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Abstract

We investigate the role of information and endogenous timing of decisions on co-

ordination. In a global coordination game, where players choose the timing of their

decision, we partially disentangle two roles of time: observational learning and co-

ordination. Our analysis shows that a player who has sufficiently high beliefs about

the profitability of investment moves earlier and trigger an investment by the other

player whose beliefs would have led to inaction otherwise. We show that welfare im-

proves (relative to the static game) as players’ signals become infinitely informative.

The experiments we conduct to test these results show that the coordination aspect

of timing has more impact on the subjects’ behavior than its information signaling

aspect. We also observe that subjects’ welfare improves significantly when the timing

of actions is endogenous.
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1 Introduction

The information revealed by the decisions of individuals is a powerful determinant

of collective behavior. In this paper we show that, in a coordination problem with

complementarities, players’ timing decisions internalize the transmission of information

through observational learning and facilitate the coordination on the efficient outcome.

We frame our discussion around a model of investment whose main features we

sketch in the following example.1 Arguably, investing in a new business in a develop-

ing neighborhood is an irreversible decision with uncertain returns. While there may

be public information on such returns, potential investors also gather private informa-

tion on the profitability of the investment project. Therefore, the decision of an investor

conveys, if imperfectly, valuable information. An investor may then want to wait and ob-

serve what others do. Thus, even though early investors may trigger a process whereby

the agglomeration of incoming residents increases investment returns, if the incentive to

delay the investment decision is sufficiently strong, it could be the case that no invest-

ment is undertaken, even when it is mutually beneficial.

This example can be modeled as a coordination game where there are strategic com-

plementarities. The salient feature of coordination games is the possible multiplicity

of equilibria. If equilibria with higher aggregate activity entail higher welfare, players

benefit from taking the same decision. Nonetheless, the presence of multiple equilibria

implies that rational behavior can result in a suboptimal outcome.

The first objective of the paper is to characterize the equilibrium of such a game

to understand the incentives to undertake an irreversible investment that is character-

ized by strategic complementarities and uncertain returns rather than delaying to obtain

more information. We show that endogenous timing and observational learning allow

the players to internalize the returns from coordination and that strategic delay arises in

equilibrium as a coordination device. Moreover, observational learning favors coordina-

tion on a unique equilibrium. These results constitute our first contribution.

It is well-known that (cf. Banerjee [3], Bikhchandani et al. [4], Smith and Søren-

son [44]) observational learning gives rise to herding effects that can increase the prob-

ability of investing when the return is low. Conversely, it may be that when the return

is high, players delay their decision with higher probability. It is therefore natural to ask

how endogenous timing affects efficiency and the probability of coordination failure.

We compare ex-ante welfare that would be generated in the equilibria of the dynamic

game with endogenous timing and the static game. The comparison shows that endoge-

nous timing unambiguously increases efficiency in the limit where information becomes

1A similar example is used by Caplin and Leahy [8] to describe the birth of commercial neighborhoods.
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complete. This is our second main result: in an environment where there are payoff

complementarities, the transmission of information through endogenous timing is ben-

eficial.

In the same vein, we (partially) disentangle two interrelated roles of endogenous

timing. An early investment reveals valuable information to those who delay their de-

cision; this is the first role of timing. However, this is not its only role. When there are

strategic complementarities, timing also facilitates coordination, since an early invest-

ment reduces strategic uncertainty for late-movers. This allows us to disentangle the

two roles of timing by comparing these two models. The comparison provides us with

a theoretical benchmark for the analysis of our experiments.

Our experiment is specifically tailored to question these theoretical results. Precisely,

we first analyze the data to understand how the two roles of timing—information and

coordination—determine behavior in a controlled environment. We show that behavior

is more consistent with the coordination motive of timing than its role of information

revelation. In other words, its seems that subjects exploit endogenous timing to achieve

coordination, yet they do not fully appreciate the information that it reveals.

We also observe that endogenous timing is a significant instrument to enhance wel-

fare in the lab. When we compare subjects’ welfare in the treatment with endogenous

timing and the treatment with static game, we find a significant improvement in the

former case, as predicted by the theory.

The rest of the paper is organized as follows. We conclude the introduction by re-

viewing related literature. Sections 2 and 3 develop the theoretical framework and ana-

lyzes the games. The design of the experiments and the analysis of the data are given in

Section 4. Section 5 concludes. All the proofs are relegated to an Appendix.

1.1 Related Literature

1.1.1 Theoretical Literature

The role of uncertainty and timing as determinants of investment behavior have been

extensively analyzed in the literature. This paper borrows ideas from and contributes to

three related strands of literature.

The first is the literature on observational learning. This literature concentrates on

the pure information externality between early and late investors but abstracts from payoff

externalities. While the bulk of the literature relies on the assumption of exogenous tim-

ing, a few papers focus on endogenous timing and hence strategic delay (cf. Caplin and

Leahy [7], Chamley and Gale [11], Gul and Lundholm [26] and Levin and Peck [34]).

Under pure information externalities, an investor can wait and observe the behavior of
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other investors to gain additional information on the uncertain returns of investment.

Investment is undertaken if the current expected returns are higher than the value of

future information gains net of the exogenous cost of delay. In our paper, the additional

presence of payoff externalities causes a fundamental change since now an investor must

weigh the benefits of moving early to transmit information to others against the bene-

fits of waiting to observe other investors’ decisions. Section 2.4 briefly discusses a model

with pure information externalities. This model serves as a benchmark in order to disen-

tangle the roles of information and coordination in determining the timing of investors’

decisions.

There is also a large literature that studies the role of timing in coordination games.

Although many papers such as Farrell and Saloner [18, 19], Katz and Shapiro [32, 33]

Farrell [17], Bolton and Farrell [5], Gale [24], Choi [12], are similar in terms of the struc-

ture of the problem, they are fundamentally different in the questions they pose. For

instance Farrell and Saloner [18] studies a model where firms can adopt a new techno-

logical standard whose returns increase with the number of adopting firms. Each firm

has an independently distributed propensity to adopt the standard so that the advantage

for moving first is due uniquely to the reduction of strategic uncertainty and not to the

transmission of information on the investment returns. Although the logic behind the

equilibrium is similar to ours, the focus is different. We seek to understand why other-

wise identical firms choose the timing of their investment, as well as the determinants of

information flows and the efficiency properties of equilibria under endogenous timing.

The literature on global games is most relevant for the present paper. In fact, the class

of static Bayesian games studied in Carlsson and van Damme [9], Morris and Shin [39],

Morris [36], and Frankel et al. [22] constitutes the backbone of our paper. The global

games literature takes the view that the complete information assumption accounts for

the multiplicity of equilibria inherent in coordination games with complementarities. A

key result of this literature is that multiplicity vanishes once the economy is perturbed

by small failures of common knowledge. This approach has been applied to numerous

settings.2

This paper also contributes to the growing part of the literature on dynamic global

games. Morris and Shin [38] considers a model of currency crisis where the fundamen-

tals of the economy evolve over time. The paper’s goal is to analyze the dynamics of the

economy as a response to changes in the fundamentals. Frankel and Pauzner [23] con-

siders a model of sectoral choice à la Matsuyama [35] and establishes the uniqueness of

equilibrium path (for a given initial history) when the economy is subject to a sequence

2For a sample the reader can see some applications on bank runs (Rochet and Vives [42], Goldstein and
Pauzner [25]), debt crises (Morris and Shin [40] and Corsetti et al. [13]), and currency attacks (Morris and
Shin [37]).
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of shocks.

Recent contributions come nearer to our paper. Angeletos and Werning [2] stud-

ies a two-period economy where the first-period’s economic activity is an endogenous

source of information in the second period. Among other results, they show that in the

presence of endogenous transmission of information multiplicity of equilibria prevails.

Angeletos et al. [1] finds similar results in a dynamic global game of regime change. In

each period, players receive information about the fundamentals, and decide whether

to attack (the regime). This allows players to learn both endogenously—by observing

how the economy survived past attacks—and endogenously—by accruing more private

information over time. In fact the interplay between the two sources of information is

the cause of multiplicity.

Dasgupta [15] is the closest paper to our work.3 The paper provides the analysis of

a two-period game with endogenous timing and a continuum of players. In the second

period of the game, players who still have an option to invest observe an additional pri-

vate signal that is informative about the aggregate level of investment in the first period.

The second period signal in Dasgupta [15] differs from the information conveyed in our

model by an investment decision in two respects: it is privately observed and it is subject

to idiosyncratic noise. This modeling choice has implications in terms of the interplay

between information and timing, which is the main focus of the present paper. In Das-

gupta [15], players who invest in the first period know that they, collectively, play a role

in determining second-period signals. Therefore, they take into account the aggregate

influence on investment decisions in the second period, yet, the individual signaling ef-

fect is negligible. Under specific distributional assumptions, Dasgupta [15] shows that if

private information is sufficiently precise, the game has a unique equilibrium in mono-

tone strategies. However, because the signaling effect is negligible, the equilibrium does

not achieve efficiency in the perfect information limit.

1.1.2 Experimental Literature

Like the theoretical literature on global games, the experimental literature can be cate-

gorized as static and dynamic global games. Heinemann et al. [29], which tests Morris

and Shin [37], is the pioneering experimental work on static global games. This paper

presents three main findings. First, differences in observed behavior under complete

and incomplete information are not significant.4 Second, behavior is consistent with the

3Heidhues and Melissas [28] is another close work that shares common elements with our model.
However, the inquiry of the paper differs from ours since their main focus is to examine the role of cohort
effects and characterize the conditions under which uniqueness of equilibrium is established.

4Similarly, Cabrales et al. [6] tests Carlsson and van Damme [9] and provide further support that
complete and incomplete information environments lead to similar behavioral patterns. They show that
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comparative statics of global games. Third, subjects generally employ lower thresholds

(i.e., they attack for lower signals on the fundamentals), and earn more, than predicted

by global games.

Duffy and Ochs [16] is the bridge between static and dynamic global games experi-

ments. In a similar environment to the complete information treatments of Heinemann

et al. [29], they study behavior in both static and dynamic games.5 In their static treat-

ments, Duffy and Ochs [16] elicit subjects’ strategies and find that actual decisions are

often consistent with the implied, elicited cutoff strategies, though they find substantial

variance in individual cutoffs and that cutoffs vary with changes in the environment in

ways not predicted by the theory. Comparing the dynamic and static games, Duffy and

Ochs [16] find that cutoffs do not differ in the two treatments. That is, while subjects

have lower cutoffs than theory predicts in the static game, they have higher cutoffs than

theory predicts in the dynamic games. Moreover, in the dynamic games, they find that

subjects adopt a “wait-and-see” approach, which often leads to substantial delay.

Our experimental data share some similarities with these papers. Like Heinemann

et al. [29] and Duffy and Ochs [16], we find that subjects in our static environments

have lower thresholds than predicted by the global games theory. Also, like Duffy and

Ochs [16], we find that subjects in our dynamic treatments have higher thresholds than

predicted by our theory, though unlike them, behavior is still distinguishable. Finally, we

also find that the frequency of delayed investment is higher than predicted by the theory.

When we compare behavior in our treatments with and without payoff externalities, we

see that the ratio of immediate to delayed investment is nearly identical to the theoretical

predictions when there are no payoff externalities. In contrast, in the presence of payoff

externalities, the ratio of immediate to delayed investment is much greater than theory

predicts. We attribute this difference to the coordination aspect of delay and conclude,

consistent with Duffy and Ochs [16], that subjects really do view delay as a “wait-and-

see” proposition.

Finally, there is a set of papers which examine the role of endogenous timing in pure

information environments. Among them, Sgroi [43] tests a simple model in the spirit

of Chamley and Gale [11]. The results support theory: subjects delay their decisions

to observe others’ decisions, especially when their signals are uninformative.6 Ivanov

et al. [30] employs a novel approach that allows them to separately identify whether

behavior converges to theoretical predictions as the subjects become more experienced.
5Fehr and Shurchkov [20] and Costain et al. [14] also conduct dynamic global games experiments,

though because the underlying models that they study have multiple equilibria, they are largely separate
from our focus.

6Park and Sgroi [41] also tackles the role of endogenous timing in a financial market experiment with a
price mechanism. The paper focuses solely on only information externalities and shows that the strength
of signals determines who move first.
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subjects draw inferences from past events, and whether they delay investing in order

to draw inferences from the events that will take place in the future. Unlike Ivanov et

al. [30], in our pure information externality experiments, we find that subjects have a

small tendency to under-invest, especially when noise is non-negligible.

2 Theory

2.1 Preliminaries

Consider the following game à la Carlsson and van Damme [9]. Two players i = 1, 2

make a binary investment decision. The set of actions is A := {i, w}; we interpret action

i as investing and w as waiting. While w is a safe action, whose payoff is normalized

to zero, the return of investment is determined by a random variable Θ. Given the

realization of return, θ, players’ preferences over the outcomes are assumed to be as in

Figure 1.

Figure 1: Player’s Payoffs for a Realization of Θ

i w

i θ, θ θ − 1, 0

w 0, θ − 1 0, 0

The payoffs to action i exhibit strategic complementarities. A player’s payoff from

investing is higher when the other player invests as well. If there is no uncertainty about

the return, the simultaneous game depicted in Figure 1 has two Pareto-ranked equilibria

for θ ∈ [0, 1]: (i, i) and (w, w). The potential for coordination failures is evident; while

it would be optimal for both players to simultaneously invest for θ ∈ (0, 1), there is no

reason to rule out the equilibrium (w,w).

Each player’s prior belief about Θ is represented by a measure over the real line. The

true state, θ, is determined prior to any investment decisions. Following the realization of

θ, each player receives a private signal. As in Carlsson and van Damme [9], we introduce

private information in the guise of idiosyncratic measurement error. The measurement

error of a player i is a random variable Ei with a support on the real line. We assume

that E1 and E2 are identically and independently distributed, and that Ei and Θ are

independent for i = 1, 2. Player i’s signal is determined by the random variable Xi :

Xi := Θ + Ei.
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Without loss of generality, we also assume that E[Ei]=0.7

All the random variables are defined on the Borel probability space. They are abso-

lutely continuous with respect to Lebesque measure, hence the probability densities are

well-defined. For a generic random variable Y, FY and fY denote the distribution and

density functions respectively.

We assume that players are Bayesian. Thus, when player i receives a signal xi he

updates his belief about Θ by Bayes’ rule. Player i’s posterior belief about Θ conditional

on observing xi is represented by the distribution function FΘ(·|xi). A player also forms

beliefs about other player’s signal. Player i, conditional on observing xi, updates his

belief about the signal of the other player, which we denote by FXj
(·|xi).

Finally we assume that fXi
(·|θ) satisfies the monotone likelihood ratio property (mlrp)

for each i = 1, 2:
fXi

(x|θ)
fXi

(x|θ′) ≥ fXi
(x′|θ)

fXi
(x′|θ′)

for x ≥ x′ and θ ≥ θ′.
mlrp is a standard assumption in the study of many economic problems. It serves

as a regularity condition that provides a monotone environment. In the present context,

it means that if θ is high, it is more likely to receive a higher signal. This regularity has

three main implications that we rely upon throughout the analysis.

Lemma 1. If fXi
(·|θ) satisfies mlrp for each i = 1, 2, the following statements hold.

(i) fΘ(·|xi) satisfies mlrp.

(ii) fXj
(·|xi) satisfies mlrp.

(iii) For any measurable set A, fΘ(·|xi, A) satisfies mlrp.

The first result states that under mlrp, a high signal means that it is more likely

that the realization of Θ is high. The second result shows that a similar monotonicity

holds for the signal of other player. That is, if a player receives a high signal, it is

more likely that the opponent receives a high signal. Finally, the third result means that

conditioning the distribution of Θ on an event preserves mlrp: additional information

does not jeopardize the monotonicity between θ and the signals.

Given Lemma 1, the following result shows that the monotonicity provided by the

mlrp translates into monotonicity in the expectation of Θ.

Lemma 2. If fXi
(·|θ) satisfies mlrp for each i = 1, 2, the following statements hold.

(i) E[Θ|xi , xj ≥ k] ≥ E[Θ|xi ] for any k ∈ R.

(ii) E[Θ|xi, xj ≤ k] ≤ E[Θ|xi] for any k ∈ R.

(iii) E[Θ|xi, xj ≥ k] and E[Θ|xi , xj ≤ k] are increasing in k.

7Throughout the paper E[ · ] denotes the expectation operator.
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Throughout the paper we assume that there exists signals x, x̄ such that E[Θ|x] = 0

and E[Θ|x̄] = 1. This assumption implies that if xi < x, w is a dominant strategy: even

if j invests for sure, expected return is negative. On the other hand, if xi > x̄, then i is a

dominant strategy: even if j waits, the expected payoff is E[Θ − 1|xi ≥ x̄] > 0.

We are ready to analyze three games with different timing and complementarity

assumptions. We start with the simultaneous game.

2.2 The Simultaneous Game

The case of simultaneous game (henceforth sim) is analyzed extensively in the liter-

ature of static global games: upon receiving their private signals, players make their

investment decisions simultaneously with payoffs given in Figure 1. In this context, the

strategy of a player is a measurable function σi : R 7→ {i, w}, which maps signals into

actions. The literature focuses on the class of monotone strategies.

Definition 1. Let σi : R 7→ {i, w} be a strategy of player i. We say that the strategy σi is

monotone if there exists a κi ∈ R such that

σ(xi) :=

{

i if xi ≥ κi,

w if xi < κi.

A monotone strategy simply means that if a player invests for a signal xi, then he

also invests for signals greater than xi. Therefore, if player j follows a monotone strategy

with threshold κj, then player i expects him to invest with probability 1− FXj
(κj|xi), and

wait with probability FXj
(κj|xi). If player i invests, his expected payoff is E[Θ|xi ] in the

former case while it is E[Θ − 1|xi] in the latter case. Hence, when player i invests his

expected payoff is:

(

1 − FXj
(κj|xi)

)

E[Θ|xi] + FXj
(κj|xi)E[Θ − 1|xi] = E[Θ|xi ] − FXj

(κj|xi).

Consequently, player i’s best response to that strategy is to invest if and only if E[Θ|xi ]−
FXj

(κj|xi) ≥ 0.

If we restrict our attention to symmetric equilibria in monotone strategies, an equi-

librium with threshold κ must satisfy the indifference condition

E[Θ|xi = κ] − FXj
(κ|xi = κ) = 0. (1)

Although the existence of equilibrium is relatively easy to address, uniqueness requires
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a better understanding of the behavior of FXj
(κ|xi = κ).8 The uniqueness of the equilib-

rium is discussed in the literature (viz. Frankel et al. [22], Morris and Shin [39]). For

instance Morris and Shin [39] shows that when Θ and Xj are normally distributed with

variances σ2 and σ2
ǫ there exists a unique equilibrium if the ratio σ2

ǫ /σ2 is small enough.

That is to say that if players’ private information is sufficiently informative compared to

common prior, the uniqueness of equilibrium is established.

We do not attempt to characterize the games that have a unique equilibrium. Yet we

show that the limit uniqueness result holds for any information structure that satisfy the

previous assumptions. Let us state formally:

Proposition 1. Let {En
i } and {En

j } be sequences of independent random variables that weakly

converge to the Dirac measure δ0. Define X
n
i := Θ + E

n
i and X

n
j := Θ + E

n
j . For any n,

there exists an equilibrium, which can be characterized by a κn ∈ (0, 1). There exists a unique

κ ∈ (0, 1) such that any sequence of equilibria {κn} converges to κ.

An immediate consequence of Proposition 1 is that even though the efficient outcome

is to invest when the expectation of θ is positive this does not necessarily occur. The

intuition is simple. Because of strategic complementarities both players have an incentive

to take the same action, yet since there is positive probability that the opponent does

not invest under monotone strategy, the equilibrium behavior internalizes the risk of

coordination failure and players require higher expected returns in order to invest.

We keep the simultaneous game as a benchmark case and turn our attention games

with endogenous timing of investment decisions.

2.3 The Sequential Game with Complementarity and

Information Externality

The sequential game with complementarity and information externality (henceforth swc) con-

sists of two periods: t = 1, 2. In each period each player i is supposed to choose an

action at
i ∈ {i, w}. The action i is irreversible but w is reversible. Therefore if a1

i = i then

a2
i = i, whereas if a1

i = w, player i can still choose between actions i and w in the second

period.

Denote the profile of actions taken in period t by at = (at
1, at

2) and the initial history

by ∅. H is the set of all histories. We also assume that players have perfect information

about the history, i.e. in the second period a player can observe the actions taken in the

first period. As in the simultaneous case, players receive a private signal determined by

Xi before the game starts. The assumptions on the information structure are as before.

8Although, by iterated elimination of strictly dominated strategies, we know that when equilibrium in
monotone strategies is unique then there is no other equilibria.
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For a given θ, players’ payoffs are determined by the sequence of actions taken in two

periods:

ui(a2) =



















0 if a2
i = w,

θ if at
i = i, a2

j = i,

θ − 1 if at
i = i, a2

j = w.

A strategy of a player is a measurable function that maps each history and signal

to an action. In our equilibrium analysis, we will focus on strategies that will preserve

the notion of monotonicity that is assumed in sim. To do so, we revise the definition

of monotonicity in the simplest conceivable way: given a history of actions, if a player

invests for a signal, he also invests for a higher signal. More formally:

Definition 2. A strategy is a measurable map σi : R ×H 7→ {i, w}. We say that player i’s

strategy is monotone if

σ(xi, at) =











i if and only if xi ≥ k1
i , and at = ∅,

i if and only if xi ≥ k̃2
i , and a1

j = w,

i if and only if xi ≥ k2
i , and a1

j = i,

where k1
i , k̃2

i , k2
i ∈ R.

Thus, a monotone strategy is characterized by three thresholds, one for each possible

history. Under a monotone strategy, a player i invests in period one if xi ≥ k1
i , otherwise

he waits. In case he waits in the first period, he invests if: (i) xi ≥ k2
i upon observing

a1
j = i, or (ii) xi > k̃2

i upon observing a1
j = w. In all other cases he waits.

Our solution concept is perfect Bayesian equilibrium. We start our analysis by show-

ing that the best response to a monotone strategy is itself monotone.

Lemma 3. If σj is player j’s monotone strategy, then the optimal strategy of player i is monotone.

Moreover if (σ1, σ2) is an equilibrium then k̃2
i ≥ k1

i ≥ k2
i for i = 1, 2.

Note that Lemma 3 simplifies our equilibrium analysis to a great extent since k̃2
i be-

comes obsolete.9 Henceforth, we restrict our attention to the class of monotone strategies

characterized by two cutoffs k1
i ≥ k2

i such that i invests in period one for signals above

k1
i , otherwise he waits. If his signal xi ∈ [k2

i , k1
i ), then he invests in period two in case he

observes an investment otherwise he waits. If his signal xi < k2
i then he never invests.

As an immediate corollary we obtain the following result:

Corollary 1. Let σ = (σ1, σ2) be an equilibrium of the swc game in monotone strategies. If

a1 = (w, w) then a2 = (w, w).

9That is, if xi ≥ k̃2
i , then the player invests immediately in period 1 anyhow.
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That is, in a monotone perfect Bayesian equilibrium of the game, lack of investment

in the first period leads to more pessimistic beliefs in the second period. Hence, since

there is no good news to justify investment, the players do not invest in the second pe-

riod either. This observation makes it easy to characterize unique symmetric monotone

perfect Bayesian equilibrium of the game.

Proposition 2. There exists a unique symmetric equilibrium of the swc game in monotone

strategies. The equilibrium is characterized by thresholds k1 ≥ k2 such that

E[Θ|xi = k2, xj ≥ k1] = 0,

E
[

Θ|xi = k1, xj < k1
]

− FXj
(k2|xi = k1, xj < k1) = 0.

We postpone commenting on the characterization of the equilibrium until we con-

clude the equilibrium analysis of the sequential game where we introduce only informa-

tion externality. We turn to this question in the next section.

2.4 The Sequential Game with Information Externality

In an attempt to unravel the effect of complementarities and information on timing deci-

sion, we eliminate the complementarities from the swc game and analyze the resulting

sequential game with information externality (henceforth snc). For a given θ, Figure 2 de-

picts the payoffs.

Figure 2: Player’s Payoffs for a Realization of Θ

i w

i θ − (τ − 1)c, θ − (τ − 1)c θ − (τ − 1)c, 0

w 0, θ − (τ − 1)c 0, 0

τ denotes the period in which action i is taken.

In the snc game we assume that there is a cost of investment c > 0 when a player

invests in the second period. Beside the change in payoffs, we retain all the assumptions

of the previous section (swc). This game is akin to problems studied by Chamley and

Gale [11] and Gul and Lundholm [26].10 However, there are some differences that make

it worthwhile to report a brief discussion of our analysis.11

As in the analysis of the previous games we confine attention to monotone strategies.

Under monotone strategies, the results of the previous section can be easily reproduced.

10For a survey of the problem and a unifying approach see Chamley [10].
11We refer the reader to Section 1.1 for a thorough discussion of these papers.
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An equilibrium in monotone strategies can be characterized by two thresholds l1
i ≥ l2

i .

If player i’s signal is above l1
i , he finds it optimal to invest in period one. If, however, his

signal is between l1
i and l2

i , then he waits in the first period and invested in the second

period if and only if the other player invests in the first period. The characterization

of thresholds is relatively simple since the cost of coordination failure is absent. There

are two forces in play. A player benefits from waiting because he can observe the other

player’s decision that potentially reveals valuable information, yet delaying investment

is costly. Therefore a player balances these two conflicting forces to determine the timing

of his decision. Formally, equilibrium in the snc game is characterized as follows:

Proposition 3. There exists a unique symmetric equilibrium of the pure information external-

ity problem. The equilibrium is characterized by thresholds l1 ≥ l2 such that

E[Θ|xi = l2, xj ≥ l1] = c,

E
[

Θ|xi = l1, xj < l1
]

= −c
1 − FXj

(l1|xi = l1)

FXj
(l1|xi = l1)

.

This result enables us to compare and contrast equilibrium behavior in the swc and

snc games from a positive and normative viewpoint. Moreover, these results provide a

rational benchmark for the analysis of experimental data that we will discuss later.

3 Discussion of Equilibria

The equilibrium analysis of the three games (sim, swc, and snc) sheds light on the effects

of information and complementarities on coordination and delay. In particular, we want

to compare swc and snc to examine the role of timing both in terms of its informational

effect on decision making and as a coordination device. These two games enable us to

accomplish this goal, because while the former exhibits both information externality and

complementarities, the latter exhibits only the information externality.

The second goal we pursue in this section is to analyze the normative effects of

endogenous timing. We follow Morris [36]’s view that “[s]ince complete information,

or common knowledge of payoffs, is surely always an idealization anyway, the play

selected in the global game with small noise can be seen as a prediction for play in the

underlying complete information game.” We take the same approach and focus on the

limiting equilibrium. We show that in the limit case of swc when the private signals

become increasingly informative, there is a unique limiting equilibrium, which does not

exhibit delay. Hence, with the previous interpretation in mind, we compare equilibria of
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sim and the limiting case of swc to understand the welfare implications of endogenous

timing. The following two sections address these two questions.

3.1 swc versus snc

In the snc game, the strategic timing decision stems from the option of taking advantage

of the information that may be revealed by the other player’s decision. In equilibrium

players choose the timing of their action as a response to the timing decision of the other

player in such a way to balance the benefit of information with the cost of investment. In

contrast, in swc, a player who delays, in addition to gaining valuable information, can

also avoid a coordination failure. In order to make two characterizations comparable

we need to introduce cost of investment in the swc game. Although Proposition 2 is

stated without an explicit cost c > 0, Appendix A provides the analysis of the swc game

in the presence of cost and modifies Proposition 2 accordingly. The comparison of the

modified Proposition 2 and Proposition 3 highlights this point. Note that the indifference

conditions for the second period are the same in both Propositions. A player who waits

faces a simple decision problem: given the information he obtains he decides whether

to invest or not. However, the indifference conditions for the first period differ by the

term −FX(k2|xi = k1, xj < k1). This term is the expected coordination cost of investing in

the first period that a player could have avoided, had he delayed his decision. The next

proposition is the immediate result of this comparison.

Proposition 4. For any c > 0, [l2, l1] ⊆ [k2, k1].

To explain carefully let us focus on swc and snc games in Sections 2.3 and 2.4.

Note that for any signal between l1 and k1, in the equilibrium of the game, a player

invests in snc whereas he waits in swc. That means, although his signal is high enough

to invest in the first period of snc, it does not increase the chances of coordination

enough to justify investment in the swc game. Consider the snc game and focus on

the equilibrium strategy of Proposition 3: player i invests in the first period if his signal

is above l1 and as a best response to that, in the second period of the game player j

invests for any signal above l2. Note that in the swc this strategy of player i conveys

exactly the same information it would reveal in snc. However, this strategy can not be

part of an equilibrium because player i’s strategy is not a best response to player j’s

best response. To see this observe that if player j’s second period threshold is l2, the

probability of observing an investment—hence achieving coordination—is lower than it

is in the equilibrium of swc with threshold k2.

Clearly there is no natural way to fully disentangle information-revealing role of

delay from its role on coordination. Yet in light of above discussion we interpret the
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difference between l1 and k1 as the coordination role of delay.

3.2 sim versus swc

As we already observed in the analysis of swc, the equilibrium exhibits sorting: the

players who have higher signals move first if they find it optimal to do so. As a result,

those players whose signals do not justify investment in the first period, benefit from

the information revealed from the investment decision. Although this seems to improve

coordination, it is not obvious whether the improvement offsets the adverse effects of

excessive delay. In order to compare the efficiency gain that can be attributed to en-

dogenous timing we compare swc and sim in the limit as the signals become infinitely

informative.

To this end, we define the value of both games in the equilibrium for a given infor-

mational structure conditional on the true state θ. Note that since we can possibly have

multiple equilibria in sim the value depends on the choice of equilibrium (κ). The value

of sim for a player i is:

vi(θ, κ) :=
(

1 − FXi
(κ|θ)

)(

θ − FXj
(κ|θ)

)

.

That is, conditional on θ, a player receives a signal above the threshold κ with probability

(1 − FXi
(κ|θ)

)

. In this case he invests and receives and expected payoff of
(

θ − FXj
(κ|θ)

)

.

Otherwise he does not invests and hence gets 0.

Similarly we define the value of swc for a player i as

wi(θ) :=
(

1 − FXi
(k1|θ)

)(

θ − FXj
(k2|θ)

)

+
(

FXi
(k1|θ) − FXi

(k2|θ)
)(

1 − FXj
(k1|θ)

)

θ. (2)

Conditional on θ, a player receives a signal above k1 with probability
(

1 − FXi
(k1|θ)

)

and invests with an expected value of
(

θ − FXj
(k2|θ)

)

. If his signal is between the cutoffs

k1 and k2—with probability
(

FXi
(k1|θ) − FXi

(k2|θ)
)

—then he only invests if the other

player invests in the first period, which happens with probability
(

1− FXj
(k1|θ)

)

, and he

gets θ. In all other cases he gets zero.

To get a sense of welfare in the presence of noise in both the swc and the sim games,

Figure 3, plots the efficiency loss for each of the two games.12 We define efficiency loss

ϕ(θ) := wi(θ) − max{0, θ} for swc and ψ(θ) := vi(θ, κ) − max{0, θ} for sim. That is the

efficiency loss is the difference between the value of the game and the payoff that can be

attained in the Pareto optimal equilibrium of the static game for a given θ.

12For the purposes of this example, we assume that Θ is diffuse over the real line R and Ei, Ej are
uniformly distributed over the support [−0.5, 0.5].
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As can be seen, for extremely low values of θ, there is no efficiency loss in either

game. This follows, because for such low values of the state, it is impossible for players

to receive a signal above the investment threshold. Likewise, for θ very high, there is no

efficiency loss; in this case, signals are, with probability 1, above the investment threshold

in both games. Therefore, it is for intermediate values of θ where there is a potential

efficiency loss in both games. As can be seen, for small, but negative, realizations of the

state, there is actually an efficiency loss in the swc game, but not in the sim game. This

efficiency loss arises because, for these values of θ, it is possible that at least one of the

players receives a signal above the first-period investment threshold k1. That is, a player

receives a signal high enough to invest despite the risk of coordination failure. This risk

that he takes is twofold: (i) there is positive probability that the true state is smaller than

zero, in which case no matter what the other player does his payoff is negative, or (ii)

even when θ ∈ (0, 1) there is positive probability that the other player does not invest.

For intermediate values of θ, the source of inefficiency comes from the fact that either

or both of the players do not invest, despite its profitability. As can be clearly seen from

the figure, this effect is much larger in the sim game. This is due, again, to the simple

fact that the investment threshold is higher in this game than in swc.

Figure 3: Theoretical Efficiency Loss
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We now compare the two games in the limiting case where the signals become in-

finitely informative, i.e. the players almost surely know the state of the world. We define

X
n
i := Θ + E

n
i for i = 1, 2 as before and define vn

i (θ, κ) and wn
i (θ) for X

n
i , Xn

j correspond-

ingly. We are ready to state the following result:

Proposition 5. Let {En
i } and {En

j } be sequences of independent random variables that weakly

converge to the Dirac measure δ0. For any sequence of equilibria {κn}, limn→∞ vn
i (θ) =
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θ 1{θ:θ>κ} and limn→∞ wn
i (θ) = θ 1{θ:θ>0}, where 1E is an indicator function that takes value 1

when event E occurs and 0 otherwise.

That is, as the noise vanishes the sequential model approaches full efficiency while

the simultaneous model fails to do so. Suppose that the realization of Θ is θ ∈ (0, κ),

then as the signals become infinitely informative, while the players in swc coordinate

on investment, in sim they coordinate on waiting. This is so because the sequence of

thresholds {k1,n} converge to 0 from above and as a result {k2,n} converges to 0 from

below. Therefore, a first mover reveals less information when private signals become

more informative, which in turn induces more investment in the second period upon

observing an investment.

4 Experiment

4.1 Experimental Design

The experiment was run at the Experimental Economics Laboratory of the Center for

Experimental Social Sciences (C.E.S.S.) at New York University. The 218 subjects in

this experiment were recruited from undergraduate classes at New York University and

had no previous experience in our experiments. In each session, after subjects read

the instructions, they were also read aloud by an experimental administrator.13 Each

session lasted for about 90 minutes and each subject participated in only one session.

An $8 participation fee and subsequent earnings, which averaged about $21, were paid

in private at the end of the session. Throughout the experiment, we ensured anonymity

and effective isolation of subjects in order to minimize any interpersonal influences that

could stimulate uniformity of behavior.14

The experiment consists of three treatments—sim, snc and swc—and multiple ses-

sions per treatment. In each session, subjects played the game specified in a treatment

for forty independent rounds. In each round, subjects were randomly matched with

another subject in the laboratory.

Table 1 summarizes the details of our experiment. A sample of the instructions are

contained in Appendix B. The experiment was programmed in z-Tree (Fishbacher [21]).

Although we initially planned to run the snc sessions with a support of [10, 40] for Θ,

by mistake we forgot to change the parameters in two sessions and ran the sessions with

13 At the end of the first round, subjects were asked if there were any misunderstandings. No subject
reported any problems with understanding the procedures or using the computer program.

14 Participants’ workstations were isolated by cubicles making it impossible for participants to observe
other’s screens or to communicate. We also made sure that all remained silent throughout the session. At
the end of a session, participants were paid in private according to the number on their workstation.
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Table 1: Summary of Experiments

Treatment
Number of

Subjects
c e

Number of
Rounds

swc 22 4 5 40
swc 22 2 0 40
swc 24 2 2 40
swc 16 2 5 40
swc 24 2 10 40

snc† 18 2 2 40
snc† 16 2 5 40
snc 18 2 2 40
snc 16 2 5 40
snc 18 2 10 40

sim 16 na 2 80
sim 12 na 5 80

† For these sessions, the support of Θ was [20, 50], rather than [10, 40], which was used in all other snc

sessions.

a support [20, 50]. In these two sessions, we did not detect any differences in behavior;

therefore, we pool the data for the snc treatments in the analysis that follows.15

Throughout the paper we will write, swc(c, e), snc(c, e), and sim(e) to refer to the

treatments with corresponding parameters c, e.

Sequential with Complementarities (swc). In each session, subjects played the

following game:

i w

i θ, θ θ − 20, 25

w 25, θ − 20 25, 25

where θ was drawn uniformly from [20, 50]. For each of the five different swc sessions,

subjects faced a different combination of the cost of investment, c, and amount of noise,

e, the details of which are in Table 1. Each round consisted of three stages. In each

stage, subjects simultaneously chose i or w. Choosing i was irreversible, while choosing

w was reversible in the first two stages. If a subject chose w in the first stage, then in the

15For example, we are unable to reject the hypothesis that the estimated thresholds, reported in Table 4,
are different for the different sub-samples. Both for treatments snc(2,2) and snc(2,2), the p-value of the
corresponding test is greater than 0.1.
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second stage, that subject would observe the decision of his match. Similarly, in the third

stage, if the subject chose w in both of the first two stages he would observe his match’s

decision. The cost of investment was only incurred if the subject eventually chose i after

having initially chosen w in stage 1 (and possibly in stage 2).

Sequential without Complementarities (snc). In each of the sessions, subjects

played the following game:

i w

i θ, θ θ, 25

w 25, θ 25, 25

where θ was drawn uniformly from [20, 50] for two sessions and from [10, 40] for three

other sessions. Barring the differences in the payoffs and the distribution of Θ, the

procedures were identical to the swc treatments.

Simultaneous (sim). In both sim sessions the payoffs were identical to those in the

swc treatment. Each round of sim consisted of a single stage in which subjects could

make their decision. As the game was very simple, after the initial 40 rounds, we asked

the subjects to play the game for another 40 rounds.

4.2 Monotone Strategies & Estimated Thresholds

We begin the analysis by examining whether behavior is consistent with the use of mono-

tone strategies. We first investigate this question at the subject level and proceed with

an aggregate analysis in the spirit of Heinemann, Nagel and Ockenfels [29].

4.2.1 Thresholds at the Subject Level

For each subject i, we estimate a first stage threshold, k̂i, as follows. In a round, for an

arbitrary threshold ki, we say that subject i makes a mistake, if the subject’s estimate

is greater than ki but he does not invest. Similarly, we also call it a mistake when the

subject’s estimate is less than ki but the subject invests. We then search for the value of

k̂i which minimizes the number of mistakes. This is our measure of subject i’s thresh-
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Table 2: Analysis of Estimated Individual Thresholds

(c, e): (2, 2) (2, 5) (2, 10) (4, 5)

swc: Stage 1

Average Estimated Threshold 28.21 29.32 33.62 32.86
Average Number of Mistakes 1.63 1.00 2.92 2.27

snc: Stage 1

Average Estimated Threshold 25.27 26.54 27.12
Average Number of Mistakes 0.61 1.19 1.44

sim†

Average Estimated Threshold 29.35 32.21
Average Number of Mistakes 2.75 2.67

† Although there is no cost in sim treatments, we report estimates under
the column that corresponds to appropriate value of e.

old.16, 17

While Table 2 reports the average estimated threshold for each treatment, Figure 4

displays the histograms of subjects’ estimated thresholds. In order to find an answer

to the question of whether the behavior is consistent with the use of a monotone strat-

egy, we first look at the average number of mistakes. Table 2 shows that there is no

treatment where the average number of mistakes exceeds three. Indeed, percentages of

subjects who make three or fewer mistakes are 75% in the sim treatments, 94% in the

snc treatments, and 79% in the swc treatments.

We are not able to repeat the same exercise for the second period thresholds since

we have only few observations at the individual level. However, our findings about the

first period threshold provide a strong support for the monotone strategy assumption,

which in turn makes it plausible to rely on theoretical predictions as a benchmark for

interpreting the experimental data.

Table 2 and Figure 4 also provide insight about comparative statics. In particular,

when the swc and snc treatments are compared, the average thresholds are always

16Of course, since we only have 40 (or 80 in the sim treatment) observations, there is generally a contin-
uum of possible thresholds. For each subject, we estimate the threshold 50 times and report the average
of the 50 estimates.

17We also tested the question with an alternative metric: For each subject i, let maxw
i denote the largest

signal for which subject i chose w during the course of the experiment. Similarly, let mini
i denote the

smallest signal for which subject i chose i. We say that subject i’s behavior is consistent with monotone
strategy if mini

i > maxw
i . We do not report the detailed results here (available upon request), yet we find

strong support that the vast majority of subjects use monotone strategy according to the above definition.
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significantly higher in the swc treatment.18 The comparison of the swc and the sim

treatments shows that the threshold is actually lower—as theory predicts—in the swc

treatments, although the difference is only statistically significant (two-sided test) when

e = 5.19

Figure 4: Histograms of Estimated Individual Thresholds
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In all the histograms, the horizontal axis is the estimated thresholds, and the vertical axis is the
number of subjects.

When we look at the data within a treatment, we see that subjects respond to informa-

tion in the direction that theory predicts: In all treatments as the information becomes

more noisy the average threshold level increases. Moreover, Figure 4 shows that the

distribution of estimates of cutoffs becomes more disperse as noise increases.

4.2.2 Thresholds at the Aggregate Level

In order to understand average behavior, next, we estimate the thresholds across all

subjects. To this end, for each session, we use the logistic distribution to fit investment

18Respectively, for e = 2, 5, 10, the absolute values of the t-statistics are: t
(2,2)
58 = 5.86, t

(2,5)
46 = 3.57 and

t
(2,10)
40 = 3.94. In all cases, p < 0.01. In the remainder of the paper, whenever it is necessary, subscripts

denote degrees of freedom, while superscripts denote the treatment parameters, (c, e).
19When e = 2, we have t38 = 1.54 (p = 0.13), while when e = 5, we have t26 = 2.55 (p < 0.01).
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decisions in stage one. That is, we write the probability of investing in stage one condi-

tional on observing an estimate x as:

Pr[i|x] =
exp(a + bx)

1 + exp(a + bx)
. (3)

The ratio − a
b is the mean threshold, while π

b
√

3
is the standard deviation of the estimated

threshold. Estimation results of (3) for all sessions are reported in the second and third

columns of Table 4. We repeat the same exercise in stage two by conditioning the data on

those cases where subjects did not invest in stage one but observe that their match did

invest. We obtain the estimates again by (3). Robust z-statistics, which correct for clus-

tering at the subject level, are reported below the estimated coefficients in parentheses.

The fourth column reports the estimated mean threshold, the fifth column reports the

standard deviation of the estimated mean threshold, while the rightmost column reports

the equilibrium threshold.

Table 3: Alternative Thresholds

Threshold

Risk Dominance (sim, first stage of swc) 35
Payoff Dominance (sim, first stage of swc) 25
Maxmin (sim, first stage of swc) 45 + e
Maxmin (first stage of snc) 25 + e
Maxmin (second stage of swc) 25 + e + c

Table 3 provides thresholds for various refinements that are relevant for coordination

games such as payoff dominance and risk dominance as well as the threshold for maxmin

strategy. We define risk dominance and payoff dominance as in Harsanyi and Selten [27].

However, we define the maxmin strategy for a player under the assumption that both his

opponent and nature minimizes his payoffs. We compare the estimated thresholds with

the equilibrium and alternative thresholds to provide a qualitative test of our theory.

When we look at the decisions in stage one of the swc treatments, we readily observe

that the mean threshold is close to but above the equilibrium threshold in all sessions. In

fact, for swc(2,2) and swc(2,5) we fail to reject the hypothesis that the mean thresholds

are the same as the theoretical thresholds.20 In treatments swc(2,10) and swc(4,5) mean

thresholds get closer to risk dominance thresholds, and; indeed in the former case they

are statistically equal.21 The left panel of the Figure 5 depicts these thresholds.

20Formally, a Wald test of null hypothesis that −a/b is equal to equilibrium thresholds cannot be rejected
in either treatment. For swc(2,2), χ2

1 = 1.66 (p = 0.198), while for swc(2,5), χ2
1 = 1.48 (p = 0.223)

21For the treatment swc(2,10) we can reject that the estimated threshold is equal to the equilibrium
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Table 4: Estimated Thresholds

slope constant Mean S.D. of Equilibrium
Treatmen (b) (a) Threshold Threshold Threshold

swc(2, 2) 0.408∗∗∗ -11.62∗∗∗ 28.48 4.45 27.79
(5.260) (-5.497)

swc(2, 5) 0.490∗∗∗ -14.56∗∗∗ 29.71 3.70 28.92
(5.299) (-5.001)

swc(2, 10) 0.211∗∗∗ -7.316∗∗∗ 34.67 8.60 30.74
(5.059) (-4.961)

swc(4, 5) 0.309∗∗∗ -10.11∗∗∗ 32.72 5.87 29.97
(9.281) (-10.34)

swc(2, 2) 0.0498 -1.867 37.49 36.42 25.61
(Stage 2)† (0.967) (-1.273)

swc(2, 5) 0.205∗ -6.364∗ 31.04 8.85 23.54
(Stage 2)† (1.649) (-1.805)

swc(2, 10) 0.0976∗∗∗ -2.830∗∗∗ 29.00 18.58 20.13
(Stage 2)† (3.389) (-2.869)

swc(4, 5) 0.125∗∗ -4.192∗∗ 33.54 14.51 26.01
(Stage 2)† (2.002) (-2.185)

snc(2, 2) 0.815∗∗∗ -20.40∗∗∗ 25.03 2.23 25.00
(6.184) (-6.075)

snc(2, 5) 0.561∗∗∗ -14.84∗∗∗ 26.45 3.23 25.00
(7.479) (-7.216)

snc(2, 10) 0.386∗∗∗ -10.61∗∗∗ 27.49 4.70 26.33
(8.028) (-7.054)

snc(2, 2) 0.181∗∗ -8.308∗∗∗ 45.90 10.02 27.00
(Stage 2)† (2.052) (-3.338)

snc(2, 5) 0.194∗∗∗ -6.366∗∗∗ 32.81 9.35 27.00
(Stage 2)† (2.740) (-3.584)

snc(2, 10) 0.218∗∗∗ -6.045∗∗∗ 27.73 8.32 22.33
(Stage 2)† (3.462) (-4.075)

sim(2) 0.710∗∗∗ -20.96∗∗∗ 29.52 2.55 35.00
(10.67) (-10.54)

sim(5) 0.564∗∗∗ -18.19∗∗∗ 32.25 3.22 35.00
(8.619) (-9.185)

Robust z-statistics are in parentheses (clustering at the subject level).
∗∗∗ significant at 1%; ∗∗ significant at 5%; ∗ significant at 10% .
† Contains only those observations in which the player chose w in stage 1, while his match chose i.
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Figure 5: Thresholds
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Second Stage

A noteworthy point is that although equilibrium thresholds are not always the best

description of estimated thresholds, comparative statics of the estimated thresholds are

completely consistent with the theory. We test this formally by pooling the data. Let

k̂1(c, e) denote the estimated stage one threshold as a function of c and e. By using

a series of Wald tests we find k̂1(2, 0) < k̂1(2, 2) = k̂1(2, 5) < k̂1(4, 5) = k̂1(2, 10).22

Therefore, in all cases, we have the directionally correct comparative static, and in two

out of four cases, the difference is statistically significant. Overall, Table 4 provides a

fairly strong support for the theory in stage one.

In stage two of the swc treatment, we lose the strong connection to the theory. In

all sessions, the estimated mean thresholds are now substantially above the theoretical

thresholds and they are closer to maxmin thresholds (right panel of Figure 5). However,

as the right panel of Figure 5 depicts, comparative statics across treatments are still

consistent with the theory.

When we move to the snc treatments, we also see that the theoretical predictions

continue to explain behavior adequately, though there are some differences from the

swc treatments. In sessions snc(2,2) and snc(2,10), we fail to reject the hypothesis

that estimated thresholds are equal to theoretical thresholds.23 In terms of compara-

tive statics, the connection to theory is somewhat looser. In particular, we reject that

threshold (χ2
1 = 10.91 (p < 0.01)) but not that it is equal to the risk dominance threshold (χ2

1 = 0.11
(p = 0.737)). For swc(4,5), we can reject both the hypothesis that the estimated threshold is equal to the
equilibrium threshold (χ2

1 = 9.02 (p < 0.01)) and that it is equal to the risk dominance threshold (χ2
1 = 5.75

(p = 0.017)).
22Respectively, for each of the comparisons, we have: χ2

1 = 2.79 (p = 0.095), χ2
1 = 2.05 (p = 0.153),

χ2
1 = 7.33 (p < 0.01) and χ2

1 = 1.55 (p = 0.214).
23Respectively, for snc(2,2), snc(2,5) and snc(2,10), the test statistics for the null hypothesis that the

estimated threshold is equal to the equilibrium are: χ2
1 = 0.05 (p = 0.828), χ2

1 = 19.15 (p < 0.01) and

χ2
1 = 1.62 (p = 0.203).
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l̂1(2, 2) = l̂1(2, 5) and we are unable to reject that l̂1(2, 5) = l̂1(2, 10), which is in contrast

to our prior expectation that l̂1(2, 2) = l̂1(2, 5) < l̂1(2, 10).24 However, we are able to

reject the hypothesis that l̂1(2, 2) = l̂1(2, 10) (χ2
1 = 7.04 (p < 0.01)). As with the swc, in

snc treatments, stage two thresholds are substantially higher than the stage one thresh-

olds, despite the theoretical prediction that they be lower. We note, however, that there

are very few instances in which a subject chose w in stage one, followed by i in stage

two upon observing that the other player chose i in the first stage. Therefore, the stage

two results should be taken with some caution.

Finally, in the sim treatment, we observe that the estimated mean thresholds are well

below the equilibrium threshold, which leads to higher levels of efficient coordination

than the theory predicts. This result is similar to Heinemann, Nagel and Ockenfels [29],

who report that subjects in their private information treatments have lower thresholds

than predicted by theory, leading to higher average earnings. We also see that behavior

is affected by the amount of noise. In particular, estimated thresholds increase as the

noise increases. However, behavior is still best described by theoretical thresholds.

In concluding this section, we want to briefly discuss (and refute) risk aversion as

a potential cause of any discrepancies between theoretical and estimated thresholds. If

subjects were risk averse, then in all treatments we would expect to see higher estimated

thresholds than predicted by the theory. While this would appear to be true for the

swc and snc treatments, as can be seen in Table 4, in the sim treatments, the estimated

thresholds are actually lower than the theoretical predictions. Since subjects were drawn

from the same population across all treatments, we would expect them to have similar

risk preferences. It is also difficult to believe that the option to delay would lead sub-

jects to be less aggressive than theory’s prediction (and so appear risk averse). Indeed,

investing would seem to be less costly in the swc and snc treatments than in the sim

treatments since in the former treatments, a subject’s opponent has the opportunity to

invest in a later stage, thereby possibly mitigating the mistake.

4.3 An Analysis of Delay

Having analyzed the use of thresholds by subjects in our experiments, we now turn our

attention to the role of delay. We are particularly interested in testing two theoretical

predictions that we developed earlier: (i) the role of delay as a means for observational

learning versus its role as a coordination device, and (ii) its impact on welfare.

24Respectively, the test statistics for the two comparisons are χ2
1 = 12.65 (p < 0.01) and χ2

1 = 1.17
(p = 0.28).

25



Table 5: Number of Stages of Delay for Subjects Eventually Choosing i

Stages of Delay†

% of Observations

Parameters 0 1 2 N

swc(2,0)
93.10 6.48 0.42 710
(100) (0) (0) (733)

swc(2,2)
94.69 4.36 0.95 734
(97.38) (2.62) (0) (729)

swc(2,5)
95.73 4.04 0.22 445
(93.31) (6.69) (0) (481)

swc(2,10)
81.62 17.20 1.18 593
(86.57) (13.43) (0) (711)

swc(4,5)
91.56 8.44 0.00 545
(93.91) (6.09) (0) (625)

snc(2,2)
99.69 0.21 0.10 961
(100) (0) (0) (958)

snc(2,5)
97.19 2.69 0.12 819
(100) (0) (0) (852)

snc(2,10)
90.22 9.46 0.32 317
(89.32) (10.68) (0) (367)

† The numbers in parentheses represent the expected frequencies
if subjects were using the equilibrium thresholds.

4.3.1 Tabulating Delay

We begin our analysis simply by tabulating the number of stages of delay in a given

round, for subjects who eventually chose to invest. Table 5 reports these statistics session

by session. The numbers in parentheses are the expected frequencies if subjects were

actually using the equilibrium thresholds.25

There is a close correspondence between actual and expected behavior in snc treat-

ments. For example, in the treatment snc(2,10), of those subjects who actually invested,

90.22% did so immediately, which is virtually identical to the 89.32% that theory predicts.

Moreover, subjects delay more frequently as the noisiness of the signals increases—i.e.

as the option value of delay goes up—which is very much in line with the theoretical

predictions. Table 5 readily shows that in the swc treatments, delay is generally more

frequent than in the comparable snc treatments. This is not surprising given the theo-

retical predictions that [l2, l1] ⊆ [k2, k1] (Proposition 4). In fact, with the exception of the

25We obtained these frequencies through a simple Monte Carlo simulation. Specifically, for each treat-
ment, we drew a population of identical size, randomly drew values of the state variable as well as
estimates and then simulated whether or not investment would occur and if so, in which stage. We repeat
this exercise of 1,000 times to compute the average that we report.

26



Figure 6: Histogram of Number of Rounds in Which Investment Was Delayed
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treatment swc(2, 5), subjects who eventually invest, delay more than the predictions of

the theory. The difference is particularly striking in the treatment swc(2, 10) where sub-

jects who eventually invest do so in the first stage 81.62% of the times (compared with

an expected frequency of 86.57%). Beyond this, the actual number of times in which

investment occurred is considerably lower than would be expected (593 vs. 711). This

observation is important in order to compare snc and swc treatments to understand the

reasons behind subjects’ delay behavior.

We further test for differences between treatments and find that subjects are sig-

nificantly more likely to delay in the swc treatment than in the snc treatment when

e = 2, 10, and there is no difference in the frequency of delay when e = 5. This result

holds whether we conduct proportions tests or whether we run logit regressions of delay

on treatment variables and cluster at the subject level—though the level of significance

is lower for the logit regressions.26

Figure 6 plots histograms of the number of rounds in which subjects chose to delay

and provides further support to this observation. As can be seen, in the snc treatments

over half of the subjects did not delay investment in even one round and no subject

delayed in more than seven rounds. In contrast, in the swc treatments, fewer subjects

never delayed and two subjects actually delayed investment in 15 or more rounds.

26The z-statistics for the proportions tests are: z2,2 = 6.57, z2,5 = 1.38 and z2,10 = 3.43, respectively.
On the other hand, the z-statistics for the relevant coefficient in the logit regressions are: z2,2 = 4.47,
z2,5 = 1.17 and z2,10 = 1.61.
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4.3.2 Stage Two Decisions After Delay

Although we make the general observation that the frequency of delay is below the

equilibrium levels, that is not to say that those subjects who chose w in stage one do

not condition their decision in stage two on their match’s decision. Figure 7 displays the

estimated probability of investing in stage two upon observing an investment in stage

one. We estimate this probability using a kernel-weighted local polynomial regression

both for all 40 rounds (dashed line) as well as last 20 rounds (solid line).27

Figure 7 focuses on the sessions where (c, e) = (2, 10) since this is the only snc session

that generated an appreciable amount of delay. It shows that in the swc(2,10) treatment

subjects are substantially more likely to choose i in stage two if they observe that their

match chose i in stage one vis-à-vis the snc(2,10) treatment. Moreover, as expected, the

probability of investing increases in the estimate.

Figure 7: Probability of Investing in Stage Two
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The comparison of the last 20 rounds with all rounds reveals some learning patterns

both in the swc and snc treatments. In fact the pattern of learning sheds some pre-

liminary light to understand why subjects delay. Clearly the pattern of learning in the

two treatments are different. In swc, the probability of investment after observing an

27We omit the probability of investing in stage two upon observing delay by the match, since it happens
only very infrequently in swc(2,10) and never in snc(2.10).
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investment is higher in the last 20 rounds than the entire session regardless of a subject’s

estimate of Θ. In contrast, in the snc session, the probability is higher in the last 20

rounds for relatively low values of one’s estimate and slightly smaller for higher values.

To be exact, the intersection takes place in the neighborhood of 25, which is a critical

point as the action w yields a sure payoff of 25.

Above observation suggests that the influence of observing an investment becomes

greater for subjects who have an estimate less than 25. More precisely, the subjects who

have a smaller estimate appear to learn to appreciate the information revealed by their

match’s investment. Unfortunately, and unlike in the swc treatment, this learning effect

does not appear to translate to higher values of one’s estimate in the snc treatment.

Observe that those subjects who waited in stage one despite high signals should have

invested in the first stage. Thus, with the interpretation that the decline in the like-

lihood of investment in snc is an indication of less appreciation of information, then

the increase of probability in swc suggests that “coordination” may be more dominant

than “information” as a reason of delay. We now turn to a more careful analysis of this

question.

4.3.3 Why Do Subjects Delay?

As we have extensively discussed, theory points to two interconnected reasons for delay:

information and coordination. The information aspect of delay is present both in snc

and swc treatments, while the coordination aspect is present only in the swc treatments.

Since there are no complementarities in the snc game, a player who is not sure about

whether or not to invest, might delay in order to gain more information about the state.

On the other hand, in the swc game, where complementarities are present, a player ben-

efits more from investing if the other player invests too. This leads to the coordination

role of delay: by delaying investment, a player can condition his investment decision on

the other player’s decision rather than taking the risk of investing alone. Conversely,

a player decides to invest early in the game if the information that he reveals is large

enough to convince a low-signal player. In other words, in order to coordinate on an

investment decision, an early investment must reveal more information. With that in-

terpretation in mind, we attribute the difference between k1 and l1 to coordination as a

reason of delay.

Indeed, our previous results for the snc treatments indicate that while subjects used

slightly higher thresholds than predicted by theory (Table 4), the ratio of immediate to

delayed investments (Table 5) corresponds almost exactly to the theoretical predictions.

Comparing the snc and swc treatments, Proposition 4 predicts a greater proportion of

delayed investment in swc. This is the coordination role of delay, and it is present in our
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Table 6: The Effect of Observing i
(Conditional on w in Stage 1 and θ > threshold)

Parameters‡ swc snc

(2,2) 72.50% 12.00%
(2,5) 61.11% 28.57%
(2,10) 76.00% 51.85%
(4,5) 56.92% na

‡ The first number represents the cost of invest-
ment, c, while the second number represents the
noise, e.

results (cf. Table 5). However, in swc treatments, the proportion of delayed investments

is higher than predicted by theory, with the lone exception of treatment swc(2, 5). Put

differently, with theory as a benchmark to compare swc and snc sessions, it seems that

the coordination role of delay dominates the information-revealing role.

In order to substantiate this claim, we investigate the effect of observing an invest-

ment among those who did not invest in the first stage. Since our goal is to compare the

swc and snc sessions, we take the theoretical thresholds as our benchmark, and focus on

the cases where a subject should have invested in the first stage according to theory but

did not invest. To compare the effect of observing an investment we look at the fraction

of subjects who invest after the first stage.

Table 6 shows that among the subjects who waited although they should have in-

vested in the first stage, observing investment is more influential to induce investment

in the swc treatments.28 Observe that in both cases the data is normalized by the theory

and hence the behavioral differences is attributable to structural differences between the

two sessions: information and coordination.

Lastly, we analyze the limit case of swc where e = 0. Since information is absent,

what we observe in this session is due to the coordination role of delay. In this session,

despite the fact that subjects have complete information about the state, we frequently

observe delayed investment. Let us categorize the type of outcomes we observe. Out

of a total 440 games in swc(2,0) we observe the outcome where both subjects invest in

stage one 290 times. We denote this outcome by [i,i].29 At the other extreme, where

subjects never invest—denoted by [w,w]—we have 69 games. Also there are 32 games

whose outcome is such that one subject invests in stage one and the other never invests

(denoted by [i,w]). Finally, we observe 49 games where one subject invests in stage one

28Tests across treatments easily reject the hypothesis that the frequencies are the same. In all cases,
p < 0.02.

29Since we do not observe any outcome in which both subjects wait in stage one and invest later, we
omit the discussion of these cases.
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and the other subject invests later on (denoted by [i,id]).

Figure 8: Outcomes of swc(2,0)
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Figure 8 shows that behavior is consistent with our hypothesis: when the game

played is in the range where there are two equilibria, subjects mostly coordinate on

the efficient equilibrium. Moreover, even in those cases where coordination fails, behav-

ior is still consistent with our hypothesis. For instance, in the [i,w] group, the estimate

was below 27 in 28 cases (out of 32). Since investment costs 2 points in this treatment,

it was rational for the subject who waited in stage one not to invest in stage 2. Also in

[w,w] there are only few instances where the behavior can be deemed as irrational.30

4.4 Welfare

In an attempt to test the premises of Proposition 5 we examine what fraction of the

overall surplus subjects were able to capture in treatments sim and swc, and we compare

these results across treatments. Observe that the total payoff a pair of subjects can achieve

in the ex post efficient outcome is π̄ := 2 max{25, θ}. This means that both subjects

invested in the first stage whenever θ ≥ 25. In what follows we will use this measure as

a benchmark for comparison. For each pair of subjects, we can also compute the actual

total payoff as πa := ∑i∈{1,2}(πa
i − di), where πa

i denotes the payoff of subject i, while di

captures any cost of investment that may have arisen. Then, we define the ratio π := πa

π̄

as our measure of welfare.

In Figure 9, we plot the results of a series of kernel-weighted local polynomial regres-

sions of π as a function of θ. To allow subjects to learn, our regressions exclude the first

30In particular, only 11 of 69 games saw θ ≥ 25 and only 8 games had θ ≥ 27.
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Figure 9: Efficiency Ratios
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20 periods. In the top-left panel we show the results for those cases in which e = 2, in

the top-right panel we show results for e = 5, and in the bottom left panel we compare

swc(2,2) and swc(2,5). The bottom right panel depicts the theoretical predictions, for

those cases in which e = 5, as a reference.

In order to see how welfare is affected in the existence of endogenous timing of

decisions, we can look at the differences between the swc and sim treatments. The

results are consistent with the qualitative predictions of the theory. Firstly, for very low

and very high values of θ, where there is a dominant action (white areas), the estimated

efficiency ratios are very close to one for both the swc and sim treatments.

Second, as θ increases, efficiency initially tends to decline. At first it declines more

for the swc treatment. This is due to the risk of miscoordination that we discussed

earlier (see Figure 3): in swc, the first stage thresholds are lower than the thresholds

in sim; therefore, for relatively low signals, it is possible that only one player invests in

swc, while in sim both players would continue to take the safe action. However, while

efficiency reaches a minimum in the swc treatment around the stage one threshold,
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efficiency continues to decline in the sim treatments. From this point on, efficiency is at

least as high in the swc treatment. The top panels of Figure 9 depicts this.

Moreover, the bottom panel demonstrates an increase in welfare as a response to

a decrease in the noise, by comparing swc treatments. Especially the comparison of

swc(2,2) and swc(2,5) shows an unambiguous increase in the welfare for smaller noise.

This is exactly the prediction of Proposition 5.

Finally, to understand the differences in welfare across treatments (including snc) we

focus on a more parametric structure. Specifically, we estimate the following random

effects regression:

πit = β0 + β1θit + β2θ2
it + β3eit + β41{c=4}t

+ β51{snc}it
+ β61{swc}it

+ µi + ǫit,

where 1{t}it
is a treatment dummy taking value 1 if group i in period t was playing the

treatment t. We hypothesize that β5 > β6 > 0, which means that welfare is highest in

the snc treatments, followed by the swc treatments, and lowest in the sim treatments.

Indeed, this is exactly what we find. Specifically, we estimate β̂5 = 0.059 and β̂6 =

0.012.31 Moreover, we estimate β̂3 = −0.0048, indicating that welfare is declining in the

noisiness of the signals.32

5 Concluding Remarks

The present paper contributes both to theoretical and experimental literatures on dy-

namic global games. On the theory front, in a global coordination game setting, we

show that the two forces behind timing decision, observational learning and coordina-

tion motives, can be disentangled. Moreover we show that the option to delay leads to

an efficient outcome (i.e. investment occurs whenever it is profitable) as players’ private

information become infinitely informative.

The theoretical analysis provides us with interesting predictions that are testable in

the lab. This is what we do in the experimental exercise. Our experiment was designed

with two questions in mind: (i) how do the two motivations for delay (observational

learning and coordination) determine subjects’ actual behavior, and (ii) how does the

option to delay affect welfare in the lab?

A summary of the main results of the experiment is as follows. First, on a some-

what technical level, subjects in our experiment employ monotone strategies. Using

individual-level data, we are able to see that across almost all treatments the vast ma-

31The robust z-statistics (clustering at the group level) are: 15.33 and 2.54. Hence, in both cases p ≤ 0.01.
32The robust z-statistic is -8.93 (p < 0.01).
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jority of subjects use such strategies, though there is substantial variation in individual

thresholds, and the variance appears to increase as the environment becomes noisier.

Furthermore, we also show that the comparative statics on average thresholds are largely

consistent with the theoretical predictions.

Second, endogenous timing increases efficiency in the same manner that the theory

predicts. The significant efficiency gain that we observe in the experiment makes us ar-

gue that the behavioral difference between static and dynamic global investments games

is sufficiently different to justify a continued focus on behavior in dynamic games. This

is in contrast with the conclusion of Duffy and Ochs [16].

Finally, a comparison of behavior in our games with and without payoff externalities

allows us to partially disentangle the roles of information and coordination in delay.

While in our snc treatments, the ratio of immediate to delayed investment was largely

consistent with the theoretical predictions, in our swc treatments, there was substantially

more delayed investment. In sum, we find significant evidence to argue that coordina-

tion motives behind delay are more dominant than its function to exchange valuable

information.
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Appendix

A. Omitted Proofs

Proof of Lemma 1. The proof is standard. Let θ ≥ θ′, x ≥ x′ and assume that fXi
(·|θ) satisfies mlrp

for i = 1, 2.
(i) Therefore

fXi
(x|θ)

fXi
(x|θ′) ≥ fXi

(x′|θ)
fXi

(x′|θ′) ,

fXi
(θ|x)

fXi
(θ′|x)

fΘ(θ′)
fΘ(θ)

≥ fXi
(θ|x′)

fXi
(θ′|x′)

fΘ(θ′)
fΘ(θ)

.

Hence fXi
(·|θ) satisfies mlrp.

(ii) Rewrite fXj
(xj|xi) as

fXj
(xj|xi) =

∫

fXj
(xj|θ)dFΘ(θ|xi).

Recall that fΘ(·|x) and fXj
(·|θ) satisfy mlrp. Since mlrp is preserved under convolution (see

Karlin [31]), then fXj
(·|xi) satisfies mlrp.

(iii) We omit the proof since it is similar to (i).

Proof of Lemma 2. Assume that fXi
(·|θ) satisfies mlrp for i = 1, 2.

(i) First let us observe that since fΘ(·|x) satisfies mlrp we have E[Θ|x] ≥ E[Θ|x′ ] for x ≥ x′. Let
k ∈ R. Observe that

E[Θ|xi, xj ≥ k] =
∫

k
E[Θ|xi, xj = x]dFXj

(x|x ≥ k),

≥
∫

k
E[Θ|xi, xj = k]dFX j

(x|x ≥ k),

= E[Θ|xi, xj = k].

By using this observation we can show that

E[Θ|xi] = FXj
(k|xi)E[Θ|xi, xj ≤ k] +

(

1 − FXj
(k|xi)

)

E[Θ|xi, xj ≥ k]

= FXj
(k|xi)

∫ k

E[Θ|xi, xj = t]dFX j
(t|t ≥ k) +

(

1 − FXj
(k|xi)

)

E[Θ|xi, xj ≥ k]

≤ FXj
(k|xi)

∫ k

E[Θ|xi, xj = k]dFX j
(t|t ≥ k) +

(

1 − FXj
(k|xi)

)

E[Θ|xi, xj ≥ k]

= FXj
(k|xi)E[Θ|xi, xj = k] +

(

1 − FXj
(k|xi)

)

E[Θ|xi, xj ≥ k]

≤ FXj
(k|xi)E[Θ|xi, xj ≥ k] +

(

1 − FXj
(k|xi)

)

E[Θ|xi, xj ≥ k]

= E[Θ|xi, xj ≥ k].

Similar arguments prove cases (ii) and (iii).

Proof of Proposition 1. There exists an equilibrium of the simultaneous game if Ψ(κ) : [0, 1] 7→
[0, 1], defined as Ψ(κ) := FXj

(κ|xi = κ), has a fixed point. But since the random variables Θ, Ei

and Ej are absolutely continuous, the result follows from Brouwer fixed point theorem.33

33There are weaker sufficient conditions to guarantee existence, yet we omit this discussion for brevity.
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In order to establish existence and uniqueness of the limiting equilibrium, we first show that
for any two sequences of equilibria {κn} and {λn}, if limn→∞ κn = κ and limn→∞ λn = λ then
κ = λ. Without loss of generality suppose λ < κ. Since the random variable X

n
j conditional on

xn
i = x weakly converges to x, we get limn→∞ FX

n
j
(λ|xn

i = κ) = 0 and limn→∞ FX
n
j
(λ|xn

i = λ) = 1

which contradicts λ < κ. Since the sequences are bounded, by the Bolzano-Weierstrass theorem
there is a unique κ ∈ (0, 1) such that any sequence of equilibria converges to κ.

In the Appendix we will carry our analysis under the assumption that i is costly in the second

period. That is, if a player plays w in the first period and i in the second he incurs a cost c > 0.

Thus, for a given θ, players’ payoffs are determined by the sequence of actions taken in two

periods:

ui(a2) =



















0 if a2
i = w;

θ − (t − 1)c if at
i = i, a2

j = i;

θ − 1 − (t − 1)c if at
i = i, a2

j = w.

Clearly, all the results are intact when c = 0, as we state in the body of the paper.

Proof of Lemma 3. Let σj be player j’s monotone strategy with cutoffs k1
j , k2

j , k̃2
j . Suppose that a1

j = i

and a1
i = w. Then player i invests in period two if and only if

E[Θ|xi, xj ≥ k1
j ] ≥ c. (4)

Since the left hand side of the inequality increases in xi, by Lemma 2 this condition holds with
equality at xi = k2

i for small enough c > 0.
Now suppose that a1 = (w, w). Then player i invests in period t = 2 if and only if

FXj
(k̃2

j |xi, xj < k1
j )E[Θ − 1|xi, xj < k1

j ] +
(

1 − FXj
(k̃2

j |xi, xj < k1
j )

)

E[Θ|xi, xj < k1
j ] ≥ c

E[Θ|xi, xj < k1
j ]− FXj

(k̃2
j |xi, xj < k1

j ) ≥ c.

Note that the condition is intact when k1
j > k̃2

j , whereas it simplifies to

E[Θ|xi, xj < k1
j ]− 1 ≥ c

for k1
j ≤ k̃2

j .

The left hand side of the inequality increases in xi, so by Lemma 2 the condition holds with
equality at xi = k̃2

i for small enough c > 0. Moreover a simple comparison with (4) readily shows
that k̃2

i > k2
i . Clearly this observation is true for both players in a monotone-strategy equilibrium.

Now suppose that we are at the initial history ∅. If player i invests in period one his expected
payoff is

E
[

Θ|xi

]

− FXj
(k∗j |xi) (5)

where k∗j = min{k1
j , k2

j }.

We will analyze player i’s ex ante expected payoff in three cases.
Case 1: xi ≥ k̃2

i .
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Player i’s ex ante expected payoff is

(

1 − FXj
(k1

j |xi)
)

E
[

Θ − c|xi, xj ≥ k1
j

]

+ FXj
(k1

j |xi)
(

FXj
(k̃2

j |xi, xj < k1
j )E[Θ − 1 − c|xi, xj < k1

j ]

+
(

1 − FXj
(k̃2

j |xi, xj < k1
j )

)

E
[

Θ − c|xi, xj < k1
j

]

)

.

This expression simplifies to

E[Θ|xi]− FXj
(k1

j |xi)FXj
(k̃2

j |xi, xj < k1
j )− c

E[Θ|xi]− FXj
(min{k1

j , k̃2
j }|xi)− c (6)

The expression (6) exceeds—or holds with equality for that matter—(5) only when k2
j ≥ k̃2

j .

Since this is not true in equilibrium a simple comparison of the two expressions by use of Lemma
2 reveals that player i invests in period one for any signal xi ≥ k̃2

i .
Case 2: k2

i ≤ xi < k̃2
i .

In this interval player i invests only after observing an investment. Hence the ex ante expected
payoff of waiting in period 1 is

(

1 − FXj
(k1

j |xi)
)

E[Θ − c|xi, xj ≥ k1
j ]. (7)

Player i invests in period 1 when the term (5) is larger than the term in (7). That is

E
[

Θ|xi

]

− FXj
(k∗j |xi) ≥

(

1 − FXj
(k1

j |xi)
)

E
[

Θ − c|xi, xj ≥ k1
j

]

FXj
(k1

j |xi)E
[

Θ|xi, xj < k1
j

]

− FXj
(k∗j |xi) ≥ −

(

1 − FXj
(k1

j |xi)
)

c

E
[

Θ|xi, xj < k1
j

]

−
FXj

(k∗j |xi)

FXj
(k1

j |xi)
≥ −

1 − FXj
(k1

j |xi)

FXj
(k1

j |xi)
c (8)

We already know that the right hand side is decreasing and E
[

Θ|xi, xj < k1
j

]

is increasing in

xi. Note that the term
FXj

(k∗j |xi)

FXj
(k1

j |xi)
is constant when k∗j = k1

j and decreasing in xi when k∗j = k2
j by

the fact that FXj
(·|xi) satisfies mlrp.34 So, by monotonicity (8) holds with equality at xi = k1

i for
small enough c > 0.

Case 3: xi < k2
i .

In this interval player i never invests in the second period. Therefore his ex ante expected payoff
from waiting is zero since he also waits in the second period. For a contradiction suppose that
k1

i ≤ xi < k2
i . Then it must be the case that the expression (5) is non-negative which implies that

inequality (4) holds. But this contradicts with the assumption that he never invests in period 2.
Hence k1

i ≥ k2
i .

This concludes that if σj is monotone then j’s strategy is monotone and in equilibrium we

have k̃2
i ≥ k1

i ≥ k2
i both for i = 1, 2.

Proof of Lemma 1. Let (k1
1, k2

1) and (k1
2, k2

2) be thresholds associated with the monotone perfect
Bayesian equilibrium σ = (σ1, σ2). If a1 = (w, w) then it must be that xi < k1

i both for i = 1, 2. In
turn that means player i plays w upon observing a1

j = w.

34It is well-known result that if fXj
(·|xi) satisfies mlrp, so does FXj

(·|xi)
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Proof of Proposition 2. Let σ1, σ2 be monotone strategies. By Corollary 1 we know that if a1 =
(w, w) the optimal strategy is σi(a1, xi) = w for all xi ∈ R, for any i = 1, 2. Now suppose that
a1

j = i and a1
i = w. Then player i invests in period two if and only if (4) holds. By monotonicity,

this condition holds with equality at xi = k2
i .

In order to investigate the behavior in the first period, we have to compare the ex ante ex-
pected utility of waiting and the expected utility of investing in period one. This is exactly what
inequality (8) does when k∗j = k2

j . Again by monotonicity (8) holds with equality at x1
i = k1

i for

small enough c. So we have

E[Θ|xi = k2, xj ≥ k1] = c, (9)

E
[

Θ|xi = k1, xj < k1
]

− FXj
(k2|xi = k1, xj < k1) = −c

1 − FXj
(k1|xi = k1)

FXj
(k1|xi = k1)

. (10)

Now we investigate uniqueness. Note that by the monotonicity of (9) for a given k1 there
exists a unique k2. Moreover, k2 is decreasing in k1. Therefore uniqueness of equilibrium can be
shown if the following equation holds for a unique k1.

E
[

Θ|xi = k1, xj < k1
]

− FXj
(k2(k1)|xi = k1, xj < k1) = −c

1 − FXj
(k1|xi = k1)

FXj
(k1|xi = k1)

.

But we already know that the left hand side of the equation is increasing in k1. Although the
behavior of the right hand side is indeterminate, there exists a small enough c > 0 to guarantee
uniqueness of k1.

Proof of Proposition 4. To establish the result, first we need to show that Ψ(κ) : [0, 1] 7→ [0, 1],
defined as Ψ(κ) := FXj

(κ|xi = κ) is non-decreasing in κ. Let 1 > κ > κ′ > 0. We know that since
fXj

(·|xi) satisfies mlrp so does FXj
(·|xi). Hence we get:

FXj
(κ|xi = κ)

FXj
(κ′|xi = κ′)

≥
FXj

(κ′|xi = κ)

FXj
(κ′|xi = κ′)

≥
FXj

(κ′|xi = κ′)

FXj
(κ′|xi = κ′)

= 1.

That is FXj
(κ|xi = κ) ≥ FXj

(κ′|xi = κ′). Having established monotonicity of Ψ(·) the result follows
from the comparison of (9),(10) with Proposition 3. Indeed, the only difference between the two
sets of equations is the term −FXj

(k2|xi = k1, xj < k1) which is non-decreasing in k1. Since the
first and the last term in equation (10) are non-increasing and non-decreasing respectively, we
get k1 ≥ l1 and hence k2 ≤ l2.

Proof of Proposition 5. From Proposition 1 we already know that any sequence of equilibria {κn}
converges to a κ ∈ (0, 1). Hence we immediately observe that vn

i (θ, κn) converges to 0 for θ < κ

and to θ for θ ≥ κ. Also, in swc, looking at the Proposition we see that in the limit, k1 converges
to 0 from above and k2 converges from below. Hence, from (2), we immediately see that wn

i (θ)
converges to max{0, θ}.
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—not for publication—

B. Experimental Instructions

General Instructions

This is an experiment on the economics of decision-making. Your earnings will depend partly

on your decisions, partly on the decisions of others and partly on chance. By following the

instructions and making careful decisions you will earn varying amounts of money, which will

be paid at the end of the experiment. Details of how you will make decisions and earn money

are explained below.

In this experiment, you will participate in 40 independent decision problems (rounds). In

all rounds, you will be randomly matched with another participant. In what follows, we will

refer to the person with whom you are matched as your match. After each round, you will be

randomly matched with another participant for the next decision problem, and so on. At no

point in the experiment will you know the identity of your matches.

Decision Problem

In each round you will be asked to make a choice between two alternatives A and B. Your match

will face the same choice problem. Your decision and your match’s decision result in the follow-

ing earnings (the explanation of Q will be given later):

• If you choose A and your match chooses A: You earn Q and your match earns Q points.

• If you choose A and your match chooses B: You earn Q − 20 and your match earns 25 points.

• If you choose B and your match chooses A: You earn 25 and your match earns Q − 20 points.

• If you choose B and your match chooses B: You earn 25 and your match earns 25 points.

The following table lists your alternatives A and B in the rows, and your match’s alternatives

in the columns. For example, the situation in which you play A and your match plays B corre-

sponds to the upper right cell. The numbers in that cell indicate the payoffs. The first number

is your payoff (boldfaced) and the second number following the comma is your match’s payoff

(italicized). For instance, in the previous example, you earn a payoff of Q − 20 and your match

earns 25 .

A B

A Q, Q Q − 20, 25

B 25, Q − 20 25, 25
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What is Q?

When you play A, your earnings depend on your match’s decision and on Q. Q is a number

(up-to two decimals) between 20 and 50 randomly determined by the computer. That means any

number between 20 and 50 is equally likely to be picked by the computer.

The computer picks Q before each round and the numbers are independent across rounds.

That is, the Q chosen by the computer in the first round does not play any role on what Q will

be in other rounds.

Before you make a decision you will not be told what Q is but instead you will receive an

estimate of Q, which we will denote by E. Let’s be more precise. After the computer randomly

determines Q, it also picks a random number (up-to two decimals) between Q− 5 and Q + 5. This

is your estimate E. Any number between Q − 5 and Q + 5 is equally likely to be picked by the

computer. Although E does not tell you what Q exactly is, it gives an estimate of it. For example

if you receive an estimate E = 32.73, then you know that Q is not less than 32.73 − 5 = 27.73 and

it is not more than 32.73 + 5 = 37.73.

Note that although Q will be the same for both you and your match, your estimates can be

different. That is, for the same Q, the computer also randomly picks another estimate exactly in

the same manner for your match. Your estimate and your match’s estimate are chosen indepen-

dently. Therefore, it is very likely that they will be different numbers; however, both estimates

will be between Q − 5 and Q + 5.

Your Decision

After you are given your estimate, E, you are ready to make a decision. There are 3 stages in

which you can finalize your decision. Note that both Q and E are fixed for all three stages for

both you and your match. In each stage, you can choose either A or B. Choosing A is irreversible,

while choosing B is reversible. That means choosing A in any stage ends the round and your

earnings for that round are determined according to the table we discussed above. However, if

you choose B, in either stage 1 or stage 2, then you will be allowed to revise your choice in the

following stage. Note that for each stage that you choose B, your payoff will be reduced by 2

points in case you end up choosing A. For example, if you choose B in stages 1 and 2, and then

choose A in stage 3, 4 = 2×2 points will be subtracted from your earnings. On the other hand, if

you also chose B in stage 3, then no extra points will be subtracted.

In any given stage, you will not observe the decision taken by your match in that stage, but

you will observe decisions from earlier stages. For example, consider the screen below. It is

currently the second stage, and as you can see, both you and your match chose B in the first

stage; you also see that your estimate of Q is 34.02. However, you do not see your match’s choice

in stage 2. Since B is reversible, both you and your match can choose between A and B in stage

2.
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Payoffs

Your potential earnings in each round depends on your choice, on your match’s choice, and on

Q as well as the timing of your choices. After both you and your match have made your choices,

you will see the following screen. On the left, you see your estimate of Q, the true value of Q,

and your profit; while on the right, you see the choices of both you and your match made in each

of the 3 stages. In this example, you see that while your estimate of Q was 34.02, its true value

was 33.87. You also see that your profit was 31.87: since both you and your match eventually

chose A, you received Q = 33.87 points, but since you chose B in stage 1, 2 point was subtracted

from this total.

At the end of the 40 rounds, we will add all your earnings in order to determine your total

points. This total will be converted to a dollar amount according to the rule:

$1 = 100 points

This amount will then be added to the $8.00 participation fee to give your final payment.

Payments will be made in private via petty cash vouchers after the completion of the experiment.

Rules

Please do not talk with anyone during the experiment. We ask everyone to remain silent until

the end of the last decision problem.

Your participation in the experiment and any information about your earnings will be kept

strictly confidential. Your receipt of payment and the consent form are the only places on which

your name will appear. This information will be kept confidential in the manner described in the

consent form.

If you have any questions please ask them now. If not, we will proceed to the experiment.
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C. Computations

Uniform Prior and Uniform Noise

This example assumes Θ and Ei are distributed uniformly between a < b and −e < e, respectively.
We first compute the posterior on Θ for a given signal xi.

Posterior on Θ for a Given Signal xi: The posteriors are all uniform with different
support depending on the realization of xi. A given realization of xi can be generated by a
realization of θ ∈ [xi − e, xi + e].35 In this interval each realization of the noise ξ is equally likely
and has probability 1

2e . The posterior is therefore given by:

fΘ(θ|xi) =
1
2e 1[xi−e,xi+e]

1
b−a1[a,b]

∫

I
1
2e

1
b−a dθ

=
1I

∫

I dθ

where 1{·} is the indicator function and I = [xi − e, xi + e] ∩ [a, b]. This demonstrates that the
posterior on Θ is uniform. There can be three cases:

1. xi ∈ [a − e, a + e]
In this case the intersection [xi − e, xi + e] ∩ [a, b] is [a, xi + e] so that the posterior is:

fΘ(θ|xi) =
1[a,xi+e]

xi + e − a

with E[Θ|xi] = xi+e+a
2 .

2. xi ∈ [a + e, b − e]:
In this case, the posterior is:

fΘ(θ|xi) =
1[xi−e,xi+e]

2e

with E[Θ|xi] = xi.

3. xi ∈ [b − e, b + e]:
In this case the intersection [xi − e, xi + e] ∩ [a, b] is [xi − e, b] and the posterior is:

fΘ(θ|xi) =
1[xi−e,b]

b − xi + e

with E[Θ|xi] = b+xi−e
2 .

35The highest θ compatible with the realization xi satisfies xi = θ̄ − e whereas the lowest θ is given by
xi = θ + e.
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Posterior on Xj for a given xi: Event hough these posteriors are not uniform, they can
be derived in closed form. There are two main regions that we should look at.

Interior Case: xi ∈ [a + e, b − e].
For any given xj, the highest θ compatible with the realization of xj is θ̄ = xj + e whereas the

lowest one is θ = xj − e. Conditional on θ, each realization xj has probability 1
2e . Applying the

previous findings one obtains:

fXj
(xj|xi) =

∫

fXj
(xj|θ) fΘ(θ|xi)dθ =

∫

[xi−e,xi+e]∩[xj−e,xj+e]

1

2e

1

2e
dθ

=
1

4e2

∫ min{xi+e,xj+e}

max{xi−e,xj−e}
dθ =



















0 if xj < xi − 2e
xj−xi+2e

4e2 if xj < xi
xi−xj+2e

4e2 if xj ≥ xi

0 if xj > xi + 2e

where it can be seen that the posterior on Xj is symmetric and its support is [xi − 2e, xi + 2e].
Notice that xj and xi are never more than 2e apart so that xj − xi + 2e > 0 when xj < xi and
xi − xj + 2e ≥ 0 when xj ≥ xi.

Boundary Cases—Case 1: xi ∈ [a − e, a + e].
In this case, the posterior θ|xi has support [a, xi + e]. The domain of the integral yielding fXj

(xj|xi)

is θ ∈ [a, xj + e] if xj ∈ [a − e, xi],
36 θ ∈ [a, xi + e] if xj ∈ (xi, a + e],37, θ ∈ [xj − e, xi + e] if

xj ∈ (a + e, xi + 2e].38 To summarize:

fXj
(xj|xi) =































0 if xj < a − e
xj+e−a

2e(xi+e−a)
if xj ∈ [a − e, xi)

xi+e−a
2e(xi+e−a)

= 1
2e if xj ∈ [xi, a + e)

xi−xj+2e

2e(xi+e−a)
if xj ∈ [a + e, xi + 2e)

0 if xj ≥ xi + 2e

(11)

Boundary Cases—Case 2: xi ∈ [b − e, b + e].

36If xj ≤ xi ≤ a + e the lowest θ compatible with such realization is a and the highest is xj + e. The
intersection with the support of fΘ(θ|xi) is max[a, a] = a and the upper bound is min[xi + e, xj + e] = xj + e.

37If xj ∈ (xi, a + e] the lowest θ compatible with such realization is a and the highest is xj + e. The
intersection with the support of fΘ(θ|xi) is max[a, a] = A and the upper bound is min[xi + e, xj + e] =
xi + e.

38If xj > a + e the lowest θ compatible with such realization is xj − e and the highest is xj + e. The
intersection with the support of fΘ(θ|xi) is max[a, xj − e] = xj − e and the upper bound is min[xi + e, xj +
e] = xi + e.
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Calculations similar to Case 1 yield:39

fXj
(xj|xi) =































0 if xj < xi − 2e
xj−xi+2e

2e(b−xi+e)
if xj ∈ [xi − 2e, b − e)

b−xi+e
2e(b−xi+e)

= 1
2e if xj ∈ [b − e, xi)

b−xj+e

2e(b−xi+e)
if xj ∈ [xi, b + e]

0 if xj > b + e

(12)

Now we can compute FXj
(k|xi). To do so we restrict attention to the interior case of xi ∈

[a + e, b − e]. There are two cases:

1. k ∈ [xi − 2e, xi]. In this case:

FXj
(k|xi) =

∫ k

xi−2e

xj − xi + 2e

4e2
dxj =

(

k − (xi − 2e)
)

(xi − 2e)

4e2
+

∫ k

xi−2e

xj

4e2
dxj

= −
(

k − (xi − 2e)
)

(xi − 2e)

4e2
+

k2 − (xi − 2e)2

8e2
=

(k − xi + 2e)2

8e2

2. k ∈ (xi, xi + 2e]. In this case:

FXj
(k|xi) = = 1 −

∫ xi+2e

k

xi − xj + 2e

4e2
dxj

= 1 − (xi − k + 2e)2

8e2

Posterior on Θ after observing xj ≤ k or xj > k: we start with fΘ(θ|xj ≤ k, xi).

fΘ(θ|xj ≤ k, xi) =
FXj

(k|θ) fΘ(θ|xi)

FXj
(k|xi)

=























1[xi−e,xi+e]∩[a,k−e]
1
2e

FXj
(k|xi)

if θ ∈ [a, k − e]

1[xi−e,xi+e]∩[k−e,k+e]
1

4e2

(

∫ k
θ−e dǫ

)

FXj
(k|xi)

if θ ∈ [k − e, k + e]

0 if θ ∈ [k + e, b]

Again, there are two cases: k ≤ xi and k > xi (with |k − xi| ≤ 2e).

1. k ≤ xi. In this case the posterior is

fΘ(θ|xj ≤ k, xi) =
1[xi−e,k+e]

1
4e2

(

∫ k
θ−e dǫ

)

FXj
(k|xi)

39In particular, if xj < b − e the domain of the integral is [xi − e, xj + e]. If xj ∈ [b − e, xi] the domain of
the integral is [xi − e, b]. If xj ∈ [xi, b + e] the domain of the integral is [xj − e, b]. Notice that in the interior

case FXj
(xj|xi) = 1

2e if and only if xj = xi.

47



2. k > xi. In this case the posterior is

fΘ(θ|xj ≤ k, xi) =
1[xi−e,k−e]

1
2e

FXj
(k|xi)

+
1[k−e,xi+e]

1
4e2

(

∫ k
θ−e

dǫ
)

FXj
(k|xi)

The posterior fΘ(θ|xj > k, xi) is given by:

fΘ(θ|xj > k, xi) =

(

1 − FXj
(k|θ)

)

fΘ(θ|xi)

1 − FXj
(k|xi)

(13)

=























0 if θ ∈ [a, k − e]
1[xi−e,xi+e]∩[k−e,k+e]

1
4e2

(

∫ θ+e
k dǫ

)

1−FXj
(k|xi)

if θ ∈ [k − e, k + e]

1[xi−e,xi+e]∩[k+e,b]
1
2e

1−FXj
(k|xi)

if θ ∈ [k + e, b]

(14)

There are the usual two cases: k ≤ xi and k > xi (with |k − xi| ≤ 2e).

1. k ≤ xi. In this case the posterior is

fθ(θ|xj > k, xi) =
1[xi−e,k+e]

1
4e2

(

∫ θ+e
k dǫ

)

1 − FXj
(k|xi)

+

∫ xi+e
k+e

1
2e

1 − FXj
(k|xi)

2. k > xi. In this case the posterior is

fθ(θ|xj > k, xi) =
1[k−e,xi+e]

1
4e2

(

∫ θ+e
k

dǫ
)

1 − FXj
(k|xi)

It can be verified that the posterior in the last expression and the posterior for the case in
which xi ≤ a + e and k > a + e are identical.

Equilibrium Conditions

We restrict ourselves to the interior case and then verify that equilibrium thresholds cannot
belong to either boundary case.
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SWC. Second period condition: If k1
> k2, substituting from the previously derived expres-

sion we have:40

E[Θ|xj > k1, k2] =

∫ k2+e
k1−e θ 1

4e2

(

∫ θ+e
k1 dǫ

)

dθ

1 − FXj
(k1|k2)

=

∫ k2+e
k1−e

θ(θ+e−k1)
4e2 dθ

(k2−k1+2e)2

8e2

= 2

∫ k2+e
k1−e θ2dθ − (k1 − e)

∫ k2+e
k1−e θdθ

(k2 − k1 + 2e)2

= 2

(k2−k1+2e)2

12 +
(

k2+k1

2

)2
− (k1 − e) k2+k1

2

(k2 − k1 + 2e)

= 2
(k2−k1+2e)2

12 + k1+k2

4 (k2 − k1 + 2e)

(k2 − k1 + 2e)

=
k2 − k1 + 2e

6
+

k1 + k2

2

=
2k2 + k1 + e

3

In the second period a player invests conditional on observing one investment if E[θ|xj >

k1, xi] > c + s where c is the waiting cost and s is the payoff from the safe action. Therefore, for a
given k1, k2

< k1 and k2 − k1
> −2e, the second-period threshold is given by:

k2 =
3

2
(c + s) − e

2
− k1

2

First period condition with k1
> k2: for a given loss from investing alone L, waiting cost c

and safe action payoff s, from the expressions previously derived we have:

E[Θ|xj ≤ k1, k1] − LFXj
(k2|xj ≤ k1, k1) =

1

e

∫ k1+e

k1−e
θ

k1 − θ + e

2e
dθ − L

(k2 − k1 + 2e)2

4e2

=
(k1 + e)k1 − L 4e2

12 − (k1)2

e
− (k2 − k1 + 2e)2

4e2

= k1 − e

3
− L

(k2 − k1 + 2e)2

4e2

Therefore, the equilibrium threshold k1 is given by:

k1 − e

3
− L

(k2 − k1 + 2e)2

4e2
+ c − s = 0,

40Notice that
∫ k2+e

k1−e θdθ is the expected value of a uniformly distributed random variable multiplied by

the total mass. That is,
∫ k2+e

k1−e θdθ =
(

k2 − k1 + 2e
)

k2+k1

2 . By a similar argument,
∫ k2+e

k1−e θ2dθ = (k2 − k1 +

2e)

[

(k2−k1+2e)2

12 +
(

k2+k1

2

)2
]

.
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and substituting the expression for k2, we obtain:

k1 − e

3
− L

(

3

4e

)2

(c + s + e − k1)2 + c − s = 0.

SNC. Equilibrium conditions: The second period condition with l2
< l1 satisfies:

l2 =
3

2
(c + s) − e

2
− l1

2

The first period condition satisfies:

l1 − e

3
+ c − s = 0

and solving for l2 yields:

l2 = 2c + s − 2

3
e

It is easy to verify that l2
< l1 if e > 3c and that the same condition implies that l1

> s so that
both thresholds are well defined.

In the experiments where e ≤ 5 and c ≤ 4, it can be readily verified that e ≤ 3c and that the
above equilibrium conditions do not apply. This is because the waiting cost is too high relative
to the amount of information that can be gathered by delaying.

In this case, the equilibrium is to invest if one’s signal is above s. Clearly, a player does
not invest in the first period if E[Θ|xi] ≤ s or xi ≤ s. Suppose that the first-period equilibrium
threshold is l1

> s. Then it must be the case that for s ≤ xi ≤ l1 it is optimal to delay. For given
l1, we have that:

E[Θ|xj > l1, xi] − (c + s) =
2xi + l1 + e

3
− (c + s)

which is negative for all xi ≤ l1 ≤ s + c − e
3 . This means that player i invests the first period for

s ≤ xi ≤ l1 ≤ s + c − e
3 and l1 ∈ (s, s + c − e

3 ] cannot be an equilibrium. Now take l1
> s + c − e

3 .
If this were an equilibrium, then we would have

E[Θ|l1]− s =
[

E[Θ|xj > l1, l1]− (c + s)
]

[1 − FXj
(l1|l1)] = [l1 +

e

3
− c − s]

1

2

but the left-hand-side equals l1 − s and the first argument of the right-hand-side is positive but
cannot be higher than l1 − s because e

3 − c < 0.
Finally, for xi < l1 = s the payoff from delaying and investing in the second period is negative.

Therefore, the equilibrium requires that players invest in the first period is xi > s or otherwise
delay indefinitely.
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