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ABSTRACT

This paper investigates the role of endogenous timing of decisions on coordination un-
der asymmetric information. In the equilibrium of a global coordination game, where players
choose the timing of their decision, a player who has sufficiently high beliefs about the state of
the economy undertakes an investment without resort to any delay. This decision triggers an
investment by the other player whose beliefs would have led to inaction otherwise. Endoge-
nous timing has two distinct effects on coordination: a learning effect (early decisions reveal
information) and a complementarity effect (early decisions eliminate strategic uncertainty).
We also show that endogenous timing enhances ex ante welfare compared to the simultane-
ous case. The experiments we conduct to test these results show that the learning effect of
timing has more impact on the subjects” behavior than the complementarity effect. We also
observe that subjects” welfare improves significantly under endogenous timing.
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1 INTRODUCTION

There are many economic activities that are characterized by strategic complementari-
ties where individuals can achieve a desirable outcome if they coordinate their strategies.
Such activities include the agglomeration of businesses (Caplin and Leahy [!4]), technol-
ogy adoption (Katz and Shapiro [4(, 41]), crop choice by subsistence farmers (Conley and
Udry [16] and Engle-Warnick and Laszlo [”7]), bank runs and currency attacks (Diamond
and Dybvig [20], Morris and Shin [46] and Goldstein and Pauzner [37]), and foreign direct
investment (FDI) (Jordaan [>5]), among many others. In this paper we frame our discus-
sion around the FDI example. Indeed, in the international trade literature it has often been
argued that the probability of a FDI project’s success increases if and only if the flow of
FDI into the host market is high, because the presence of a large number of FDI projects
can create positive externalities.

Another common characteristic of the examples mentioned above is the existence of
asymmetric information. For instance, potential investors in foreign markets have myriad
sources of information regarding the uncertainty that their decision involves. Uncertainty
in FDI decisions can include political uncertainty (Rodrick [4Y], Alesina and Perotti [],
and Busse and Hefeker [¢]), demand uncertainty (Goldberg and Kolstad [5”], Aizenman
and Marion [?]), exchange rate uncertainty (Cushman [?], Schmidt and Broll [50]), and
cost uncertainty (Creane and Miyagiwa [!5]). In many cases, individuals acquire pri-
vate information from different sources regarding these uncertain events. For example, as
Markusen [44] argues, “[... a] multinational firm may adopt some contractual agreement
with a local agent as a means of exploiting any superior information the agent may pos-
sess regarding market characteristics.” As a result, each firm’s information is determined
by the contractual relationship with a local agent. This can create asymmetry because
potential investors will pair with different local agents and will, therefore, have access to
different sources of information.

The effect of strategic timing has been subject to analysis both under pure information
externality (Chamley and Gale [11], Gul and Lundholm [34]) and under strategic comple-
mentarities (Bolton and Farrell [/], Farrell [24], Farrell and Saloner [25, 27]). Under pure
information externality, time serves as a vehicle for disseminating information between
individuals who make their decisions at different moments. We will refer to this effect of
time as the learning effect. Where strategic complementarities exist, in our analysis of the
timing of decisions we focus on the role of timing in enabling coordination between indi-
viduals. In the sequel, we will refer to this effect as the complementarity effect of strategic
timing.

In the FDI example referred to above, when there are many FDI projects there will be



higher returns on new projects because of strategic complementarities. A dearth of exist-
ing FDI projects, on the other hand, in turn leads to stagnation because of strategic comple-
mentarities. In these cases, the complementarity effect of timing is evident. Suppose that
a critical number of firms make an early decision to undertake an FDI project. The mere
awareness of these projects eliminates the risk of coordination failure for other firms and
leads them to undertake similar projects because of the existence of complementarities.

The outcome of economic activities can also be affected by the timing of when infor-
mation is revealed by individuals’ decisions. A firm that undertakes a FDI project reveals
valuable information about the profitability of the project. Early investors therefore trigger
a process through which valuable information aggregates. At the same time, the option
of having access to this information in later periods (i.e., the learning effect) creates an
incentive for the investors to wait and observe others” decisions. In fact, as Chamley and
Gale [1 1] show, if the incentive to delay the investment is sufficiently strong, no investment
is undertaken even though it is beneficial for all investors.

Despite the substantial amount of research analyzing the complementarity and learn-
ing effects separately, there is little theoretical literature (viz. Dasgupta [17], Heidhues
and Melissas [30]) that studies the two effects together. Furthermore, to the best of our
knowledge, there is no experimental research that does this either. Clearly, little is known
about the interaction of these two effects. We aim to fill this gap by using a series of labo-
ratory experiments to investigate the effects of strategic timing decisions on coordination
under asymmetric information—i.e., when strategic complementarities and information
externalities coexist.

The design of our experiment is based on the global coordination game introduced by
Carlsson and van Damme [!7]. Since the main focus of the model is on strategic exter-
nalities and asymmetric information about the fundamentals of the economy, it provides
us with the ideal framework. Incorporating endogenous timing into this model allows us
to analyze the two effects of timing, which we discussed above. Our theoretical exercise
aims to build insights and develop hypotheses by analyzing a model that is more general
than the experimental treatment. We first characterize the equilibrium of a simple two-
player global coordination game that allows endogenous timing. Our analysis shows that
the complementarity and the learning effects of timing allow players to internalize the re-
turns from coordination, and that in equilibrium, strategic delay becomes a coordination
device. In particular, we find that a player who has optimistic beliefs invests earlier, and a
player who has more pessimistic beliefs invests later, if at all.

The reason behind the optimistic investor’s behavior is twofold. As a direct effect, opti-
mistic expectations of higher returns makes investment attractive. As an indirect effect, an
optimistic player realizes that his investment will make the other player more optimistic,



and the other player will then invest in the following periods if he has not already done
so. This, in turn, further increases the optimistic investor’s expectation of higher returns,
which is based on strategic externalities. The equilibrium behavior of the pessimistic in-
vestor is as follows: because of his pessimistic beliefs, he not only expects a low return,
but he also believes that the other investor holds pessimistic beliefs as well. Therefore, he
tinds it optimal to wait. If he observes an investment in the following periods he becomes
less pessimistic and adjusts his decision accordingly.

This characterization allows us to study the effect of endogenous timing on welfare.
To this end, we compare equilibrium welfare in global coordination games with endoge-
nous timing to equilibrium welfare in global coordination games without endogenous
timing, which we refer to as sequential and simultaneous games, respectively. First, as a
benchmark, we eliminate incomplete information to focus on the complementarity effect
of timing. It is well known that there are multiple equilibria in the simultaneous game.
We take the risk-dominant equilibrium as the benchmark since it is also the limit equilib-
rium of the simultaneous game as the player’s signal becomes fully informative. In the
complete information sequential game, the subgame perfect equilibrium is the one where
both players invest in the first period if and only if the return of the investment is positive.
When we compare the two games, we see that the equilibrium of the sequential game is
always efficient, whereas the equilibrium of the simultaneous game is efficient only some
of the time. That is, the complementarily effect of timing by itself can entirely eliminate
all the inefficiency present in the simultaneous game.

While we are able to make sharp comparisons when there is complete information, we
need to perform a computational analysis to make comparisons when the signals are not
fully informative. When the state is high enough we find that sequential game outper-
forms the simultaneous game and conversely that the simultaneous game outperforms
the sequential game when the state is low. This finding is quite intuitive because the risk-
dominant equilibrium is averse to the risk of coordination failure, which is more pro-
nounced when the state is low.

This analysis provides a more interesting result when we consider the difference in
ex ante (equilibrium) welfare between the sequential and simultaneous games as a func-
tion of the informativeness of the signals. We find that the difference of ex ante welfare
increases as the informativeness of signals decreases. This suggests that it is especially
when the signals are less informative that endogenous timing leads to an improvement in
welfare.

The laboratory experiment provides us with an environment in which we can observe
empirical regularities while we control for asymmetric information—a variable that is
hard to observe or identify (and, hence, control for) in market data. We base the exper-



iment on a simple, special case of the model and vary the informativeness of private in-
formation in both simultaneous and sequential games to obtain a rich data set. A simple
analysis of the data shows that the subjects” actual behavior is consistent with theoretical
equilibrium behavior. For example, although there are three periods in which the sub-
jects can make their decision, there are negligibly few subjects who delay investment to
the third period. So if a subject has optimistic beliefs, he invests in the first period; if his
beliefs are more pessimistic, however, he waits until the second period to invest. We also
see that a subject who delays his decision invests in the second period only if he observes
the other subject make an investment and if he is not too pessimistic. Otherwise he never
invests.

Our first result indicates that in the simultaneous game subjects coordinate more than
is predicted by the theory; that is, subjects overinvest. This result is consistent with the
findings of Heinemann et al [3/] and Duffy and Ochs [?1]. In the sequential game, in
contrast, the behavior of the subjects who invest in the first period is quite consistent with
the theory. However, the behavior in the second period deviates from the equilibrium
predictions. In fact, we show that in the sequential game, while there are subjects whose
behavior can be explained by the theory, there are also subjects who delay investment, even
though (according to theory) they should have invested in the first period. We call this
type of behavior “confidence seeking.” These latter subjects are those who prefer to wait
to obtain more information before deciding whether to invest (i.e., to see what investment
decisions the other subject makes), even though immediate investment is justified, based
on their private information (i.e., the information they already have).

Another main finding of our experiment is that endogenous timing is a significant in-
strument for enhancing welfare, except when there is no uncertainty. When the subjects
have complete information, the coordination rates between the simultaneous and sequen-
tial games are indistinguishable. This suggests that the complementarity effect of timing
is not a strong determinant of the outcome. When there is uncertainty, we find that coor-
dination about the efficient outcome is uniformly higher in the sequential game than in
the simultaneous game. Consistent with our theoretical findings, the gap between the co-
ordination rates of simultaneous and sequential cases increases when private information
becomes less informative. That is, the more asymmetry of information there is between
the players, the more endogenous timing facilitates coordination. We confirm the same re-
sults when making similar comparisons in terms of subjects” actual earnings. Overall, we
conclude that in the lab the learning effect of timing is stronger than the complementarity
effect of timing.

The rest of the paper is organized as follows: Sections 2 and 3 provide the positive and
normative analysis of the model. We pose the empirical questions in Section 4. Section



5 provides an analysis of the data and seeks answers to the questions. We conclude in
Section 6. All the proofs are relegated to an Appendix.

1.1 RELATED LITERATURE
1.1.1 THEORETICAL LITERATURE

Since our experimental design is based on Carlsson and van Damme [17], for a thorough
review of global games literature we will refer the reader to Morris and Shin [47], Mor-
ris [45], and the references therein. The global games literature takes the view that the
complete information assumption accounts for the multiplicity of equilibria inherent in
coordination games. A key result in this literature is that multiplicity vanishes once the
economy is perturbed by small failures of common knowledge. The goal of the paper is
different since we focus on questions that are concerned with the effects of endogenous
timing on coordination under asymmetric information. In other words, asymmetric infor-
mation is a defining feature of the environment rather than a vehicle to approximate the
complete information model.

Dasgupta [19] is the closest paper to our work.! It provides an 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 private signal that
provides information about the aggregate level of investment in the first period. The sec-
ond period signal in Dasgupta [19] differs from the information conveyed in our model
by an investment decision in two respects: it is privately observed and it is subject to id-
iosyncratic 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 Dasgupta [1],
players who invest in the first period know that they collectively play a role in determin-
ing second-period signals. Therefore, they take into account the aggregate influence on
investment decisions in the second period, yet, because of the continuum of players, the
individual signaling effect is negligible. Under specific distributional assumptions, Das-
gupta [19] shows that if private information is sufficiently precise, the game has a unique
equilibrium in monotone strategies. However, because the signaling effect is negligible
the equilibrium does not achieve efficiency at the complete information limit.

Our paper also shares some common elements with the literature on observational

1Angeletos and Werning [4], Angeletos et al. [1] and Heidhues and Melissas [36] also share some sim-
ilarities. Among other results, the first paper shows that the endogenous transmission of information can
lead to a multiplicity of equilibria, while the second shows, in a dynamic model of regime change that the
interplay of endogenous and exogenous learning about the economy also generates a multiplicity of equi-
libria. Finally, Heidhues and Melissas [30] examine the role of cohort effects and characterize the conditions
under which uniqueness of equilibrium is established.



learning in environments with pure information externalities. A few papers focus on en-
dogenous timing and hence strategic delay (cf. Caplin and Leahy [ ], Chamley and Gale
[11], Gul and Lundholm [?4] and Levin and Peck [4”]). Under pure information externali-
ties, an investor can wait and observe the behavior of other investors to gain additional in-
formation on the uncertain returns of investment. Investment is undertaken if the current
expected returns are higher than the value of future information gains net the exogenous
cost of delay. In our paper, the additional presence of payoff externalities causes a funda-
mental change since now an investor must weigh the benefits of moving early to transmit
information to others against the benefits of waiting to observe other investors” decisions.
Finally there is also a large literature that studies the role of timing in coordination
games. Although many papers, such as Farrell and Saloner [75, 76], Katz and Shapiro [0,
] Farrell [24], Bolton and Farrell [/], Gale [?1], Choi [1(], are similar in terms of the
structure of the problem, they are fundamentally different in the questions they study.

1.1.2 EXPERIMENTAL LITERATURE

Like the theoretical literature on global games, the experimental literature can be catego-
rized as dealing with either static or dynamic global games. Heinemann et al. [37], which
tests Morris and Shin [46], 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.”> Second, behavior is consistent
with the comparative statics of global games. Third, subjects cooperate more often than
the predictions of the theory.

Duffy and Ochs [?1] is the bridge between static and dynamic global games experi-
ments. In a similar environment to the complete information treatments of Heinemann et
al. [27], they study behavior in both static and dynamic games.® In contrast, to their focus
on complete information, our experiments examine behavior in both static and dynamic
games under incomplete information, allowing us to provide a clear test of the theory of
dynamic global games that we consider.

In its static treatments, Duffy and Ochs [”1] elicits subjects’ strategies and finds that
actual decisions are often consistent with the implied, elicited cutoff strategies, though
they also find that there is substantial variance in individual cutoffs and that cutoffs vary
with changes in the environment in ways not predicted by the theory. Comparing the

2Similarly, Cabrales et al. [17] tests Carlsson and van Damme [17] and provide further support that com-
plete and incomplete information environments lead to similar behavioral patterns. They show that behav-
ior converges to theoretical predictions as the subjects become more experienced.

3Fehr and Shurchkov [2¢] and Costain et al. [ 1 5] also conduct dynamic global games experiments, though
because the underlying models that they study have multiple equilibria, they are largely separate from our
focus.



dynamic and static games, Duffy and Ochs [”1] finds 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 the efficient subgame perfect equilibrium threshold
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. [>7] and Duffy and Ochs [ 1], we find that subjects have lower thresholds than predicted
by the global games theory in our static environment. Also, like Duffy and Ochs [71], we
find that subjects in our dynamic treatments have higher thresholds than predicted by our
theory, and that the thresholds in the dynamic and static treatments are indistinguishable
under complete information. Since, unlike Duffy and Ochs [ 1], our experiment involves
incomplete information, we find that behavior is still distinguishable (in particular, thresh-
olds are lower and the frequency of coordination is higher in the dynamic games than in
the static games) and report additional results concerning existence of incomplete infor-
mation.

2 THEORY

2.1 PRELIMINARIES

Consider the following game a la Carlsson and van Damme [17]. 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 ®. Given a realization 6, the
returns at each action profile are determined as in Figure 1.

FiGURE 1: PLAYER’S RETURNS FOR A REALIZATION OF ©
I 4

I 6,0 6—1,0

wi|0,0-1 0,0

The action 1 exhibit strategic complementarities. If a player invests, the return of in-
vestment is higher when the other player also invests.

Each player’s prior belief about © is represented by a measure over the real line. The
true state, 0, is realized prior to investment decisions. Following the realization of 6, each
player receives a private signal. Player i’s signal is determined by the random variable X;



defined as
Xi =0 + Ei,

where E; is a real valued random variable. We assume that E; and E; are identically and
independently distributed, and that E; and © are independent for i = 1,2. Without loss
of generality, we also assume that E[E;]=0.

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 den-
sity functions respectively.

We assume that the players are Bayesian. So, when player i receives a signal x; he
updates his belief about ® by Bayes’ rule. Player i’s posterior belief about ®, conditional
on observing x;, is represented by the distribution function Fg(-|x;). A player also forms
beliefs about the other player’s signal. Player i, conditional on observing x;, updates his
belief about the signal of the other player, which we denote by Fx(-|x;).

Finally we assume that fx.(-|0) satisfies the monotone likelihood ratio property (MLrP)
foreachi =1,2:

F(x18) i (x'10)
(18 = (1)

for x > x’ and 6 > 6’. The mrrp is a standard assumption that provides a monotone

environment in the study of many economic problems. In the current context, it means
that if the return of investment is high it is more likely to receive a higher signal. This
condition has the following implications that we rely upon throughout the analysis.

LEMMA 1. If fx,(-|0) satisfies mLRP for each i = 1,2, the following statements hold.
(i) fo(:|x;) satisfies MLRP.
(i7) fx;(+|x;) satisfies MLRP.

The first result states that under MLrp, a high signal means that it is more likely that
the realization of © is high. The second result shows that a similar monotonicity holds for
the signal of the other player. That is, if a player receives a high signal, it is more likely
that the opponent receives a high signal.

Given Lemma 1, the following results show that the monotonicity provided by the mLrp
translates into monotonicity in the expectation of ©.

LEMMA 2. If fx.(-|0) satisfies mLRP for each i = 1,2, the following statements hold.
(i) E[®lx;, x; > k| > E[®|x;] for any k € R.

(ii) E[®|x;, x; < k] < E[O|x;] for any k € R.

(iii) E[®|x;, x; > k] and E[@|x;, x; < k] are increasing in k.

“Throughout the paper E| - | denotes the expectation operator.

9



Throughout the paper we assume that there exist signals x and % such that E[®|x] =0
and E[©|x] = 1. Therefore W is a dominant strategy for x; < x and Iis a dominant strategy
for x; > X.

2.2 THE GAME

The game consists of T periods: t = 1,2,---, 7. In each period, each player i is supposed
to take an action a! € {1, w}. The action I is irreversible, but W is reversible. Therefore, if

1 = 1, while if at = w, player i can still choose between actions I and W in

at =1, then 4
the subsequent periods. However, action 1 is costly in periods t > 1: If a player switches
from action W to I in period  then he pays a cost of (t — 1)c > 0.°

Denote the profile of actions taken in period t by a’ = (a},4}) and the initial history
by @. H is the set of all histories. We assume that players have perfect information about
the history, i.e. in period ¢t > 1 a player can observe all the actions taken in the previous
periods. The players receive a private signal determined by X; before the game starts. The
assumptions on the information structure are as we discussed before. Throughout the
paper the solution concept is the perfect Bayesian equilibrium.

For a given 6, players’ payoffs are determined by the sequence of actions taken in T
periods:

3 T

(@) = oW
0—(t—1)c— L ifa;”" =wand, a; =1,
where lla]rzw is an indicator function that takes value 1 if a}” = W and 0 otherwise.

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 monotone strategies, which we define

next.

DEFINITION 1. A strategy is a measurable map o : R x H +— {1, W}. We say that player i’s strat-
egy is monotone if for each h € H there exists a k' € R such that o;(x;, h) = Vif and only if x; >
k.6

1

A monotone strategy simply states that if a player invests for a signal x;, then he also
invests for signals greater than x;. Thus, a monotone strategy is characterized by thresh-
olds, one for each possible history. Under a monotone strategy, a player i, who observes
history &, invests in period ¢ if x; > k? ; otherwise, he waits.

S All the qualitative aspects of our results remain the same for any cost function that is increasing in time.
%R denotes the extended real line, i.e., R = R U {—00,00}. For instance, if klh = oo, then we say that
“player i never invests after having observed history h.”

10



2.2.1 SIMULTANEOUS GAME (T =1)

If T = 1, the game reduces to a simultaneous game (henceforth smm), which is analyzed
extensively in the literature of global games. For completeness, we will briefly review the
key aspects of the game.

Since there is only one period a single threshold characterizes the players” monotone
strategies. So, we will write k; := k7 to denote player i’s threshold. Note that, if player
j follows a monotone strategy with threshold «;, then player i expects him to invest with
probability 1 — Fx,(x;|x;), and wait with probability Fx,(x;|x;). Hence, player i’s expected
payoff from investment is 77(x;,x;) := E[O[x;] — Fx,(k;|x;). Consequently, player i’s best
response is to invest if and only if 77(x;,x;) > 0. If we restrict our attention to symmetric
equilibria in monotone strategies, an equilibrium with threshold x must satisfy the indif-
ference condition 7 (x,x) =0

The existence of equilibrium is straightforward, yet uniqueness of equilibrium depends
on the behavior of Fx; (x|x; = x).” The uniqueness of the equilibrium is discussed in the
literature (viz. Frankel et al. [30], Morris and Shin [47]). For instance, Morris and Shin
[+7] shows that when © and X; are normally distributed with variances 0? and o2, there
exists a unique equilibrium if the ratio ¢2/0? is small enough. In other words, if players’
private information is sufficiently informative compared to the common prior, then the
uniqueness of equilibrium is established.

2.2.2 SEQUENTIAL GAME (T > 2)

Players’ strategic considerations change dramatically when the game becomes sequential
(henceforth seq). In the seQ game, on one hand a player can wait in order to benefit from
the observations he can make in later periods; on the other hand, he can invest in the
current period, avoid the cost of investment in the future, and more importantly, reveal
information to the other player. This information may convince the other player to invest
and they can both benefit from the payoff externality.

We begin our analysis with the preliminary observation that in a monotone-strategy
equilibrium, once both players wait, there is no investment in the future.

LEMMA 3. Let 0 = (01,07) be an equilibrium of the seq game in monotone strategies. If a' =
(W, W) then a**1 = (w, W) forall t < T.

The intuition behind this result is simple. Atany point in time a player decides whether
to invest or not by comparing the expected payoff of investing, and the option value of

7In fact, by the iterated elimination of strictly dominated strategies, when there is a unique equilibrium
in monotone strategies, then there are no other equilibria, monotone or otherwise.

11



waiting. In an equilibrium with monotone strategies, observing that the other player’s
action is W reveals bad news, which makes the player more pessimistic and hence lowers
the expected payoff of investing. As a result, a player who has not already invested, finds
it even less profitable to invest after observing w.

Lemma 3 simplifies our equilibrium analysis to a great extent since it implies that in
sEQ investment takes place in the first two periods. This is so simply because time is costly
and players take an investment decision as soon as there is no option value of delay. This
leads to the following equilibrium characterization.

PROPOSITION 1. There exists a c* € Ry such that if c < c* there exists a unique equilibrium o
of the seQ game in monotone strategies. The equilibrium is symmetric and characterized by

1 ifh=@and x; > k!,
oi(x;,h) = q 1 ifa} =1and x; > 7,
W otherwise,

such that

E[@|x; = kz,x]- > kl] = g, (1)
1— Fx(K'|x; = k')

[Olxi = k', xj < k'] = Ex(kKxi = k', x; < k') ‘ Ex (K'x; = k') ?

fori,j=1,2.
If ¢ > c*, there exists a symmetric equilibria o of the seQ game. The equilibrium strategies are
monotone, symmetric and characterized by

o -
Gilx )= L =g e 2 et B[O]x = K — Fx (k| = k) = 0
W otherwise, !

fori,j=1,2.

Proposition 1 fully characterizes the equilibrium of the seQ game. There are two types
of equilibria depending on the level of cost. c* is the level of cost above which even a
player who waits in the first period and observes an investment would not invest in the
next period regardless of his signal. In other words, for any ¢ > c* the game is effectively
simultaneous.

When the cost is small enough, the unique equilibrium of the game is characterized by
two thresholds k' > k2. A player invests in period one for signals above k'; otherwise, he
waits. If his signal is between k? and k', he invests in period two only when he observes
an investment, otherwise he waits. If his signal is less than k2, then he never invests.

12



The condition (1) in Proposition 1 determines the optimal threshold (k?) of a player who
did not invest in the first period but observed the other player investing. The observation
that the other player invested in the first period reveals that his signal is above k!. Having
updated his beliefs accordingly, the player invests in the second period for any signal above
k? since the expected value of investing exceeds the cost.

The condition (2) determines the optimal threshold in the first period for a given k2.
Basically it compares the ex ante expected value of waiting with the expected value of
investing today. In both cases a player gets a payoff of & when the other player invests,
whereas in the latter case he gets 6§ — 1 when the other player does not invest in the first
period. Hence, the equality is conditioned on the event that the other player does not invest
in the first period (i.e. x; < k'), and determines the optimal threshold k! that balances the
trade off between waiting and investing in the first period.

When the cost is high enough the game becomes a simultaneous game since the option
value of delay never exceeds the cost of investment. Therefore, in this case the equilibrium
is determined as we discussed in Section 2.2.1.

3 DISCUSSION OF EQUILIBRIA

The equilibrium analysis of the seQ and smm games sheds light on the learning and comple-
mentarity effects of timing. Let us first discuss the benchmark cases of stm and seQ under
complete information. Throughout our discussion let us assume that 6 € [c, 1], so that
investing in the second period remains a feasible option.

The equilibria of seq and sim under complete information are well-known. While there
are multiple equilibria in the stm game, seQ game has a unique subgame perfect equilib-
rium in which both players invest in the first period. In the st game, the reason behind
multiple equilibria is the self-fulfiling beliefs: if both players believe that the other player
plays 1 (W) then it is optimal to play 1 (w). On the other hand, the uniqueness of the
subgame perfect equilibrium in the seq game depends on players’ reasoning that if they
invest in the first period then the other player—even if he has not already invested—will
invest in the second period for any 6 > c. So, under complete information, the possibility
that the players can choose the timing of their decisions has an important impact on the
equilibrium prediction of the game, through the complementarity effect of timing.

When there is uncertainty about the fundamentals, the equilibrium prediction changes
dramatically in the stm game under asymmetric information. In the Bayesian equilibrium
of the game, when both players have a signal above the equilibrium threshold x > 0, they
coordinate on the outcome (1,I). Similarly, they coordinate on the outcome (W,w) when
both signals are below «. Finally, the players fail to coordinate when one signal is above
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and the other one is below «x. The literature on global games shows that these failures
vanish as the players’ signals become infinitely informative. In fact, in the limit there exists

a unique equilibrium. We state this formally in the following proposition.®

PROPOSITION 2. Let {E}'} and {E'} be sequences of independent random variables that weakly
converge to the Dirac measure 8y.” Define X!' := @ + EV and X}l =0+ E;l. For any n, there
exists an equilibrium, which can be characterized by a k™ € (0,1). There exists a unique x € (0,1)
such that any sequence of equilibria {x"} converges to x.

An immediate consequence of Proposition 2 is that even though the efficient outcome
is to invest when the expectation of 6 is positive, this does not necessarily occur in the
limit equilibrium. More generally, Carlsson and van Damme [! 7] shows that in the lim-
iting equilibrium players coordinate on the risk-dominant equilibrium a la Harsanyi and
Selten [55]. Risk dominance is an equilibrium refinement that selects the equilibrium that
is the least risky in terms of players’ subjective uncertainty about the strategy of the other
player. While this explanation is based on the ad hoc notion of subjective uncertainty
about players’ strategies, the approach of Carlsson and van Damme [ ] provides a robust
intuition. Carlsson and van Damme [17] notes that in the global game approach “[...] un-
certainty about your opponent’s choice of actions appears when your observation is close
to the point where he switches from one action to the other. Hence, the optimal choice of
switching point requires the players to consider the relative riskiness of the two equilib-
ria.”

In the case of seQ, under complete information, there is a unique subgame perfect equi-
librium because a player knows that his investment in the first period guarantees coordina-
tion. Under asymmetric information, the explanation behind the perfect Bayesian equilib-
rium is similar. Precisely, if a player moves first, the probability that the other player will
invest in the second period increases (though it does not guarantee as in the complete in-
formation case). The investment in the first period affects the probability of coordination
in two ways: First, as in the complete information case, there is no risk of miscoordination
for a player who did not invest in the first period. Second, since a player invests in the
first period only if his signal is high enough (above k'), observing investment makes the
beliefs of the other player more optimistic about the overall profitability of investment.
As a result, the equilibrium exhibits sorting: the players whose signals are high enough
move first, while those who do not invest in the first period benefit from the information

8Note that the characterization of equilibrium in the following statement is provided in the Proposition 1
for the case ¢ > c*.

9For E C R, a Dirac measure ¢ satisfies dy(E) = 1if 0 € E, and 6y(E) = 0 otherwise. Let F" and F be the
distribution functions of the random variables E" and E, respectively. A sequence {E"} of random variables
is said to converge weakly to a random variable E if lim, . F"(x) = F(x), for every number x € R at which
F is continuous.
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revealed from the investment decision. The sequential structure of seQ makes it possible
to exchange information (learning effect) and use timing as a coordination device (com-
plementarity effect).

Morris [45] takes the 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 informa-
tion game.” As we discussed eatlier, this approach leads to a unique equilibrium as the
signals become infinitely informative in the simultaneous coordination games. Hence, this
particular perturbation is seen as a refinement used to select a unique equilibrium. The
same is not true in the seQ game since the seq game under complete information already
has a unique subgame perfect equilibrium. More importantly, our purpose in introducing
asymmetric information and endogenous timing is to understand the complementarity
and learning effects of timing. Nevertheless, for completeness, we show that in the limit
case of seQ when the private signals become increasingly informative, the unique limiting
equilibrium is the subgame perfect equilibrium of the seQ game under complete informa-
tion. In other words, there is no discontinuity in the limit of the seQ game.

PROPOSITION 3. Let {E}'} and {E]'} be sequences of independent random variables that weakly
converge to the Dirac measure 8y. Define Xi' := © + Ef' and X := © + Ef’. Thenlimy, e (K], k) =

(c,c).

3.1 WELFARE

Propositions 2 and 3 suggest that while endogenous timing leads to the efficient outcome
in the limit, the same is not necessarily true in the stm game. In order to see this let us define
the value of both games in the equilibrium for a given information structure, conditional
on the true state 6. Note that since we can possibly have multiple equilibria in siv, the
value depends on the choice of equilibrium (k). The value of sm for a player i is:

vi(6, %) := (1 — Fx,(x]0)) (6 — Fx,(x[6)).

That is, conditional on 6, a player receives a signal above the threshold x with probability
(1 — Fx,(x[6)). In this case, he invests and receives an expected payoff of (6 — Fx,(x|f)).
Otherwise, he does not invests and hence gets 0.

Similarly, we define the value of seq for a player i as

w;(6) == (1 — Fx,(k'(6)) (6 — Fx; (K*[6)) +
(Bx; (K'0) — Fx,(K*16)) (1 — x;(k'[6)) (6 — ¢). (3)
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Conditional on 6, a player receives a signal above k! with probability (1 — Fx,(k!|#)) and
invests with an expected value of (6 — Fx; (k?]6)). If his signal is between the thresholds k!
and k*—with probability (Fx,(k!|0) — Fx,(k?|6))—then he only invests if the other player
invests in the first period, which happens with probability (1 — Fx; (k'16)), and he then
gets 6 — c. In all other cases he gets zero.

As the benchmark case we can now compare the two games in the limiting case where
the signals become infinitely informative, i.e., the players almost surely know the state of
the world. We define X}’ := © + EJ for i = 1,2 as before and define v/ (6, x) and w’ () for
X, X;l correspondingly. As a corollary to Propositions 2 and 3 we can make the following
statement.

COROLLARY 1. Let {E}'} and {E]'} be sequences of independent random variables that weakly
converge to the Dirac measure &. Let ¢ > be small enough. For any sequence of equilibria {«x"},
limy, 00 07 (0) = 019~ and limy—,co w(0) = 01199}, where g is an indicator function
that takes value 1 when event E occurs and value 0 otherwise.

Corollary 1 provides a sharp welfare comparison in the complete information limit
yet it does not provide a general result for any level of uncertainty. Although we are not
able to provide an analytical result regarding a general comparison, in order to get a sense
of welfare in the presence of noise in both the seqQ and the sim games, Figure 2 plots the
computations of the welfare difference of the two games under two different information
structures. The figure on the left assumes that © is uniformly distributed between 20 and
50, and for a realization of 6, signals are uniformly distributed between 6 — e and 0 + ¢,
where e > 0 is the index that determines the informativeness of the signals.'’ Let us define
@(0;e) := w;(6;e) — v;(6; e) to be the welfare difference between seq and s as a function
of 6 when the parameter is e. The right-hand figure depicts the case in which the prior
on 6 is diffuse and for a given state 0, signals are normally distributed with mean 6 and
variance ¢2. Similarly, in this case we will write ¢(6;0?) := w;(0; 0?) — v;(;¢?) to be the
welfare difference between seq and sm as a function of § when the variance of the signal
distribution is ¢!

In both examples we see that when 6 is low we get ¢(0; -) < 0, indicating that welfare is
actually higher in the stm game. This follows because in the stm game, since the threshold
x is higher than k', it is unlikely that a player will receive a signal above his threshold,
causing him to invest erroneously. In contrast, in the seq game, since the period 1 thresh-
old is lower, it is more likely that a player will receive a signal above the threshold and,

19These are the same parameters that we use in the design of the experiment.
HIn both cases there exists a unique equilibrium of the sm game, hence we drop « in v;(6,x;e) and
2
v;(6,1%;0%).
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erroneously invest. As 6 increases, ¢(6; -) becomes positive, hence for intermediate val-
ues of 6 welfare is higher in seq than in stm. Eventually, ¢(6; -) starts to decline since for
sufficiently high values of 6, both players in the stm game are very likely to receive signals
above the threshold. As 6 becomes large enough the welfare difference between the two
games vanishes.

Note that although there is no clear comparative static for p(0;B)as B =e, o2 changes,

it seems ¢(B) := [ @(6; B)dF(0) is increasing in B = ¢,02. That is, on average the wel-
fare difference between seqQ and sim is increasing as the informativeness of the signals
decreases. This is reported on the upper right corner of both figures; on the left we see

that ¢(10) > @(5) > @(2) and on the right ¢(¢?) is monotonically increasing in .

Ficure 2: WELFARE COMPARISON OF SEQ VS. SIM
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4  EMPIRICAL QUESTIONS

The theoretical predictions provide us with a number of empirical questions that we can

pose in an experiment, which implements a simplified version of the model. In this section
we discuss and develop our main hypotheses.

THRESHOLDS. The equilibrium analysis is based on the assumption that players use mono-

tone strategies. To be precise, while in simm the unique equilibrium is in monotone strate-
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gies, in seQ we assume that the strategies are monotone and we characterize the equilib-
rium. This leads to the obvious question of whether subjects’” behavior is consistent with
the use of monotone strategies. This is important for at least two reasons. First, it can help
us to understand whether the equilibrium that we characterized provide a meaningful
benchmark to analyze the data. Second, we can analyze the data under the light of the-
oretical comparative statics, and if there are systemic deviations, we can question when
and how subjects’ behavior cause these deviations.

RATIONALITY AND VALUE OF INFORMATION. Recall that in the equilibrium of the seQ
game we can observe investment only in the first two periods. This is because time is
costly and because investing reveals good news, while not investing reveals bad news. By
allowing a longer time horizon in the experiment, we can test whether subjects” behavior
is consistent with this result. Moreover, assuming that subjects” behavior is consistent
with threshold strategies, we can further ask how well the subjects understand the value
of information. As was the case above, this is important since it makes us confident that
our analysis of the data to understand the role of timing can be made using the theory as
a benchmark.

TIMING AND COORDINATION. Under complete information, an important distinction be-
tween siv and seQ games is that the latter has a sharp prediction while the former predicts
multiple equilibria. Moreover the reasoning of the unique equilibrium is that players in-
vest in the first period because they know that the other player will surely invest once they
observe investment. This argument provides us with a very clean test to understand the
role of timing as a coordination device. In other words, in the absence of any information
asymmetries, we can test whether time works as a coordination device by comparing seQ
and sm.

In the asymmetric information case, timing has an additional role; namely an early
investor reveals good news to his opponent about the profitability of investment. That
leads to the question of how well subjects can use timing to convey information to the
other player. We can also investigate how the dynamic nature of the game lead to improved

coordination, relative to the static game, in the existence of asymmetric information?

WELFARE. Clearly, the role of timing has important implications in terms of welfare.
We have a sharp limit result that compares welfare in sim and seQ, which can be tested
empirically. Although we do not have analytic results that compare welfare in the presence
of asymmetric information, our simulations indicate that the difference of average welfare
between seqQ and smv increases as the asymmetry of information increases. That is to say,
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endogenous timing is more welfare enhancing when the environment is more noisy.

5 EXPERIMENT

5.1 EXPERIMENTAL DESIGN

The experiment was run at the Experimental Economics Laboratory of the Center for Ex-
perimental Social Sciences (C.E.S.S.) at New York University. The 198 subjects in this ex-
periment were recruited from undergraduate classes at New York University and had no
previous experience in our experiments. In each session, after the subjects read the in-
structions, the instructions were also read aloud by an experimental administrator.'? 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 pri-
vate 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 a specific pattern of behavior.'® The experiment was computerized and it was
programmed in z-Tree (Fishbacher [27]). Appendix B contains the instructions for one of
the sessions.

We report two treatments: sim and seQ. For each treatment, we ran four different ses-
sions in which we varied the informativeness of subjects’ signals. In each session, subjects
played the specified game for 40 independent rounds. Subjects were randomly matched
with another subject in the laboratory at the beginning of each round.

In our two treatments, the precise game that subjects played was a special case of the
problem that we analyzed theoretically. The game was simplified as follows. First, the
payoffs were altered in order to ensure that a subject’s final payoff was non-negative.
Second, the distribution of the state variable ® was uniform over the support [20,50].
In addition, conditional on the state 0, each subject i received an independent signal x;
which was drawn from a uniform distribution over the support [0 —¢,6 + ¢], wheree > 0
parametrizes the informativeness of signals. Finally, in the seqQ treatment the length of the
game was set to be T = 3.1

12 At the end of the first round, the subjects were asked if there was anything they did not understand. No
subject reported any problems with understanding the procedures or using the computer program.

13Participants’ workstations were isolated by cubicles, making it impossible for participants to observe
others’ screens or to communicate. We also made sure that all the participants remained silent throughout
the session. At the end of a session, participants were paid in private according to the number on their
workstation.

4Recall that, in the equilibrium of the seQ game, either a player never invests or he invests the latest in the
second period. Allowing the subjects to make their investment decisions in three periods, enabled us to test
whether this property of the equilibrium empirically holds.
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TABLE 1: SUMMARY OF TRETAMENTS

Treatment Number of c ¢ Number of
Subjects Rounds
SEQ 22 2 0 40
SEQ 24 2 ) 40
SEQ 28 2 5 40
SEQ 32 2 10 40
SIM 16 NA 0 10
SIM 16 NA 5 10
SIM 24 NA 5 40
SIM 36 NA 10 40

Table 1 provides a summary of our treatments. As we mentioned above, the parameter
e indicates the noisiness of signals. Also, c indexes the per-period cost of delayed invest-
ment. Throughout the paper we will write seQ(c, €) and sim(e) to refer to the treatments
with corresponding parameters c and e.

SEQUENTIAL (SEQ) In each session, subjects played the game in Figure 3. For each of
the four different seqQ sessions, subjects faced a different amount of noise, ¢, as shown in
Table 1. Each round consisted of three periods. In each period, subjects simultaneously
chose I or w. Choosing I was irreversible, while choosing w was reversible in the first
two periods. If a subject chose W in the first period, then in the second period he would
observe the first-period decision of his match. Similarly, in the third period, if the subject
chose W in period one or two, he would observe his match’s previous decisions. The cost of
investment was only incurred if the subject chose Iin period 1 or 2, after having previously
chosen w. The cost of investment in the period 2 was 2 points, while it was 4 points in

period 3. Immediate investment was costless.

Ficure 3: THE seQ GAME
(IGNORING COSTS OF DELAYED INVESTMENT)
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SIMULTANEOUS (SIM) In the smv sessions the payoffs were identical to those in the seQ
treatment. The only exception was that each round of smm consisted of a single period in
which subjects could make their decision.

Throughout the experiment we used a neutral language and replaced the terms “in-
vesting” and “waiting” with “action A” and “action B”, respectively.

5.2 BAsic TESTS

In order to find out whether the observed behavior is compatible with the basic predic-
tions of the theory, in Table 2 we first focus on three simple, yet fundamental, tests that
question subjects” behavior. The first test is about whether subjects respect dominance:
Given the parameters of our experiment, if a subject’s signal is below 25 — e and above
45 + e then waiting and investing are dominant strategies, respectively. Our subjects vio-
lated dominance only 4.8% of the time when one’s estimate was in the dominance region
in the seQ treatment and only once in the sim treatment. The second test concerns the tim-
ing of the investment decision in the seQ game. In the equilibrium, a player either never
invests, invests in the first period or invests in the second period, after observing the other
player invest in the first. This is an important property of the equilibrium, and its frequent
violation would imply a basic misunderstanding of strategic interaction in our game. In
the seq treatment, in only 0.47% of the observations did a subject invest in period 3. Fi-
nally, a subject should never invest in period 2 after having observed that his match did not
invest in period 1. We observe this type of behavior in only 1.05% of all the cases in which
a subject who did not invest in period 1 observes that his match did not invest in period 1
either.

TaBLE 2: Basic Tests OoF THE THEORY

SEQ  SIM

Violations of dominance 32 1
(664)  (472)

Invest in period 3 20 nNa
(4240)

Invest in period 2 despite 10  n~a
(954)

observing W in period 1

The numbers in parentheses indicate the relevant sample sizes.

Of this small number of errors, approximately half took place in the first 10 rounds
and 80% in the first 20 rounds. This is an indication that not only are these errors rare,
but they also vanish as the subjects become more familiar with the experiment. Since
the number of violations are extremely low we can confidently conclude that the subjects
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in our experiment had a strong grasp of fundamental aspects of the strategic problem

they were faced with. Given this, we can delve more deeply into more specific aspects of

behavior using theory as a guide.

5.3 SUBJECTS BEHAVIOR IN PERIOD ONE

The thresholds that characterize the equilibrium of sim and seq games are the ideal tool to

analyze subjects’ behavior. Therefore, we first focus on the decisions of the subjects in the

first period by analyzing the thresholds at the aggregate level. In order to do this, for each

session, we use the logistic distribution to fit investment decisions in period one. That is,

we write the probability of investing in period one conditional on observing a signal x as

Pr(i|x) =

exp(a + bx)

~ 1+exp(a+bx)

TaBLE 3: EsTiIMATED PERIOD ONE THRESHOLDS (LAST 20 ROUNDS)

Mean

S.D. of

Equilibrium p-value

Treatment a b Threshold Threshold Threshold (theory)
sEQ(2,0) ('jgg) (g'.i:) 26.42 5.57 27.00* 0.40
sEQ(2,2) (169972? (%Z; 28.35 2.61 27.79 0.29
sEQ(2,5) (157321? g'j; 29.25 3.07 28.92 0.51
sQ(2,10) (_-62276) ((;'ﬁg) 33.09 7.45 30.74 0.02
stm(0) (5531? (%1227) 25.46 0.84 35.00 0.00
s (2) (2673?5 (2’213) 29.61 1.94 35.00 0.00
stm(5) (149997‘)1 8‘?5) 30.67 2.79 35.00 0.00
stm(10) (183025? ((;'391) 32.29 4.44 35.00 0.00

Robust z-statistics are in parentheses (clustering at the subject level).

sokok

significant at 1%; ** significant at 5%; * significant at 10%.

t There are actually multiple equilibria of the seo(2,0) game. A threshold of 27 represents the limiting equilibrium

ase — 0.

(4)



The ratio —a/b is the mean threshold, while 71/b+/3 is the standard deviation of the
estimated threshold. The second and third columns of Table 3 reports estimation results of
(4) for all sessions. Robust z-statistics, which correct for clustering at the subject level, are
reported below the estimated coefficients in parentheses. The estimated mean thresholds
and their standard deviations are in the fourth and the fifth column, respectively. The
equilibrium thresholds are provided in the sixth column. The last column reports p—value
of the null hypothesis that the estimated threshold is equal to the theoretical threshold.

We report the estimation results for the last 20 rounds because we find that the subjects
becomes more experienced as they play more rounds. In order to see this, we estimate the
same logit regression (4) for each five-round increments. Figure 4 plots the estimation re-
sults for the seq treatment (results are similar for the sm treatment). As the left panel of
Figure 4 depicts estimated thresholds seem to be constant over time.!> However, in all ses-
sions, the standard deviation of estimated thresholds have a fairly pronounced downward
trend.!® This suggests that while subjects’ thresholds do not change much over time, they
appear to become sharper in later rounds. Therefore, by focusing on the final 20 rounds,
we are more likely to detect any deviations from the theoretical benchmarks.

Ficure 4: EstimaTeED PERIOD ONE THRESHOLDS & S.D. OF THRESHOLDS IN THE SEQ TREATMENT
(5-Rounp INCREMENTS)
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[1-5]  [6-10] [11-15] [16-20] [21-25] [26-30] [31-35] [36-40] [1-5]  [6-10] [11-15] [16-20] [21-25] [26-30] [31-35] [36-40]
Rounds Rounds

The estimation results readily suggest that the mean threshold is close to the equilib-
rium threshold in all sessions. In fact, except for seQ(2,10), we fail to reject the hypothesis
that the mean threshold is the same as the theoretical threshold in all sessions. In the
sEQ(2,10) session the mean threshold is higher than the equilibrium threshold.

15Indeed, comparing any two consecutive five-round increments, a Wald test never rejects the null hy-
pothesis that the thresholds are the same. In all cases, p > 0.11.

161n all cases, a Wald test indicates that the standard deviation of the estimate threshold is significantly
smaller over the final 20 rounds than over the initial 20 rounds. In all cases, p < 0.05.
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In terms of comparative statics, estimated thresholds comply with the theoretical pre-
dictions. We test this formally by pooling the data. Let k!(c,e) denote the estimated
period-one threshold of the session seQ(c,e). From a series of Wald tests, we find that

k(2,00 < k(2,2 :01%1(2,5)

< k(2,10).
p=.023 p=2 <.01

p

Therefore, in all cases, our empirical results have the directionally correct comparative
static and in two of the three cases, the result is statistically significant. Overall, Table 3
provides fairly strong support that period-one behavior in the seq sessions is consistent
with the theory.

In the sim treatment, as can be seen in Table 3, we observe that the estimated thresholds
are significantly below the equilibrium thresholds in all sessions. This result conforms to
the results of Heinemann, Nagel, and Ockenfels [3/] and Duffy and Ochs [”1], who find
that subjects’s thresholds are lower than theoretical thresholds. Because of this, as we will
presently show, subjects in our smm treatments had higher earnings than the theoretical
prediction.

In order to summarize our findings, Figure 5 compares the two treatments in terms of
the percentage deviations of the estimated thresholds from the theoretical thresholds in all
sessions: while the estimated thresholds are consistently below the theoretical thresholds
in the sim sessions, in the sEQ sessions the opposite seems to be true. This strongly indicates
that in siM, subjects invests more often than the predictions of the theory; hence, coordinate
on the efficient outcome more often. On the other hand, while the estimated threshold is
very close to the theoretical threshold, we also saw in Table 3 that the thresholds appear
to be less precise than in sim. Moreover, in order to be able to comment on the efficiency
of the outcomes we need to analyze subjects’ behavior in the second period. This is the
purpose of the next section.

5.4 SUBJECTS BEHAVIOR IN PERIOD TwO

In order to understand subjects’” behavior in period two, we run the logit regression (4),
constraining the data to those subjects who did not invest in period one, but observed that
their match invested. Table 4 reports the results in the same structure as Table 3. Again
we report the results for the behavior in the last 20 rounds since similar learning effects
still exist. For example, in the seQ(2,10) treatment, the standard deviation of the estimated
threshold went from 18.2 in the first 20 rounds to 9.7 in the last 20 rounds.

In the second period we observe that the mean thresholds are not below the theoretical
values. Specifically, for e € {0,2}, a Wald test cannot reject that the period-two threshold
is identical to the theoretical prediction (pg = 0.34 and p, = 0.15, respectively), while
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F1GURE 5: PERCENTAGE DEVIATION OF ESTIMATED THRESHOLDS FROM THEORETICAL THRESHOLDS
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for e € {5,10}, we reject the null hypothesis (p5 = 0.025 and p19 = 0.019, respectively).
This observation suggests that observing an investment in the first period triggered more
investments in the second period, which contributes to coordination on the efficient out-
come.

The fact that the estimated thresholds are above the theoretical thresholds suggests
that some of the subjects who invested in the second period, should have already invested
in the first period had they followed the theoretical thresholds. Since the estimated thresh-
olds do not inform us about the composition of the subjects who invested in the second
period, they are not sufficient to compare the coordination rates in the sim and skqQ treat-
ments. Clearly the number of the second-period investors, as well as the distribution of
their signals are important to compare the two treatments and understand the effect of
subjects’ timing decision on coordination, and in turn, on welfare. To this end, next, we
look at the actual outcomes that we observed in the experiment.

5.5 OUTCOMES

Although our analyses of the first- and the second-period behavior shed light on the gen-
eral pattern of subjects” behavior, it is not sufficient to compare coordination rates across
treatments. On the one hand, low estimated thresholds indicate that subjects are well in-
clined to coordinate in the sim sessions vis-a-vis the seqQ sessions. On the other hand, in the
SEQ sessions, investment in the first period seems to trigger more investment in the second
period. In order to clarify this issue we compare actual outcomes that we observe in all
sessions.

Table 5 reports the observed frequencies of each of the four equilibrium paths for each
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TaBLE 4: EsTiMATED PErRIOD-TWO THRESHOLDS CONDITIONAL UPON OBSERVING INVESTMENT IN
Per1OoD ONE (LAST 20 ROUNDS)

Mean S.D.of  Equilibrium p-value
Treatment a b Threshold Threshold Threshold (theory)
-9497 3.55
seQ(2,0) (243)  (248) 26.72 0.51 27.00 0.34
-6.65 0.22
sEQ(2,2) (138) (122) 30.79 8.40 25.61 0.15
915 0.29
seQ(2,5) (177) (154 31.18 6.18 23.54 0.03
seQ(2,10) “4.56 0.19 24.45 9.74 20.13 0.02

(-3.13)  (3.58)

Robust z-statistics are in parentheses (clustering at the subject level).
*** significant at 1%; ** significant at 5%; * significant at 10%.

session: (i) (I,1;): both subjects invest in period one; (ii) (I1,12): one subject invests in
period 1 and the other invests in period 2; (iii) (I;, W): one subject invests in period 1
and the other subject never invests; and (iv) (W, W): neither subject invests. The final
column reports the frequency of any other type of outcome, such as investing in period
3 or investing in period 2 after having observed w. Below each reported frequency, in
brackets, we also report the expected frequency of each outcome if subjects were using
the correct theoretical benchmark.

Not surprisingly, in the sim treatments, we observe the outcome (13, 1; ) more frequently
than theory predicts. In the seq treatment, we have an opposite result: The observed fre-
quency of (I3, 1) is (often substantially) below the expected frequency. Again, this is con-
sistent with our earlier finding that subjects used a higher threshold than predicted by
theory. In order to compare the frequencies of the outcomes in which subjects success-
fully coordinate on investment, in the seqQ treatment, we have to sum over the first two
columns. Then we obtain the frequency that subjects eventually coordinated on invest-
ment. These figures make it apparent that subjects eventually coordinated on investment
more frequently in seQ than in sim, with the lone exception occurring when e = 0. Indeed,
subjects coordinated on the efficient outcome in 76.36 and 76.25 percent of the times in
seQ(2,0), and smm(0), respectively.

The observation that the outcomes are seemingly the same in seQ(2,0) and smm(0) is
quite surprising since it suggests that the complementarity effect of timing does not play a
significant role in coordination. Perhaps, an even more puzzling observation is that, some
subjects who would have invested in the smm(0) session, preferred to delay and invested
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TaBLE 5: AcTUAL vs. PREDICTED FREQUENCIES OF OUTCOMES

Treatment (1;,1;) (I,I) (I;,W) (W,W) OTHER

6591 10.45 7.27 15.68 0.68

s£Q(2,0) [7727]  [nal nal  [2273]  [na]
s£0(2,2) 65.00 6.04 7.50 19.58 1.88
QL& [72.08]  [6.04]  [042] [2146]  [na]
s£0(2,5) 62.68 5.00 8.75 22.68 0.89
Qs [6643] [7.86]  [0.89] [2482]  [na]
o0 812 1922 1344 2734 188
SEQ(<, [5406] [1845] [266] [2484]  [na]
s1m(0) 76.25 NA 8.12 15.62 NA
[50.31] [Na] [Na] [49.69] [NnA]

M(2) 62.19 NA 11.88 25.94 NA
s [4438]  [na]  [406]  [51.56]  [na]
) 5771 na 1542 2688  na
SIM [4625]  [na]  [1229] [4146]  [na]
smv(10) 45.83 NA 27.64 26.53 NA

[39.44]  [na]  [21.11]  [39.44]  [wa]

The numbers in brackets represent the frequencies that would have occurred if sub-
jects were using the equilibrium thresholds. Na indicates that the event is either not
a possible outcome or off-the-equilibrium path.

in the second period in the seQ(2,0) session despite the cost. In an independent study
Duffy and Ochs [71] find similar results and conclude that looking at the data one cannot
distinguish between static and dynamic games under complete information. Our results
confirm these findings.

Figure 6 reorganizes coordination and miscoordination rates from Table 6 and sum-
marizes the comparison between seq and smm. Note that e = 0 is the only case in which
siv and sEqQ are indistinguishable. The same result is not true under asymmetric informa-
tion where we observe that subjects coordinate better in seQ sessions than in sim sessions.
Moreover, it seems the difference in coordination rates between seQ and siMm increase in
e—an issue that we will discuss in the next section. When we look at the frequencies of
miscoordination, (I;, W), we observe a similar pattern: This sort of coordination failure
is less frequent in seqQ than smv, and the difference increases as asymmetric information
becomes more pronounced. This suggests that the learning effect of timing is significant.

Thus, under asymmetric information, timing enhances coordination — predominantly
through the learning effect. The fact that coordination is less frequent than the theory can
be explained by the failure of complementarity effect of timing. In order to complete the
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Figure 6: COORDINATION & Mi1SCOORDINATION RATES
Coordination (11, 17) & (11, Ip) Miscoordination (11, W)

SEQ SIM SEQ SIM

e=0 7636 [ G ) 76.25 727 §(] 8.12
e=2 714D )6219 75 §(] 11.88
e=5 oo D )55 8.75 §() 1542

e =10 7 )48 1344 @) 2764

comparison between smv and seQ we must also study how this is all reflected in the actual
payoffs and whether welfare improves.

5.6 WELFARE

The theoretical results suggest that as the noise, e, approaches zero the equilibrium of the
sEQ game becomes fully efficient, while in sim the equilibrium is not necessarily efficient
for relatively smaller states. Moreover, the difference in average welfare between the two
treatments is increasing in e. That is, as noise increases, endogenous timing becomes more
valuable. In this section we will analyze the effect of endogenous timing on welfare and
test these hypotheses.

For the analysis that follows we introduce some more notation. Let 77 denote the actual
payoff received by a subject, including any costs due to delayed investment, and 7" :=
max{25, 60} denote the ex post efficient payoff; i.e., both subjects invest in the first period
if and only if 6 > 25. Also, let 7*1 denote the payoff that a player would have received if
subjects played according to the theoretical prediction.

For each of our treatments, Table 6 reports the ratios 7%/ 7"

and 7t/ 7*. Looking
tirst at the left side of the table where we report 1%/ 7, one can see that subjects in the
sim treatments actually earned more, on average, than the equilibrium payoff. This is be-
cause, subjects in these treatments used lower thresholds than the global games theory
predicts. In exactly the opposite way, subjects in the seq treatments generally earned less
than their equilibrium payoff because the subjects used higher thresholds than predicted
by the theory.

The middle columns of Table 6 report 7t/ 71**. Here we obtain a result that conflicts
with Corollary 1’s prediction that, in the limit as noise disappears, subjects in the seQ

game should earn more than subjects in the stm game. Indeed, as we have discussed,
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TaBLE 6: ErriciENcY RaTIiOS

Parameters T/t Tt [ rmax COMPARISON
(c,e) SIM  SEQ | SIM  SEQ | SEQ —SIM PREDICTED
(2,0) 1.039 0.965 | 0.966 0.963 | —0.003 0.059
(2,2) 1.037 0.969 | 0.944 0.959 0.015* 0.063
(2,5) 1.05 0.970 | 0.923 0.949 0.026*** 0.073
(2,10) 1.02 0.957 | 0.862 0.905 0.043*** 0.096

t Although there is no cost in the sm treatments, we report estimates in the row that corresponds to
the appropriate value of e.
*10% level of significance; *** 1 % level of significance. Hy : skQ — sm = 0.

when ¢ = 0, the seQ and smv treatments are virtually indistinguishable from each other.
However, consistent with our theory, for e > 2, we find that earnings are significantly

.17 One can also see that as noise

higher in the seqQ treatment than in the s treatmen
increases, the difference in efficiency between seQ and sm increases, though not by as

much as the theory predicts. In particular, if we estimate the following model via OLS,
/" = [30 + ﬁle + [326 * Diggo + ,B3DSEQ + €,

where Dy, is the dummy variable that takes value 1 if it is a seQ session, and 0 otherwise,
we obtain B1 < 0, B2 > 0, both of which are significant at the 1% level. Thus, welfare
declines as noise increases but, consistent with theory, it declines significantly more slowly
in the seq treatment.

5.7 WHY DO SUBJECTS DELAY?

The lesson we have learned from the analysis of thresholds is that while the theory is
consistent with the behavior of the subjects who invest in the first period, it under-predicts
the average thresholds of those who delay investment. In this section, we will analyze the
behavior of the subjects who delay investment and seek an explanation for their behavior.

As we have discussed extensively in the theory section delaying investment has two
advantages. First, a player gains information through the other player’s investment deci-
sion. Second, since complementarities are present, by delaying investment a player can
avoid the risk of investing alone. On the other hand, delayed investment comes with the
direct cost, ¢, and the indirect cost (from not investing immediately) of not sending a pos-
itive signal about the state. For high enough signals (i.e., x > k'), this trade-off results
in immediate investment, while for intermediate signals (i.e.,, k> < x < k') it leads to a

17Letti1r1g t; f denote the t statistic when noise is e and the degrees of freedom are d f, we have that t(3)6 =0.26
(p = 0.800), 35 = 1.77 (p = 0.084), £2, = 3.25 (p = 0.002) and #}0 = 4.43 (p = 0.000).
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conditional investment strategy. Finally, for small enough signals (i.e., x < k?), a subject
will never invest.

TABLE 7: THE FREQUENCY OF DELAYED INVESTMENT AFTER OBSERVING I

(ConpriTioNaL ON W IN PERIOD 1)

Treatment x <k?* kK2 <x<k! x>k! uNconDITIONAL N

seQ(2,0) 9.68% NA 92.00% 60.49% 81
sEQ(2,2) 0.00% 25.00% 72.50% 49.30% 71
seQ(2,5) 16.67% 29.73% 56.67% 37.97% 79
seQ(2,10)  20.00% 46.05% 78.07% 60.00% 215

In Table 7 we report the frequency with which subjects invested with some delay, after
having observed that the other subject invested in the first period. For instance, in the
sEQ(2,5) session, out of all subjects who received a signal between k% and k!, 29.73 percent
invested in period two or three.

In theory, we should only see period-two investment in the region k* < x < k!; how-
ever, as we can see in the fourth column, this is not the case. Indeed, there are many
instances in which x > k!, but the subject chose to delay. Form the theory perspective,
these are the subjects who should have invested in the first period. Hence, their behav-
ior seems to be motivated by an aversion to strategic uncertainty about the other subjects’
decision. In fact, a large fraction of subjects whose signals exceed k! invested once they
observe other subject’s investment.

Of course, we have seen an even stronger evidence that some subjects seek confidence
by delaying investment decision despite their high signal in the case of seq(2,0), where
subjects actually have complete information about the state. As Table 5 indicated, 10.45%
of outcomes were of the form (1, I;), meaning that one of the subjects delayed investment.
This is in sharp contrast to the theoretical prediction that all investment should take place
immediately. Thus, some subjects at least, would appear to be excessively cautious, not
wanting the risk the chance of miscoordination.

When we look at the subjects whose signals are between k? and k!, there seems to be
an under-appreciation of the information revealed by the decision of the other subject.
While those subjects for which k%2 < x < k! were correct to initially delay, the fact that the
frequency of delayed investment is relatively low suggests that they did not sufficiently in-
ternalize the signal that they received from observing their match’s investment. However,
note that, these subjects invest more often as the noise e increases. In other words, while
the value of the information increases, subjects better appreciates the value of information
inherent in investment decisions.

30



These two observations suggest that there are two possible types of behavior that may
explain the data: the rational type that we have analyzed in the theory section and the
type that seeks confidence in order to invest.

5.7.1 CONFIDENCE SEEKERS

Given the results that we have presented thus far, we conjecture that there are some sub-
jects that we will call confidence seekers. In our experiment, confidence seekers are those
subjects who, upon receiving a signal for which immediate investment is optimal, prefer
to wait to observe the decision of their match. Confidence seekers have been shown to
exist in other experiments. For example, Eliaz and Schotter [7”] show that many subjects
are willing to pay for information even though the ex ante optimal action remains optimal
regardless of the information revealed.

We feel that confidence seeking behavior may express itself in a couple of distinct ways.
First, our theory predicts that the period one threshold of seq should be below the thresh-
old of sv. To the extent that this is not true, it is suggestive of confidence seeking. That is,
confidence seeking subjects in seqQ may prefer to use the same (or possible higher) thresh-
old than in smv in order to gain information about the state and their match’s decision.
On this front, recall Table 3 and look at the estimated thresholds. As can be seen, for
e € {0,10}, the threshold is actually higher in the seQ game than in the sim game. For
e € {2,5}, the estimated thresholds are lower in seQ; however, the significance levels are
only 8% and 6%, respectively. Thus, thresholds are not consistently lower in seq than in
siM, which provides some suggestive evidence in favor of our confidence seekers hypoth-
esis.

Second, observe that while we would expect subject-specific heterogeneity in both the
seQ and simm treatments, only in the seq treatment, where subjects have the opportunity to
delay investment, can confidence seeking behavior be expressed. Therefore, to the extent
that there is greater variation in behavior in the seqQ treatment than in the sm treatment,
this is further indication that such behavior may explain our results. To this end, recall
again Table 3 and specifically look at the standard deviation of the estimated thresholds.
As canbe seen, for all values of ¢, the standard deviation is higher in the seq treatment than
in the corresponding smm treatment. Furthermore, the difference is statistically significant
fore € {0,10}. Again, this result further reinforces our belief that confidence seekers may
be present in our data, at least for e € {0,10}.

To gain further insights into the possible presence of confidence seekers in our seQ
treatment, we estimate a simple two-type mixture model. In particular, for the first type,
T1, we assume that the probability of investing in period one, conditional on observing a
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signal x is
_ exp(a+bx)
Pr(1|x, ) = T+ expla 1 bx)° 5)

For the second type, 7o, we assume that the probability of investing in period one, condi-

tional on observing a signal x is given by

~ exp(a+a' +bx)
Pr(fx, ) = 1+exp(a+a’+bx) (©6)

That is, the mean threshold for the first type is simply —7, while the threshold of the sec-

ond type is shifted by an amount —%/ to — ”JZ”/ . If our conjecture about confidence seekers is

correct, then we would expect there to be a small, but significant, group of type 2 subjects
for whom a’ < 0, indicating a rightward shift in the mean threshold.

Denote a generic type by 7. Then the likelihood for player i, conditional upon being
type T, can be written as

T Yit 1=yis
Li(t,A) =T] <Pr(1|x, T,A)> ' (1 — Pr(1]x, T,A)> g
t=1
where y;; = 1 if subject i invests in period one of round t and 0 otherwise, and A is the
parameter vector that will be estimated.
Next, given the conditional likelihood for subject i, we may then easily write the un-
conditional likelihood function as

Ei(/\,p) = pﬁi(Tl,A) + (1 — p)[,i(Tz, A),

where p € [0,1] is the probability of type 1. Finally, taking the product over all subjects, i,
we have the likelihood function

N
L(A,p) = qﬁi(A,P),

which can then be maximized to obtain estimates for A = (4,4, b) and p.

Table 8 reports the results of this exercise. In all sessions a likelihood ratio test easily
rejects the null hypothesis that there is a single type, against the alternative of two types.
Looking at the seq treatment, one can see that the type 1 threshold is below the equilibrium
threshold, while the type 2 threshold is always above the equilibrium threshold. This is
especially true for seq(2,0) and seq(2, 10), by quite a large amount.

Although heterogeneity is present in both the seq and sm treatments, it would appear
to be greater in the former treatment. Specifically, let y; denote the threshold of Type i
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TaBLE 8: EstiMATED THRESHOLDS FOR THE Two TyPE MIixTURE MODEL
(Last 20 Rounbs)

Treatment Equilibrium Typel Type2 0 #g p—value
seQ(2,0) 27.00 25591 35.896 0.909 3.439 0.000
SEQ(Z, 2) 27.79 26.146 30.016 0.497 1.745 0.000
SEQ(Z, 5) 28.92 25443 30.389 0.247 2.341 0.000
SEQ(Z, 10) 30.74 29.714 38565 0.632 5.647 0.000
SIM(O) 35.00 24945 27.163 0.789 0.493 0.006
smm(2) 35.00 28.091 30.971 0.489 1.309 0.000
SIM(5) 35.00 29.972 38.156 0.880 1.914 0.000
SIM(10) 35.00 29455 34.799 0.504 3.336 0.000

and ji denote the average threshold. Then, we measure heterogeneity as the standard de-

viation: o = /p(u1 — 1)2 + (1 — p) (42 — f1)2. With the exception of ¢ = 5, the standard
deviation, o, is between 44 and 228% higher in seQ(2, ¢) than in smv(e).'® Thus it appears
that endogenous timing leads to increased heterogeneity. Moreover, the precision of the
thresholds, %, is lower by between 22 and 598% in the seQ treatments than in the corre-
sponding smv treatments. Therefore, not only is there more variation in thresholds in seQ
than in siv, the thresholds themselves are less precise.

1

b\/3

across seQ and sm. An alternative approach is to estimate thresholds for each individual and then

REMARK 1. It is difficult to speak of the statistical significance of the results comparing o and

to ask (i) is there greater variation in individual thresholds in seQ? and (ii) given the estimated
individual thresholds, are subjects more prone to making mistakes in seQ?'® The answer to the first
question is yes, there is greater variation in estimated individual thresholds for e € {0,10} (in both
cases, p < 0.01). In answer to the second question, subjects make significantly more mistakes in
SEQ than in smm for e € {0,2} (in both cases, the rank sum test gives p < 0.05, while for e = 10, the
p-value is 0.107). Furthermore, the variance in the number of mistakes is significantly higher in seQ
fore € {2,10} (p < 0.01). Finally, the average of individual thresholds is only significantly lower
in seQ(2,5) than in sm(5). Indeed, when e = 0, there is actually some evidence that thresholds are
higher in seQ (rank-sum test, p = 0.097). Thus, we are quite confident that there is much greater
heterogeneity in the seqQ treatment than in the sim treatments, which we attribute to subjects using
the ability to delay investment in the seQ treatment in order to gain confidence.

18For e = 5, the standard deviation is 20% lower in the seq treatment.
9Given the estimated threshold, we define a mistake as either (i) a subject does not invest despite receiving
a signal higher than the threshold or (ii) a subject invests despite receiving a signal lower than the threshold.
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6 CONCLUDING REMARKS

The present paper analyzed a simple global coordination game with endogenous timing
in order to understand the effect of timing on coordination under asymmetric information.
The theoretical analysis highlights two forces behind timing decisions: learning and com-
plementarities. We show that in the equilibrium optimistic players invest first and convey
information about the profitability of investment. In addition to this learning effect, the
investment eliminates the strategic uncertainty and encourages investment through strate-
gic complementarities. The normative analysis show that endogenous timing leads to an
efficient outcome especially as players’ private information become infinitely informative.
Moreover, the relative effect of endogenous timing vis-a-vis simultaneous case on welfare
increases as signals become less 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: (7)) how do the two effects of timing—learning and complementarities—
determine subjects’ actual behavior; and (i7) how does the option to delay affect welfare?

A summary of the main results of the experiment is as follows. First, we find that com-
pared to theory benchmark, in the simultaneous treatments subjects invest more whereas
in the sequential treatments they invests less. Furthermore, we also show that the compar-
ative statics on average thresholds are largely consistent with the theoretical predictions.

We also find that coordination rates are higher in the sequential treatments than the
simultaneous ones especially when the signals are less informative. In fact, we find that
the complementarity effect of timing is not significant while it seems there is a signifi-
cant learning effect. Overall, endogenous timing increases efficiency in the same manner
that the theory predicts. The significant efficiency gain that we observe in the experiment
makes us argue that the behavioral difference between static and dynamic global invest-
ments games is sufficiently different to justify a continued focus on behavior in dynamic
games, especially in environments with asymmetric information.
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APPENDIX

A. OMITTED PROOFS

Proof of Lemma 1. Let® > ', x > x’ and assume that fx.(+|0) satisfies mLrp for i = 1,2.
(i) Therefore

(by Bayes’ rule)

Hence fo(-|x) satisfies MLRP.
(i1) Rewrite fx;(x;[x;) as

fg(xjlx) = [ fi (x10)dFo 6],

Recall that fo(-|x) and fx,(-|0) satisfy MLrp. Since MLRP is preserved under convolution (see Karlin
[29]), ij(-\xi) also satisfies MLRP. =
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Proof of Lemma 2. Assume that fx.(-|6) satisfies mLre for i = 1, 2.
(i) Since fe(-|x) satisfies MLrP, we have E[O|x] > E[@®|x'] for x > x’. Let k € R. Observe that

EOx;,x; > k] = /E[®|xi,xj = x|dFx;(x|x > k)
k

> /E[®|xi,x]- — KBy (x]x > )
k

= E[@]xi,xj = k.
By use of this observation we get
E[@®[x;] = Fx;(k|lx:)E[®]x;,x; < k] + (1 — Fx; (k|x;) ) E[®]x;, x; > K]
— By (kx) /k E[O)x;, x; = tdFx, (]t > k) + (1 — Fx,(K|x)) E[®|x;, x; > K]
< By (klx) /k E[@]x;,x; = KldBx (¢ > k) + (1 — B, (K|xi)) E[@]x;,x; > K]

Fx; (k|x;)E[@®]x;, x; = k| + (1 — Fx; (k|x;) ) E[®|x;, x; > K]

< ij(k]xi)E[@\x,',xj > k] + (1 - Fx <k‘ ) [@]xl,x] > k]

= E[@\xi,xj > k]
Similar arguments prove cases (ii) and (iii). O
Proof of Lemma 3. Let T > 2, and ¢ := (0;,0;) be a monotone strategy profile. Suppose that o

is a perfect Bayesian equilibrium of the game. Note that if (a!, [,Z;) = (W, 1), by irreversibility of
investment, there is no information to be revealed by player j in subsequent periods. Moreover,
because it is costly to delay investment, either i = W foralls > tora; = IforallT > s > t.
Therefore, we will write hily to denote the history that players observes at time ¢ in the equilibrium
path, where the subscript x () denotes how many periods prior to f player i (j) switched to action
I. x (y) = 0 means player i (j) still waits. Also, we will denote all the relevant information that is
available from the history of actions h' by /.

We will proceed by backward induction. If player i observes i, he invests in period 7 if and
only if

/55 1
E[@)xi,t xj > k; 60 > (t—1)c. (7)
By the absolute continuity of the random variables, the left hand side of the inequality (7) 1s con-
tinuous and 1ncreasmg in x;. Hence, either there is a unique k; "1 ¢ R such that at xi = k; 2 (7)

holds at equality, or k; o1 = = oo, i.e. player i does not invest for any x;.
If player i observes h{ o, he invests in period 7 if and only if

17598 1

E[@ xi, 7 x < k; 60 ) > (t—1)c. (8)

x;, T x < khs'al —F kh‘g'o
17 [dd| ] X] ]

Since the left hand 51de of the inequality (7) is larger than the left hand side of the inequality

(8), by Lemma 2, we get k. "o > khol
Now, we analyze player i’s opt1mal behavior at time 7 — 1.
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If player i observes haal, his expected payoff from investment in period T — 1 is
E[®]x;, "] — By (kf|xi, 1) = (7 = 2)c. )

N ., .
where ki = min {k kY } In order to analyze player i’s ex ante expected payoff from waiting
hg hE hg ,
in period T — 1, suppose that x; > k.*. Since k;”* > k;!, player i will invest in period T after any
history. Thus, his ex ante expected payoff is
71 71
xi, 1", X < hgg ) —(t—1)c

hl’
X, L i 1)1:)(, <k.0'0
j ]
o'

= E[O|x;, (1] — Fx; (mm {k] ,k;lgo}

E[@]xi, 1771] — Fx], <k 00

xi, 1T 1) —(t—=1)c (10)

hT hT hT h‘r—l
Since we already have k]-°'° > k]. ", (9) is larger than (10). Thus k;*° > k;*° , i.e. player i would
hT
have already invested in period 7 — 1 for x; > k;*°.
hg .
We now consider the case in which x; < k;*'. Since player i does not invest in period 7 for

hT
< k;*" his ex ante expected payoff from waiting is zero. Moreover the inequality (7) does not
hold, which implies that the expression (9) is negative. Therefore, there is never an investment for

151 rs 51
x; < k;”" and hence k™" > k;”".
ht hrl hT .
These two observations imply that k;** > k,** > k> fori =1,2.
Now suppose that T > 3 and let us analyze the optimal behavior in period T — 2. Before we
proceed note that the period T might have any relevance in determining the optimal behavior in

period T — 2 only after history hg,az. So, suppose that player i observes history hg,az. Then, his
expected payoff from investment in period T — 2 is

E[O|x;, %] — Fx (k7™ |x;, 772) — (1 -3)c (11)

. h‘r 1
where k’.‘* = min {k b0’ k]10

does not invest after hgoz, he does not invest after hTO 1 either. But that means the decision at time
T — 2 is independent of the optimal behavior at time 7. In other words, if both players play W in
period T — 2, then they never play I in periods T — 1 and 7; only if one of them invests in period
T — 2 then the other either plays I in period T — 1 or he plays W in both periods T — 1 and 7.

K= 1 ht
Therefore, repeating the same analysis, for i = 1,2 we get k; "0 > k" >k forallt =
1,---,7. O

} The comparison of (11) with (9) directly reveals that if player i

Proof of Proposition 1. Let ¢ := (07,0;) be a monotone strategy profile. By Lemma 3 we know that
nl
there is no investment in the equilibrium path after the second period. That is, if x; > k;** player

. . . . . I - hg . .
i invests in period 1, otherwise he waits. If his signal is k;”' < x; < k,* he invests in the second
period only if he observes that player j invested in period 1; otherwise he never invests.

h2 hl
Therefore it is sufficient to analyze only the first two periods k;*' and k;*° as they characterize

K2 h
the equilibria. From here on we will write klz =k, o1 and k} =k 00

39



First observe that at h = & player i’s payoff from investment is

E[O|x;] — Fx, (k7 |x:). (12)
If player i observes h%/l, he invests in period 2 if and only if

E[®|x;, xj > kj] > c. (13)

Let ¢* := sup,,E[O|x;, Xj > k]l] The left hand side of the inequality is continuous and increasing
in x;. Also by Lemma 2, E[@|x;, x; > kjl] > E[O|x;] and E[®|x] = 0 for some x. Hence, for ¢ < c*,
there exists a unique k? such that (13) holds at equality at x; = k?.

The ex ante expected payoff of waiting in period 1 is

(1 = Fx; (k}|x;))E[© — c|x;, x; > Kj], (14)

since player i invests in period 2 only after observing an investment.
Player i invests in period one if the expression (12) is at least as large as the expression (14),
which we can write as

E[®|x1]

v

ij(ka\xi) + (1 - Px](k]l|xl))E[® - c|x1-,x]- > kjl]
in (ka\xz) 1-— Fx].(k]”xi)

B (kx)  Bo(kix)

Xj\hjlti Xj\hj It

v

E[Ox;, xj < kﬂ (15)

by writing E[@]xl] = ij(k}|xi)E[®\xi, x]' < kjl] + (1 - Fx/.(k]”xi, x]‘ > k}))E[@\xl, x]' > k]l] Note
that the in (15), the left hand side is continuously increasing in x;, the first term on the right hand
side is less than 1 for any x;, and the second term on the right hand side converges to zero as x;
becomes infinitely large. Moreover, E[@|X] = 1 for some ¥ = 1. Therefore by continuity and
monotonicity there exists a unique k} such that (15) holds at equality.

For ¢ < c¢*, the symmetric equilibrium of the game is characterized by thresholds k!, k> such
that

B0y =2y >K] = (16)

1—Fx.(k1‘x,‘ :kl)
RS UONE § 20l oy j
E[@Ofx; = k', x; < k'] — Fx;(K*|x; = k', x; < k') c B =) (17)

Now we show that the equilibrium is unique. First let us show that the symmetric equilibrium
is unique. Note that by the monotonicity of (16) for a given k! there exists a unique k?. Moreover, k
is decreasing in k'. Therefore uniqueness is immediate since (15) holds for a unique k!. To see that
the equilibrium is unique suppose that there is an asymmetric equilibria characterized by (k;, k?)
and (l}, l]2) Therefore, the following equilibrium conditions hold. Without loss of generality as-

sume that 1]1 > k]l.. Thus, 1]1 > k} > k> l].z, which implies
c=E[O|x; = klz,xj > 1]1] > E[O|x; = klz,xj > k] > E[O|x; = ljz,x]- >k =c
where the equalities follow from the equilibrium condition (16). A contradiction.

For ¢ > c* there is no x; for which a player invests in the second period. Therefore the game is
simultaneous. We omit the analysis since it is standard. O
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Proof of Proposition 2. There exists an equilibrium of the simultaneous game if ¥ (x) : [0,1] — [0, 1],
defined as ¥ (x) := Fx,(x|x; = x), has a fixed point. But since the random variables ®, E; and E;
are absolutely continuous, the result follows from Brouwer fixed point theorem.?

In order to establish existence and uniqueness of the limiting equilibrium, we first show that
for any two sequences of equilibria {x"} and {A"}, if lim,_,e " = x and lim,_,, A" = A then
x = A. Without loss of generality suppose that A < «. Since the random variable X}’ conditional on
x!' = x weakly converges to x, we get lim, 1—")(;;(/\]36;-1 = «) = 0 and lim,_, I-ﬂ>(7()\|x§1 =A)>0
which contradicts A < «. Since the sequences are bounded, by the Bolzano-Weierstrass theorem
there is a unique « € (0,1) such that any sequence of equilibria converges to «. O

Proof of Proposition 3. The random variable Xj' conditional on x}' = x weakly converges to x. Also
we know that k! and k? are continuously and inversely related. Therefore, we get the result from
(16).

O

20There are weaker sufficient conditions to guarantee existence, yet we omit this discussion for brevity.
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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 following
earnings (the explanation of Q will be given later):

e If you choose A and your match chooses A: You earn Q and your match earns Q points.
e If you choose A and your match chooses B: You earn Q — 20 and your match earns 25 points.
e If you choose B and your match chooses A: You earn 25 and your match earns Q — 20 points.

o 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 corresponds
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

25,0 — 20 25,25
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WHAT 15 Q7

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 independently.
Therefore, it is very likely that they will be different numbers; however, both estimates will be
between Q — 5and 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 = 2x2 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.

43



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. Pay-
ments 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 O and E; are distributed uniformly between a < b and —e < ¢, respectively.
We first compute the posterior on ® for a given signal x;.

POSTERIOR ON ® FOR A GIVEN SIGNAL x: The posteriors are all uniform with different
supports depending on the realization of x since a given realization of x can be generated by a
realization of 6 € [ max{x — ¢,a}, min{x + ¢,b}|. The posterior is therefore given by

x+£—a ifx e [a—e,a+e], x+§+a ifx e [a—e,a+e],
fo(6lx) = % ifx€a+eb—e], hence E[@[x] =< x ifxeateb—e,
— ifxe[b—eb+el, eth ifx e [b—eb+el.

POSTERIOR ON X; FOR A GIVEN X;: There are two critical regions that we should look at.
Interior Case: x; € [a+¢,b — ¢].

For any given x;, the highest possible 6 x; + ¢ whereas the lowest one is x; — e. Conditional on 6,

each realization x; has probability 2% Applying the previous findings we get

min{x;+ex;+e} 1

follx) = [ fo(xlo)folelde = [

) 7
max{x;—e,x;—e} 4e?

0 if xj < x;—2e,
Xj—x;i+2e .
v if x; < xj,
= i—Xj+2 .
TS x> x,
0 if x; > x; + 2e,

where it can be seen that the posterior on X; is symmetric and its support is [x; — 2e, x; + 2¢|. Notice
that x; and x; are never more than 2e apart so that x; — x; +2¢ > Owhenx; < x;and x; —x; +2¢ > 0
when x; > x;.

Boundary Cases—Case 1: x; € [a —¢,a +e].
In this case, the posterior of 6 for a given x; has support [, x; + ¢]. The domain of the integral
yielding fx(xj[x;) is 0 € [a,x; +e]ifx; € [1—ex], 0 € [a,x;+e]if x; € (x;,a+te], and 6 €
[xj —e,x; +e]if x; € (a+e, x; + 2¢]. To summarize:

(0 ifx;<a-—e
Zefﬁ:% if x; € [a — e, x;)
fx;(xj]xi) = % if x; € [x;,a+e)
% if x; € [a+e, x; + 2e)
0 if x; > x; +2e

\
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Boundary Cases—Case 2: x; € [b —e¢,b+e].
Applying similar arguments as in Case 1 we get

0 if Xj < X —2e
i—Xi+2 .

% if x; € [x; —2¢,b —e)

1 .

fx;(xjlxi) = < 2 if x; € [b—e,x;)

b—x;+ .

et ¥ € [xi b+l

0 if Xj >b+te

Now we can compute Fx; (k|x;). We restrict attention to the interior case of x; € [a +¢,b —e].
There are two cases:

1. k € [x; — 2¢, x;]. In this case:

/k Xj— X + Zed (k —x;+ 26)2
X

ij(k|xi) = Y 402 Xj = 82

2. k € (xj, xj + 2e]. In this case:

Fx;(k|x;) =1 - /:ﬁze dej - (Xi_g‘;%)z
Hence
0 ifk <x;—2e
(kﬂg%k)z if k € [x; — 2e, x;]
ij<k‘xi) = 1— % if k € [x;, x; + 2e]
1 if k> x; +2e

POSTERIOR ON ® AFTER OBSERVING x; < k OR X; > k: Let us start with fo(0]x; <k, x;).

Fx;(k|0) fo (6]x;)

fo(Blx; <kx;) =

Fx; (k|x;)
l[xife,xi e]ﬁ[a,k—e]lg :
W iff € [a,k—e]
= Lx;—ex;+enk—ek+e] % (fgk,e de) .
ij(k\xi4) ifo € k—ek+e
0 ifo € [k+e,b]

Again, there are two cases: k < x; and k > x; (with |k — x;| < 2e).
1. k < x;. In this case the posterior is

k
by areis (149
Fx; (k|x;)

f@(G\xj S k,xi) =
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2. k > x;. In this case the posterior is

1 k
foBlx; < kx) = Mmekodze | Thoexidda (Js-de)
O =R (k) Ex, (K]

The posterior fg(6|x; > k, x;) is given by:

(1 — Fx; (k1)) fo (6]x:)

Olx; >k, x; )
fo(8]x; i) 1 — Fx, (k|x;) s
0 if6 € [a,k —e]
Lixj—ei+elnlk—ekee] % fkgﬂ’ de .
= 1ij(k|ii)< ) if0 € [k—e k+el -
1
l[i_&% if0 € [k+e,b]

There are the usual two cases: k < x; and k > x; (with |k — x;| < 2e).

1. k < x;. In this case the posterior is

A [ote xite 1
fo(B]x; >k, x;) = Yi—ekidzz < k de) kte 2¢
I 1 —FXj(k\xi) 1 —FX].(k|xi)

2. k > x;. In this case the posterior is

0
l[kfe,xﬁe] ﬁ ( k e de)
1= B, (K[x7)

fg(@‘xj' > k,xi) =

It can be verified that the posterior in the last expression and the posterior for the case in which
x; <a-+eandk > 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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SEQ. Second period condition: If k! > k?, substituting from the previously derived expression

we have:?!

K+e 51 0+e > .
e 9@ ( i de) do B kklj-ee %d@
I-F (KR~ Pk

8e?

E[O|x; > k', k]

2 2
K024 — (k' —e) [5 1 0do

(k? — k' + 2¢)?

2
(K2 —K'+2¢)? K24k 1 Kkl
7 + 12 — (k' =)™

(k2 — k! + 2e)
2 4 B2 (12 — 1+ 2¢)
(K2 — kT + 2e)
H—H+k+w+ﬁ
6 2
2k + k! +e
3

= 2

= 2

In the second period a player invests conditional on observing one investment if E[f|x; >
k',xj] > ¢+ s where c is the waiting cost and s is the payoff from the safe action. Therefore,
for a given ki, k> < k! and k? — k! > —2e, the second-period threshold is given by:

3 e
2—7 — e — c—
k —2(c+s) 575

First period condition with k! > k?: for a given loss from investing alone L, waiting cost c and
safe action payoff s, from the expressions previously derived we have:

1 (K+e Kl _—fgte (k2 — k' + 2¢)?
. 1 7217 2| 111 _ = o
E[©]x; < k', k'] — LFx,(]x; < kLK) = e/kl_e R
(K ek — LA — (k)2 (KK 4 20)?
n e 42
e (k> — k! + 2¢)?
=k 3 L 4e2

Therefore, the equilibrium threshold klis given by:

k2_k1 2 2
kl—g—Lw+c—s:O,

2INotice that fkkfj: 0d0 is the expected value of a uniformly distributed random variable multiplied by
2 2
the total mass. That is, [, kk1 f; 0do = (k2 — k! + 2¢) # By a similar argument, |, kk1 j': 62d0 = (k* — k' +

2
20 [t (2307
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and substituting the expression for k?, we obtain:

2
kl—g—L<je> (c+s+e—k )2 +c—s=0.

SNC. Equilibrium conditions: The second period condition with > < I! satisfies:

The first period condition satisfies:

ll—§+c—s:O

and solving for I? yields:

2
?=2 - =
c+s 38

It is easy to verify that [* < I! if ¢ > 3¢ and that the same condition implies that /! > s so that
both thresholds are well defined.

In the experiments where e < 5 and ¢ < 4, it can be readily verified that ¢ < 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[@®|x;] < s or x; < s. Suppose that the first-period equilibrium threshold is
I > 5. Then it must be the case that for s < x; < Il itis optimal to delay. For given | 1 we have that:

2x;+ 1" +e

E[@|x; > I',x;] — (c+5) = 3

—(c+s)

which is negative for all x; </ L<s4c¢— % This means that player i invests the first period for
s<x;<I'<s+4c¢— £ and I'e(s,s+c— £] cannot be an equilibrium. Now take N>s4+c— 5
If this were an equilibrium, then we would have

E[OI1) s = [E[@lx; > 1L 1" — (c+5)] [1 B (1) = [+ & — ¢~ s]%
but the left-hand-side equals I' — s and the first argument of the right-hand-side is positive but
cannot be higher than I' — s because § — ¢ < 0.

Finally, for x; < I = 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 x; > s or otherwise
delay indefinitely.
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