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Abstract

This paper studies how time risk attitude and patience level affect an agent’s optimal choice
of a sequence of the pooled tests within a dynamic single-agent’s model. To disentangle the
effects of time risk attitude and patient level, I consider a generalised expected discounted
utility function. I show that when the agent’s prior belief is uniform and the preference is
time-consistent, only Linear Search and Binary Search can be optimal. All other sequences of
the tests are suboptimal. Whether a sequence of linear searches or binary searches is optimal

depends on the tradeoff between the time risk attitude and the patience level.
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1 Introduction

Pooled testing is a method combining the same type of specimen from several people and conducting
one laboratory test on the combined pool of specimens to detect virus. This method is used to
screen SARS-CoV-2 (the virus that causes COVID-19) infections in the community. If a pooled
test result is negative then all the specimens can be presumed negative with the single test. If
it is positive, each of the specimens in the pool will need to be tested individually to determine
which specimens are positive. Suppose there are sixteen specimens waiting to be tested and one of
them is positive. There are multiple ways to conduct the tests in order to search for the positive
specimen. I will call it Binary Search if the pooled testing with a pool size of eight (that is, half of
the specimens) is used and Linear Search if the specimens are tested individuallyﬂ

When people only have access to binary signals, a single round of search normally is not suffi-

cient. Learning the truth takes time. Learning immediately is possible but relies on luck. In the
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example, the laboratory tests only deliver positive or negative results. To find the positive speci-
men, after a pooled test with a pool size larger than one, follow-up tests are certainly needed. A
test with the pool size of one could find the positive specimen immediately only if it coincidentally
tests the positive specimen. In most circumstances, more than one test is needed. I refer to a
sequence of tests the test protocol.

Any sensible test protocol allows the learner to find the positive specimen. The main difference
between test protocols is in terms of the riskiness involved. That is, how and when the positive
specimen is found. The test protocol consisting a sequence of linear searches allows the learner
to learn immediately, but it is risky and can be slow. When this linear search protocol is used,
the specimens are tested individually and sequentially. The positive specimen can be found with a
minimum of one and a maximum of fifteen tests. The test protocol consisting a sequence of binary
searches is faster and safer, but it is impossible to learn immediately. When this binary search
protocol is used, the positive specimen can be found for certain after four testsﬂ The possibility of
learning immediately induced by the linear search protocol could be useful in an inpatient clinical
setting where isolating the positive case immediately can minimise the risk of hospital transmission.
The guaranteed learning after a fixed number of tests can be beneficial when the test kits have to
be pre-ordered or when the result releasing date has to be announced in advance.

The main purpose of this paper is to understand the factors that affect the learner’s choice of
the test protocols. The learner will learn the truth eventually and the question of interest is how
the learner acquires pieces of information to learn the truth over time. Given the structure of the
tests, some test protocols allow the learner to acquire information and learn the truth in a safe
and steady way, while some test protocols surprise the learner with each piece of information which
allows the learner to learn immediately. The learner faces the tradeoff between possibly learning
today but more likely nothing and no learning today but learning for certain in the near future.

The learner’s preferences, in particular, the patience level and her time risk attitude are the
key factors that determine the choices of the test protocols. If a learner is impatient, then, she
appreciates the test protocols that allows her to learn today. The time risk attitude is the learner’s
risk attitude towards the potential uncertain learning time. To understand the time risk attitude,
suppose the learner can choose between two ‘lotteries’. Lottery one is a test protocol that allows
her to learn today or the day after tomorrow with equal probabilities and lottery two allows her to
learn tomorrow for certainﬁ If learning the truth gives the learner a monetary payment of unity,
then, these two lotteries generate the same expected payment. The difference between the two
lotteries is in terms of the risk involved. Lottery one is riskier as the learner may learn the truth
today or the day after tomorrow while lottery two is safe. Given that both lotteries generate the
same expected payment, a learner is time risk averse if she prefers lottery two and is time risk

loving if she prefers lottery one. A test protocol with different pool sizes induces a ‘lottery’ on

2The first pooled testing has a pool size of eight. Eight random specimens will be tested together in one pooled
test. If the result is positive, four random specimens from these eight specimens will be tested again in the second
pooled test. If the result is negative, the second pooled testing will be conducted on the untested specimens in the
first round. The first pooled test eliminates eight negative specimens, the second pooled test eliminates four negative
specimens, the third test eliminates two and the fourth test pins down the positive specimen.

3In my model, the learner never chooses between these two lotteries because of the structure of the tests. These
two lotteries are just for illustration purposes



learning time. A time risk averse learner would appreciate more a test protocol that allows her to
learn at some time for certain.

To model both time risk attitude and the patience level, the standard lifetime utility with
exponential discounting is not sufficient. It automatically describes a time risk loving preference
whenever the discount factor is smaller than one. This can be seen by evaluating the lifetime utility
associated with the two lotteries introduced earlier. Suppose learning the truth gives the learner
a monetary payment of unity and the learner has a discount factor § € (0,1). Then, the utility
associated with lottery one is .5 4 .56 and the utility associated with lottery two is . The utility
from lottery one is always greater than that from lottery two if § is between zero and one. In
other words, the lifetime utility with exponential discounting implicitly describes a time risk loving
preference. This time risk loving attitude is a side product from assuming exponential discounting.
Because of this, the standard utility function with exponential discounting does not allow us to
isolate the effect of the time risk attitude and the patience level on the learner’s optimal choice.

To disentangle the effects of the time risk attitude and the patience level, I discuss the main
tradeoff between learning safe and possibly learning today with a single-agent model where the
agent’s utility is modelled by a generalised discounted utility function. This utility function in-
troduced in Dejarnette et al.| (2018) allows for different time risk attitudes as well as the patience
levels. The agent’s goal is to learn the true value of a parameter, which is drawn from a finite
parameter set. The agent can learn the true value of a parameter by doing a sequence of tests. At
each time, the agent can choose any number of elements from the parameter set and then conduct
a single test to check if the true value of the parameter is among the elements she has chosen. The
test result is binary and truthful. Given the true value of the parameter and the elements chosen,
the agent receives a positive or negative test result. The positive result indicates that the true value
of the parameter is among one of the elements she has chosen while the negative result indicates the
opposite. The test result cannot indicate which element is the true value of the parameter unless

the agent only picks up one element.

1.1 Related Literature

This paper is closely related to Zhong| (2019). Zhong (2019) discusses a general dynamic information
acquisition framework where the agent can choose any information structure subject to a flow cost
constraint at each time. [Zhong (2019) shows that when the agent is an expected utility maximiser
who discounts the future payoffs exponentially, the Poisson signal is the optimal signal structure.
This is because the Poisson signal generates the learning time with the highest variance compared
to other signal structures. Since the agent discounts the future payoffs exponentially, she has the
risk-loving time preference, and hence prefers the signal structure that induces the high variance
of learning time. The other paper [Zhong| (2017) explicitly discusses the relationship between the
optimal information acquisition and the agent’s time preference. Zhong| (2017) shows that subject
to a flow cost constraint, any information structure induces the same expected learning time,
and Poisson signal induces the largest variance. The agent with risk-loving time preference hence
prefers Poisson signal. I focus on comparing how agent obtains information when she has different

preferences given a specific class of information structures, while Zhong’s papers focus on discussing



the agent’s optimal information choices in a general framework.

The signal structure in this paper tells the agent the learning direction. It can be imagined as
the indicator at the intersection of two roads that tells the agent which direction to go in order
to find the target. This shares some similar features as in |Callander| (2011)). In |Callander (2011)),
the agent wants to learn about a mapping from the choices to the outcomes. The mapping is
modelled as a realised Brownian motion, where the agent knows the parameters that characterise
the Brownian motion, but does not know its realisation. In order to learn about the realised
Brownian motion, the agent can observe the alternative and outcome pairs that has been chosen by
his predecessors and then choose an alternative to learn its outcome. Because of the property of the
Brownian motion, when the agent observes the alternative and outcome pairs of his predecessors, if
the previous outcomes are not of satisfaction, the agent learns the direction to search for the next
alternative. This has the similar features as the signal structure in my paper, but it is different. In
Callander (2011)), when the agent chooses an alternative, the agent learns the outcome associated
with that alternative. However, in my paper, the signal itself does not allow the agent to learn
the unknown parameter directly. The signal only serves as an indicator that tells the agent the
learning direction. Learning happens when there is only one candidate left towards that direction.
Learning can be considered as indirect in this sense.

This paper is related to the literature that discusses the preferences on time lotteries. This is
because the final payoff associated with learning can be considered as a time lottery. Given a search
method, the agent faces a time lottery that gives him a payoff of one at a random time. |Dillenberger
et al. (2018) and |Dejarnette et al. (2018) discuss the preferences on time lotteries. One of the ideas
in those papers is that the commonly used expected utility with exponential discounting describes a
risk-loving time preference. In order to characterise other time risk attitude, a generalised expected
utility should be considered. My paper can be considered as an application of the generalised
expected utility to the learning and searching problem.

This paper is also related to the literature that discusses the timing of resolution of uncertainty.
If the agent always uses Binary Search, then the uncertainty about the timing of learning is resolved,
and hence it can be regarded as an early resolution of uncertainty. This can be shown from the
example in the introduction. If the employer always uses Binary Search, she knows that she will
learn the type of the employee at the second time period. However, if the agent always uses Linear
Search, then the timing of learning the unknown remains uncertain, and it thus can be regarded
as a late resolution of uncertainty. There is a group of literature discussing the preferences on
early and late resolution of uncertainty, including Epstein & Zin| (1989), |Kreps & Porteus| (1978)),
Dillenberger| (2010|) and |[Palacios-Huertal (1999). This paper can be considered as an application of
the preferences on resolution of uncertainty to the learning and searching problem.

The last group of the literature is the computer science literature on Linear and Binary Search.
In computer science, Linear Search and Binary Search are algorithms to find the position of a target
value. The details of these algorithms can be found in Knuth| (1998)). The recent computer science
papers including [Kumari (2012), Mehta et al.| (2015), and Rahim et al.| (2017) compare the Linear
Search and Binary Search algorithms in different situations. While the computer science literature

focuses on comparing the speed and the complexity of the search algorithms, this paper focuses



on discussing how people’s time preferences affect their optimal choices of the search algorithms.
Without discussing which search algorithm allows the agent to learn faster, this paper discusses
how agent’s preferences, in particular, agent’s patient level and the risk attitude, affect their choice

of the search algorithms.

2 The model

This section first introduces the model setup and then discusses the assumptions of the model.

2.1 Setup

There is a single decision-maker in this model. I call her the agent. The agent wants to learn the
true value of a parameter # € ©, where O is finite with the cardinality N. I assume that the set
O is sorted such that 8; < 6 < --- < 0. The parameter 6 is drawn from a distribution F' with
the probability mass function f at the beginning and it is fixed over time. Time ¢t =0,1,...,T is
discrete and finite. The final period T is greater than N — 2. The agent’s action at each time t is
to choose an element r; € © to test.

The test at time ¢ has two outcomes: pass or fail. The element chosen fails the test if it is
greater than the true value, and it passes otherwise. By choosing the test at time ¢, the agent
effectively chooses the information structure as described below. The information structure at each
time ¢ consists of a binary signal s; € {0,1} and a probability distribution over the signals. The 0
signal is the fail signal, while the 1 signal is the pass signal. Conditional on the true value of the

parameter and the test chosen, the probabilities of receiving the signals are
Pr(s; =00 <r)=Pr(ss=10>mr)=1.

A pair (r4,s;) is the agent’s action and the signal received at time ¢. The agent remembers
her past actions and the past signals received. Let r* = {rg,71,...,7:—1} be the sequence of the
past actions, and let s = {s¢,s1,...,5:_1} be the sequence of the past signals. At the beginning
of time ¢, I; = {r’,s'} denotes the history up to that point. The set of histories is denoted by
I= Ut:l,l...,T I; U(. The strategy of the agent is given by a mapping R : Z — O from the histories
to the test choices.

The agent has the prior belief fy = (fg(&))%@ with fp(€) € (0,1) for V8 € ©. At the start of
time ¢, the agent has the belief f;. After choosing the action 74, the agent receives the signal s; and
updates the belief to f;1 using Bayes rule. I assume the agent has a uniform prior belief. That is
fo(0) = % for VO € O.

At each time t, the agent either learns or fails to learn the true value of the parameter. If she
learns the true value of the parameter at time ¢, then she gets a reward x; = x > 0, and the game
ends. If she fails to learn the true value of the parameter at time ¢, she gets x; = 0 and the game
enters time t + 1. Let u : R — Ry U {0} be the utility function that maps from the ex-post reward
to the set of positive real numbers. The agent evaluates the ex-post reward z; at time ¢ by u(zy),

where u(-) is increasing and u(0) = 0. The objective of the agent is to choose the strategy that



maximises her lifetime utility

E [gb <5Tu(x)>], (1)

where ¢ is strictly increases, 7 is the time that the agent learns the value of the parameter, and the
expectation is taken over the distribution of learning time 7. This lifetime utility is the generalised
expected discounted utility introduced in [Dejarnette et al.| (2018). It allows for different time risk

attitude. When ¢(z) = z, we have the standard exponential discounting.

2.2 Discussion

This model is a single agent’s learning problem. The unknown parameter is predetermined and
fixed overtime. The agent can costlessly do tests in order to obtain information about the unknown
parameter. The results of the tests are purely informational. That is, the agent’s flow payoff at
time ¢ does not depend on the results of the tests. Therefore, the agent does not have incentive to
pass the test. These assumptions are similar to Meyer| (1994)), where the learner (‘the principal’ in
their model) can costlessly design tasks to learn the type of the worker and the principal does not
gain any payoffs related to the task completion. Deb & Stewart| (2018) also has the similar learning
feature, but the object the learner wants to learn in their model is a strategic player, and hence
not a fixed parameter.

The agent in this paper just wants to learn the true value of the parameter. There is no
exploitation and exploration tradeoffs. Since the agent only gets a reward when she learns the
unknown parameter, there is no exploitation. The agent does not settle before learning the true
value of the parameter. Therefore, the model is not about when the agent stop learning. It is about
how the agent acquires information to learn the true parameter when she has different intertemporal
preferences.

The parameter set is assumed to be finite and sorted. It is assumed to be finite so that the agent
can eventually learn the true parameter. This assumption is equivalent to assuming the unknown
parameter is drawn from a compact set, and the agent learns the unknown parameter when she
is e-close to the true value where € is exogenous. The parameter set is assumed to be sorted to
simplify the expression of the agent’s action and the signal structure. If this assumption is dropped,
the following specification of the agent’s action and the signal structure is equivalent to what is
in the model setup. The agent’s action is to partition the parameter set into two subsets. The
signal tells the agent which subset the true parameter belongs to. Then Linear Search and Binary
Search should also be redefined. The partition is considered to be equivalent to Linear Search if
one of the subsets only contains one element. The partition is considered to be equivalent to Binary
Search if the two subsets have the same number of elements. In the computer science literature,
Binary Search always requires the parameter set to be sorted. But for the purpose of this paper,
this assumption is not needed. This assumption is made to simplify the expression of the agent’s
action and the signal structure.

Time is finite and the duration of the game is long enough such that the agent always has



enough time to learn the unknown parameter. E| Linear Search requires the longest time to learn.
If the cardinality of the parameter set is IV, it requires at most N — 1 periods to learn the unknown
parameter. Therefore, with the assumption that T > N — 2, the agent always has enough time to
learn.

The agent is assumed to be Bayesian. However, because of the signal structure, where the the
signal is binary and noise free, the Bayesian assumption is not as demanding as in the literature.
The agent just needs to be able to partition the parameter set and then re-scale the prior belief
after receiving the signal. Bayes rule is not needed for the agent to revise her belief.

Finally, the agent’s prior belief is assumed to be uniform. Uniform distribution is symmetric. It
describes that all the parameters in the parameter set are equally likely. Following the Principle of
Insufficient Reason, if there are N indistinguishable parameters, each of them should be assigned a
probability % In Bayesian probability, the uniform prior is the simplest diffuse prior. It basically
describes that the agent only has vague information about the unknown parameter. The important
property I exploit in this paper is the symmetry of the uniform prior. The result that the agent
does not switch between Binary Search and Linear Search relies on this symmetry property. In

Appendix I discuss a simple relaxation of the uniform prior assumption.

3 The benchmark case

I consider the case that ¢(z) = z and u(z) = z as the benchmark case. The agent discounts the

future payoff exponentially, and the time-t utility is risk neutral. The lifetime utility now becomes
max E [674 , (2)

where 6 € (0,1) is the discount factor. I normalise the reward z to 1 in the following discussion to
simplify the calculation.
I first rewrite the agent’s problem as a dynamic programming problem and then characterise

the optimal strategy. The main results Proposition [I] characterise the optimal strategy.

3.1 Dynamic programming setup

I first define the state variable and the choice at time ¢, and then formally define Binary Search
and Linear Search. Then I write down the Bellman equation.

At each time t, by choosing the test r;, the agent partitions the parameter set into two subsets.
The signals tell the agent which set the true parameter belongs to. The agent then can eliminate
the other subset. Therefore, from the agent’s point of view, the parameter set shrinks to one of the

subsets after receiving the signal. Since the agent remembers the past actions and the past signals,

4This requires that the agent does not choose fully uninformative signals. An alternative situation is when there
exists a deadline such that the agent may not have enough time to learn. That is, the final period T is smaller than
N — 2. If there were a deadline, it may result in different optimal search behaviour. An extreme case is that if the
agent only has one period to learn the value of the parameter, then Linear Search is always optimal, as it allows
the agent to learn with positive probability, while other search strategies do not. When a deadline exists, the agent
might want to maximise the probability of learning the unknown parameter. The optimal search behaviours might

be different from the optimal ones in this paper.



the optimal action at next time must belong to the subset that is not eliminated. It is then sufficient
to keep track of the evolution of the parameter set. Let ©®g = © be the initial parameter set. Let
O, be the parameter set at the beginning of time ¢. Since the agent’s action can be considered as
partitioning the parameter set, and the agent has uniform prior, the cardinality of the parameter set
can be modelled as the state variable at time ¢. The action of the agent at time ¢ is to choose how
to partition the parameter set into two subsets. Let V; be the cardinality of the parameter set ©;.
Let m; and n; be the cardinalities of the two subsets the agent chooses. Thus, at time ¢, the state
variable is Ny, and the choice is (my, ny) € Fp = {(my, ng)my+ng = Ny, (my,ne) € (Z1)2N[1, N¢])?},
where F; is the feasible set of the choice at time ¢. Due to symmetry, assume without loss of
generality that m; < ny. The evolution of the state is as follows. Given the state at time ¢ and the

choice (my,nt), the state at time t + 1 is

N my  with probability %
t+1 = .

ny  with probability 1%

Next, I formally define Binary Search, Linear Search and the agent learns the true parameter

at time t using the terminologies defined above.

Definition 1. The Binary Search Policy in state Ny is the choice (my, n;) € F; such that my = {MJ

2
and ny = [%] . The Binary Search Strategy is the strategy that prescribes the agent the Binary

Search Policy in all the states.

Definition 2. The Linear Search Policy in state N; is the choice (m¢,ng) € F; such that my = 1
and n; = Ny — 1. The Linear Search Strategy is the strategy that prescribes the agent the Linear
Search Policy in all the states.

Definition 3. The agent learns the true parameter at time ¢ if Nyy1 = 1 (N4 is the state at the
end of the period t).

To simplify the expression, I ignore the t subscript in the following discussion. If the agent uses
the Linear Search Policy in state N, the agent can learn the true parameter with probability % The
state evolves to IV — 1 in the next period with probability % If the agent uses the choices other
than the Linear Search Policy in state IV, the agent cannot learn the true parameter today if N > 2,
and the state evolves according to his choice. Define another set F1 = F\ {(m = 1,n =N — 1)}

to be the set of the choices excluding Linear Search in state N. The Bellman equation is

1 N-—-1 m n
V(N) =max<{ —+ ——0V(N —1), ma (5{—Vm +—Vn} )
(N) X{N N OVIN 1), max o{TCV(m) + LV(n)
The first term is the value of the Linear Search Policy in state N and the second term is the value
of other choices in state N. If N = 2, the agent learns the value of the parameter at the end of this
period. That is, V(2) = 1. From this, the initial condition of the dynamic programming problem

5The notation |« rounds = € R to the nearest integer less than or equal to @, and the notation [x] rounds = € R
to the nearest integer greater than or equal to z.



is V(1) = %. If there is only on element in the parameter set, it means that the agent learns the

true parameter in the last time period. The Bellman equation can be simplified to

m n
V(N) = o{ SV m)+ V(n)} 3
() = max_o{ T2V (m) + V) (3)
with the initial condition V(1) = 4. The closed form of the value function when N < 3 are easy to
compute, where V(2) =1 and V(3) = 3 + 26. Let W(N) := NV(N) be the product of N and the
value function V(N). The Bellman equation can be rewritten as

W(N) = (ﬁ&;}e{f(S{W(m) + W(n)}.

3.2 The optimal strategy

In this section, I will show that the Linear Search Strategy is optimal if the agent is sufficiently
impatient, and the Binary Search Strategy is optimal otherwise. All other strategies are weakly
sub-optimal.

Using the Linear Search Strategy allows the agent to test one element at each time in any state
N > 2. The best-case scenario is that the agent learns the unknown parameter immediately at
t = 0, but most likely the agent learns the unknown parameter at some other time 0 <t < N — 2.
By using the Linear Search Strategy, the agent effectively check one element in the parameter set at
a time. But, when there are only two parameters in the parameter set, learning that one parameter
is not the true value of parameter is equivalent to learning that the other parameter left is. It is as
if the agent is able to check both parameters at once. Since the agent’s prior belief is uniform, the
expected value associated with the Linear Search Strategy is thus the sum of the geometric series
L= (%, %5, cee %51\[_3) plus %61\[_2.

Using the Binary Search Strategy, the agent can learn the value of the parameter within two
consecutive periods. When the state is a power of two, say N = 2% where K is a positive integer,
the agent learns the unknown parameter at time 7' = K — 1 with probability one. If the state is
greater than 2% and smaller than 25+1 the agent learns the unknown parameter at time 7V = K
or 7'2N = K — 1 with positive probabilities % and 1— % respectively. The uncertainties associated
with the timing of learning is small compared to that of the Linear Search Strategy. The agent
does face uncertainties in each state that is not a power of two. In an odd state, the uncertainty
arises because the following state is not deterministic. In an even state, the uncertainty can still
arise if the following state is odd. When starting from a large initial state IV, a big number of states
can be visited before learning the unknown parameter. Since there can be uncertainties in each of
the odd state visited, one may think that there could be a high aggregate uncertainty associated
with the Binary Search Strategy. However, this is not true. This is because the agent only learns
the unknown parameter when the state evolves to one. By using the Binary Search Strategy, in
any state N > 3, the state never evolves to one directly. Instead, state one only occurs after states
N =2 and N = 3. When the state N = 3 occurs, with probability of a third, the agent learns
the unknown parameter. When the state N = 2 occurs, the agent learns the parameter for sure

today. If the state evolves to N = 2 directly without reaching state three, the agent learns the



unknown for certain. If the state evolves to N = 3 before evolving to N = 2, the agent might learn
the unknown parameter today or tomorrow. By using the Binary Search Strategy, the learning
procedure ends in visiting either state N = 2 or N = 3. As a consequence, the agent always learn
the unknown parameter within two consecutive periods. g

Let VE(-) and VB(-) be the values associated with the Linear Search Strategy and the Binary
Search Strategy. Let ¥ = 2N — 2llos2 NI+1 2N — [log, N7 — 1, and 7' = [logy N| — 1, where

7 and 7§’ are the two consecutive time at which the agent learns the unknown parameter, and

v N

¥ €[0,1) is the probability that the agent learns the unknown parameter at time 7;".

Lemma 1. The value associated with the Linear Search Strategy is

Leyy = L (L0 v
VEN) = o ()

The value associated with the Linear Search Strategy is

1
VEN) = % [N 4 (N — 7)o ].
Given the reward z, the function VX (-) and VZ(-) decrease in N. Let W%(N) := NVI(N) and

WB(N):= NVB(N).

Lemma 2. When § > 0.5 (§ < 0.5), the first-order difference of WE(-) is positive (negative), and
the second-order difference of W (-) is negative (positive). The first-order difference of WB(-) is

positive (negative), and the second-order difference of WB(-) is non-positive (non-negative). When

§ = 0.5, both WL(N) and WB(N) are independent of N.

Lemma [I] and Lemma [2] can be used to show the optimality of the Linear and Binary Search

Strategy.

Proposition 1. There exists a unique threshold 6 = 0.5 such that the Linear Search Strategy is
weakly optimal if the agent has a discount factor § < &, and the Binary Search Strategy is weakly
optimal if the agent has a discount factor § > 6.

To check the optimality of the Linear (Binary) Search Strategy, I define a Linear (Binary)
Search Deviating Strategy and then show that the Linear (Binary) Search Deviating Strategy that
gives the agent a higher payoff than the Linear (Binary) Search Strategy does not exist. A Linear
(Binary) Search Deviating Strategy is a one-step deviation strategy from the Linear Search Strategy,
such that the agent follows Linear (Binary) Search Strategy in all the states n # N, and deviates
from the Linear (Binary) Search Policy in state N.

When the agent deviates from the Linear Search Policy to some other policy (m,n) € F' in
state N, the payoff today will be zero. The most profitable one-step deviation strategy hence
must maximise the continuation value. If the agent uses the (m,n) € F t policy in state N, then,
the (undiscounted) continuation value is the convex combination of V*(m) and V¥(n), with the
weights being % and %. Since m < n and V*(-) is decreasing, the value of V*(m) is greater
than the value of V¥(n), but the weight attaches to V*(m) is smaller than the weight attaches to

VEI(n). Increasing m (i.e. decreasing n) decreases the value of V(m), but puts a higher weight to
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that value. At the same time, it increases the value of V¥(n), but decreases the weight attaches
to V(n). As a consequence, it is ambiguous whether increasing m and decreasing n increases the
continuation value. Whether increasing m is optimal depends on the value of the function W(-).
According to Lemma 2 the function W¥(-) is decreasing and convex when § < §. Therefore, the
increase of the continuation value from decreasing n is smaller than the decrease of the continuation
value from increasing m. Thus, if the agent were to deviate from the Linear Search Strategy in
state N, the most profitable Linear Search Deviating Strategy is to choose (m,n) = (2, N —2) in
state N.

In state N, When the agent deviates from the Linear Search Policy in state N to (m,n) =
(2, N—2), the agent gives up the flow payoff of 4 today, and increases the (discounted) continuation
value from 6 " VE(N —1) to S[N2VE(N —2)+ 2 VE(2)]. To check whether the one-step deviation
is optimal, the agent compares the value she gives up today (the loss) with the increase of the
discounted continuation value (the gain). If the loss and the gain are scaled up by N, then the
rescaled loss is a constant and the rescaled gain is decreasing in N when 6 < 6. That is, the
rescaled gain is maximised in the smallest state N = 4. Therefore, if it is not optimal for the
agent to deviate from the Linear Search Policy in state N = 4, then, the agent would not want to
deviate from the Linear Search Policy in any other state that is greater than four. In state N = 4,
when § < §, the discounted increase in the continuation payoff by deviating from the Linear Search
Policy is smaller than the payoff given up today. The agent hence does not want to deviate in state
N =4, and does not want to deviate in any other states greater than four.

When the agent deviates from the Binary Search Strategy to the policy (m,n) € FT in state N,
it does not change the payoff today, which is still zero. but changes the continuation values. If the
continuation value in state N is scaled up by N, then, given any policy (m,n) € F T in state IV, the
rescaled continuation value is the sum of the two elements mV?(m) and nV?(n). By definition,
the Binary Search Policy in state N maximises the value of m. Whether decreasing m increases
the continuation value depends on the property of the function W5(-). According to Lemma
WHB(.) function is increasing and concave when § > §. Since m is assumed to be smaller than n,
decreasing m by one does not offset the effect of increasing n by one. Therefore, deviating to the
policy (m,n) € F in state N is not optimal when § is sufficiently big.

If instead of deviating to a policy (m,n) € FT, the agent deviates to the Linear Search Policy in
state N, effectively, the agent postpones Binary Search until tomorrow and takes the risk of learning
the unknown parameter today. If the agent fails to learn the unknown parameter today, she gets
a small benefit of decreasing the state by one in next period. The cost and benefit of deviating to
the choice Linear Search in state N are different in different states. It is more beneficial to deviate
to the Linear Search Policy in a small state, say in state N = 4, rather than in a big state, say
in state N = 400. First, it is because the probability of learning the unknown parameter, which
is %, is higher when N is small. Second, it is because Binary Search is more efficient in terms
of eliminating the number of impossible candidates when the state is big. For example, in state
N = 400, the Binary Search Policy today will eliminate 200 impossible candidates, while in state
N = 4, the Binary Search Policy will only eliminate 2 impossible candidates. Because of the two

reasons above, if the agent would like to deviate to the Linear Search Policy in some state, it is
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most profitable for him to deviate in state N = 4, rather than in state N = 400. If deviating to
the Linear Search Policy in state N = 4 is not optimal, then deviating to Linear Search Policy
in other states is also not optimal. The gain from deviating to the Linear Search Policy in state
N =4is %x, and the loss is V5(4) — 5%‘/(3). When § > §, the gain is always smaller than the loss.
Deviating to the Linear Search Policy in state N = 4 is thus not optimal. Therefore, when § > 4,

deviating to the Linear Search Policy in any state N is not optimal.

3.3 Discussion

The thresholds § in Proposition |1| is a constant % This means that for any value § € (0,1),
either the Binary Search Strategy or the Linear Search Strategy are weakly optimal. Some of the
alternative strategies are weakly sub-optimal but not strictly sub-optimal because they induce the
same distribution of the learning time as is induced by the Linear or Binary Search Strategy. For
example, when N = 6, the following two strategies induce the same distribution of the learning
time. That is, the agent learns the parameter at ¢ = 1 with probability % and learns the parameter
at t = 2 with probability %

Strategy One: The Binary Search Strategy.

Strategy Two: The agent chooses (m,n) = (2,4) in state N = 6. If the state 4 occurs, the agent
chooses (m,n) = (2,2). and if the state 2 occurs, the agent chooses (m,n) = (1,1).

Since these two strategies induce the same distribution of the learning time, these two strategies
induce the same expected utility. The Strategy Two above is only weakly dominated by the Binary
Search Strategy.

The threshold § is a constant, and is independent of the state N. For example, if an agent has
the discount parameter § = 0.45, then it is optimal for him to use the Linear Search Policy in state
N =4, and it is also optimal for the agent to use the Linear Search Policy in state N = 400. If
the agent has the discount parameter § = 0.9, then it is optimal for him to use the Binary Search
Policy in state N = 4 and in state N = 400. Thus the agent does not need to commit to these
policies, they are the consequences of the optimal choices at every state. The simple form of the
policy is due to the simple form of the state variable. The state variable is just the cardinality
of the parameter set because of the uniform prior assumption. Since the agent’s prior belief is
assumed to be uniform, the agent’s posterior belief is still uniform. The agent always believes that
the remaining candidates are equally likely, that is, the likelihood ratio of any two candidates is
one. The number of candidates in the parameter set only scales up or down the absolute value
of the probability attached to each candidate, but does not change the likelihood ratio of any two
candidates. As a result, with the uniform prior assumption, in different states, the agent is facing
the problem with the same properties: all the elements in the parameter set are equally likely to
be the true value of the parameter. If the likelihood ratio of any two elements changes as the
state changes, the agent might use different policies in different states. For example, let IV be the
cardinality of the initial parameter set, which is the initial state. Consider the agent’s prior belief
to be such that the first element 6; in the parameter set is the most likely one with probability
a half, and all other parameters are equally likely. The likelihood ratio of #; to other elements is

N — 1. In this case, since 0y is very likely compared to other elements in the parameter set, the
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agent has a strong incentive to choose the Linear Search Policy in state N regardless the value of §.
If the agent does not learn the unknown parameter, the state N — 1 occurs and the agent’s belief
is revised to a uniform distribution. In state N — 1, the agent hence is facing the problem as in
the benchmark case. The likelihood ratio of any two elements is one. The agent’s strategy then
depends on ¢. In Appendix [A22] T consider another prior belief to check how the it can affect the
agent’s optimal strategy.

The argument above appears to say that being patient or impatient explains why the Linear
Search Strategy or Binary Search Strategy is optimal. But, there are other models of time prefer-
ence where this apparent relationship fails. Consider the expected utility with a linear discounting,
that is, the agent pays a fixed cost ¢ at each time t if she searches and does not learn the un-
known parameter (see Appendix for details). My main result in this case is that the Binary
Search Strategy is always optimal as long as the cost c is positive and bounded. The agent is also
impatient in this case, but this impatience is modelled by a linear discounting. Even though the
linear discounting and the exponential discounting both describe the agent being impatient, the
optimal strategies in these case are different from each other. In fact, the expected utility with
the exponential discounting does not just describe the agent being impatient, it also describes the
agent being “time risk loving”. To understand time risk, consider the following two options one
can choose from. These are just illustrative examples to show what time risk refers to ﬂ

Option One: Learn the unknown parameter today (t = 0) or the day after tomorrow (t = 2)
with equal probabilities.

Option Two: Learn the unknown parameter tomorrow (t = 1) for certain.

If the agent discounts future utilities exponentially, Option One gives the agent an ex-ante
utility of %(1 + 62)x, and Option Two gives the agent an ex-ante utility of éx. The agent then
always prefers Option One, as it gives the agent a higher expected utility with any § < 1. Since
these two options yield the same expected learning time: tomorrow (¢t = 1), and the agent prefers
the one that is risky in terms of learning time, the agent is hence time risk loving. If the agent
discounts future utilities with linear discounting, then the agent is indifferent between these two.
The agent is hence time risk neutral.

The comparison between the two different preferences shows that the time risk preference affects
the optimal strategy. In fact, the fixed search cost utility can be expressed as the utility function
Equation with ¢(z) = log(z). The ¢(-) function determines the agent’s time risk attitude
(Dejarnette et al. (2018)) and affects the agent’s optimal strategy.

4 Time risk attitude

In this section, I consider the lifetime utility as in eq. . The lifetime utility is identified with a
triple (¢, d,u). As discussed in Dejarnette et al.|(2018), the agent’s time risk attitude is determined
by the concavity of ¢, the intertemporal substitution is determined by § and ¢, and the atemporal
risk attitude towards the lotteries with only immediate payment is determined by ¢ou. I show that

if ¢ is a power function with power 1 — v and wu is the inverse of ¢, then, the optimal strategy of

5This example and the discussion of the time risk are borrowed from [Dejarnette et al.| (2018)).
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the agent with utility (¢, d,u) is the same as the benchmark agent (the agent with utility function
as in eq. ) with a discount parameter p where p = 6'77.

If ¢ is a power function, say ¢(z) = ﬁzl_V where v € (0,1) U (1,400), then, eq. can
describe both time risk loving and time risk averse utility. The following lemma presents this

result.

Lemma 3. If ¢(z) = sign(1 — y)azl_“Y where a > 0 is a constant, then, for any increasing u
function, when v € (0,1), (¢,0,u) describes time risk loving preference, and when v > 1, (¢,0,u)

describes time risk averse preference.

This lemma follows directly from Dejarnette et al. (2018) Prop 2. To understand why this is
true, reconsider the two options introduced in Section [3]

Option One: Learn the unknown parameter and get a reward of one today (t = 0) or the day
after tomorrow (t = 2) with equal probabilities.

Option Two: Learn the unknown parameter and get a reward of one tomorrow (t = 1) for

certain.
Suppose ¢(z) = ﬁzl_“ﬁ Given the preference (¢,d,u), the utility from Option One is
ﬁ(%u(1)1_7 + $[6%u(1)]*7), and the utility from Option Two is ﬁ[éu(l)}l_T When v € (0,1),

the utility from Option One is greater than the utility from Option Two. When ~ > 1, the utility
from Option One is smaller than the utility from Option Two, and The special cases discussed in
Section [3] the exponential discounting and the search with a fixed cost, are limiting cases. When
v — 0, ¢(z) converges to ¢(z) = z, which is the exponential discounting case. When v — 1, ¢(z)
converges to the natural log function, which describes the linear discounting preference.

Next, I show that there exists a (¢, d,u) such that given any strategy, the utility derived from
(¢, 0,u) equals the utility derived from the exponential discounting with a different discount pa-
rameter p. In addition, such functional forms of ¢ and w are unique.

Lemma 4. Let a # 0 be a constant. Then, gb((STu(x)) = p"x if and only if qg(z) = azig% and
u(z) = (%)% If in addition p = 0¢ where ¢ # 0, then, ¢(z) = az° and (zx) = (%)%

Each strategy pins down a distribution of the learning time. According to Lemma [} given a
strategy, the utility derived from (¢3, d, ), which is E[d)((Vu(x))], equals the utility derived from
the exponential discounting with a different discount parameter p, which is E[pT.Z‘]. This shows
that the agent with preference (g%, 0, 1) behaves as if she discounts future payoffs exponentially with
a discount parameter p = 6°. Because of this equivalence of the behaviour, this lemma together
with Proposition |1{ can be used to find the optimal strategy of the agent with preference ((ﬁ, 9, ).

In the following discussion, let ¢(z) = ﬁzl_“y and u(z) = [(l—v)x]ﬁ where v € (0,1)U(1, 00).
This specification is not necessary for the following results, but it gives a clearer intuition. I refer
to p =677 as a virtual discount parameter.

The following proposition characterises the optimal strategy for preference ((5, P, ).

. N T
Proposition 2. For each v € (0,1), there exists a unique threshold o~ := (5) =7 < § = %,

that the Linear Search Strategy is optimal if § < 57 and the Binary Search Strategy is optimal if

such

6> 57. The threshold 57 is decreasing in vy, and it approaches 6 when ~y approaches zero.

For v > 1, the Binary Search Strategy is optimal given any discount parameter § € (0,1).
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Figure 1: The optimal strategy for each value of the discount parameter d and the risk-aversion

parameter 7. The functional form of the red curve is §'=7 = %

When v € (0,1), as shown in Lemma [4| the agent with preference (¢, d,4) behaves as if she
discounts the future payoffs exponential with a discount parameter p = §'~7. Given Proposition
the Linear Search Strategy is optimal if the discount parameter p is weakly smaller than a half.
That is, the Linear Search Strategy is optimal if ¢ is weakly smaller than (%) = = 57. The similar
argument holds for the Binary Search Strategy. Since v € (0, 1), 57 decreases in 7.

When v € (0,1), the agent’s virtual discount parameter p is greater than his real discount
parameter . Due to the effect of the time risk aversion, the agent behaves as if she is more
patient. For example, consider an agent A who has the benchmark utility and discounts future
payoffs exponentially with the discount parameter 6 < % The optimal strategy of this agent is then
the Linear Search Strategy. Consider another agent B with preference (qg,g,ﬁ) where v € (0,1).
Suppose v takes the value such that the optimal strategy of the agent B is the Binary Search
Strategy. Imagine there is an outside observer observing these two agents’ strategies. If the outside
observer incorrectly believes that the agent B has the preference as in the benchmark case, then
the outside observer would conclude that the agent B is more patient than the agent A. However,
the fact is that the agent B is as patient as the agent A, but less time risk loving. The decreasing 57
shows that when ~ increases, the agent becomes less time risk loving, and has a stronger incentive
to use the Binary Search Strategy. Being less time risk loving, the less patient agent still prefers
to use the Binary Search Strategy.

When v > 1, the agent is time risk averse. Since we know from Section [| that the Binary
Search Strategy is optimal for the time risk neutral agent as it induces a distribution of learning
time with a smaller mean, when the agent becomes time risk averse, the agent prefers the Binary
Search Strategy more. Since the Binary Search Strategy induces a distribution of the learning time
with a smaller variance, it is hence also optimal for the risk averse agent.

Figure[l| demonstrates the optimal strategy given the value of the discount parameter § and the
time risk aversion parameter . From Proposition [2] we know that the functional form of the red
curve in Figure [1}is 6177 = % When the discount parameter § is greater than a half, the optimal
strategy is the Binary Search Strategy given any value of the time risk aversion parameter . That

is, when the agent is sufficiently patient, the effect of being patient dominates the effect of time risk
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attitude. It is optimal for the agent with 6 > % to use the Binary Search Strategy regardless the time
risk attitude. When the time risk aversion parameter v is greater than one, the optimal strategy
is the Binary Search Strategy given any value of §. That is, when the agent is time risk averse, the
effect of the time risk attitude dominates the effect of patience. It is optimal for the time risk averse
agent to use the Binary Search Strategy regardless the patience level. When the agent is time risk
loving and not sufficiently patient, that is, when § < % and v < 1, there is a trade-off between
learning in a risky way and learning faster in expectation. Being time risk loving incentivises the
agent to take the risk of learning the parameter today, while being patient incentivises the agent
to learn faster in expectation. As a consequence, the optimal strategy depends on the effect that
dominates.

Given the value of v, the threshold 5V in Proposition [2|is a constant, and it does not depend
on N. This means that the agent’s optimal strategies have the same time-consistent property as
in Section [3] That is, if the agent has the discount parameter § and the risk-aversion parameter =y
such that p = §'=7 = 0.45, then it is optimal for him to use the Linear Search Policy in state N = 4
and the state N = 400. If the agent has the discount parameter § and the risk-aversion parameter
7 such that p = §'=7 = 0.9, then it is optimal for him to use the Binary Search Policy in state
N = 4 and the state N = 400. Therefore, the agent does not need to commit to a certain policy,
the commitment to a certain policy along the path of learning is a result of the optimal strategy.
This is true because of the equivalence condition specified in Lemma [4. The optimal strategies in
this section thus preserve the same properties as in the benchmark case.

The Linear Search Strategy is not only risky in terms of the timing of learning the unknown
parameter, it is also risky in terms of whether the agent can learn at a certain time ¢t. That is,
if N is the state at time ¢, by using the Linear Search Strategy, the agent learns the parameter
with the probability %, and does not learn the parameter with the probability Y<%. There are
two different types of risks associated with the Linear Search Strategy. One is the time risk that
has been discussed in the previous part of this section, and the other one is the temporal risk at
each time ¢. Because @ is the inverse of é, the agent is assumed to be risk-neutral towards time-t

lotteries. To discuss the effect of the temporal risk attitude, I consider EZ preferences in Section

5 Epstein and Zin preferences

In order to discuss the EZ preferences, I first rewrite the one time reward at time ¢ as a stream
of reward over time. Since the agent essentially gets a reward of zero at the time when the
parameter is not learned, learning the parameter at time 7 is equivalent to getting a reward stream
(1,22, oy TryTrg1 ... xp) = (0,0,...,2,0,...,0). After introducing this reward stream, the EZ
recursive setup can be used to evaluate the agent’s lifetime utility.

The recursive formulation of EZ preferences is developed in [Epstein & Zin (1989), which is
originated in |Kreps & Porteus (1978)) in a finite time setting. The EZ recursive utility function
consists of two components: a CES time aggregator that characterises the preference over the
deterministic payoff vector, and a risk aggregator that aggregates the risk associated with future

uncertain payoffs. Consider a deterministic payoff vector (2o, 21, .. ., 27), with z; denoting the payoff
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at time ¢t. The utility from time ¢ onwards is

=

Uzt 2t41y -+ -y 27) = (zf +0U(z¢41, - - .,zT)p)

(4)

where § € (0,1) is the discount factor and 1%,; > 0 is the elasticity of intertemporal substitution
(EIS). The greater the value of EIS, the greater willingness the agent has (or, the easier it is)
to substitute today’s payoff to tomorrow’s payoff. In case of the uncertain payoffs, the utility is
evaluated by a certainty equivalent operator that is introduced in |[Kreps & Porteus (1978)). Let z
be a set of future payoff vectors. Let p be a probability measure on the set z. Then the utility from

the uncertain payoffs is

Ql~

(EpU(2)%) ()

where 1 — a > 0 is the relative risk aversion (RRA). A smaller value of a corresponds to a greater
risk aversion.

How does this utility specification affect the agent’s evaluation of Binary Search and Linear
Search? The Binary Search Policy ensures the agent a certain payoff today, either zero or one,
but the Linear Search Policy gives the agent an uncertain payoff both today and in the future. To
be more specific, if the agent chooses the Binary Search Policy at time ¢, then the payoff at time
t is deterministic and the future payoffs are uncertain. The agent then evaluates the uncertain
future payoffs by the certainty equivalent operator, and the total utility at time ¢ aggregates the
certain payoff at time ¢ and the certainty equivalent of the future uncertain payoffs using the CES
aggregator. If the agent chooses the Linear Search Policy at time ¢, the payoff today and the
payoffs in the future are both uncertain. To evaluate the total utility associated with the uncertain
payoffs, the agent first evaluates the utility of each payoff stream using the CES aggregator. The
total utility is then calculated using the certainty equivalent operator. In other words, when the
agent chooses Binary Search, the CES aggregator is the ‘outside operator’. The certainty equivalent
operator is only used to evaluate the future payoffs, and hence is the ‘inside operator’ When the
agent chooses the Linear Search Policy, the CES aggregator becomes the inside aggregator, and the
certainty equivalent operator is the outside operator.

Given the recursive formulation of the EZ preference, the Bellman equation in state N is

o

1
vezon) = max{ (04 a0+ M s avEnon )Y,

1
with the initial condition VEZ(1) = 527, The initial condition is computed from the fact that
VEZ(2) = 1, that is, when the state N = 2, the agent learns the true value of the parameter
immediately after one search. The first element in the Bellman equation is the value associated
with the Linear Search Policy in state N. By choosing the Linear Search Policy today, the agent
either gets a payoff of one today and zero tomorrow, or a payoff of zero today and the continuation

value VFZ(N — 1) tomorrow. It is then as if the agent is facing two possible payoff vectors: (1,0)
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and (0,VF4(N — 1)), with probability % and % respectively. The utility is evaluated by the
certainty equivalent of the utilities associated with the two payoff vectors. The second element in the
Bellman equation is the value associated with the policy (m,n) € F' in state N. By choosing the
policy (m,n) € FT, the payoff of zero today is certain. The continuation value however, is VF4(m)
or VFZ(n) with probability % and . The certainty equivalent operator is used to calculate the
value associated with the future payoff, and the CES aggregator aggregates the payoff today and
the certainty equivalent of the payoff tomorrow. The agent chooses the policy (m,n) that gives the
agent the highest value. With the initial condition VEZ(1) = (5ﬁ, the Bellman equation can be

simplified to

vEA) = max (c(RVE T+ vERr) ) ©)
where ( =0 ¥ is a virtual discount parameter.

In general, the parameters o and p can take any value smaller than one, that is, both of the
parameters can be negative. But, in the following discussion, I restrict the values of o and p to be
positive. First, to make sure the parameter ( is indeed a virtual discount parameter, I restrict the
parameters a and p to have the same sign. Second, [Epstein & Zin| (1989) points out that decreasing
a can change the agent’s preference in terms of the timing of the resolution of uncertainty. To shut
down this possible effect, I restrict the value of a to be positive. That is, I only consider the
case that the agent is not ‘too risk averse’, and it is not ‘too hard’ to substitute the consumption

intertemporally.

5.1 The optimal strategy

This section discusses the agent’s optimal strategy and compares it with the benchmark case.

To find the agent’s optimal strategy in this section, I show that the Bellman equation @
is closely related to the Bellman equation in the benchmark case. Let W(N) = VEZ(N)e.
Equation (@ can be rewritten as

WN) = max_ ¢(SW(m) + W(n)) (7)

(mmn)eF " \N N

with the initial condition W(1) = % Equation is essentially the same Bellman equation as
Equation with the same initial condition. The only difference is that the discount parameter
in Equation is the virtual discount parameter ¢, and the discount parameter in Equation
is the real discount parameter §. Since the Bellman equation in this section and the Bellman
equation in the benchmark case are closely related in the way described above, the agent with EZ
preferences behaves the same as the agent in the benchmark case with a discount parameter (.
In the benchmark case, the value of the real discount parameter determines the agent’s optimal
strategy. In this section, the virtual discount parameter { hence determines the optimal strategy
of the agent with EZ preferences. That is, if { is greater than a half, the Binary Search Strategy
is optimal. If ¢ is smaller than a half, the Linear Search Strategy is optimal. Since the result

Proposition [1]in the benchmark case are presented as how the real discount parameter § affects the
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agent’s optimal strategy, I characterise the agent’s optimal strategy below in the similar way. Let
=

Proposition 3. If the agent has EZ preferences, given any («, p) pair, there exists a unique thresh-
old § = (5)5 such that if § > 0, the Binary Search Strategy is the optimal strategy. If § < 6, the

Linear Search Strategy is the optimal strategy. If 6 = 0, the agent is indifferent between the Binary
Search Strategy and the Linear Search Strategy.

To better understand how the benchmark agent and the agent with EZ preferences behave
differently, I consider the marginal agent who is just indifferent between the Linear Search Strategy
and the Binary Search Strategy. The marginal agent in the benchmark case (the benchmark
marginal agent) has a discount parameter § = §, and the marginal agent with EZ preference (the
EZ marginal agent) has the parameter triple (6, a,p) such that § = 6 = ({)a. Since the two
thresholds 6 and ¢ are indeed the same, the relationship of ¢ and B depends on the value of the
ratio of p and «. Proposition [3| hence can be used to check which marginal agent is more patient.

Note that BIS = 115 and RRA=1—a.
Lemma 5. If > p (EIS < 757, then 6 > 8. Ifa < p (RRA > s ), then 6 < 4.

Lemma [5| says that if EIS is smaller than the reciprocal of RRA, then the EZ marginal agent
is more patient than the benchmark marginal agent. If RRA is greater than the reciprocal of EIS,
then the EZ marginal agent is less patient than the benchmark marginal agent. This can be better
understood by considering the agent’s incentives and the features of the Linear and Binary Search
Strategies. When EIS is small, it is hard to substitute the payoffs intertemporally. The agent hence
has stronger incentives to use Linear Search Strategy, as it allows the agent to get immediately
payoff. However, this payoff is uncertain. Therefore, there is a tradeoff between getting the payoff
today and facing uncertain payoffs. The optimality of Linear Search or Binary Search depends on
the value of EIS and RRA. If it is sufficiently hard to substitute intertemporal payoffs such that
the gain of getting a payoff today overweighs the agent’s aversion towards risky payoff, that is, if
FEIS < T}%Av then the agent with EZ preference is willing to use Linear Search even when the agent
has the discount parameter § > §. This case is referred to the case that EIS dominates RRA. If,
however, the agent is sufficiently risk averse such that the aversion towards risky overweighs the
benefits of getting the payoff today, that is, if RRA > %w, then the agent with EZ preference is
willing to use Binary Search even when the agent has the discount parameter § < §. This case is
referred to as the case that RRA dominates EIS. Figure [2| plots the virtual discount parameter ¢
as a function of the real discount parameter §. The left panel plots the case that EIS dominates
RRA, and the right panel plots the case that RRA dominates EIS. When EIS dominates RRA, it
is optimal for the agent with the discount parameter § € (8,4) (thick black line on the left panel)
to use the Binary Search Strategy in the benchmark case, but to use the Linear Search Strategy
in the EZ preference case. This is because Linear Search satisfies the agent’s preference on not
willing to substitute intertemporal payoffs. When RRA dominates EIS, it is optimal for the agent
with the discount parameter & € (4,0) (thick black line on the right panel) to use the Linear Search

Strategy in the benchmark case, but to use the Binary Search Strategy in the EZ preference case.
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Figure 2: The relationship between ¢ and )

This is because Binary Search is less risky than Linear Search. Since the agent is very risk averse,

she prefers Binary Search.

6 The present-biased preference

The optimal strategies in previous sections all have a consistent property. That is, if it is optimal
for the agent to use the Linear Search Policy in state N = 400, then it is also optimal for the agent
to use the Linear Search Policy in state N = 4. It is not optimal for the agent to switch between
actions. In this section, I show that if the agent has a time-inconsistent preference, there exists the
situation such that it is optimal for the agent to use the Binary Search Policy when the state is
big, say N = 400, and it is optimal for him to use the Linear Search Policy when the state is small,
say N = 4.

This section discusses the present-biased preference. Consider the case that an agent is asked
which of the two options she prefers: one is to get a payment of one on Wednesday, and the other
one is to get a payment of two on Friday. If the agent has the time-consistent preference, she will
make the same decision regardless the question is asked on Monday or Wednesday. If the agent has
the present-biased preference, she may, however, make different decisions when asked on different
days. That is, when asked on Monday and Tuesday, the agent prefers to get the payment of two on
Friday, but when asked on Wednesday, she changes his mind and prefers to get the payment of one
on Wednesday, which is today. The agent changes his mind when the future becomes the present.
The agent is biased towards the payment at the present when asked on Wednesday and thus has a
stronger incentive to get the payment today.

These present-biased preferences could be described by quasi-hyperbolic discounting (see |Phelps
& Pollak] (1968), [Laibson| (1997)), |[Fischer| (1999)) and |O’Donoghue & Rabin| (1999))). To discuss the
agent’s present-biased preference, I consider the reward stream as in Section [5] Since the agent’s

preference changes over time, it is as if the agent has different selves at different times. The agent’s
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time-t self evaluates the payments at and after time ¢ as

sfrn X 5], ®)

T=t+1

where § € (0,1) is the present-biased parameter, and § € (0,1) is the time-consistent discount
parameter. The present-biased parameter 8 describes the magnitude of the present bias. When § =
1, there is no present bias, and quasi-hyperbolic discounting is identical to exponential discounting.
When 5 < 1, the smaller the 5, the smaller weight the agent attaches to the time that is ‘the future’,
and hence the greater the present bias is. When 8 = 0, the agent only cares about the payment
today. In addition to the fact that the agent is present-biased, the agent is also assumed to be
aware of his present bias. That is, the agent knows that when the future becomes the present, his
preference changes. This type of the agent is referred to as the sophisticated agent in the literature.

In this section, I show that the optimal strategy for the present-biased agent with the discount
parameter § < § and the present-biased parameter 8 € (0,1) is still the Linear Search Strategy.
This is because the present-biased preference gives the agent a stronger incentive to choose the
Linear Search Policy in each state. Since it is already optimal for his time-consistent counterpart
to choose the Linear Search Policy in each state, it is hence also optimal for the present-biased
agent to choose the Linear Search Policy in each state when § < 4.

For the present-biased agent with 6 > §, the optimal strategy depends on the agent’s present-
biased parameter. When the agent is not very present-biased, the Binary Search Strategy is still the
optimal strategy. Suppose the agent’s future selves use the Binary Search Policy in all future states.
First notice that when § > 4, any (m,n) € F' policy gives a weakly smaller payoff than that of the
Binary Search Policy in state N. This is because (m,n) € FT policy and Binary Search Policy give
the agent zero immediate reward. Since the present-biased agent is assumed to be consistent when
evaluating the future payoffs, she behaves essentially the same as the time-consistent agent when
there is no immediate payoff getting involved. As a result, I only consider whether it is optimal
for the agent to use the Linear Search Policy in the current state. If the agent uses the Linear

Search Policy in the current state, the benefit is the immediate expected reward associated with
1

learning. That is .
and tomorrow VP (N) — 5%‘/3 (N —1). If the agent is not very present-biased, that is, the

present-biased parameter is greater than the ratio of the benefit to the cost, then, using the Linear

The (future) cost is the difference between using the Binary Search today

Search Policy in current state NV is not optimal. Using the Binary Search Policy in state N hence
is optimal, given that her future selves use the Binary Search Policy. Using the idea of backward
induction, one can check whether using the Binary Search Policy is optimal in state N given that
the agent’s future selves use the Binary Search Policy. If this is true for all the states, then, the
Binary Search Strategy is the optirrial strategy. This requires the agent’s present-biased parameter

to be greater than gV := VB(N)—5ﬁVB(N—1) for N =4,5,..., N where N is the cardinality of the
N

parameter set. The benefit associated with the Linear Search Policy is the highest in state N = 4,

and the cost associated with the Binary Search Policy is the lowest in state N = 4. As a result, if
the present-biased parameter 3 is weakly greater than 5 := %, then, the Binary Search Strategy
is the optimal strategy.
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When § > 6, for any 3 < /3, there exists a state N such that the Linear Search Policy is optimal
in all the states H < N, and the Binary Search Policy is optimal in state IN. That is, there exists
a switch of actions from Binary Search (when the state is big) to Linear Search (when the state
becomes small). Suppose the agent’s future selves use the Linear Search Policy in all future states.

In order to check which policy is optimal in state N, let

m n
P(N) = {mﬂé}%ﬁ 5{NVL(m) + NVL(n)}
be the highest value associated with the policy (m,n) € F' in state N given that the agent’s
future selves use the Linear Search Policy in all the states smaller than N. If the agent uses the
Linear Search Policy in the current state, the benefit is the immediate expected reward associated
with learning. That is % The cost of using the Linear Search Policy in state N is the forgone
payoff from using the (m,n) € F' policy, which is P(N) — 6¥2VL(N — 1). Using the idea
of backward induction, one can check which Policy is optimal in state N given that the agent’s

future selves use the Linear Search Policy. If the agent’s present-biased parameter is smaller than
1

BN = P(N)—aNT‘ﬁlVL(N—I)’ the ratio of the benefit to the cost of using the Linear Search Policy in
state N, then, it is optimal for the agent to use the Linear Search Policy in state N. Otherwise, it
is optimal for her to use the (m,n) € F' policy that achieves P(N) in state N. From the discussion
in the benchmark case,we know that when § > §, the (m,n) € F' policy that achieves P(N) in
state N is the Binary Search Policy because of the concavity of the function W¥(N) = NVE(N).
Therefore, when the agent’s present-biased parameter is smaller than 3%, it is optimal for the agent
to use the Binary Search Policy in state V.

When it is optimal for the agent to use the Binary Search Policy in a state /N given the belief
that her future selves use the Linear Search Policy, we still need to check whether it is indeed
optimal for her future selves to use the Linear Search Policy. In the appendix, I show that BN
decreases in N. This is because the benefit of using the Linear Search Policy in state N decreases
in NV, and the cost increases in N. As a result, in order to guarantee that it is optimal for the agent
to use the Linear Search Policy in any state smaller than IV, the agent’s present-biased parameter
should be greater than AN,

The following proposition concludes the result discussed above.

Proposition 4. When the present-biased agent has the discount parameter 6 < § and the present-
biased parameter B € (0,1), the optimal strategy is the Linear Search Strategy.

When the present-biased agent has the discount parameter § > 6 and the present-biased param-
eter 8 > [3, the optimal strategy is the Binary Search Strategy.

When the present-biased agent has the discount parameter § > 6 and the present-biased param-
eter € [ﬁNﬂ, 3ﬂ_1), it is optimal for the agent to use the Binary Search Policy in state N and to
use the Linear Search Policy in state H < N.

Consider an agent with discount parameter § > § and the present-biased parameter 3 €
[Bﬂ, Bﬂfl), the last point of Proposition [4| indicates that in states N < N, the agent’s optimal
policy is the Linear Search Policy, and the agent’s optimal policy in state N is the Binary Search
Policy. But in states N > N, we do not know what the optimal policy of the agent is. Proposition []
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does not characterise the complete optimal strategy when § > ¢ and 8 < A% due to the complexity
of the calculation. Instead, it only specifies that there exists at least one switch between the Linear
Search Policy and the Binary Search Policy. If there exists more than one switch between actions,
the last point of Proposition [4] characterises the smallest state in which the agent switches actions.
This serves the purpose to show that when the agent has time-inconsistent preferences, the optimal
strategy does not have the consistent property as in the cases with time-consistent preferences.
To better explain the result, I introduce the present-biased agent’s time-consistent counterpart.
If a present-biased agent has a discount parameter § and a present-biased parameter B, then
his time-consistent counterpart also has a discount parameter 5, but a present-biased parameter
B = 1. The result above indicates that in comparison with the present-biased agent’s time-consistent
counterpart, it is optimal for the present-biased agent to use the Linear Search Policy in small states,
while it is always optimal for his time-consistent counterpart to use the Binary Search Policy. This
is because the value associated with a policy in state N consists of two parts: the expected payment
today and the perceived discounted continuation value. Given the future policies remaining the
same, consider the cost and the benefit of the Linear Search Policy in the current state N. The cost
of the Linear Search Policy comes from the discounted continuation value. The greater the current
state IV, the more costly to use the Linear Search Policy. The benefit of the Linear Search Policy
is from the expected payment today. The smaller the state IV, the greater the benefit associated
with the Linear Search Policy. Notice that when the agent is present-biased, the cost of the Linear
Search is perceived to be smaller because of the present-biased parameter, but she evaluates the
expected payment today the same as his time-consistent counterpart. As a result, there are two
driving forces that incentivise the agent to use the Linear Search Policy: one is that the state is
sufficiently small and thus the benefit of Linear Search becomes higher, and the other one is that
the agent is sufficiently present-biased and thus perceives the cost of Linear Search to be smaller.
The main tradeoff is that when the agent is very present-biased, that is, she has a smaller present-
biased parameter 3, she perceives the Linear Search Policy to be attractive in bigger states, while
for the agent who is less present-biased, she only perceives the Linear Search Policy to be attractive

in smaller states.

7 Winner takes all

In the previous section, I have discussed a single agent’s decision problem. There is only one agent
learning the unknown parameter. In this section, I consider a game where the players compete to
learn the unknown parameter. At each time ¢, the player i € {1,2,...,I} is active with probability
p; where ZZI p; = 1 and p; € (0,1) for all . There is only one active player at each time ¢. The
active player i can use the Linear Search Policy, the Binary Search Policy, or any (m,n) € F'
policy in state IN. At time ¢, if the active player learns the unknown parameter, then, she gets the
reward associated with learning and the game ends. All other players get no reward. If the active
player does not learn the unknown parameter, the game enters next period. Assume the lifetime
utility of the players is as in eq. and all the players have the same discount parameter 9.

If all the players use the Linear Search Strategy,then, the outcome of the game, that is, the

distribution of the learning time, is the same as the case with one player learning alone using the
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Linear Search Strategy. The players’ payoffs are different because now they only have the chance
to get the reward associated with learning when they are active. One could imagine that now
the players have less incentives to use the Binary Search Strategy because it gives the player zero
probability of getting the reward in state greater than two. In addition, using the Binary Search
Strategy increases the other players’ probabilities of getting the reward by shrinking the parameter
set. It is then interesting to check when it is an equilibrium such that all the players use the Linear
Search Strategy I show that this equilibrium exists when the discount parameter § is not too close

to one.

Proposition 5. There exists an upperbound 5 = minﬁpi such that if § < S, there exists an

equilibrium where all the players use the Linear Search Strategy.

Suppose all the players use the Linear Search Strategy and then I check whether there exists
any deviation in state N that gives the player a higher payoff. First notice that, when ¢ < %, the
player does not want to deviate to other policies in any state. This is because when players are
competing to get the reward associated with learning, the players have stronger incentives to use
the Linear Search Strategy. If it is optimal for the player to use the Linear Search Strategy when
she is learning alone, it is still optimal for her to use the Linear Search Strategy when competing
with other players. When § > %, the player faces a tradeoff where the Linear Search Policy gives
the player the probability of getting the immediate payoff, while using other policies reduces the
future state and increases her payoff when she is active again in the future. Which effect dominates
depends on the player’s discount parameter and the probability that she is active in each state. If
the player is active with a high probability, say, p; is close to one, then, the Linear Search Strategy
best responses to other players using the Linear Search Strategy only when 4 is close to % If the
player is active with a probability close to zero, then, the Linear Search Strategy best responses to
other players using the Linear Search Strategy even when § is close to one. If the best response of
the most active player (i.e. the player with the highest probability of being active) to the Linear
Search Strategy is the Linear Search Strategy, then, it is an equilibrium where all the players use
the Linear Search Strategy.

When p; is smaller than one for all ¢, the upperbound 5 is greater than a half. This shows
that the sufficiently patient players (whose optimal strategy is the Binary Search Strategy when
learning alone) can switch to the Linear Search Strategy when competing with others. This leads
to an inefficient outcome because it takes longer to learn the parameter in expectation when the
players use the Linear Search Strategy. This inefficiency prevails for a larger range of the discount
parameter when the players are active with equal probabilities. In addition, if the players are active
with equal probabilities, increasing the number of players intensifies the inefficiency. That is, all
the players using the Linear Search Strategy is an equilibrium for a larger range of the discount
parameter. Suppose there are two players who are active in each state with probability 0.9 and 0.1
respectively. Then, the upperbound §is 0.53. Thus, both players using the Linear Search Strategy
is an equilibrium when the discount parameter ¢ is weakly smaller than 0.53. If both players are
active in each state with probability a half, then, the upperbound 5 is 0.67. In this case, both
players using the Linear Search Strategy is an equilibrium when the discount parameter ¢ is weakly

smaller than 0.67. When the players are active with equal probability, both players using the Linear
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Search Strategy is an equilibrium for a greater range of the discount parameter. When there are
players and all the players are active with equal probability in each state, we have p; = % Since
the upperbound 5 = ﬁ increases in I, all the players using the Linear Search Strategy is an
equilibrium for a larger discount parameter set when I increases. Increasing the number of players

hence intensifies the inefficiency.

A Appendix

A.1 Search with a fixed cost

In this section, the agent does not discount future payoffs with a discount parameter. Instead, she
pays a fixed cost ¢ > 0 for each search if she does not learn the true parameter. As mentioned in
Section [3] the agent’s preference is time risk neutral. The agent’s optimal strategy is the Binary
Search Strategy as long as the fixed cost ¢ is bounded. Otherwise, the agent does not search. The
main intuition is that since the agent has to pay a fixed cost ¢ for each search, the agent’s only
incentive is to learn with the least number of searches. The Binary Search Strategy satisfies this
requirement. However, since the agent only gets a reward of one associated with learning, she is thus
not willing to search when the fixed cost ¢ is too high. Let N denote the initial state, which is the

- R — N
cardinality of the parameter set ©. Let ¢(N) = (2N 2008 NI ([logy W= 1) 4 @008 T ) ([log, N]-1)"

Proposition 6. Given any initial state N, if the fived cost ¢ < &(N), the agent searches and the
optimal strateqy is the Binary Search Strategy. Otherwise, the agent does not search. The Linear

Search Strategy is always sub-optimal.

The idea of the proof is the same as in the benchmark case: compare the lifetime utility of the
Binary (Linear, resp) Search Strategy and the lifetime utility of the Binary (Linear, resp) Search
Deviating Strategies. There is always a Linear Search Deviating Strategy that gives a higher lifetime
utility than the Linear Search Strategy, and no Binary Search Deviating Strategy gives a higher
lifetime utility than the Binary Search Strategy.

A.2 Relax the uniform prior assumption

Note that the agent’s prior belief is fo = (fo(0))sco with fo(0) € (0,1) for V € ©. In the previous
discussion, fj is assumed to be uniform. That is, fy(0) = % for V6 € ©, where N is the cardinality
of the parameter set ©. In this section, I assume that the agent believes that 61, the first element
in the parameter set, is most likely to be the true parameter, whereas all other parameters in the
parameter set are equally likely. That is f(61) = f1, and f(0) = % for € ©\ {0;}. I refer to
this distribution as a pseudo-uniform distribution with a peak of fi. To keep the model simple, 1
consider the preference in the benchmark case: expected utility with exponential discounting. In

addition, I make the following assumption.

Assumption 1. The probability attached to the element 01 is not smaller than a half, which is
fir>3.
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This assumption guarantees that any revised belief of the agent is either a uniform distribution
or a distribution with a peak. If this assumption is violated, the revised belief may not describe the
fact that the agent believes the first element is most likely to be the true parameter, but rather
the first element is least likely to be the true parameter. This assumption allows me to retain the
simplification of the agent’s choice in each state. In the previous discussion, the feasible set of the
choice in state N is denoted by F = {(m, n)|m+n = N,m,n € ZTN[1, N]}. In the benchmark case,
due to the symmetry of the uniform distribution, assuming m < n is without loss of generality. In
this section, with the assumption that f; > %, choosing m > % is always sub-optimal. For example,
if N is even, choosing m = % + 1 is dominated by choosing m' = % — 1. The simplification that
m < n is still without loss of generality.

The main question of interest in this section is to find the conditions under which the Focal

Point Search Strategy (defined below) is optimal.

Definition 4. The Focal Point Search Strategy is a strategy such that (1) in state N, if the belief
of the agent has a peak, then the agent chooses (m,n) = (1, N — 1), (2) in state N, if the belief
of the agent is uniform, then the agent chooses the Linear Search Policy if § < 0.5 and the Binary
Search Policy if 6 > 0.5.

When § < 0.5, the Focal Point Search Strategy coincides with the Linear Search Strategy.
When § > 0.5, the Focal Point Search Strategy can be considered as the agent uses the Linear
Search Policy when the belief is not uniform, and then switch to the Binary Search Strategy when
the belief becomes uniform. The agent with § > 0.5 is only willing to use the Linear Search Policy
under one situation: when she is quite certain that the first element in the parameter set is the true
value of the parameter. Hence, asking the question that under what conditions the Focal Point
Search Strategy is optimal, is equivalent to asking how certain the agent has to be so that she is

willing to test the first element in the parameter set before doing anything else.
Proposition 7. When 6 < 0.5, the Focal Point Search Strategy is optimal.

The intuition is that when the agent uses the Linear Search Strategy, the agent’s utility is a
convex combination of the payoff of learning the unknown parameter and the discounted contin-
uation value. The continuation value is the same under uniform prior and under the prior with
a peak, and it is smaller than the payoff of learning the unknown parameter. When the agent’s
prior belief is the distribution with a peak, the agent puts higher weight to the payoff of learning
the unknown parameter today. Therefore, if it is optimal for the agent to use the Linear Search
Strategy when the prior is uniform, it is also optimal for the agent to use the Focal Point Search

Strategy when the prior is the distribution with a peak.
Proposition 8. If § € (0.5, f1], then the Focal Point Search Strategy is optimal.

This proposition says that given the value of fi, when the agent is not too patient, that is, when
0 < f1, the Focal Point Search Strategy is optimal. The other way to interpret this proposition is
that given the value of the agent’s discount parameter § > %, if the agent is sufficiently certain that

the first element is the true value of the parameter, that is, f; > 4§, then, he/she is willing to use
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the Linear Search Policy to check the first element in the parameter set, and then uses the Binary
Search Strategy if the first element is not the true value of the parameter.

This proposition provides a sufficient condition under which the Focal Point Search Strategy
is optimal. It does not characterise the optimal strategy when § > f;. Even with this seemingly
simple prior assumption, it is still hard to get the characterisation of the optimal strategy for any
given value of § and f;. However, the optimal strategy under some extreme cases may be helpful to
understand the agent’s behaviour. When the agent has § = 1, she is indifferent between the Linear
Search Strategy, the Binary Search Strategy and the Focal Point Search Strategy because all the
future payoffs are perceived to be the same. Whenever and however the agent learns the unknown
parameter, he/she gets a payoff of one. This shows that increasing § does not monotonically increase
the agent’s incentive to use the Binary Search Strategy, otherwise, when & takes the highest value,
the optimal strategy must be unique: the Binary Search Strategy. I may make the conjecture that
when 9 is close to one, it might be optimal for the agent to use the Focal Point Search Strategy.
The intuition is that when the agent is very patient, the agent does not mind using one period of
Linear Search Policy to test the most likely element. But, this is just a conjecture, there is yet no

proof to support this conjecture.

B Proofs

B.1 The proof of Lemma

The value associated with the Linear Search Strategy is

1 N-1
VL(N)=N+57N VEHN -1)
11 1 2
=y Hog tog o+ ISV
N—-2
_ 1 i N2y Lr=oNTt e
_N(izo‘sw >_N( =5 O )

To derive the value associated with the Binary Search Strategy, I use mathematical induction.

To simplify the notation, I rewrite the value in the following way
NVB(N) = a5 4+ (N — 2o . (9)
I also establish the properties of 7%V and 7.
Remark 1. The following equations hold.
22N _ 9N

TN =N 41 fori=1,2

I first show that if eq. @ is the value function in state N associated with the Binary Search
Strategy, then we have 2NVB(2N), the value function in state 2N associated with the Binary
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Search Strategy, following the same functional form as eq. @ The calculation is as follows.

ONVE(2N) = 5{NVB(N) + NVB(N)}
= orNgmHl 4 (2N — 27TN)572N+1

— 7T2N57—12N + (2N . 7T2N)5722N

Before showing the next part of the proof, I establish some properties of 7 and 7V. Let
KeZ".

Remark 2. If N = 2K the following equations hold.

p2NHL N N N
7'12N+1 :7'1N+1+1:7'1N—|-2

7'22N+1 :7'2N+1+1 = !
If N € [2K + 1,25+ — 2], the following equations hold.

2N N N

722N+1 =N +1= TiN+1 +1 forv=1,2
If N = 2541 _ 1 the following equations hold.

N -7V = (2N +1) — 72N+

7TN:N—1; 7T2N+1:2N; V=0

N = pNHL N

7_12N+1:7_1N+1:7.1N+1+1

2N+1 _ N _ N+1
TS =7 +1=m

Next, I show that If the value function in state N associated with the Binary Search Strategy
follows the functional form eq. @D, and the value function in state N + 1 associated with the
Binary Search Strategy follows the functional form eq. @, then, the value function in state 2N +
1 associated with the Binary Search Strategy follows the same function form as eq. @D The

calculation is as follows.

2N +1)VB@QN +1) = 5{NVB(N) +(N+1D)VB(N + 1)}

— Nl (N — 7TN>575V+1 R (Vi1 WN+1)572N“+1
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If N =25 then

2N + DVB@EN +1) = N6+ 4 oV H 7 (N 41 — oV

2N+1

— N§™ —|—7T2N+1(5712N+1+(N+1—7T2N+1)

2N+1

_ 7r2N-|—1(57'1 + (2N +1-— 7T2N+1)

2N 41
g

2N+1
[

follows the same functional form as eq. @ If N € [2K +1,25+1 — 2] then

+1 + +1 2N+1

1+TI‘N+15T12N —|—(N—|—1—7TN+1)572

2N+ D)VBEN +1) =2V 4 (N —2V)s7
22N+1

= 2NN (2N + 1 — 72N+1)gm

follows the same functional form as eq. @ If N =28+ _ 1 then

2N+1

2N + DVB@N +1) = a4 (N — 2N)57 T 4 (N +1)57
— (N o 1)5T12N+1 X (2N + 1— 7_‘_2N+1)67-22N+1 4 (N+ 1)67'1
_ 7T2N+16712N+1 + (2N +1-— 7r2N-i-1)5‘F22N+1

follows the same functional form as eq. @

Lastly, I show that when N € {3,4,5}, the value function in state N associated with Binary
Search follows the same functional form as eq. @ If N =3,3V5(3) =1+ 20 follows eq. @ If
N =4, 4VB(4) = 40 follows eq. (9)). If N =5, 5V 5(5) = 36 + 262 follows eq. (9).

B.2 The proof of Lemma

To show the properties of W (N), It is without loss of generality to treat N as a continuous variable
and then compute the first and second order derivatives. The first order derivative of W% (N) is
(log 5)11%25551\[_2, and the second order derivative of WX(N) is (log? 5)%51\[_2. When § < 3, the
first order derivative of W (V) is negative and the second order derivative is positive. When § > %,
the first order derivative of WX (N) is positive and the second order derivative is negative. When
§ = 3, WE(N) is independent of N.

The first and second order difference of W5(N) is summarised in the following lemma. Let
AWB(N) = WB(N) = WB(N — 1) and A2WB(N) := AWB(N) - AWB(N —1).

Lemma 6. If N =2, then, AWP(N) =6Y"2(20 — 1) for all Y € Z*.
If2Y < N < 2+l then, AWB(N) = 6Y =126 — 1) for all Y € Z7.
If N=2Y and 2¥~' < N —1 <2V, then, A2WB(N) =0.
If2Y < N < 2"+l and 2¥ < N — 1 < 2Y+1 ) then, A2WEB(N) = 0.
If2Y < N <2¥*l and N — 1 =2Y, then, A2WB(N) = (26 — 1)(6 — 1)6¥ 2.

Lemma |§| is derived directly from calculating the first difference of the function W#(-). When
§ > 0.5 (§ < 0.5), The first-order difference of W5(-) is positive (negative), and the second-order
difference of WP5(-) is non-positive (non-negative). When 6 = 0.5, W5 () is independent of N.
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B.3 The proof of Proposition

To show that the Linear Search Strategy is optimal, I show that there is no Linear Search Deviating
Strategy give the agent a higher payoff than that of the Linear Search Strategy. In state N, the

value associated with the Linear Search Deviating Strategy is
D _s) Mo noL
|4 (N)—é{NV (m)+NV (n)}

m1l/1-6m1t N nlsgl-ot o
_6[Nm<1—6 +m )+ g (o )}
20 4 (1 —26) (6™ + o7 1)
26 + (1 —28)(1 + oN-2)

=VH(N)

Let M = 25;;(:(_127‘2((;)58;16}6_231). I show that M <1 when § < 0.5 and M > 1 when 6 > 0.5. Notice
that 26 + (1 —28)(6™ ! +6""1) > 0 and 20 + (1 — 26)(1 + 6V ~2) > 0. I calculate the differences

of the denominator and numerator of M.

[25 +(1—28)(6™ ! + 5"—1)} - [25 (1 - 26)(1 + 682

= (1= 20) [0+ 8" = (14 67 2)]

Notice that (6™ 1 4+6"" 1) — (14617 72) = —(1—-6""1)(1—-6™"1) < 0 Therefore, 26+ (1—26) (6™ 1+
61 > 26+ (1—26)(1+6V2) when § > 0.5 and 25+ (1—28) (6™ 1 4+6771) < 20+ (1—26)(1+6V2)
when ¢ < 0.5. Therefore, M < 1 when 6§ < 0.5 and M > 1 when § > 0.5. Thus, VZ(N) > VP(N)
if § <0.5. As aresult, a Linear Search Deviating Strategy that gives the agent a higher payoff than
the Linear Search Strategy does not exist.

To show that the Binary Search Strategy is optimal, I first show that the Binary Search Devi-
ating Strategy such that the (m,n) € F! policy in state N is used gives the agent a lower payoff
than the Binary Search Strategy. Since I assume that m < n, the Binary Search Policy in state N
by definition maximises m and minimises n. To show that deviating to other choices (m,n) € FT

is not profitable, I show that
(5{mVB(m) n an(n)} > 5{(m “)WBm - 1)+ (n+ )VE(n + 1)}

if 9 > 0.5.

Rearrange the inequality, it is equivalent to show that
AWEB(m) > AWPE(n+1). (10)

According to Lemma [6] I consider four cases based on the values of m and n.
Case 1: 2¥ <m < 2¥*! and 25K — 1 < n < 28+ — 1. Since m < n, logym < logyn. Then,
|logy m| < [logyn|, which is Y < K. Therefore,

Y125 —1) > 657125 — 1),
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The inequality holds if § > 0.5.
Case 2: m=2Y andn =25 —1. Sincem <n,wehave Y < K —1. ThusY -2 < K — 2
Therefore,
67220 — 1) > 657226 — 1).

The inequality holds if § > 0.5.
Case 3: 2¥ <m < 2¥Tl and n = 25 — 1. Since m < n, we have Y < K — 1. Therefore

Y20 —1) > 657226 - 1).

The inequality holds if § > 0.5.
Case 4: m =2Y and 2K — 1 < n < 2K+1 — 1. Since m < n, we have Y < K. Therefore,

67220 — 1) > 657120 — 1).

The inequality holds if 4 > 0.5.
Next I show that deviating to Linear Search in state IV is not profitable. Before showing the

result, I introduce the following lemma.
Lemma 7. If§ € [0.5,1), WB(N) — sWEB(N — 1) weakly increases in N.

This lemma can be shown given Lemma [0]

To show that deviating to Linear Search in state IV is not profitable, I show that

—+ — N-1)< N

which is equivalent to
1< NVB(N)=6(N -1 VBN —1).

Given Lemma [7] the minimum of W(NV) is 1. Since W(N) is increasing, W(N) > 1. Therefore,
deviating to Linear Search in state NV is not profitable if § > 0.5.

To summarise, there is no Binary Search Deviating strategy that gives the agent a higher payoff
than the Binary Search Strategy if 6 > 0.5.

B.4 The proof of Lemma
In this proof, I find ¢(-) and u(-) such that ¢(07u(x)) = p”a. Let z = 67 and u(x) = y. Then,

log p

o(67u(x)) = d(zy) = zlsu" (y).

Let ¢t = zy. Then,

log p

log p log p

¢(t) = U_l(y) (> os? tlogé = qtlogs
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log p

where a := u~!(y) (%) 2% Given the functional form of ¢(-), next, I find the functional form of

u(+) such that

lo.
ald"u(z)] ogs = p .

log §

Then, we have u(z) = (£)%er . Let ¢ := }ggg’. Then, ¢(z) = az® and u(z) = ()

Q=

B.5 The proof of Proposition

Let T(W)(N) = maX(myn)E;C<%W(m) + %W(n)) and B(Z™) be a space of the bounded functions
W: Z* — R. The operator T'(W) is a contraction mapping maps from B(Z") to B(Z"). The fixed
point can be derived based on the discussion in the benchmark case. If ¢ € (0,(), the fixed point
of the mapping is W(N) = V¥(N). The corresponding strategy is the Linear Search Strategy.
If ¢ € (¢, 1), the fixed point of the mapping is W(N) = VB(N). The corresponding strategy is
the Binary Search Strategy. Since o € (0,1), the value function (V) is maximised when W(N)
is maximised. Therefore, if ¢ € (0,(), the optimal strategy to achieve the maximum &£(N) is
the Linear Search Strategy. If ¢ € ({,1), the optimal strategy to achieve the maximum &£(N) is
the Binary Search Strategy. Since ( = (5%, given any («, p) pair, there exists a unique threshold
5= (5)5 such that if § > 4, the Binary Search Strategy is the optimal strategy. If § < 6, the Linear
Search Strategy is the optimal strategy.

B.6 The proof of Proposition

Before showing the proofs of the propositions, I first introduce some definitions that will be used
in the proofs.

Given a strategy, the agent’s state- IV self’s value function associated with that strategy is related
to the value functions of the time-consistent agent. For example, the agent’s state-IN self’s value
associated with the Linear Search Strategy U (N) is

1 N -1
UL(N) = ~ 7t ﬁéTVL(N —-1),
where VE(-) is the value associated with the Linear Search Strategy in the benchmark case (see
Lemma [1)). This is because the present-biased agent perceives all the future payments to be less
important than the payment at present. This idea is formally characterised in the following lemma.
Let S be a strategy and let U (N ) be the agent’s state-N self’s value function associated with this
strategy. Let V() be the time-consistent agent’s value function associated with the strategy S,

and let (m®,n®) denote the strategy S induced policy in state N.
Lemma 8. The present-biased agent’s state-IN self’s value function associated with the strategy S
18

+ 4+ BINAVS(N 1) if (m®,nS) = (1,N —1),

S
u (N) - mS /S (S nSy,S(, S ;
Bo{BVE(mS) 4+ 5:VS(n®)}  otherwise.
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This lemma can be used to check the optimality of the strategy S induced policy (m®,n®) for
the agent’s state- IV self, and hence the optimality of the strategy S for the present-biased agent.

Definition 5. The strategy S induced policy (m®,n®) in state N is optimal for the agent’s state-N
self if it is not optimal for the agent’s state-N self to deviate to other policies given that he will

follow the strategy S in the future.
Then, the optimality of the strategy S is defined in the following way.

Definition 6. The strategy S is optimal for the present-biased agent, if, for all IV, the strategy S
induced policy (mS, ns) in state N is optimal for the agent’s state-N self.

The optimality of a strategy can be shown using the same one-step deviation principle as in the
benchmark case. The difference is that in the benchmark case, since the agent is time-consistent,
it can be considered as the agent’s state-IN selves are the same for all N. To show the optimality
of the Linear Search Strategy (Binary Search Strategy, resp), it is thus sufficient to show that
no Linear Search Deviating Strategy (Binary Search Deviating Strategy, resp) is beneficial in an
arbitrary state N. However, when the agent is present-biased, the agent’s preferences are different
in each state N, to show the optimality of a strategy, we need to check that for all N, the agent’s
state-N self does not want to deviate. This idea coincides with the backward induction. The agent’s
state-IV self chooses the optimal policy in state N given that for all m < IV, his state-m selves use
the optimal policies in state m.

I first show the first bullet point of Proposition[d I ask the question: if the present-biased agent
believes that his future selves will use the Linear Search Policy, what is the smallest state N such
that the agent’s state-IN self finds it beneficial to use other policies in state N7 If the state N does
not exist, then I have shown that the first bullet point of Proposition [4|is true. This proof uses the
idea of backward induction. Since the agent does not make effective decisions in state N < 3, where
the Linear Search Policy the Binary Search Policy coincide, it can be considered as the agent uses
Linear Search Policy in state N < 3. By backward induction, the optimal policy in state 4 gives the
agent’s state-4 self the highest value function given that the agent’s future selves will use the Linear
Search Policy. In state 4, given that the agent’s future selves will use the Linear Search Policy,
the agent’s state-4 self’s value function associated with Linear Search is UL (4) = 1 + §83VL(3),
where V%(.) is the value function associated with the Linear Search Strategy when the agent is
time consistent (see Lemma . If the agent’s state-4 self uses some other policies, which can only
be Binary Search in state 4, given the agent’s future selves use the Linear Search Policy, then
the value function U (-) associated with this deviation is U (4) = 36V%(2). By deviating to the
Binary Search Policy in state 4, the agent gives up the payment of % at present, and increases
the discounted continuation value by 6[VZ(2) — 3VL(3)]. Proposition 1| implies that when the
agent is time consistent and has the discount parameter § < §, the increasing of the discounted
continuation value is smaller than the payment the agent gives up today, and the Linear Search
Policy is hence optimal in state 4. When the agent is present-biased, he perceives the increasing of
the discounted continuation value to be even smaller than the real discounted continuation value.

The Linear Search Policy is thus also optimal in state 4 for the present-biased agent’s state-4 self.
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This argument can be generalised to the present-biased agent’s state-N self for all N. The Linear
Search Strategy is thus optimal for the present-biased agent with 6 < ¢ and 3 € (0,1).
To find the optimal strategy of the present-biased agent with 6 > 6, I ask the following two

questions:

o If the present-biased agent’s future selves will use the Binary Search Policy, what is the
smallest state /N such that the agent’s state-N self finds it beneficial to use other policies in
state N7

o [f the present-biased agent’s future selves will use the Linear Search Policy, what is the
smallest state IV such that the agent’s state-/N self finds it beneficial to use other policies in
state N7

Answering the first question is useful to show the second bullet point of Proposition [ while
answering the second question is useful to show the third bullet point. If the smallest state IV in
the first question does not exist, then the Binary Search Strategy is optimal.

The proof uses the idea of backward induction. Since the agent does not make any effective
decisions in state N < 3, and the Binary Search Policy and the Linear Search Policy coincide,
it can be considered as the agent uses Binary Search Policy in state N < 3. The optimal policy
in state 4 gives the agent’s state-4 self the highest value function given that the agent’s future
selves will use the Binary Search Policy. In state 4, given that the agent’s future selves will use
the Binary Search Policy, the agent’s state-4 self’s value function associated with Binary Search is
UB(4) = BsVE(2) = BV B(4), where VB(.) is the value function associated with the Binary Search
Strategy when the agent is time consistent (see Lemma |1f). Proposition [1|implies that deviating to
any policy that gives the agent zero payment today is not beneficial. Therefore, only the Linear
Search Policy should be considered. If the agent’s state-4 self believes that his future selves will
use the Binary Search Policy, and he uses Linear Search Policy in state 4, the value function is
UuP4) = % + 56 %VB(B). It can be regarded as the agent asks himself this question: in comparison
with always using Binary Search Policy, is it beneficial for me to postpone the Binary Search to

tomorrow and use Linear Search today? The benefit of using the Linear Search Policy today is the

1
4

Binary Search, which is V5 (4) — §3V5(3). Since this cost is future cost, the present-biased agent

positive expected payment 7, and the cost of using the Linear Search Policy is from the delay of

perceives the cost as B[V (4) — 63V P (3)]. In state 4, delaying the Binary Search to tomorrow is not

beneficial when the agent’s state-4 self’s perceived cost is greater than the benefit, that is, when
_ _ 1

B > B4, where p* = 7B

1
(4)—62VB(3)
Search Policy and use the Linear Search Policy in state 4 instead. The discussion above shows that

is the ratio of the benefit to the cost of delaying the Binary

when the present-biased agent has § > § and 3 > 3%, the Binary Search Policy is optimal in state

4 for the agent’s state-4 self. Using the idea of backward induction, the Binary Search Policy can

be shown to be optimal in state 5 for the agent’s state-5 self if 3 > 3. The Binary Search Policy

is thus optimal for the present-biased agent in all the states up to N if 8 > max{Bm}m:{Zl@_._’ N}
1

AM . m
where 8™ = G5 SEETy R )
Policy in state m given that the agent’s future selves will use the Binary Search Policy. The cost

is the ratio of the benefit to the cost of using the Linear Search
VEB(m) — 62V B(m — 1) is increasing in m because the value function V5(-) is concave, and the
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benefit % is decreasing in m. The value of 5™ is thus decreasing in m. Therefore, if 8 > $%, then the
value of f3 is greater than % for all N > 4. The intuition is that delaying the Binary Search Policy
to tomorrow is the most beneficial for the present-biased agent’s state-4 self. If the present-biased
agent’s state-4 self finds it optimal to use the Binary Search Policy, then all the present-biased
agent’s selves will find it optimal to use the Binary Search Policy. When the present-biased agent
is not too present-biased, that is, when [ is big enough, the present-biased agent has the same
optimal strategy as the time-consistent agent.

In state IV, if the agent’s future selves all use the Linear Search Policy, and the agent’s state-IV

self uses the (m,n) € FT policy, the highest payoff from these policies is

m n
BP(N)=p max 5{NVL(m) + NVL(n)}
where V() is value associated with the Linear Search Strategy (see Lemma. When § > 4, it has
been shown that the maximum value is achieved at the Binary Search Policy in state N. Following
the backward induction method, consider the agent’s state-4 self. Since Linear Search and Binary
Search coincide in states smaller than 4, it can be considered as the agent’s future selves use Linear
Search Policy in each future states. If the agent uses the Linear Search Policy in state 4, then the
expected payoff is % + B&%VL (3). If the agent uses the Binary Search Policy in state 4, then the
expected payoff is SP(4). Then, given that the agent’s future selves all use the Liqear Search Policy,

the agent’s state-4 self uses the Binary Search Policy if 5 > 3* where 3* = is the ratio

P(4)7§4%VL(3)
1

of the benefit to the cost of using the Linear Search Policy in state 4. Let BN = P(N)—é%vL(N) be

the ratio of the benefit to the cost of using the Linear Search Policy in state N. Note that 3% = 54

because Linear Search and Binary Search coincide in states smaller than 4.

When 8 < %, the agent uses the Linear Search Policy in state 4 given that his future selves
also use Linear Search Policy. Then, consider the optimal policy in state 5 given that the agent’s
all future selves use the Linear Search Policy. Following the same calculation as in state 4, the
agent uses the Binary Search Policy if 8 > /3%, and uses the Linear Search Policy if 8 < /5.

Lemma 9. The ratio of the benefit to the cost of using the Linear Search Policy in state N given

that the agent’s future selves all use the Linear Search Policy BN s decreasing in N.

This is because the benefit of using the Linear Search Policy in state IV is decreasing in IV, and
due to the concavity of the function V(-), the cost of using the Linear Search Policy is increasing
in N. As a result, BN is decreasing in V.

Given this lemma, in state 5, it can be concluded that if the agent has the present-biased
parameter 3 € [55, 54), it is optimal for him to use the Binary Search Policy in state 5, and to use
the Linear Search Policy in all future states. For g < 55, I can keep discussing the agent’s policy
in state 6 using the same approach. Because of the decreasing property of AV, it will be the case
that if the agent has the present-biased parameter 5 € [BN , BN —1), it is optimal for him to use the

Binary Search Policy in state IV, and to use the Linear Search Policy in all future states.
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B.7 The proof of Proposition

Suppose all the players use the Linear Search Strategy. In state NV, prior to knowing whether she
is active or not, if player ¢ uses the Linear Search Strategy when she is active, her value is

V;H(N) =pi{]b+5N]\_flmL (N — 1)} +(1—p) {5NN_1VZ.L (N — 1)}.

Given the initial condition V;L(2) = p;, it can be computed that

VEWN) =

1 [r—ott
NP T TS

+5N2} .

If player i uses the (m,n) € F' policy in state N, and uses the Linear Search Policy in all other

states, prior to knowing whether she is active or not, her value is
D ms L "L N-1.p
VP(N) = pi {850 ViE (m) + 0V ()} + (1= pi) 6 =——ViE (N = 1) £

Next, I show that when 6 < ﬁpi’ we have V;”(N) < V:E(N). That is, given that all other player
uses the Linear Search Strategy, it is optimal for player i to use the Linear Search Strategy (if she
is active). Let WE(N) := NVE(N) and WP(N) := NV.P(N). To show that V.°(N) < VE(N) is
equivalent to show that WP (N) < WE(N). We have

WP(N) = WHN) = sW}(m) + dW(n) —sWHN —1) — 1.
If 6 > 1, WE(m) + Wk(n) is maximised at m = §. If 6 < 1, Wl (m) + WE(n) is maximised at
m = 2. When § < %,
WEP(N) = WE(N) < sWEQ) + SWEHN —1) = WH(N —1) -1

(2

=20p; <p; < 1.

Therefore, when ¢ < %, there exists an equilibrium where all the players use the Linear Search
Strategy. When ¢ > %,

(2

WP(N) = WE(N) < 52WiL(%) _SWE(N—1)—1

(26 -1) (V2205

1_5 pZ

5
0 1
<147

Ifo < %pi, we have WP (N) — WE(N) < 0. As aresult, if £ < 4§ < %}71” given that all the players

use the Linear Search Strategy, it is optimal for player ¢ to use the Linear Search Strategy.
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B.8 The proof of Proposition [6]

In this proof, I first derive the lifetime utility associated with the Linear Search Strategy and the
Binary Search Strategy. Next, I show that there is always a Linear Search Deviating Strategy that
gives a higher lifetime utility than the Linear Search Strategy. The Linear Search Strategy is hence
always sub-optimal. Then, I show that no Binary Search Deviating Strategy gives a higher lifetime
utility than the Binary Search Strategy, and hence the Binary Search Strategy is optimal.

To derive the lifetime utility associated with the Linear Search Strategy, I first write down the
Bellman equation

1 N —1

SE(N) = ~ 7+ T(SL(N —1) —o).

Iterate backwards and plug in the initial condition S(2) = 1, we have

SEN) = L N—1< 1 N-2

~t W N_1+N_1(SL(N— )—c)—c)
(N + 1)(N - 2)
2N ¢

—1-

By using the Binary Search Strategy, the agent learns the state after [logy(/N)] — 1 periods

with probability w and learns the state after [log,(/N)| — 1 periods with probability
w. The lifetime utility associated with the Binary Search Strategy is hence
IN — 9llogy N|+1 gllogy NJ+1 _ py
SP(N) = N (1= (Nogy(N)T = 1)e) + N (1= (llogy(N)| = 1)c)
_ (N -2l (flogy NT — 1) + (212 ¥+ — N)([logy N| — 1) |
N .

Next, I show that there is always a Linear Search Deviating Strategy that gives a higher lifetime
utility than the Linear Search Strategy if ¢ > 0. The Linear Search Deviating Strategy is to choose
(m,n) € F' in state N, and use the Linear Search Policy in all other states. Let SP(N) be the
lifetime utility associated with the Linear Search Deviating Strategy in state N, then

SP(N) = 284 (m) + —8%(n) — ¢

N N
m?+n?+ N —4
=1- c
2N
If N is even, SP(N) is maximised at m = %, where
N2 +2N -8
maxSD(N)zl—Z—Nc>SL(N)

if N> 2. If N is odd, SP(NN) is maximised at m = Y52, where

N242N -7

maxSP(N) =1 — v

c>SH(N)
if N > 3. Therefore, whenever the Binary Search Strategy and the Linear Search Strategy does
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not coincide, there is always a Linear Search Deviating Strategy that gives a higher lifetime utility
than the Linear Search Strategy if ¢ > 0. Linear Search is hence sub-optimal.

Then, I show that no Binary Search Deviating Strategy gives a higher lifetime utility than the
Binary Search Strategy. I first derive the expression of mS?(m) — (m — 1)8B(m — 1), which will
be useful for the rest of the proof. I will show that one-step deviation to the Linear Search Policy
in state N is not profitable, and then I show that one-step deviation to (m,n) € F!in state N
is not profitable. Lastly, I show that search happens in state N when the cost c¢ is smaller than a
threshold ¢(N).

Let K € Zt and K > 2 be a constant.

Lemma 10. If m = 2K,
mSB(m) — (m - 1)8P(m -1)=1- Ke.
Ifm e 2K + 1,26+ —1]nzZt,
mSP(m) — (m —1)8P(m —1)=1— (K +1)e.

Proof. We have

m&P(m) =m — (2m — 218 ™) ([logy m] — 1) + (282 ™I+ —m)([logy m| — 1)e.
Then, the difference is

mSP(m) — (m = 1)8%(m —1) = 1 — |m(2([logy m] — 1) — [logy m] — 1)

— (m = 1)(2([logy(m — 1)] = 1) — [logy(m — 1)] — 1)
— 2log2 I (Tlogy m] — [logy m))

+ 2Los2m= DI (Tlogy (m — 1)] = [logy(m — 1)]) |

Case 1. First consider the case that m = 2% In this case, [logym] = |logym| = [logy(m —1)] =
K, and |logy(m —1)| = K — 1. Then,

mSB(m) — (m —1)SP(m -1) =1 - Ke.

Case 2. Then consider the case that m = 25X + 1. In this case, [logom] = K + 1, and |logy, m| =
[logy(m — 1)] = [logy(m — 1)| = K. Then,

mSB(m) — (m - 1)8P(m —1)=1— (K + 1)c.

Case 3. Finally, consider the case that m € [2K + 2,25+l — 1] N ZT. In this case, [logym] =
[logg(m —1)] = K +1=K +1, and |logy m| = |logs(m — 1)| = K. Then,

mSB(m) — (m - 1)8P(m —-1)=1— (K + 1)c.
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Next, I show that one-step deviation to the Linear Search Policy in state N is not profitable.
Let D(N) be the lifetime utility in state N given that the agent uses the Binary Search Deviating
Strategy and chooses the Linear Search Policy in state N, We have

1 N -1
D¥(N)= —+———(SB(N-1)—c].
() =5+ S (8701 o)
To show that the one-step deviation is not profitable is equivalent to show ND*(N) < NSB(N),
which is equivalent to show 1 — (N —1)c < NSB(N) — (N —1)SB(N —1). According to Lemma
the inequality holds when N > 2.

Then, I show that one-step deviation to (m,n) € F' in state N is not profitable. Let DY (N) be
the lifetime utility in state IV if the agent uses the Binary Search Deviating Strategy and chooses
(m,n) € F! in state N, then

m n
DF(N)= max {—8Bm)+=8%n)—-c
(V)= max_ {587 (m)+ L5 (m) — c}
If T can show that DP(N) = SP(IN) when the agent chooses Binary Search in state N, then there
is no profitable Binary Search Deviating Strategy. To show this, I introduce the following corollary.

Corollary 1. For (m,n) € F', the following inequality holds.
mSB(m) — (m —1)SP(m —1) > (n+1)SB(n+ 1) — nSB(n)

Proof. Given Lemma I consider four cases. Let K,J € Z* and K,J > 2 be two constants.
Case 1. First consider the case that m = 25X and n+1 = 27. The left-hand side of the inequality is
1— Kc and the right-hand side of the inequality is 1 — Jc. Since m < n, we have K < J. Therefore,
the inequality holds with the strict inequality. Case 2. Next, consider the case that m = 2% and
n+1 € [27 41,27 —1]. The left-hand side of the inequality is 1 — K¢ and the right-hand side of the
inequality is 1 — (J + 1)c. Since m < n, we have K < J. Therefore, the inequality holds with the
strict inequality. Case 3. Next, consider the case that m € [2X + 1,25 —1] and n + 1 = 27. The
left-hand side of the inequality is 1 — (K + 1)c and the right-hand side of the inequality is 1 — Je.
Since m < n, we have m < n + 1 and hence 25+ < 27 4 1. Since m,n € Z*, it must be that
K +1 < J. Therefore, the inequality holds with the weak inequality. Case 4. Lastly, consider the
case that m € 25 + 1,25 —1] and n + 1 € [27 + 1,27 — 1]. The left-hand side of the inequality is
1— (K +1)c and the right-hand side of the inequality is 1 — (J 4 1)c. Since m < n, we have K < J.
Therefore, the inequality holds with the weak inequality. O

Given Corollary [1} the following inequality holds
mSP(m) + nSB(n) > (m — 1)SP(m - 1) + (n + 1)SB(n +1).

Therefore, D”(N) is achieved by using the Binary Search Policy in state N. Therefore, there is no
profitable Binary Search Deviating Strategy.
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Since the agent only searches when learning gives the agent a non-negative payoff. That is
VB(N) > 0. Therefore, the fixed cost ¢ has to be smaller than the threshold &(N) so that the agent

starts searching.

B.9 The proof of Proposition

This proof follows the following steps. I first write down the Bellman equation. Next, I compute
the value associated with the Focal Point Search Strategy. Then, I derive a sufficient condition
under which there is no one-step deviation strategy that gives the agent a higher payoff than the
Focal Point Search Strategy.

The Bellman equation consists of the payoff at the current period and the continuation value.
The agent’s revised belief determines the continuation value. If the prior belief is a distribution
with a peak, the revised belief at the next time can be one of the following three distributions:
a degenerated distribution, a uniform distribution, or a distribution with a peak with a different
support. The shape of the revised belief depends on the agent’s policy at that time. If the agent
uses the Linear Search Policy, the revised belief will be a degenerated distribution or a uniform
distribution. If the agent chooses (m,n) € FT, the revised belief will be a uniform distribution or
a distribution with a peak with a different support. Since the degenerated revised belief means
that the agent learns the unknown parameter, the continuation value is hence zero. The positive
continuation value thus takes two different functional forms: one corresponding to the uniform
revised belief, and the other corresponding to the belief with a peak.

Let V,(N) be the value function in state N when the belief of the agent is a distribution with
a peak of fi. Let V;,(N) be the value function in state N when the belief of the agent is a uniform
distribution. If the agent’s belief in state N is the distribution with a peak fi, the Bellman equation

in state N is

V%) = max { o+ (1= FOVAN = 1), a3V on) + (1= Vil

with the initial condition V,(1) = } and p = f + }V__fi (m — 1). The first element is the value
associated with the Linear Search Policy in state IV, and the second element without the max
operator is the value associated with (m,n) in state N. With the max operator, it is the highest
value the agent can get by choosing (m,n) € FT.
Let V;,F (N) be the value associated with the Focal Point Search Strategy. Then,
VIN) = fi+ (1= f1)sVE(N —1),

where VB (-) is the value function in the benchmark case associated with the Binary Search Strategy
(see Lemma. This is because if the agent uses the Focal Point Search Strategy and does not learn
the unknown parameter, the revised belief becomes the uniform distribution. Then the problem
becomes the one that has been discussed in the benchmark case. Since the discount parameter is
greater than a half, the corresponding value function is VB(-).

To check the optimality of the Focal Search Strategy, I derive a sufficient condition under which
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there is no one-step deviation strategy that gives the agent a higher payoff than the Focal Point
Search Strategy.

Definition 7. The Focal Point Search Deviating Strategy is an one-step deviation strategy such
that the agent chooses (m, N —m) € F' in state N and uses the Focal Point Search Strategy in all

other states.

Let G(m) be the value associated with the Focal Point Search Deviating Strategy. Then,
G(m) = 6{uV (m) + (1 = VE(N = m) .
Plug in the value function associated with the Focal Point Search Strategy, we have
G(m) = 5{u(f1 + (1= f1)VE(m— 1)) F(1— VB - m)}.

The functional form of VB(.) is known (see Lemma [I). Since m > 2 and m < N — m, the
upperbound of VB (m —1) is VB(1), which is %, and the upperbound of VE(N —m) is VB(2) = 1.

Therefore,

Gm) < 6{u(fi+ (1 - f)dg) + (1 -} =4

Then, if § < fi, it is always true that G(m) < V;?F(N). As a consequence, when § € (%, f1], there is
no Focal Point Search Deviating Strategy that gives the agent a higher payoff than the Focal Point
Search Strategy. The Focal Point Search Strategy is hence optimal.
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