product between the
probability that a particular sequence occurs times the value of z; if that particular sequence

happens.

Define Sfif_l = {{sz}iff_l € {1,2}*=1 such that s;,1 = st}.
Lemma 5. Let s; be given and let {si}ifffl be a sequence of states of nature such that s11 = st.
Define {s; ii’ffl with §; = {1,2} \ s;. Then we have:

1. %P (sh{si}iff_lw&t) :P(St,{&}ii]f_lw,st)

k-1 L
{s:ihiirtesyr P <St’{3’t t+1 |073t> =1-46

3‘ Z{Si}t+kilgsfilfil P <Sta {gl}iilfiwe, 5t> = 9

t+1

Proof. We begin by proving the first equality. Note that, given the transition probabilities, for
any sequence {s; ifffl and any values s; and 6, the term P (st, {si}ii’fflw, st> is a polynomial

of the form #%(1 — 6)*=* with s < k.
For proceeding with the proof, we are going to construct the terms of P (st, {si}iilf_lw, st>

and P (st,{§i}§ff_1\9,st>. Because sy;11 = s, the first term in P (st,{si}iff_l\ﬁ,sa is1—
f. On the other hand, s;y1 = sy implies s; # 8§41 which means that the first term in
P <st, (&}, st) is 6.

If s;19 = 8¢, then s;y9 = s411 and the second term in P (st, {si}’teffflw, st) is again 1 — 6.
Reasoning as before, s;1o = s; implies s;120 = s;41 which in turn implies $;41 = S;42. Hence,

t+k_1|0, St

the second term in P <3t, {8 1 is also 1 — 6.

On the other hand, if 519 # s; then s;y9 # s;11 and the second term in P (st, {si}ifffl |6, St)

equals €. Moreover, if s;10 # sy then s;19 # s441 which implies §;49 # §;41 and the second

term in P <st, {8 iff_lw, st> also equals 0. If we continue in this fashion we get that all the

terms from the second to the kth in P (st, {si}ii’f_l\ﬁ, st> and P <3t, {§i}§ff_1|9,st> are the
same. The only term that differs is the first one. In the function P <{si}§ff_1]0, st> the first
term equals (1 —6) and in the function P (st, {éi}ﬁi’f_l\ﬁ, st) the first term equals 6. Hence, we

can write that ;25 P <st, {si}iff_l\e, st> =P (st, {éi}iff_lw, st> which completes the proof of
the first equality.
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The second and third equality in the lemma follow easily. For the second one, note that,

Z P (st, {si}iilf_”@,st) + Z P <st, {si iff_lw, st> =1.

thk—1, cttk—1 thk—1 cttk—1
{ssdyii €S {sihiy €S

Hence, since 1%0913 (st, {si}ii’fflw, st) =P (st, {.§i}§ff*1|9, st>, we have that

S P (s ds s + 1’%9 S P (sedst T 0s) =1

t+k—1_ gt+k—1 t+k—1_ ot+k—1
{Si}t+1 eSt+1 {Si}t+1 est+1

The third equality in the lemma follows by proceeding as above. O

Using Lemma 5 we can the rewrite the expression for the expected value of x;1; at time ¢

as follows.

Biows) = Y P (sl 0 ) B (o o (s 1)

t+k - qt+h—1
{sidifvesiin

0 . A tHk—1
+17_0b (xta 22 {3t7 {Si}til ) (18)
Similarly,
- 1-46 _
Et(xtJrk) = Z P (3t7 {Sz}ii]{: 1‘97515) |:0bk (-’Btmua {St? {Sl}ii]{: ! )
sadifiesii
0 (o G GHEED) | 9

Lemma 6. For any 0 € (0,1) there exists a % +1 < k< 241 such that if xy > zF then
Ei(z1r) < max{(1—0),0}(z; — 7).

Proof. From Lemma 5 we have that

max{ Z P (st, {Si}ii’le, st) , Z P (st, {Si}iffjw, st> } —

{sihi i tesiy ™! {syifvesii
max{(1 —0),0}. (20)
: A t+k-1 t+k—1 :
Moreover, in the sequence {s;}; 11 € S state 1 occurred more times than state 2

if and only if in the sequence {3; ii’ffl state 2 occurred more times than state 1. Hence, by

Lemma 3, if § < 0.5 we have that

_ 0 . _ _
b (e e s M) + 750" (w0 s G5HEETY) < (@0 =), (21)
On the other hand, if 8 > 0.5 we have that

1-6

b8 (e Lo s HEETY) 46 (e fse {3} ) < (= 7). (22)
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Therefore, if # < (>)0.5 combining equations 18 (19), 20 and 21 (22) with Lemma 4 we get
the following.

Ei(xrr) < max{(1 —0),0}(z; —17)
O

Lemma 7. Assume x; > 2" for %+1 <k< %—1—1. For anym € N such that (1—60)(x;—mn) >
2F we have that Ey(xsymr) < max{(1 —0),0}(z; — mn).

Proof. The proof will be carried out assuming 1 — 6 > 6. For the case were 1 — 6 < 0 one just

has to follow the same steps.

We proceed by computing first the value of Ey(xs10k). In this case we have the following.

Et(xt+2k) = Z P <3t7 {Si}ii%k_llev St> b2k (xtvlua {St’ {Si}ii%k_l )
(s i7"

For any sequence {si}iﬁk_l define {s} }ii’f‘l as the sequence with the first &k — 1 states of

nature in the sequence {s; iﬁk_l. Similarly, define {sf}iizk_l as the sequence with the states

of nature from the kth to the (2k — 1)th in the sequence {sl}iﬁk ~1. Then we have the following.

A2 2 t+2k—1 A2
Ey(wior) < Z p ax P(5t+k>{Si Yk 195 5t+k)
{52}t+2k71 St+k€{ ’ }
i Ttk

So P (s At HEE 0, 50) U5 (8 o o, Lo TS 2 B (212

k—1
{Sg}iil

a2 N t+2k—11g 22 _ ‘s
Note that Z{S%}:iikﬂ Maxg (12} P (5t+k’ {sitia 19, St+k) = 1. This is due to the fact
it is the sum of the probabilities in all possible scenarios, whether we start at §§ = lorat

§2.. = 2. Define X;(k) = {z; such that z; € [b*(zy, u, {1}F), 0% (a1, p, {2}%)]}. The equation

above implies the following.

2 2\ t+2k—1)) ~2
Ey(riok) < Z , ax P<8t+k7{si Hiki |073t+k>
{82}t+2k71 St+k€{ ’ }
iJt+k

B + e (o (5t (21 ) - )|
t

€Xt(k)

T

Define 3;(k) = argmax,,cx, () (bk(xt,u, {2, {s?}iﬁk}) —xt). Applying lemma 6 to the

equation above we get that.
Ei(@eon) < (1 =0)(xe — 1) + [(1 = 0)(24(k) —17) — Z4(F)]
Which since (1 — 0)(2¢(k) — 1) — 2¢(k) < —(1 — )7 implies the following.
Ey(wpok) < (1 —0)(z¢ — 27)
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Showing the result of the lemma for Fy(zi3k), Ft(Tiiqx), etc. can be done proceeding in
a similar fashion as above. The only difference is in the step where any sequence of events
is divided into two. In general, {sz-l}iigm_l)k_l has to include the first (m — 1)k — 1 terms of

{sz}iflnk and {s? ii?;f:ll) .. has to include the latest k terms of {sz}iflnk O

Lemma 8. For all z; € [Z,1] we have that

lim Ey(zep) < zF.
h—o0

Proof. Given any h > max{gl_g oy

=

(1 — 7k) k and g < h, we have that

Ey(zi4n) < Ey(viinlse =2)

< B (@gnlst = 2, 5041 = 2)
<
< Brin-g(menl{si}y 70 = {2370
< Bin—g(@inlzion—g = 1, 8t40—g = 2)
= Ey(xiqglze = 1,8 =2).
The last equality is due to the time invariant distribution of x;. Fix g = mk with m =

{% (1 — ﬁk—e,e})—‘ and k = % + 1. By the Lemma 7 we have that Ey(xi 4]z = 1,5 = 2) <
max{(1—0),0}(z; —mn). Which given the value of m implies that Fy(zi4 4|2t = 1,5 = 2) < z*.
Hence Fi(7s1p) < ¥ when h > mk. If we take limits when h goes to infinity on both sides we
the get that

lim Et(xt—I—h) < lk.
h—o0
O

Lemma 9. For any k € IN and any € > 0 there exists a ji > 0 such that if u < fi then z* < j+e.

Proof. By definition, z* is the infimum z such that after k periods the process is till on the right
of gy (or just reached 7). By Facts 4 and 5, this value goes to Z as u goes to 0. O

Lemma 10. For any € > 0 there exists i > 0 such that if p < i then

lim Et($t+h) < g + €.

h—oo

Proof. Follows from lemmas 8 and 9 above. O

The lemma above can be rewritten as limy oo lim,—o Ey(zeyn) < §. Which concludes
the first part of the proof that limyj_.. lim, o E(yi+n) — 9. Next, we have to show that
limyp, o0 lim, o E¢(wyys,) > g. This is straightforward once one notes the fact that our analysis
above can be applied to state that limp_.o lim, g F¢(—w4p) < —7. This considerations yield

to the following lemma.
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Lemma 11. For any € > 0 there exists a i € [0, i] such that if p < [ then,
lim ‘Et<yt+h) — :lj| < eE.
h—o00
Finally, from Lemma 11 one can easily get to the desired result.

Proposition 3. For any ¢ > 0 there exists a ji € (0, /1] and h such that for u < i and h > h

we have that
P(|y4n — gl >€) =0.

Proof. We know by Lemma 11 that for any € > 0, as u collapses to zero then limy, o ‘Et(th) —
Z‘ < e. By Facts 4 and 5, u going to zero implies that the statistical variance of z goes to zero
as well. Hence, given that if yp — 0 then limy_ . E¢(2i4p) — Z and Var(z) — 0, we must have
that once the process as been undergoing for a sufficiently long amount of time, z = Z almost

surely. O
Now one just has to combine Lemma 1 with Proposition 5 to get the result in Proposition 1.
PROOF OF PROPOSITION 2

Whenever the process is arbitrarily close to z = 0, we can use the same reasoning as Ellison

and Fudemberg (1995). That is, for z; close to zero we have that,
Zt+l,j = Zt(l + w25 — 7T'1j) + O(Zt).

Define v; = 1+ m; — my; for al j € {1,...,m}. Hence we have that 7; <1 < ; fori < h
and j > h.
Lemma 12. For any z, € > 0 there exists a z; < z and a t > 0 even such that

P <|zt+1 — ztﬂg":fy;j‘ > 6) =0

fort >t.
Proof. Follows from the Law of Large numbers for Markov Chains: The long run distribution
of the states of nature puts weight p; to state j. Hence, as the number of realizations of states
increases, the probability of observing any sequence in which the frequency of state j is not p;

shrinks to zero. Therefore, if the process evolves during a sufficient amount of time and z; is

sufficiently close to z = 0, the result follows. O

Lemma 13. The process can not converge to 0 if

m
> pjlogy; > 0.
j=1

There is a positive probability that the process converges to 0 if

m
> pjlogy; < 0.
j=1
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Proof. Reasoning as in the proof of Lemma 1 in Ellison and Fudemberg (1995), the variable
z can converge to zero if and only if the variable y = log z can converge to —oo. Using again
the proof from Lemma 1 in Ellison and Fudemberg (1995) and Lemma 12 in this appendix, the
variable ¢ can converge to —oo only if 2;”:1 pjlogv; < 0. The result follows. O

For studying the situation in which the process is arbitrarily close to 1, we proceed as follows.
First, we define z; = 1 — z;. Then we apply the analysis above to the variable z;. We have the

following,

m

~ o i
Ti41 = CUtH]:ijJ

However, this time we have that 4; = 1 — mo; + my;. Hence,; > 1 > ; for i« < h and j > h.

An analogous to the lemma above for z close to 0 is the following when z is close to 1.

Lemma 14. The process z can not converge to 1 if

m
> pjlogd; > 0.
j=1

There is a positive probability that the process z converges to 1 if

m
> pilogd; < 0.
j=1

Summing up our results from the previous lemmas the results in Proposition 2 follows.

32



