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THE VALUE OF (BOUNDED) MEMORY IN A CHANGING WORLD

1. INTRODUCTION

This paper explores the value of memory in decision making in dynamic environments. In par-
ticular, we examine the decision problem faced by an agent with bounded memory who receives
a sequence of noisy signals from a partially observable Markov decision process: signals are infor-
mative about the state of the world, but this underlying state evolves in a Markovian fashion.

An example may help clarify the basic framework of our setting. Consider a firm that decides in
each period whether to produce a particular product or not. Demand for the product may be high
or low, but sales are only a stochastic function of demand. Thus, the firm’s profits depend on both
its decision and on the state of the world: if demand is high, then production yields (on average)
a high payoff, whereas if demand is low, production yields (on average) a low payoff. If the state
of the world is dynamic but not perfectly observable, how should the firm behave after a negative
shock? What about two negative shocks? More generally, how many signals does the firm need to
track in order to maximize its profits? We show that when the environment is sufficiently unstable
(but still persistent), only a single period of records is required.

We then study the optimal behavior in such an environment by a decision maker whose mem-
ory is exogenously constrained.! Formally, our decision maker is restricted to a finite number of
memory states and must choose both a transition rule and an action rule.” Characterizing the op-
timal behavior of an agent with cognitive limitations in dynamic environments may shed light on
the behavioral biases that are present in such settings.” Moreover, such characterizations aid in
understanding when “simple” heuristics or plans perform well in dynamic environments.*

In our first result, we show that if the underlying environment is sufficiently unstable (but still
persistent), only two memory states are needed to reproduce the optimal behavior of an uncon-
strained Bayesian decision maker. This contrasts sharply with static, unchanging environments,
where replicating an unconstrained Bayesian decision maker requires an infinite number of mem-
ory states—see Hellman and Cover (1970) and Wilson (2004). This suggests that the importance of
additional memory stems primarily from its role in relatively stable environments. Even in those
environments, however, additional memory need not increase a decision maker’s payoff.

To make this point clear, our analysis proceeds by completely characterizing the optimal mem-
ory system for a decision maker who is restricted to a small memory of either two or three memory
states. We show that, regardless of the uncertainty inherent in the environment or the noisiness
of the signals, the optimal two-state memory deterministically uses the last observed signal as
a sufficient statistic for decision making. This contrasts with results from the bounded memory

10ther recent work in decision problems with limited memory includes Kocer (2010); Miller and Rozen (2012); Mul-
lainathan (2002); and Wilson (2004).
2Unlike models of bounded recall (see Lehrer (1988) or Aumann and Sorin (1989), among others) in which a decision
maker knows only a finite truncation of history, a decision maker with bounded memory has a finite number of states
that summarize all her information. Such models have been studied extensively in repeated-game settings: Kalai and
Stanford (1988); Neyman (1985); and Rubinstein (1986) are some of the early contributions to this literature, while
Compte and Postlewaite (2012b,a); Monte (2010); and Romero (2011) are more recent.
3For broad overviews of related work on bounded rationality and behavioral biases, the curious reader may wish to
consult Lipman (1995) or Rubinstein (1998), as well as the references therein.
“#Kalai and Solan (2003) also consider a model of dynamic decision making with bounded memory, but focus on the
role and value of simplicity and randomization.
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literature, starting as early as Hellman and Cover (1970), suggesting that randomization can com-
pensate for memory restrictions. Indeed, Cover and Hellman (1971) show that, in a large class
of problems, a two-state memory employing randomization performs arbitrarily better than any
deterministic memory system. Similarly, Kalai and Solan (2003) show that randomization can
lead to payoff improvements over deterministic memory systems, even in highly separable Mar-
kovian environments. Our result contributes to this literature by demonstrating that, in certain
environments, randomization need not be beneficial.

Finally, we show that the optimal three-state memory involves randomization at the extremal
states when the environment is sufficiently persistent relative to the informativeness of signals;
this corresponds to the optimal memory system characterized by Hellman and Cover (1970) and
Wilson (2004), who studied the optimal bounded memory system in a setting where the under-
lying state of the world is perfectly persistent. As the degree of instability in the environment
increases, however, randomization is no longer optimal. More surprisingly, when the environ-
ment is sufficiently unstable (but still persistent), the third memory state becomes redundant—the
optimal three-state memory only makes use of two states. Thus, unlike much of the previous
literature on decision problems with bounded memory, the optimal memory system may not be
irreducible, and the decision maker’s optimal expected payoff need not be strictly increasing in
the bound on memory. Moreover, when restricting attention to irreducible memory systems that
make use of all states, the optimal expected payoff may not even be weakly monotonic in the num-
ber of possible memory states. Thus, the marginal value of additional memory states may be zero
or, in some circumstances, may even be negative.

2. MODEL

We consider the following single-agent decision problem. Let Q) := {H, L} denote the set of
states of the world, where H represents the “high” state and L represents the “low” state, and
let pp € [0,1] be the decision maker’s ex ante belief that the initial state of the world is H. In
each period t € IN, the decision maker must take an action a; € A := {h,1}, and her objective
is to “match” the state of the world w;. In particular, taking the action a; in state w; yields a
positive payoff (normalized to one) with probability 7t(a;, w;), and zero payoff with probability
1 — mt(ay, wy), where

1— v otherwise.

m(a,w) = { v if(aw)e{(hH),LL)},

Thus, if the action matches the state, a payoff of one is received with probability y; and if the action
and state do not “match,” then the probability of receiving a positive payoff is 1 — . We assume
that v € (3,1), implying that receiving a positive payoff is an informative (but not perfectly so)
signal of the underlying state of the world.

We make the additional assumption that the state of the world may change in each period.” In
particular, we assume that this evolution follows a Markov process with

Pr(wiyr = wi) =1—a,

5This is the main contrast with the stationary models of, for instance, Hellman and Cover (1970) and Wilson (2004).
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where a € (0, 3). The parameter « measures the persistence (or, inversely, the instability) of this
process: as a approaches 0, the state of the world is increasingly likely to remain the same from
one period to the next, while as « approaches 3, the process governing the state of the world
approaches a sequence of independent flips of a fair coin.

To summarize, the timing of the problem in each period t € IN is as follows:

e Nature draws a state of the world w; € Q, where Pr(w; = H) = pp and, for all t > 1,
Pr(w; = wi—1) =1—a.

e The decision maker takes an action a; € A.

e A payoff ri; € {0,1} is realized according to the distribution 77(a;, wy).

e The decision maker observes the payoff 71;, and we proceed to period ¢ + 1.

We assume that the agent evaluates payoffs according to the limit of means criterion. In partic-
ular, the decision maker’s expected utility can be written as

1 T
U=E|lim — .
lmTl;ﬂ’t

T—o0

The use of this payoff criterion allows us to focus on the accuracy of the decision maker’s learning
and the long-run “correctness” of her actions.® Note that if v were equal to one (that is, if payoffs
are perfectly informative about the state of the world), then the agent’s payoff is precisely the
long-run proportion in which her action is the same as the true state of the world. Payoffs are not
perfectly informative and 7y < 1, however; thus, letting 6 € [0, 1] denote the long-run proportion
of periods in which the “matching” action is taken, the agent’s expected utility may be written as

U=y5+(1—9)(1-0).

It is helpful to think of the decision maker’s payoffs 71; as signals about the underlying state
of the world; in particular, we may classify action-payoff pairs as being either a “high” signal or
“low” signal. To see why, consider any belief p; = Pr(w; = H), and notice that
_ prY .
ey (1 —p)(1-17)
thus, observing a payoff of 1 after taking action h provides exactly the same information as ob-

Pr(w; = Hlay =h,1;y =1) = Pr(wy = Hlay = 1,1 = 0)

serving a payoff of 0 after taking action . Moreover, observing either of these two action-payoff
pairs is more likely when the true state is H than when itis L, as
Pr(my = 1|ay = h,wy = H) Pr(m =0la; =Lwy=H) v

= = 1,
Pr(my = 1|a; = h,w; = L) Pr(mty =0lay =1, wy = L) 1—7 -

where the inequality follows from the fact that % < v < 1. Symmetrically, observing a payoff of
1 after [ or a payoff of 0 after /1 is more likely when the true state is L. Thus, we may partition
the set of possible action-payoff pairs into a signal space S := {H,L}, where s = H represents

oWith discounting, the optimal bounded memory system will be somewhat present biased, with distortions that are
dependent on the decision maker’s initial prior. Kocer (2010, Lemma 1) suggests, however, that discounting and the
limit of means criterion are “close”—the payoff to the discounted-optimal memory system converges, as the discount
rate goes to zero, to the payoff to the limit-of-means-optimal memory system.
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the “high” action-payoff pairs {(k,1),(1,0)} and s = L represents the “low” action-payoff pairs
{(1,0), (1,1)}.

Finally, notice that the action taken by the agent does not affect either state transitions or infor-
mation generation—in the language of Kalai and Solan (2003), the decision maker faces a noninter-
active Markov decision problem.” This lack of action-dependent externalities implies that, in each
period ¢, the agent will simply take the action that maximizes her expected period-t payoff alone.
Since y > 1, her (myopic) action rule, as a function of her beliefs p; that w; = H, is given by

. o oifp >4,
a; (pt) .—{l ifpt<%.

3. MINIMAL MEMORY FOR UNSTABLE ENVIRONMENTS

Intuitively, one would presume that memory is an important and valuable resource in a deci-
sion problem. As first shown by Hellman and Cover (1970), the optimal payoff for a bounded
memory agent in a static environment is strictly increasing in her memory size. In our dynamic
setting, however, we show that for some parameter ranges, the (not-too-distant) past becomes
irrelevant, and the agent’s optimal choice of action depends only on the previous period. Specif-
ically, if the environment is sufficiently noisy or unstable, only a minimal memory (one bit, or,
equivalently, two memory states) is required in order to achieve the same optimal payoffs as a
perfectly Bayesian decision maker.

We begin by considering this decision problem from the perspective of a fully Bayesian agent
who has no constraints on her memory or computational abilities. Recall that p; denotes the
agent’s belief that the state of the world is H at the beginning of period ¢. Then beliefs p; ; af-
ter a signal s € S, taking into account the possibility of state transitions between periods, are
given by

H pry(1—a) +(1—p)(1 —7)a L pr(1 =7 (1 —a) + (1 —pi)7a
B T ey B (Eer

Notice that pf1,(p) + pf.,(1 —p) = 1 for all p € [0,1], implying that Bayesian belief revision is

fully symmetric. Also, notice that pj,;(0) = a and p;, (1) = 1 —a fors = H, L; even if the agent is
absolutely sure of the state of the world in some period ¢, there will be uncertainty in the following
period about this state due to the underlying Markov process. Moreover, it is useful to note the
following result:

LEMMA 1. The decision maker’s period-(t + 1) beliefs o; , , (1) are strictly increasing in her period-t beliefs
pt, regardless of the realized signal s € S.

PROOF. Notice that

iale) _  v(1-m-20) _ ophalp) _  y(1-m(1-20)
dp (7 + (1 =p)(1=7))? dp (e =7)+ (1 =p)7)?
Since 0 < a < 3 <y < land p € [0,1], each of these two expressions is strictly positive. O

"Therefore, this decision problem is very different from a multi-armed bandit problem and departs from the optimal
experimentation literature. See Kocer (2010) for a model of experimentation with bounded memory.
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With this in hand, it is straightforward to show that a Bayesian decision maker’s beliefs con-
verge to a closed and bounded “absorbing” set. In particular, we can pin down the upper and
lower bounds on long-run beliefs:

LEMMA 2. Fix any € > 0. For any « € (0, %) and vy € (%,1), there exits a time t. € IN and a bound

p € (3,1) such that

Pr(l—p<p:<p)>1—eforalt>t,
where py is the decision maker’s belief at time t that the state of the world is H. Moreover, if p; € [1 — p, p]
forany t € N, then py € [1—p,p| forall ' > t.

PROOF. Note that the belief revision process has a “long-run upper bound” given by the the fixed
point of pf1; (). The equation p = p{1 (o) has only one non-negative solution g, where

___@y—ly—a+v@1+@7—1yu—2@__ V@2 +(2y—1)2(1 —2a) —« M
B 2(2y—1) B 2(2y—1) '
Because 0 < & < % < v < 1,wehave
Vaz+ 2y —1) (1—204)—0c> Va2 — 0
2(2y-1) 22y —-1) 7
sop > % Likewise,
Vaz+ (2y—1) ﬂ—ZM—wx< a2+ (27 —1)2 V%Z +(2y-1)2+2a(2y-1)—a
2(2y - 1) 2(2y - 1) 2(2y - 1)
Vet 2y -1))2—a 1
- 2(2y —1) X

so p < 1. Moreover, Lemma 1 implies that pf1 ; (0) > p if, and only if, p > p; thus, a period- belief
pt can only be larger than this upper bound if the initial belief py is greater than p and sufficiently
few L signals have been observed (which occurs with diminishing probability as ¢ grows).
Similarly, the belief revision process has a “long-run lower bound” given by the fixed point of
pr.1(+). The equation p = pf , (p) has only a single solution p that is smaller than one, where

@2y -1)+a— a2+ (2y—1)2(1—2a)
£= 227 1)

=1-p.

Moreover, Lemma 1 implies that pfﬂ (p) < pif, and only if, p < p; thus, a period-t belief p; can
only be smaller than this lower bound if the initial belief py is less than 1 — p and sufficiently few
H signals have been observed (which occurs with diminishing probability as t grows).

Finally, let k € IN be such that

lpEal () < p;
this is the number of L signals sufficient for beliefs to fall below p, regardless of how high the
initial belief is. (Equivalently, it is the number of H signals sufficient for beliefs to go above the
boundary 1 — p, regardless of how low initial beliefs may be.) As we are in a world with noisy
signals of the underlying state, it is clear that £ € IN can be chosen such that the probability of
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observing at least k low signals in the first f. periods is at least 1 — €. Since each additional period
yields another opportunity for a low signals to arrive, we have our desired result. ]

With these preliminary results in hand, we can go on to show that a one-bit memory suffices
for optimal behavior in certain circumstances—specifically, when the environment is sufficiently
unstable or noisy (in a sense we will make precise shortly). This result relies on the fact that, in
such environments, Bayesian beliefs are sufficiently responsive to new signals that only the most
recent signal is a sufficient statistic determining the optimal action.

THEOREM 1. If a and vy are such that o« > (1 — ), then a decision maker with only two memory states
has the same optimal expected payoff as an unconstrained perfectly Bayesian decision maker.

PROOF. Note first that pj1; (0) = « > 0 and that (as shown in Lemma 1) p;’ ; is strictly increasing.
Since p (defined in Equation (1)) is the unique fixed point of p/%,, it must be the case that (p —
et 1(0))(p — p) > 0forall p € [0,1], with equality only when p = p. In addition, note that when

a>y(1=17),

_ Y092 PAl-a)+(1-7)%a _ (a—71-7)2r-1)
e e ¢ ) )

Therefore, we must have p < oy whenever a > (1 — )

In addition, notice that pf,(y) = 1. Since belief revision is monotone increasing in current
beliefs (as shown in Lemma 1), an application of Lemma 2 implies that, for all p; € [%, 'y] ,

1
1—7 <pinalen) < 5 <pphaler) <.

Thus, ifa > y(1—)and p; € [%, ’y] , asingle L signal is sufficient to convince a standard Bayesian
decision maker who is following the optimal action rule a* to switch from taking action & to taking
action [.

Because Bayesian updating is symmetric in this environment and pft,(p) = 1 —pf (1 —p),
an analogous property holds when a Bayesian decision maker believes that state L is more likely
than state H. In particular, if « > (1 —) and p; € [1 — 1, %], a single H signal is sufficient to
convince a Bayesian agent who is following the optimal action rule a* to switch from taking action
[ to taking action h.

Thus, when &« > (1 — ) and beliefs at some time f € IN are such that p; € [1 —v,7], the
signal in period t > f is a sufficient statistic for a Bayesian agent’s decision in period t + 1. Since
Lemma 2 implies that f < oo with probability one, this implies that the long-run optimal payoff
(under the limit of means criterion) of a Bayesian decision maker is exactly equal to that generated
by a two-state automaton that simply chooses the action that matches the previous signal. O

This result is intuitive: if the underlying Markov process is sufficiently unstable, then informa-
tion about the past is not useful. Indeed, in the case where & = %, so the state of the world in any
period is determined by an independent coin toss, it is obvious that history is entirely uninforma-
tive. However, the result above shows that this can also be the case when the environment is very
persistent and « is arbitrarily small.
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In particular, as 7 increases and approaches 1 (that is, as signals become more informative
about the true state of the world), the set of values of a such that the conditions of Theorem 1
hold increases. Thus, when signals become more and more informative, a restriction to only two
memory states does not harm a decision maker. Thus, memory is most valuable when the decision
problem is noisy but not too unstable. Therefore, in the following section, we investigate the more
interesting cases where &« < (1 — ) and the bound on memory may be a binding constraint.

4. BOUNDED MEMORY

We now consider a decision maker with a finite set of memory states M. Her transition rule is
a function ¢ : M x § — AM, where ¢(m, s) is the probability distribution governing transitions
after observing signal s € S while in state m € M. For notational convenience, we will use ¢;
to denote ¢(m, s)(m’). The decision maker also chooses an initial distribution over memory states
o € AM and an actionrulea : M — A. Note that since actions affect neither state transitions nor
information generation, the decision problem is noninteractive; Kalai and Solan (2003, Theorem
1) then implies that the restriction to deterministic action rules is without loss of generality.

Notice that the combination of state transitions and memory transitions generate a Markov
process on an “extended” state space () := M x Q. In principle, such a process may admit several
recurrent communicating classes and multiple stationary distributions. We show, however, that it
is without loss of generality to restrict attention to memory transition rules that generate a unique
recurrent communicating class (and hence a unique stationary distribution).

LEMMA 3. Fix any memory system (¢, po,a) with expected payoff U. There exists a memory system
(¢, g, a") with expected payoff U' > U that admits a unique recurrent communicating class and unique
stationary distribution on Q).

PROOF. Note first that any recurrent communicating class R C () may be written as R = M x (),
where M C M; thatis, (m, H) € R for some m € M if, and only if, (m,L) € R. To see why this
is true, note that
Pr(@y = (m,")|@i—1 = (m,w)) = Y Pr(w; = w'|wi—1 = w) Pr(s; = slw; = ') @},
seS

for any (m,w), (m',w') € Q. Recall that both signals occur with positive probability in both
underlying states (since oy < 1), and that both underlying states may occur in any period with
positive probability (since & > 0). Therefore, Pr(w; = (m',w')|@;—1 = (m,w)) > 0 if, and only
if, ¢}, ,» > 0 for some s € S. Thus, it is the memory transition rule ¢ alone which determines
whether states in ) communicate or not. Since these memory transitions are independent of the
underlying state, it must be the case that (m, H) € R if, and only if, (m,L) € R.

Now notice that, since both M and Q) are finite, Stokey and Lucas (1989, Theorem 11.1) implies
that we may partition the extended state space Q) into k > 1 recurrent communicating classes
{R1,...,Ri} and a transient set 7. The result immediately above then implies that this partition
induces a partition on the memory M; abusing notation slightly, we therefore write m € R; or

m € T whenever (m,w) € R;or (m,w) € T, respectively.
7
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Foralli = 1,...,k, denote by u; the decision maker’s payoff (under action rule a) conditional
on her starting in a memory state m € R;. (Because payoffs are evaluated according to the limit of
means and each recurrent communicating class has a unique stationary distribution, u; is constant
across all m" € R;.) The decision maker’s payoff is then

k
U= Y_ Y ¢o(m)P(Rilm)u;,

meM i=1
where P(R;|m) denotes the probability that any state in R; is reached from initial state m. Since
@0 € AM and Y5 P(R;|lm) = 1 for all m € Q, the decision maker’s payoff U is a convex
combination of the payoffs {u1, ..., u;}. In particular, this implies that U < max{u1,...,u}.
We now define an alternative memory transition rule ¢’ : M x S — AM, where as before
we use ¢ to denote ¢'(m,s)(m’). In particular, we fix any i* € argmax;—;_,{u;} and let

m,m’

N:=|{m: (m,w) € R for some w € Q}|. Then define, for all m,m' € M and alls € S,

qDf”l,‘ﬂ’l/ 1f me Ri*/
qo;i,m’ =<1/N ifm¢& Ry,m € R,

0 otherwise.

Thus, ¢’ replicates the transitions of ¢ within the recurrent communicating class R+, and transi-
tions uniformly at random into R;- from any memory state outside of it. This implies that () can be
partitioned into a single recurrent communicating class R’ = R;- and a transient set 7/ = O\ R’

Moreover, since transitions within R’ under ¢’ are the same as those under ¢, R’ has the same
stationary distribution as R+, and hence (under the same action rule a) the same payoff u;. Fi-
nally, since there is only a single recurrent communicating class, Stokey and Lucas (1989, Theorem
11.2) implies that the transition rule ¢’ induces that same (unique) stationary distribution. Thus,
for any initial distribution ¢{, € AM, the decision maker’s payoff is now U’ = u; > U. O

As profits are evaluated by the limit of means criterion, the initial conditions of the memory
system are relevant only insofar as they influence the long-run distribution on the extended state
space Q. Given Lemma 3 above, however, we are free to consider memory transition rules that
generate a unique stationary distribution 1 € AQ), where y; denotes the mass on state i € O); there-
fore, we simply assume that the initial memory state is chosen uniformly at random. Note that the
marginals of the steady-state distribution y must agree with those generated by the underlying
stochastic processes; in particular, we must have

1
Y B = Y Hmp) = 5 (2)

meM meM

Moreover, a steady state must satisfy the standard stationarity condition: for all (m,w) € Q,

H(mw) = Z Z Hm w') <Z Pr(w; = wlwi-1 = ') Pr(s; = s|lw; = w>(Pin’,m) . 3)
meM w' eQ) SsES

It is useful to note that, when the decision maker takes the same action in all memory states

(that is, when a(m) = a(m') for all m,m’ € M), her expected payoff is equal to 1. This is because
8
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H
%

FIGURE 1. A generic symmetric and monotone two-state memory.

H H H
1—91, — 915 1—¢33 1
FIGURE 2. A generic symmetric and monotone three-state memory.

the long-run distribution of the underlying state of the world puts equal mass on both states.
Hence, the action taken will be correct half the time, and incorrect half the time, implying that the
expected payoff is 27 + 3(1 — ) = 3. This is, of course, also the payoff resulting from a single-
state memory. With this benchmark in mind, we will restrict attention to memory systems that
use both actions. Moreover, we focus on symmetric and montone memory systems:

DEFINITION (Symmetric and monotone memory systems). An n-state memory system is symmetric
if 9 = @pi1_j a1 rforallj,k =1,...,n. An n-state memory system is monotone if piy = ¢, =0
foralll <j<k<n.

Symmetry of the memory system is a natural restriction given the underlying symmetry in the
problem.8 Clearly, such memory systems induce a symmetric stationary distribution u with

,u(k,L) = ‘u(\/\/l\—k—i-l,H) forall k = 1,. cey ’M|

Monotonicity implies that the decision maker never transitions to a “higher” state after a low sig-
nal or to a “lower” state after a high signal. Since high signals increase posterior beliefs (and low
signals decrease them), monotonicity corresponds to the natural ordering of memory states where
higher states are associated with greater posterior beliefs that the true state is H. Figures 1 and 2
present a visual representation of the transition probabilities in generic symmetric and monotone
two- and three-state memory systems, respectively.

Thus, the decision maker’s optimization problem is to

max { Z (fyy(m,H) +(1- ’y)pt(m,L)> + Z ((1 = V) M(m,H) T W‘(m,L)) } ,

oh m:a(m)=h m:a(m)=l
subject to the constraint that y is the (endogenously determined) steady state of the process in-

duced by ¢ on Q. Given the steady state distribution y, determining the optimal action in each
state is trivial: the decision maker should set a(m) = h whenever

Yoy + (L= V) bomr)y = (L= D) By + YHmL),

8Recall that Bayesian updating in this environment is symmetric, with PEH (p) +pL 11(1—p) =1forallp € [0,1].
9
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and a(m) = | when this inequality is reversed. This implies that the optimal action is i whenever

the posterior belief in memory state m is wﬁ > 1, and | when this posterior is less than
3. (If the posterior belief in some state m is exactly 3, then both a(m) = h and a(m) = I are

optimal.) Since we consider symmetric and monotone memory systems, the ordering of the states
then immediately implies that the optimal action rule is

I ifm < (IM|+1)/2,

a(m) =
h otherwise.

We begin by characterizing the optimal symmetric and monotone two-state memory.

THEOREM 2. For any « € (0, 3) and vy € (3, 1), the optimal symmetric and monotone two-state memory
is given by q){fz =1

PROOF. The proof may be found in the appendix. ]

Thus, regardless of the instability of the underlying environment or the informativeness of pay-
off signals, the optimal symmetric two-state memory is deterministic: the decision maker simply
chooses actions based solely on the most recent signal.

With three memory states, the situation is somewhat more subtle. Recall from Theorem 1 that
using only two of the three memory states allows the decision maker to achieve the expected
payoff of a perfect Bayesian whenever a > (1 — 7). However, this condition is only sufficient,
but not necessary: even when a < (1 — 1), using only two memory states may be superior to
irreducibly using all three states. Moreover, if the underlying state of the world is sufficiently
persistent (when « is small relative to the noisiness of the payoff signals in a sense to be formally
defined), then the optimal three-state memory system may involve randomization. As before, we
consider only memory systems that are both symmetric and monotone.

THEOREM 3. For any a € (0,3) and v € (3,1), the optimal symmetric and monotone three-state memory
system is given by

7

. 1—
@) o = \/ oy o1h = 0.and gfy = 1if 2 < 200

(b) @iy =1, @ity = 0, and lfy = 1if 1072 < 12 < (1= 9);0r
(c) 4’{,12 =0, 4’{{,3 =1,and 4’53 =1if 75, > Y1 =)

PROOF. The proof may be found in the appendix. O

Unlike the case of a two-state memory, the optimal three-state memory depends on the fea-
tures of the underlying environment. Figure 3 presents the three possibilities. In region (a), where
1:"20( < 7(1; 7), the state of the world is very persistent relative to the informativeness of sig-

nals. Therefore, the optimal memory requires multiple (in expectation) signals contradicting an

extremal state in order to shift to the state with intermediate beliefs—as in Wilson (2004), the opti-
mal memory leaves the extremal states only stochastically. In our model, however, this is in order
to account for the noisiness of signals relative to instability of the underlying state. Note that as «

approaches zero, the probability of departing the extremal states also approaches zero; the more
10
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FIGURE 3. Classification of optimal three-state memory systems.

stable the underlying environment, the larger the expected number of contradictory signals re-
quired to leave an extremal state. On the other hand, when a increases and we enter region (b),
the optimal three-state memory becomes deterministic, stepping “linearly” through the memory
states. This reflects the fact that the greater variability in the underlying state necessitates addi-
tional responsiveness to signals. Finally, in region (c), the environment is sufficiently unstable that
the optimal memory only makes use of two state—the memory “jumps” from one extremal state
to the other, skipping the middle state entirely. To understand the rationale for skipping the inter-
mediate memory state, consider an increase in gofz to a small € > 0 (and hence a commensurate
decrease in (pfg) to 1 — €). This change keeps the probability of departing memory state 1 after a
high signal unchanged; however, this change decreases the arrival rate into state 1 after low signals
since a strictly positive fraction of time is spent in the intermediate memory state. The net effect of
these changes is to slow the response time to contradictory signals observed while in the extremal
states. When « is large relative to the informativeness of signals, this dampened response rate has
an overall negative effect on the steady-state probability of matching actions to the underlying
state of the world.

It is crucial to note that region (c) in Figure 3 is larger than the region described by Theorem 1.
In particular, when & < (1 — 1), the previous period’s signal alone is not a sufficient statistic for
the decision of a fully rational perfect Bayesian. Therefore, using only two memory states leads to
an expected payoff strictly less than the Bayesian benchmark. However, when

o
0 <y(1=7) <35
a decision maker limited to three memory states optimally makes use of only two states. Therefore,
while the decision maker’s expected payoff is nondecreasing in the number of possible memory
states (since increasing the number of states relaxes a constraint in her optimal memory choice
problem), this payoff need not be (strictly) increasing. In other words, the “shadow price” of an

additional memory state may be zero. Therefore, even in settings where Theorem 1 does not apply
11
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FIGURE 4. A deterministic and irreducible four-state memory system.

and bounded memory is a binding constraint, a decision maker may not be willing to invest in an
additional memory state, regardless of how small the cost of such an investment.

Moreover, this observation suggests that restricting attention to irreducible memory systems
(as is frequently done in the literature) is not without loss of generality.” In particular, within the
natural class of symmetric and monotone memory systems, the value of memory need not be

monotonic if we impose irreducibility.

THEOREM 4. There exists an open set O C (0,1) x (3, 1) of parameters such that, for all (a,y) € O, the
payoff of the optimal irreducible, monotone, and symmetric memory system is nonmonotonic in the number
of memory states.

PROOF. Recall from Theorem 3 that, when (1 — ) < a/(1 — 2a) (region (c) in Figure 3), the
optimal three-state memory is not irreducible, but instead makes use of only the two extremal
states; indeed, the optimal three-state memory in this region replicates the (irreducible) optimal
two-state memory. Therefore, whenever (1 — ) < a/(1 — 2a), the optimal irreducible three-
state memory performs strictly worse than the optimal irreducible two-state memory.

Now consider the four-state memory system depicted in Figure 4. This irreducible memory sys-
tem deterministically transitions to a “higher” state after high signals, and to a “lower” state after
low signals. Lemma 4 (in the appendix) shows that this memory system generates an expected
payoff of

Uy 1—a? — 37 +4ay +39% — day?

T T a(l—20) —2(1 —2a)y(1— )
Meanwhile, Theorem 2 shows that the optimal two-state memory is irreducible, and Equation (4)
implies that it yields an expected payoff of U := 1 — 2(1 — ). Therefore, we may write Uy — U
as

1-a?—(B—4a)y(1—7)  (1-29(1—7) A +a(l—2x)—2y(1—7)(1-20))
1+ a(l—2a) —2(1—2a)y(1—1) 1+ a(l—2a) —2(1—2a)y(1—1)
o —a® — vy —2ay + 4y + 59% — 6ay? — 4ay? — 893 + 16ay® + 49* — Bary?
N 1+ a(l—2a) —2(1—2a)y(1—1)

@y =1 (@@ -1+ -v(1-1)—a®) (2y-1)(a(l—a)— (1-2a)y(1 7))
14+ a(l—2a) —2(1 —2a)y(1—1) 14+ a(l—2a) —2(1 —2a)y(1—1)
Note, however, that both (2y —1)? > 0and 1+ a(1 —2a) —2(1 —2a)y(1— 7)) > Osincea € (0, 3)
and 7y > % Therefore, Uy > U, if, and only if, a(1 — «) — (1 — 2a)y(1 — ) > 0, or, equivalently,

when a(1—a)/(1—2a) < y(1—"1).

A memory system is irreducible if the entire state space of its induced Markov process forms a single communicating
class with no transient states. This rules out “redundant” memory states as in, for example, part (c) of Theorem 3.
12
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Of course, the four-state memory system in Figure 4 need not be optimal (either globally or
within the class of irreducible memory systems); thus, Uy is only a lower bound on the payoff
of the optimal irreducible four-state memory. Combining this fact with the payoff comparisons
above, we may conclude that, the optimal irreducible four-state memory yields a greater payoff
than the optimal irreducible two-state memory, which in turn yields a greater payoff than the
optimal irreducible three-state memory for all (a,y) € O, where

0= {(m) "‘1(1__22? <qy(l—n) < 1:"2“}.

Therefore, the value of memory (within the class of irreducible memory systems) is not monotonic

in the number of memory states for all (¢, y) € O. O

Thus, the marginal value of an additional memory state, when restricting attention to irre-
ducible memory systems (where there is no “free disposal” of individual states), can be strictly
negative—even though the incremental payoff from adding multiple memory states may be strictly
positive. Therefore, investment decisions in additional memory must consider the costs and ben-
efits of acquiring multiple states at once, as a naive marginal analysis alone may not suffice.

5. CONCLUSION

We have shown that, in a dynamic environment where the state of the world is imperfectly
persistent and signals are noisy but informative, the marginal value of additional memory may
be zero or even negative. In particular, when the environment is sufficiently unstable, a decision
maker needs only two memory states in order to perfectly replicate the behavior of an unbound-
edly rational Bayesian, and additional memory states are of no extra value. On the other hand,
when the environment is relatively stable, a decision maker with bounded memory achieves a
lower payoff than her unbounded Bayesian counterpart; in these cases, more memory may be
of some value to the decision maker.'” However, we have shown that there are a non-negligible
subset of such environments in which a decision maker optimally leaves some memory resources
unused—without “free disposal” of memory states, the decision maker may be made worse off
with greater memory resources.

In addition to their independent interest, our results have implications for other work in eco-
nomics. For instance, we have characterized some dynamic environments in which the optimal
memory is deterministic. This suggests that, in a changing world, a decision maker with bounded
memory may exhibit relatively large swings in beliefs and behavior. Likewise, the payoff rankings
for different memory sizes suggest that, even if the cost of additional memory is arbitrarily small
but positive, smaller memory systems may be more likely than larger ones; this reinforces the
focus of, for instance, Compte and Postlewaite (2012b,a) on relatively simple models of “mental
states” and Romero (2011) on “simple heuristics.”

1OQuan’cifying the loss from bounded memory (relative to an unbounded Bayesian decision maker) is certainly a natural
avenue for further inquiry. Such an attempt is complicated, however, by the difficulty of analytically characterizing the
general solution to a partially observable Markov decision problem such as our own, and is thus beyond the scope of
the present work.

13
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APPENDIX

PROOF OF THEOREM 2. Note that symmetry implies (1 1) = p (o p) and po 1) = p(1,n); therefore,
the decision maker solves

) {2 (W(ZH) +(1— 7)#(1,H)) } :

We may write the steady-state condition in Equation (3) for state (2, H) as

HoH) = (“P‘(l,L) (1- “)V( ))(’)’(Plz +(1- )q)%,z)

+ (appn) + (1= ) pom) (93 + (1= 7)95,)

= () + (1= @)pq,m) (reia + (1= 7)93h)

+ (@pqm + (1= Opm) (v93h + (1= 7)@Th),
where the second equality follows from symmetry. Recalling that (p{f1 =1- q)fZ, and that mono-
tonicity implies (pfl = 0, this may be written as

HowH = (@pom) + (1 —a)ugq, ))(’Y% 2)
+ (apa,py + (1= “)V(z,H))(Wsz +(1—=7)(1- 90{{,2))
= p i (a7 + (1= 7)1 = @fh) + (1 - ) yolh)
+ ) (ar9lh+ (1= 0) 7+ (1-0) (1 =7)(1 - gfh)).
1
2

Combining this expression with the observation from Equation (2) that y(y i) = }(2,H), We can

then solve for y(, ). In particular, we must have

RYEE (’Y_D‘)QDEZ
Hem =5\ 20t (1—20)9l, )

With this in hand, we may write the decision maker’s payoff as

a+(y— “)‘Pi[z

Ua(grp) = (1 —7) + (27 )sz + (1 —2a) 91},

Differentiating with respect to (pfz yields

(20 + (1 —20)pfh) (v —a) — (a+ (v — ) p1h) (1 — 20)

Uy(gin) = (27— 1) 20+ (1 —20) gl )2

2
. 29 -1
o \2a+(1 —Za)(pfz ’

Since a € (0,3) and 7y € (3,1), this expression is strictly positive for all (p{j/l2 € [0,1]; therefore, the

maximum is achieved when ¢{!, = 1, yielding a payoff of Uy(1) =1 —2y(1 — 7). O

PROOF OF THEOREM 3. Notice first that symmetry implies that y(y 1) = i H) KoL) = Koo
H(2,H)

' Fan hem = = 1, implying that the expected payoff, conditional on being

14
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in state 2, is %’y + %(1 —79) = % Therefore, the agent solves

1
max {2 (’)/;14(3,}]) + Eﬂ(z,H) +(1- ’Y)V(l,H)) }

ot ot ol
H H _H
s.t.0< P12, P13, P23 < 1
and ¢ + ¢ < 1.

We begin by writing the steady-state condition for states (1, H) and (3, H) from Equation (3) as

uam = (apr) + (1= a)uam) (rerh + (1—7)ef;)
+ (apr) + (1 - “)P‘(2,H))(7€05{1 +(1- ’Y)(P,%,l)
+ (apary + (1= @) pa ) (resh + (1—7)¢5;) and
Hem = () + 1= Opam)(rels + (1 —1)¢is)
+(@pn) + (1= @)pem) (v9hs + (1= 7)95s)
+ (ap@r) + (1 - “)74(3,H))(’Y€0?,3 +(1- ’Y)q’?e,s)'
Imposing symmetry and monotonicity, these may be written as
Haay = (apem + (1—a)pa,m)(r(1 - 9052 - 40{{3) +(1=7) +pe(l- V)93
+ () + (L= a)ugm) (L= 1) 1)
= (1= = (U= a)yelh = (v =)ol ) + pm (1 — 1)k
+ ) (2 —arply + (1—a—7)gfs) and
wea) = (apem + (11— “)V(l,H))('Y(PfE’)) + P‘(z,H)’Yq)gs
+ (apr,y + (L= a)pEm)(r+ (1 —7)(1 = QDEZ - ¢f3))
= (@ = (1=l + (v = @)gth ) + pemrobs
+paa (1— 6= (1= )1 =gy = (1-a=1)els).
Combining the two equations above with the observation in Equation (2) that

1
HeH) = 5 H,H) — H(3,H)

we can solve for y(; i) and pi (3 ppy. In particular, we have

v = ] (a + (pf, + 915) (1 — v — &) — o (1 — 20) (1 — 7)) pb5
1,H) — & ’
= 2 (@l + 2915) + (1 — 20) (91, + ¢ o2 + o1, (o, +2(91y — ¢Fo))y(1— 7))
. (a+ (91 + 1) (v — @) — o1H (1 — 20) 7 (1 — 7)) pdfy

B 2 (gl + 2985) + (1 20) (91, + 915 o2 + o1, (o, +2(91 — 55))r(1— 7))

Furthermore, note that the decision maker’s expected payoff is
1 1
2 <7P‘(3,H) T oHen * (1- ’Y)V(LH)) =5t Qy =1 (rEH) — Ha,H),

15
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where we have again substituted for y(, 5y using Equation (2). This implies that the decision
maker maximizes
Us(@1, P13 923) =
1 1 (27 — 1)2(4’{{2 + (Pf:s)ﬁﬂgs (5)

+ .
2 2a(el, +2055) + (1 —20) ((p1h + 915) 0355 + 9ih (o1 + 291 — @55))y(1— 7))

Note first that, if gofz = 0 (and, by symmetry, (Pé,z = 0), then the “middle” memory state

(state 2) is effectively redundant—the memory system only makes use of the two extremal states.
Applying Theorem 2, the optimal memory, conditional on go{{z = 0, must have qof3 = 1. As in the
optimal two-state memory from Theorem 2, this memory yields an expected payoff of

Us(0,1, ¢b5) = 1—29(1— ).

Clearly, the value of (pg3 is irrelevant in this case. However, in order to ensure that there is only a
single recurrent communicating class, we simply set (pf3 = 1 when (pfz =0.

Suppose instead that (pf2 > 0. Then differentiating the payoff in Equation (5) with respect to
iy yields

OUs (91 i Pois) _
34’53

P11 + 1) (a + (1 — 20) (@15 +2975)1(1 — 7)) (2y — 1)?
N
2 (gt +298) + (1 —20) (gl + @) 9t + ol (@ +2(0ls — 9£5))7(1- 7))

Clearly, the denominator is positive. Moreover, (pf2 > 0 implies that the numerator is positive.

Thus, it is without loss of generality to set gof?) = 1 whenever ¢i%, > 0.
With this in mind, we consider two cases. We first assume that (pf2 > 0and gofz + <pf3 =1In
this case, the decision maker’s payoff is U3((p{_12, 1-— (p{iz, 1). Note, however, that

PUs (gt 1 — 9t 1) (27 —1)° (K +a? — 3axgll, + (;cgo{{z)Z)
d(pH,)? B 3
(912) (1+apl, —x(9fh)?)

7

where we define « := (1 —2a)y(1 — 7). Since a € (0,3) and 7 € (3,1), we must have x € (0,1).
Thus, ¢f’, € [0,1] implies that

1+ txgofz — K(qofz)z >1—x>0.
In addition, we can write
K+ 0 = Baxgh + (koih)? = (21 — ) (ki — &) + K.

Note that (2k¢), — a)(x@i’, — @) is negative if, and only if, 2k, —a« > 0 > x¢{’, —a. But
Zqufz —a < 2x and Kq)fz —a > —a, implying that

(2xpth — ) (ki — &) + 1 > (2K)(—a) + k. = (1 — 2a)x > 0.

16
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Thus, U3(q0{_12, 1-— q){g, 1) is a convex function of (p{iz, and is therefore maximized either when
q){é =0or (pfz = 1. The decision maker’s expected payoff in each of these cases is

24a—4y(1—7v)—x

Us(0,1,1) =1 -2y(1 =) and Us(1,0,1) = = 7=" 73

Then we have

Us(1,0,1) — Us(0,1,1) = 2 & =411 =7) = 1) =201 +a = 1) (1 =2y(1 = 7))

2(14+a —x)
(@ —y+2ay+92—209*)(2y = 1) _ (x—a)(2y —1)
B 2(14+a —x) T 2(1+a—x)

Recalling the definition of x, we may then conclude that U3(1,0,1) > U3(0,1,1) if, and only if,

14
1—1).
T, <71=7)

Turning to our second case, suppose that g1, > 0 and ¢l%, + ¢, < 1. In addition, assume that
gof3 > 0. Therefore, the first-order conditions for both gofz and (pf’3 must hold; that is, we have

8U3(q)fz, gof3, 1) B (2y - 1) <(2 - (P{{s)(“ + Kﬁ’){g) - K((sz + (P{,Is)z>

SoH = = = 0and
P12 2 ((pfz + 9"53 + (22— gofz — 2gofs)(oc — qufz))
s (g1, 1, 1) (27 = 1)2(2 + ¢1},) (a — ko1}) Ly
a H - 2 v
15 2 (gt + ofly + (2= plfs — 2015) (x — xglh))

Solving these two equations yields

«

7

Note, however, that these two expressions sum to more than 1, a contradiction. Thus, we must
have gﬂfg) = 0, and only the first of the FOCs above can hold. This implies that

H _ &% H _
P1p = Eand Pz =1—

20

H —_— R
P12 o

(Of course, this is less than 1 if, and only if, (1%“) < (1 — 7); otherwise, we are at the corner

solution where q)fz = 1.) Note, however, that
240{{2(1 —29(1—79)+(2- 4’{{2)(9052 - K?fz)

295+ 2~ o) xghhy)) ~A=2=)

Us(¢th,0,1) — U3(0,1,1) =

_ (op = 2)(a—xgrp)2y —1)°
2(?52 +(2— ?fz)(“ - ’“P{{z))
if, and only if, « < K(pfz. Since (pfz = 1/2a/x, this implies that Uz(v/2a/x,0,1) > U3(0,1,1) if,
and only if, ﬁ <y(l—19). O
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LEMMA 4. The expected payoff of the four-state memory system depicted in Figure 4 is

Us = 1 —a? — 3y + 4ay + 39> — dary?
T T a(l—20) —2(1 —2a)y(1— )

PROOF. Note that we can write the Equation (3) steady-state condition for states (1, H), (2, H),
and (3, H), for the case of the four-state memory in Figure 4, as

paa =a(l=7)pan + A =)=V pam + el —=Vpen + (1 —a)(1 =) peomH),
Mo = avpar) + (1 —a)vpam +a(l—=7) e + (1 —a)(1 = 7)ps), and
Hia ) = avhorn + (1 —a)vpom +a(l—7)pEn + (1 —a) (1 —7)kamn),

where we have made use of the fact that the memory transition rule is given by

1 if (m,m',s)=(1,2,H),(2,3,H),(3,4,H),(4,4,H),
P =1 if (m,m,s)=(1,1,L),(2,1,L),(3,2,L),(4,3,L),
0 otherwise.
Symmetry also implies that Har) = HaH) Bl = KGH) H3BL) = HEH) and KLy = MH(,H)
therefore, we may write
pam = 1—a)A=7)pam + 1 —a) (1 =7 pen +a(l—7)uem + a1 —7) ke,
Howm = (L—a)ypam +a(l = 7)pom + (1 —a)(1—7) e ) + aYham, and
HiaH =a(l=7)pan + 1 —a)vpom +avpiea + (1 —a)(1—7)pum-
In addition, recall from Equation (2) that j(y iy + po,n) + HEH) + ) = % Solving this system

of four equations in four unknowns yields the stationary distribution of this memory system,
which is given by
(-1 (A-a-(2-a-7)(1-2a)7)
PO = 21+ a(1—20) —2(1—2a)7(1— 7))’
_ a(l—a)+(1T—a—79)(1—2a)y(1—-7)
HeH) = 50 1 a - 24) —2(1—2a)y(1— 7)) ’
_ a(l—a)+(y—a)(1—2a)y(1—9)
HOH = 21+ a(1—2a) —2(1—20)y(1— 7))’ and
_ y@a(l—a)+ (y—a)(1—2a)9)
P = 5 (1 a(l—20) —2(1—20)y(1— 7))’

Therefore, the expected payoff of this memory system is

Uy == v(pary + row + Hea + Ram) + 0= 7)(Ham + Bem + Beo + Rar))
= 2Y(p@u) + Ham) +2(0=7)(kan) + He)
_ ay +ay? —2a9% — a2y + 78 1—a? — 37y +3ay +ay + 392 — 5a9% — 43 + 2093
T+ a(l—2a) —2(1 —2a)y(1 — 1) T+a(l—2a) —2(1—2a)y(1—1)
1—a?—(3—4a)y(1—19)
T4+a(l—2a)—2(1—2a)y(1—7)
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