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Abstract

We analyze costly information acquisition and information revelation in groups that evalu-
ate different decision options in a dynamic setting. Even when team members have perfectly
aligned interests the group may inefficiently delay decisions due to either insufficient informa-
tion acquisition effort or due to the unwillingness of informed team members to reveal their
information in an attempt to incentivize their co-workers to continue searching for information.
Although deadlines can reduce costly delay, we show that, surprisingly, expected decision time
is non-monotonic in the length of the deadline. The optimal deadline is unique and finite and
incentivizes team members to intensely search for information while at same time minimizing
any unnecessary delay in decision-making. As long as the deadline is set optimally, welfare is
higher when information is only privately observable to the agent who obtained rather than to
the entire group. We further explore how contracts, monitoring and third-party information

intermediaries influence the actions of the group members.

1 Introduction

Many important decisions are made by committees. This paper studies joint decision-making in
teams in a world where agents must be motivated to acquire information. The analysis identifies
some basic forces that influence a group of decision-makers in situations where decision-makers
expend some effort to gain information about the alternatives at hand. These situations are very

common. For example, members of an executive board must gain information about a project’s
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profitability and likelihood of success in order to evaluate which corporate strategy to pursue. In
trial juries it is important that jurors pay attention to the evidence in order to make an informed
judgement. Parents must investigate the quality of schools before deciding where to send their
offspring. Important national policy decisions are made by a council of ministers who must gather
information about the possible courses of action, and, of course, faculty members must gather and
communicate information about potential candidates when deciding to recruit new colleagues.

In their decision-making process committees face several important challenges even in the ab-
sence of conflicting interests in choosing the most valuable option. First, team members must be
willing to invest time and effort to search for information. This involves costly decisions such as
reading and compiling market forecasts, evaluating judicial evidence or reading school quality as-
sessment reports. The standard model of collective decisions under uncertainty does not speak to
this issue because it assumes that decision makers are endowed with (costless) information. Second,
team members should share information efficiently and in a timely manner. When some expert
members that previously succeeded in finding information about the best possible course of action
fail to communicate their information, the committee may unduly delay its decision and or make
the wrong choices.

These two considerations are often in conflict and lead to a complex trade-off between incentives
for private information gathering and intra-committee communication. This trade-off is critical to
the understanding of why groups often fail to make decisions in a timely manner. In particular, the
desire to maintain the motivation of other committee members to search for information can lead
experts to keep mum about their own discoveries. Conversely, the reluctance to share information
in a timely manner may undermine the group members’ incentives to search for information.

We formally analyze these competing forces in a (continuous-time) model where at any point in
time each team member can choose to gather information and (unilaterally) call a decision before
a finite time horizon 7. More information helps the team members to make better decisions, but
collecting this information is privately costly. Since the group members equally share the benefits of
a more accurate decision, the costly acquisition of information becomes a public good and members
of the group will attempt to free-ride on the information acquisition efforts of other members. Thus,
one might think that the group will always be underinformed when making its decision. However,
this intuition ignores that when obtained information is not readily observable to all team members,
but, instead, only to the expert who originally found information. Although team members will
divulge all the information they have as soon as a decision is called to ensure that the team takes
the best possible decision, they have strong incentives not to communicate what they know before
that. The reason for such behavior is that with decreasing returns to information, an expert is less
willing to search for information if another team member is already informed. An informed expert
would always like to pretend he is not informed to induce other members to gather information
and then reveal his information when a decision is called. Of course, in equilibrium the other team
member will anticipate such behavior and accordingly update his belief that the other expert is

informed. Thus, under some circumstances an uninformed expert may decide to continue searching



for information even when it would be efficient not to delay any longer and to call a decision.
Conversely, he may only casually search for information even when the other team member is not
informed.

In particular, we provide a characterization of the symmetric equilibrium strategies employed by
the members of the team. Most notably, the behavior of the players is significantly affected by the
length of the time that is still available until the final deadline at time 7" and thus agent behavior
displays a number of interesting characteristics. When 7' is relatively small, that is to say there is
little time between the start of the game and the deadline to become informed, an uninformed agent
has strong incentives from the start of the game on and chooses to exert maximum effort epay. In
response to this high effort choice any informed agent prefers not to call a decision and to delay since
she benefits from the potential acquisition of an additional signal by a hard-working uninformed
agent. However, as T increases, this equilibrium is no longer sustainable. The belief of uninformed
agents that the other team member is uninformed would be too high and an uninformed agent would
no longer be willing to exert such a high level of effort. As a result, uninformed agents choose lower
effort levels to compensate for the fact that the other team member is likely to be informed and
just delaying the decision with some probability. As T increases even further, informed agents may
no longer prefer to delay their decision since the aggregate cost of delay §7" increases as T increases.
As a result, when T is large an informed agent will initially prefer to forego any delay costs and
instead choose to immediately call a decision upon acquiring a signal. Thus, the frequency at which
decisions are called by an informed agent is decreasing over time for a given length of the deadline
T.

One immediate implication of this analysis is that the expected decision time of a committee is
non-monotonic in the length of the deadline T'. Although a strict deadline provides strong incentives
for agents to gather information, it also mutes the incentives to reveal information and to make a fast
decision. Thus, strict deadlines may sometimes be counterproductive when immediate decisions are
required. Furthermore, our model suggests an explanation for why committees may delay decisions
without its members actually looking for more information. That is to say, when deadlines are very
strict our model provides a formal characterization of “Parkison’s Law” which posits that “work
fills the time available” as all decisions will be delayed until the final deadline. Furthermore, we
investigate the optimal length of the deadline and show that there is a unique finite deadline that
maximizes agents’ welfare. This optimal deadline is set in such a way that it maximizes beneficial
search efforts while minimizing unnecessary decision delays.

Our model also highlights the importance of observability of successful information acquisition.
When information is immediately observable to all team members, free-riding on information ac-
quisition will lead to a severe underprovision of search effort, but at least decisions will be taken
immediately once information has been obtained. In contrast, when information is only privately
observable team members may even collectively overinvest in information acquisition, but decisions
will be taken unnecessarily late in an attempt to benefit from another team member’s information

acquisition. We provide a clean comparison of the polar cases of private and public information.



Surprisingly, we show that as long as the agents can optimally set the deadline ex ante, welfare
is always higher when information is only privately observable. This is because in the private
information case the agents can reap informational rents from successful information acquisition
and thus have stronger incentives to invest in effort that outweigh any costs resulting from delayed
decisions. However, we also show that when the group does not have full ex ante control over the
length of the deadline and the deadline is set inefficiently short, the team members may instead
benefit from making information publicly observable.

Finally, we consider a number of extensions of our baseline model such as the use of explicit
contracts for the team members as well as third-party information aggregators such as a committee
chairperson who can call a decision when both team members are informed and are unnecessarily

delaying making a decision until the deadline.

1.1 Related Literature

Our model is related to the large and growing literature on decision-making in groups. Several
previous contributions have focused on the existence of conflicting preferences (Li, Rosen and Suen
2001; Dessein 2007)!, the counterproductive effects of career concerns (Ottaviani and Sorensen
2001; Levy 2007; Visser and Swank 2007) and the distortions generated by voting rules (Feddersen
and Pesendorfer 1998). Another strand of the literature analyzes how incentives for individual infor-
mation acquisition in committees can be optimally provided by structuring the decision procedure
(Persico 2004) , the size of the committee (Cai 2009), the voting rules (Li 2001), or restricting the
action space (Szalay 2005). Gershkov and Szentes (2009) are one notable exception in this literature
as they also focus on influencing the prior information of the members acquiring information. They
find that a social planner who accounts for members’ efforts would leave any member as much in
the dark as possible. Blanes-I-Vidal and Moeller (2010) also jointly study decision-making and in-
centives, but their focus is on incentives to implement a common decision rather than on incentives
to acquire and communicate information. In terms of modeling approach our paper is most closely
related to Bonatti and Horner (2010) who also study effort incentives in teams in a continuous-time
framework, but they abstract away from the incentive problems related to information sharing that
are central to our analysis. Finally, delay and optimal deadlines in group decision-making are also
the focus of Damiano, Li and Suen (2009, 2010) who study repeated voting games between team
members with differing interests.

The remainder of the paper is organized as follows. In Section 2 we introduce the model
in its most general form. In order to build information for our continuous-time results, we first
focus on a simple two-period case in Section 3 which highlights the main driving forces of our
analysis. We then introduce the more general continuous-time model in Section 4. Subsequently,

we characterize the equilibrium strategies and derive several comparative statics results regarding

! Another strand of literature studies how incentives for information acquisition arise if decision-makers have
different preferences (Aghion and Tirole 1997) or beliefs (Che and Kartik 2009) and thus take different decisions
conditional on holding the same information.



expected decision time and welfare. Finally, in Section 5 we consider a number of extensions such as
explicit contracts, changes in the team decision protocol and third-party information intermediaries.

Section 6 concludes.

2 Setup

A team of two agents choose a decision a to match a state of the world 6. Both agents have
identical preferences regarding the decision to be taken for a given state of the world, but the state
of the world is unknown. The decision utility is given by a quadratic loss function — (0 — a)2.
Agents can exert costly effort e to acquire information about the state of the world in the hope of
making a better informed decision. However, information acquisition costs are borne privately an
agent’s effort is unobservable to the other agent. This results in a standard moral hazard problem
within the team; both agents would like to freeride on each others’ effort to acquire information.
In addition, information about the state of the world is only observable to the agent who acquired
it. Hence, agents may choose whether or not to disclose the information they obtained to induce
their team partner to acquire more information.

Fach agent starts with an identical normal prior § ~ N (O, %) with the precision denoted
by €. Agents can acquire additional signals s which are normally distributed with precision T,
s~N (0, %) Exerting effort increases the probability of acquiring an additional signal. A better
informed decision reduces the expected quadratic utility loss. The additional value of a first signal
is denoted by «q, which is given by

1 1 T
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Similarly, we can define the additional value of a second signal by as

1 1 T
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Clearly, the additional value of a signal is decreasing, a; > ao. As the signal becomes infinitely

precise, the marginal value of the first and the second signal are given by

. 1 .
lim oy = — and lim as =0
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We assume that information is hard; agents can credibly reveal their signal s, but they cannot
credibly reveal that they have no information. Disclosing information reduces the other agent’s
incentives to acquire more information because the second signal is less valuable than the first.
However, concealing information delays the decision. We assume that agents may choose whether
or not to call a decision. Calling a decision is irreversible so once it is called by either agent a
decision must be made. Agents may (and do) reveal any information they have when a decision is

called before deciding on an action. The game ends after an action «a is taken. As long as a decision



is not called, agents incur an additive delay cost 9.

To establish an efficiency benchmark, we assume that the parameters of the model are such
that it is efficient for both players to exert maximum effort up to the point that one player acquires
a signal and calls a decision subsequently. This naturally implies that agents will immediately
call a decision if it is commonly known that a signal was acquired. Moreover, an agent will never
exert effort to acquire a second signal, but she may inefficiently delay a decision hoping that the
other agent will acquire a second signal. We call an agent informed if she acquired one signal and

uninformed if she did not obtain a signal.

3 A Simple Model

We first consider a simple model to highlight some of the interactions between the agents’ decisions
to exert effort and to disclose information. An agent is more willing to exert effort if she deems it
unlikely that the other agent is informed. This is the reason why an informed agent may conceal
her information. She is more likely to do so the more effort she believes the other agent is still
exerting. Clearly, in equilibrium, each agent correctly anticipates that the other agent may have
become informed in the past, but decided not to disclose her information. This equilibrium belief
decreases the incentives to exert effort for the uninformed agent and thus the incentives to delay a

decision for the informed agent.

3.1 Setup

In this simple two-period model, we assume that each agent is informed with probability 1 — ¢ at
the start of the game and uninformed with probability ¢. The one agent moves in the first period,
the other agent moves in the second period.

The agent who moves in the first period chooses the probability that a decision is called in the
first period. We denote this decision probability by d (¢,n) : [0,1] x {0,1} — [0, 1] which depends
on the probability that the second agent is uninformed ¢ and the number of signals n the agent
has. If a decision is called, both agents reveal their information and take the decision a = E [0|Q4]
given all the information €23 known in the first period. If no decision is called in the first period,
both agents bear a cost § from delaying the decision until the second period. However, delaying
the decision to the second period allows the second agent to acquire more information.

The agent who moves in the second period chooses effort from an effort function e (éﬁ,n) :
[0,1] x {0,1} — [0, emax] given her updated belief ¢ that the other agent is uninformed. When
exerting effort at cost ce, this agent obtains a signal with probability Ae, where ¢ and A measure
the marginal cost and return to effort. If the first agent has not called a decision in the first period,
a decision is called in the second period after the effort choice of the second agent. Both agents
reveal their information and take the decision a = E [0#|€s] given all the information s known in

the second period.



Incentives to exert effort When the second agent is uninformed, her marginal gain from ex-

erting additional effort equals
A [g?)al + (1 - (})ag —c,

where ¢ is the second agent’s belief that the first agent is uninformed given that she has not called
a decision in the first period. The marginal return to effort depends on the increased probability
to require an additional signal and the expected value of that signal. The marginal return is thus
higher the more likely it is that the first agent is uninformed as this increases the expected value
of an additional signal. If the marginal gain is positive, the uninformed agent will exert maximum

effort (e (g?), O) = €max)- If the marginal gain is negative, the uninformed agent will exert no effort

(e (g?), O) = 0). Define ¢, as the belief for which the uninformed agent is indifferent about how

much effort to exert,
A [g?)eozl + (1 - g?)e)ag] = C.

We assume Aoy > ¢ > Aag. Hence, an agent who is informed or knows that the first agent is

informed will exert no effort, i.e., e ((Nﬁ, 1) = 0 for any ¢. An agent who is uninformed (n = 0) and

knows that the other agent is uninformed (¢ = 1) will exert maximal effort, i.e., e (1,0) = emax-

Incentives to delay a decision When the first agent is informed, her gain from delaying a

decision until the second period equals
Ae ({b, 1) oas — 0.

By incurring a delay cost 6, the first agent allows the second agent to acquire an additional signal.
The first agent anticipates that the second agent will exert effort only if she is uninformed and
does not know that the other agent is informed. The gain from delaying a decision is higher the
higher the expected effort level exerted by the second agent. This depends on the probability ¢ that
the other agent is uninformed and the effort level e ((}), 0) exerted by the agent when uninformed.
Define € (¢) as the effort cut-off level for which the informed agent is indifferent between delaying

and calling a decision,

X (¢) pas = 6.

Note that the expected return to delaying a decision in the first period is at least as high for an
uninformed agent as it is for an informed agent, since a3 > ag. If the informed agent is indifferent
and calls a decision with probability d (¢,1) > 0, the uninformed agent strictly prefers to delay a
decision d (¢,0) = 0. We assume that § is sufficiently small for an uniformed agent not to call a
decision, i.e., d(¢,0) = 0 for any ¢ > 0. As a result, the second agent revises his belief that the

first agent is uninformed upward to

b=




3.2 Equilibrium

If the cost of delay is too high, the first player never chooses to conceal her information when
informed and immediately calls a decision, regardless of the effort an uninformed player would
exert in the second period. However, if the cost of delay is sufficiently low, the effort level that the
second player is expected to exert determines whether the first player finds it worthwile to delay a
decision. The incentives for the second player to exert effort depend on her updated belief ng that
the first player is uninformed. If the incentives for exerting effort are large, the unique equilibrium
involves uninformed players exerting maximum effort and informed players delaying a decision.
If the incentives for exerting effort are small, the informed agent will call a decision with positive
probability. This increases the incentives of the second agent who now believes that it is more likely
that the first agent is uninformed when she did not call a decision. The second agent will exert the
lower effort level € (¢) such that the first player is indifferent between call a decision immediately

and delaying when informed.

Proposition 1 For § > Aepmaxas, an informed first player calls a decision, while an uninformed
second player exerts e (1,0) = emax. Otherwise, the unique equilibrium strategies and beliefs are as

follows:

(i) if & > ¢,, an informed first player does not call a decision, d (¢, 1) = 0. An uninformed second

player chooses to exert maximum effort e ({b, 0) = emax. Her belief remains unchanged ¢ = ¢.

(ii) if ¢ < ¢, an informed first player calls a decision with positive probability, d (¢,1) = ¢(‘51__(2).

Pe
An uninformed second player chooses to exert effort e (&5, 0) = ¢e(¢). Her belief increases to b= b, .

Proof. If § > Aepaxpaa, the informed player calls a decision for any e € [0, emax]). If no decision is
called, the second player updates her prior belief to g?) = 1. She exerts maximal effort e (1,0) = emax,
since Aoy > c¢. This equilibrium is unique.

If 0 < Aemaxag, the informed player is willing to delay a decision only if e > € (¢). The second
player exerts maximum effort only if b > ¢,. If the first player never calls a decision, the second
player’s belief remains unchanged g?) = ¢. We distinguish between two cases.

In the first case with ¢ > ¢, the equilibrium strategies are as described in (i). The uninformed
second player exerts maximum effort as <E> = ¢ > ¢,. The informed first player delays as emax >
€ (¢). Moreover, the equilibrium is unique. If the informed player calls a decision with d (¢,1) > 0,
the second player would update his belief to g~b > ¢ (2 (ﬁe) and exert maximum effort epax > € (9).
Hence, the informed player is not willing to call a decision. This constitutes a contradiction. The
strategy is thus unique except when € (¢)) = emax. In this case, the first agent is also willing to call
a decision, despite the maximum effort of the second agent.

In the second case with ¢ < ¢,, the equilibrium strategies are as described in (ii). The unin-

formed second player is willing to exert effort e (&s, 0) = €(¢) as his updated belief equals b= b,

when d (¢,1) = &f(ﬁl_—(fb) > 0. The informed first player is willing to call a decision with positive



probability as e ((Nﬁ, 1) = e (¢). Also this equilibrium is unique. If the second player would exert a
lower effort, the informed first player would call a decision. Hence, the second player would update
his belief to ¢ = 1, and thus be unwilling to exert low effort. If the first player would exert a higher
effort level, the informed first player would delay a decision. Hence, the second player would keep
the same belief ¢ = ¢ < ¢, and thus be unwilling to exert high effort. m

The proposition shows that the private nature of the acquired information is essential. First, a
player may use the option to conceal her information and thus delay a decision in equilibrium even

though he is informed.

Corollary 1 When the cost of delay is sufficiently small, no equilibrium exists in which players
always disclose information upon becoming informed.
Proof. When § < Aemax@ao, the equilbrium described in Proposition involves the informed agent

delaying the decision and thus not disclosing information with positive probability d. m

This impossibility result generalizes to a model in continuous time in which both members of a
team can exert effort and call a decision and the team faces a deadline at which the members are
forced to take a decision if they have not called a decision before. Consider an equilibrium where
informed players always disclose their information immediately. When the deadline is close and
no decision has been called, uninformed players will exert maximum effort to obtain the valuable
first signal. As a result, players who become informed at that point, will delay calling a decision as
they know with certainty that the other player is still uninformed and thus exerts maximum effort.
Hence, an equilibrium with no delay cannot exist.?

Second, the option to conceal information affects the efficiency of the equilibrium. The private
nature of acquired information leads to inefficient delay, but also increases the value of becoming
informed. The reason is that a player is not willing to acquire costly information if she knows that
her partner is already informed. Hence, if information is observable, an informed player cannot gain
from delaying a decision. If information is unobservable, an informed player can gain from delaying
a decision if that induces the second player to acquire more information. Since calling a decision
with one informative signal is assumed to be efficient, the costly delay leads to overacquisition
of information and is thus inefficient. However, the option to conceal information makes it more

valuable to become informed as one can still induce the other player to acquire information.

Corollary 2 The first player gains more from being informed if her information is private rather

than public.

Proof. When information is public, the value of being informed and uninformed is respectively

VP (8) =~ bar+(1-9)as
yUPub gy = —% — 0+ Aemaxpan + (1 — @) ag.

2Notice that in a model where all players start with the same information as in the next section, no player will ever
conceal information up to the point that the other player becomes discouraged to exert effort. Hence, in equilibrium,
¢ never drops below ¢,.



When information is private and ¢ > ¢,, the value of being informed increases to
I,Priv 1
Ve (¢) :_g+041+(1_¢)a2+)\emax¢a2_57

while the value of being uinformed remains unchanged. Hence, VP40 (¢) -V U-Pub (4) < VIPriv () —
VUErv () for ¢ > ¢,, since Aemaxdaz — 6 > 0. When information is private and ¢ < ¢,, the value

of being informed remains unchanged, but the value of being uninformed decreases to
~ 1
yUPriv —- =0+ 2e(9) b + (1 - ).

Hence, V1P (¢) — VULPub () < VIPriv () Y UPTV () for ¢ < ¢, since A [emax — € (¢)] pag > 0.
|

The corollary implies that private information increases the incentives of the first player to
become informed. If the first player could exert effort, this would mitigate the inefficiency due to

the moral hazard in teams problem.

4 A Continuous-Time Model

We now consider a continuous time setup where ¢ denotes the time of the game. The game ends at
a (possibly in)finite horizon at time T or before if a decision has been called by an agent. At each
moment in time, both agents choose whether or not to call a decision and how much effort to exert
as long as no decision has been called. We assume that calling a decision is a unilateral decision,
that is to say it suffices for one agent to call a decision rather than both agents to agree before they
can call a decision. After we set up the game and defined players’ strategies, we characterize the
equilibrium strategies and discuss the uniqueness of the equilibrium outcome.

We find that in any equilibrium informed players use the option not to disclose their information
as long as the cost of delay is not too high. While informed agents may fully disclose information
when the deadline is far away, they do not disclose information when they are close to the deadline.
This implies that the expected decision time may be lower when a tighter deadline is set at the
start of the game. Uninformed agents may start exerting low effort when the deadline is still far
away, but this effort level may increase up to the maximum level as players approach the deadline.
We find that players have stronger incentives to become informed if they have the option not to
disclose their information. The reason is that this allows players to ‘rest on their laurels’ once they
are informed. As this mitigates the inefficiency due to the moral hazard in teams problem, the
surprising consequence is that the players’ welfare is higher in the case where a player’s information

acquisition is not observable.
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4.1 Setup

As long as a decision has not been called, each agent chooses how much effort to exert. Effort is
denoted by the function e (t,n) : [0,7] x N — [0, emax] Where n is the number of signals the agent
has acquired up to time t. The effort function is piecewise continuous over time. An agent’s effort
level e determines the exponential rate Ae at which an additional signal is acquired. The exponential
arrival of signals is independent for both players, conditional on their respective efforts. The agent
incurs a linear effort cost ce. Furthermore we assume that Aa; > ¢ > Aag. The assumption ¢ > Aag
implies that it is a dominated strategy for an informed agent to exert effort. Hence, the number of
signals acquired by one agent will only ever be 0 or 1 in equilibrium.? We therefore drop the second
argument of the effort function and write e (¢) for the effort strategy of the uninformed agent.

At each point in time, an agent chooses to unilaterally call a decision or not, denoted by

d (t,n) : {not call,call}. The paper involves equilibria where uninformed agents do not call decisions
d (t,0) = not call for all t. In Section 4.3 we show that no symmetric equilibria involve uninformed
agents calling a decision in equilibrium unless the equilibrium is one in which both types of agents
call a decision with certainty at a point in time, which is in effect a deadline supported by off-
equilibrium beliefs. To provide a concise description of the important elements of our model we will
proceed by imposing d (¢,0) = not call for all ¢ thus obviating the need to include terms involving
uninformed agents calling decisions in our desciption of payoffs below or describe continuation values
at points in time that are reached with 0 probability since there is always a non-zero probability
the deadline is reached. We leave a more general treatment of the model, for the interested reader,
to the appendix.

Each agent incurs an additive delay cost § as long as no decision has been called. When one
agent calls a decision at time ¢, the two agents agree to take the decision a = F [0|;] given all
the information Q; known at time ¢. The quadratic loss — (6 — a)2 is realized and the game ends.
When no decision has been called before the deadline is reached at time T', a decision is called
with certainty. We assume that Aoy > ¢ + 9 such that an uninformed agent acting alone would be
prepared to search for information in order to make a decision.

The probability 6 (¢) an agent does not acquire a signal by time ¢, provided a decision has not

yet been called by the other agent is

0(t) = exp <— /0 e (s) ds)

We allow for mixing strategies regarding the decision to call at a given instance. From an agent’s
perspective the probability the other agent will call a decision by time ¢t may be written as a weakly
increasing function of time p (¢). Since agents may decide not to call a decision after acquiring a

signal, an agent holds a belief that her partner is still uninformed when no decision has been called.

3In a more general setup one could assume that Aa, > ¢ > Aayp+1 such that it is optimal to search for n signals.
Here, for the sake of simplicity and tractability, we have chosen n = 1.

11



We denote this belief by
10
¢(t) = —=—
1-0(t)
In Section 4.3 we show that in all symmetric equilibria, subject to the earlier caveat, the equilibrium
decision strategy is described by a continuous p (¢). Again in the interests of clarity we will restrict
our attention to mixing strategies which result in a continuous p (¢) in the main body of the paper
and refer the reader to the appendix for the general specification. With this in mind we describe
an agent’s mixed strategy at different points in time by d(t) : [0,T) — {call} x [0,00) where if
d(t) = call and ¢ (t) = 1 then the hazard rate at which decisions are being made is the rate at
which uniformed agents are becoming informed hence
i
t .
—&—— = Xe(t) if d(t) = call and ¢ (t) =
(1=p(1))
otherwise for ¢ (t) < 1 the hazard rate at which decisions are being made is described by d (t) €
[0,00) and ¢ (t) in the following way:

s
T = d () (1-¢ (1))
(1-p())
Bayesian updating means an agent’s belief evolves as follows,
d
d—f = 0ifd(t) =call and ¢(t) =1 (1)

= [d{t)(1—¢(t) —Ae(t)] ¢ (t) otherwise

Hence if d(t) (1 — ¢ (t)) = Xe(t) and ¢ (t) < 1 or d(t) = call and ¢ (t) = 1 the belief ¢ (t) remains

constant over time.

Sequential Equilibrium We consider symmetric sequential equilibria of the continuous game
with deadline T'. The equilibrium strategy is the same for any continuation game starting at t
and denoted by {e* (¢),d* (t)|t € [0,T]}. Any off-equilibrium strategy either ends the game or is
without consequence for the optimal strategy. The posterior belief ¢* (¢) follows Bayesian updating
given the strategy profile, as in (1).

To characterize the equilibrium strategies, we use the continuation value of the game at time ¢
for the informed and uninformed player, denoted by V7 () and VY () respectively. The sufficient
conditions for e* (t),d* (t) and ¢* (t) to constitute a sequential equilibrium are as follows. For any
t, the continuation value for the informed player of the sequential equilibrium equals
") g 2P e (i) ap— s [— 1]}

p*(t)
(2)

where p* (t),0* (t) are consistent with d* (t) and e* () as defined earlier. Defining ¢* (t) as the set

VI(t) = max —
tet,r) €+ T

+ [ on = (s =) s+ =

12



of maximizers ¢ C [t, T] of the maximization in (2), the calling decisions satisfy

d* (t) = call if £* (t) = {t},
d*(t)=0 if min#* (t) > t, (3)
d* (t) € {call} x [0,00) otherwise.

For any t, the continuation value for the uninformed player of the sequential equilibrium equals

VU (t) = —% + /tT [oq —0(s—1t)— c/ts e* (r) dr] i f:)((sl) [i*/~*8) ds

(
—i—/tT [VI(S) —5(s—t)—c/tse* (r)dr] 90/: Ej))((i[:g:((;)))ds

_|_
e

|
iR}

*
—~
N~
bl Nt
—
=
|

-
*
~
SN—
Q

=

I

(«%)
—
N
|

~~

S~—
|

o
r\

S
aQ

*
—
&=
QL
VA
——

The effort decisions satisfy

e* (t) = arg max Ae (VI (t)y—vY (t)) — ce. (4)
e€[0,1]
To ensure that uninformed agents do not have a strict incentive to call a decision in the sequential

equilibrium, we have

V@) 2 -2+ (-6 () e

Incentives to exert effort An uninformed agent is more willing to exert effort the more valuable
it is to become informed. The return to effort does depend on the difference in the continuation
values when informed and uninformed as in (4). When an agent is uninformed at time ¢, her

marginal gain from exerting additional effort equals
AVIE) VY ()] -

Before the deadline, the value of becoming informed also depends on the foregone expected cost
of effort and delay when the agent were still uninformed. At the deadline, the value of becoming
informed only depends on the gained accuracy of the decision. Clearly, an informed agent can make
a more accurate decision, but the value of having acquired a signal is lower when the partner has

acquired a signal as well. Evaluated at the deadline T, the marginal gain of effort equals
AMop(T)or+ (1 =9 (T)) ] —c

This mirrors the expression in the simple model of the previous section. Close to the deadline, an

uninformed player is unwilling to exert any effort if the probability that her partner is uninformed
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#(T) < ¢, where the threshold ¢, is defined by the equation
A [éeal + (1 - (ESG) ag] =c.

Incentives to delay a decision An informed agent is willing to delay a decision to give the
opportunity to her partner to become informed as well. When deciding how long to delay a decision,
the agent trades off the potential increase in the accuracy of the decision if an uninformed partner
becomes informed with the expected cost from delaying the decision. The agent takes into account
that her partner may or may not call a decision when becoming informed or may be informed
already as is clear from the maximization in (2). However, close to the deadline, the incentive to

delay a decision is approximately equal to
Ae(T) o (T) ag — 0.

The return to delaying only depends on the expected increase in accuracy, which happens with
the probability that a still uninformed partner acquires a signal. This mirrors the expression in
the simple model. We define ¢, as the belief for which an informed agent is unwilling to delay a

decision at the deadline when the other agent exerts maximum effort, i.e.,
)\emaxqfﬁdOQ = 4.

4.2 Equilibrium

We now characterize the symmetric equilibrium strategies of the continuous game with deadline
T. Equilibrium strategies change as the agents approach the deadline at T', but they also depend
on how large T is, that is to say how tight the deadline is set at the start of the game. When the
deadline is sufficiently tight (7" is sufficiently small), the unique equilibrium involves delay coupled
with maximum effort throughout the game. When the deadline is sufficiently loose (7" is sufficiently
large), any equilibrium involves no delay coupled with low effort at the start of the game and full
delay coupled with high effort close to the deadline. To describe how the equilibrium strategies in
this setting evolve as agents approach the deadline at T we distinguish between two different cases:
The incentives for effort are either small or large relative to the incentives to delay close to the
deadline. We say that the deadline provides small incentives if ¢, > ¢, while the deadline provides
large incentives if ¢, < ¢,. If incentives are small, there will be at most two different equilibrium
regions: no delay coupled with low effort, followed by delay and high effort. If incentives are large,
then there will be at most three different regions: no delay and low effort, followed by delay and

high effort, and finally, mixing delay coupled with maximum effort.

4.2.1 Small Incentives (¢, > ¢,)

The equilibrium strategies are characterized in Proposition 2. There are three distinct cases to
consider depending on the length of the game denoted by T. We define the thresholds X, and Y.
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The threshold X, solves
€xp (_)\emaxXe) = Q_ﬁe

and thus determines the maximum amount of time that uninformed players can be induced to exert

maximum effort while no informed player is disclosing information. The threshold Y, solves
(1—¢.) az = dYe,

and thus determines the maximum amount of time for which an informed player is willing to delay
a decision if the probability ¢ that her partner is uninformed falls from 1 to ¢,. Note that X, < Y,
as ¢, > ¢4 **H[added footnote]*

Proposition 2 If ¢, > ¢, then the equilibrium strategies and beliefs are as follows:

i) If T < X., any informed player chooses not to call a decision, d(t) =0, for all t, while any un-
informed player chooses to exert maximum effort, e (t) = emax. The agents’ beliefs evolve according
to ¢ (t) = exp (—At).

ii) If Xe < T < Ye, any informed player chooses not to call a decision, d (t) = 0, for all t, while any
uninformed player chooses e (t) which is not uniquely determined but the effort choice must satisfy

the conditions .
exp <—)\/ e(s)ds> Zl—ti forallt <T
0 o2

exp <—)\ /0 (s ds> _ 3.

The agents’ beliefs evolve according to ¢ (t) = exp (—)\ fot e(s) ds) for all t.
iii) If T > Y, the informed agent calls an immediate decision fort < t. =T — Y. and no decision
d(t) = 0 fort > t. while the uninformed agent chooses e (t) = & for t < t, and chooses e (t) for

C

and

t > t. which is not uniquely determined but the effort choice must satisfy the conditions

t
exp(—)\ e(s)ds)Zl—(t—te)oiforalltegth

te
T
exp <—)\/t e(r) dr> = ¢,.

The agents’ beliefs evolve according to ¢ (t) =1 fort < te, ¢ (t) = exp (—)\ ftte e(s) ds) fort > te
and ¢ (T) = &Se‘

*Since ¢, > ¢, an informed partner is willing to delay locally when ¢ (t) > ¢, and an uninformed partner exerts
€ = emax. That is, for T' = X,

and

0 < Aemax® (t) ag for all t < T

Hence,

Xe _
X, < / Nemax (1) dtas = (1 .) .
0
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Proof. See appendix. m

The proof of Proposition 2 can be found in the appendix. Here we only briefly note the three
different steps of the encompassing case iii). First, we derive the continuation values for being
informed and uninformed. We then show that the difference in continuation values VI (t) —
VUN (1) = 3 for all £ which immediately implies that the given effort levels are optimal. Finally,
we show that given the continuation values the proposed decision strategy of informed agents d ()
is optimal.

The theoretical results above have an intuitive interpretation which builds on the features of our
simple model of the previous section. They illustrate the dynamics that emerge from the trade-off
between the conflicting objectives of information acquisition and information sharing. Consider
the first case where T is relatively small, that is to say there is little time between the start of the
game and the deadline to become informed. In particular, the incentives to provide effort originate
from the marginal value of information when a decision is taken. Since informed individuals always

delay until the deadline, this is just the marginal value of an extra signal at the deadline, that is
¢(T) a1+ (1 -9 (7)) a.

The deadline is far enough away that there is enough time that an individual can become informed
with probability 1—¢ (") by the time the deadline arrives. However, the deadline is not too far away
that an individual upon becoming informed would prefer to take an immediate decision instead of
delaying the decision until the deadline. As a result, an uninformed agent has strong incentives
from the start of the game on and chooses to exert maximum effort eyay. In response to this high
effort choice any informed agent prefers not to call a decision and to delay since she benefits from
the potential acquisition of an additional signal by a hard-working uninformed agent. Note that
since e (t) = emax and d (t) = 0, any agent correctly believes that as time passes it is more and more
likely that the other agent is informed, but that she shies away from calling a decision. However,
since T is smaller than X, the belief ¢ does not fall below the threshold ¢, so that incentives for
effort are still sufficiently high to support maximal effort.

As T increases above X, the equilibrium outlined in the previous case is no longer sustainable.
As the belief ¢ falls below the threshold ¢,, uninformed agents would no longer be willing to exert
such a high level of effort. In equilibrium, uninformed agents now choose lower effort levels in a way
that ensures that at time 7" the belief ¢ is exactly at the threshold ¢,, i.e., exp (—)\ fOT e(s) ds) = ¢,.
As T increases, the aggregate effort exerted by uninformed agents remains the same, but their
average effort intensity decreases. To ensure that informed agents are willing to defer a decision
until the deadline at any point during the game, uninformed agents need to backload their effort
sufficiently. One possible equilibrium is that uninformed agents choose effort levels e () = 0 for
t<T— X, and e(t) = emax for t > T — X,. In any equilibrium, uninformed agents are indifferent
with respect to the level of effort they choose. By becoming informed at ¢, an agent avoids the

expected cost of exerting additional effort to become informed and the risk of ending up uninformed
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at the deadline. Hence,
Vi) — VU () = {1 —exp[-Ae (T — t)]} ; +exp [=Ae (T — )] (VI (T) = VU (T))

The incentives to exert effort “reverberate back” from the incentives to exert effort at the deadline.
The marginal net gain (loss) of effort at time ¢ is a share of the marginal net gain (loss) at the
deadline at T', which is smaller when ¢ is further away from the deadline at T'. To see this, rewrite

the previous equation to obtain

Vi Vi) = Stexpl-ae(@ -] (VI(T) - vU(T) - 1) (5)
= el =] [s(Mar+(1-o(T)az - 5]

Incentives to exert effort exist at ¢, that is V! (¢t) — VU (t) > £, provided that they exist at time
T, that is VI (T) —= VY (T) > £. As a result, when an uninformed agent is indifferent with regards
to her effort choice at the deadline she is also indifferent at any time t before. Uninformed agents
cut back on their average effort as 7' increases such that at the deadline ¢ (T') = ¢,, and hence
the right-hand side of equation (5) is equal to {. Uninformed agents are therefore indifferent with
respect to their effort choice for the entire game. The opposite adjustment in which informed agents
sometimes choose to call a decision d(¢) > 0 as T increases such that maximal effort incentives
e (t) = emax are maintained for uninformed agents, is not feasible. In contrast to any uninformed
agent’s indifference with respect to effort choice, informed agents have a strict preference towards
not calling a decision as long as T is below Y.

As T increases further, informed agents may no longer prefer to delay their decision. While
the aggregate benefit of delaying a decision through the potential information acquisition by the
uninformed partner remains constant at (1 — ée) g, the aggregate cost of delay §7 increases as
T increases. As a result, when T exceeds Y., an informed agent will initially, that is as long as
t < t., prefer to forego any delay costs and instead choose to immediately call a decision upon
acquiring a signal. Hence, in contrast to the two previous cases the incentives for effort are now
composed of the incentive to bring forward the time at which a decision is taken, thereby avoiding
delay costs, and of the incentive to free ride on the effort of the other agent, thereby avoiding effort
costs. In equilibrium, these two effects exactly balance each other when the other agent exerts
effort e_; = %. To see this, note that if an agent 7 reduces effort by Ae; this allows her to avoid
effort costs cAe;. Since the rate at which the other agent acquires information is Ae_;, the free
riding benefit is Ae_;cAe;. On the other hand, the reduction in effort increases delay costs ¢ at the
rate AAe;, hence the additional delay cost is AdAe;. These two effects exactly offset one another
when

Ae_;cAe; = AM6Ae; or e_; = g
Hence, an uninformed agent is indifferent with regards to her effort choice. The effort level exerted

during this phase of full disclosue is lower than the average effort level in the phase of no disclosure,
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g < %emax, reflecting that a close deadline gives strong incentives for effort. Note also that when
e_; = %, an informed agent is not willing to delay a decision since )\%ag < 6, since Mag < ¢.’ If no

decision has been called up to t, = T — Y, the equilibrium is identical to case ii) from ¢, onwards.

(173%2)&2 =
KETTIC 5 _ Yo (1-¢.)az < S P
H[Since & = oot (13, )e] we now know that ot (1=d.)as] = Xeemax = —logo,.
Hence,2220=¢ < _|og 22 T wouldn’t know how to show this directly, but given the previous
c a1—as a1 —as]

proof this should be correct. I just mention it for now as something similar may appear in the
welfare section?]

*¥[OLD FIGURE DESCRIPTION] The figure below illustrates the paths for V! (t) and VY (t)
and the value of an immediate decision for an informed and uninformed agent when 7' > Y, for one
potential equilibrium path for e (¢). We distinguish two phases: a first phase of no delay coupled
with low effort, followed by a phase with delay coupled with no effort initially and maximum effort
towards the deadline. Note that during the delay phase the value of an immediate decision for

an informed agent is strictly below the continuation value. It then begins to increase when e (t)

switches from 0 to epax, eventually converging to the continuation value fﬁl_T + (1 — q_be) a9 at the
deadline. Similarly, the value of an immediate decision for an uninformed agent is strictly below
the continuation value at all times except at the deadline where the two are the same.

**INEW FIGURE DESCRIPTION] The three different panels of Figure 1 illustrates the evo-
lution over time ¢ of the belief ¢ and the equilibrium effort choice e for different lengths of the
deadline T'. In Panel 1.A, the deadline T is relatively tight, that is to say, T" < X.. As a result,
uninformed agents exert maximum effort ey, over the entire course of the game and informed
agents delay making a decision. As a result, the belief ¢ declines from the complete certainty that
the other agent is uninformed at ¢t = 0 to ¢, by the end of the game at 7. Next, in Panel 1.B the
length of the deadline T is longer, specifically Y, > T > X,, and hence in response to the delay
decision of informed team members, uninformed agents no longer exert maximum effort during the
entire game. Instead, they choose to exert lower effort in such a way that the belief ¢ is equal to ¢,
at the end of the game. Note that since effort is not fully tied down in equlibrium, there are several
ways in which uninformed agents can spread their effort. The solid and the dotted red lines depict
two different equilibrium paths for effort e and the evolutions of the belief ¢ that are associated
with the different equilibrium effort paths. Finally, in Panel 1.C we depict the equilibrium paths
for loose deadlines where T' > Y,.. As discussed before, at the beginning of the game uninformed
agents exert effort e = % and informed agents call a decision immediately. Thus, during this initial
decision phase the belief ¢ remains constant at 1. However, once enough time has elapsed the delay

phase begins and the game proceeds as in Panel 1.B.

This follows as )\%O{QYe < 0Y. = (1 — &56) oz = foxe Aemax® (1) dtag < fOXe Aemaxdtaz = Aemax Xeia.
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4.2.2 Large Incentives (¢, > ¢,)

We now consider the case where the agent have relatively strong incentives to exert effort when
the deadline approaches. As before, we will proceed by considering deadlines of different length 7.
There are four distinct cases to consider. We define two thresholds X4 and Yy, similar to X, and
Y., and an additional threshold Z. The threshold X, solves

exp (—AemaxXdq) = @g4-

The threshold Y, solves
(1 — Q_bd) a9 — 5Yd.
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Finally, the threshold Z solves

7Ly (20" a1 + (1 — ¢*) a2 — 52)
2\ (1—(]9‘)0424—% '

Proposition 3 If ¢, > ¢, then the equilibrium strategies and beliefs are as follows:

i) If T < X4, any informed player chooses not to call a decision, d(t) = 0, for all t while any
uninformed player chooses to exert maximum effort, e(t) = emax, for all t. The agents’ beliefs
evolve according to ¢ (t) = exp (—A\t).

ii) If Xqg < T < Xq+Z, any informed player chooses not to call a decision up fort < X4 and to call
for a decision at the mizing rate d (t) = )\’S;LJ fort > X4. Any uninformed player chooses to exert
mazximum effort, e (t) = emax, for all t. The agents’ beliefs evolve according to ¢ (t) = exp (—At)
fort < Xgq and ¢ (t) = ¢4 for t > Xy.

iii) If Xg+ Z < T < Yg+ Z, any informed agent chooses not to call a decision fort <ty =T — Z,

and to call for a decision at the mizing rate d(t) = )\i\j;fd for t > tq. Any uninformed player

chooses to exert effort e (t) for 0 <t <ty which is not uniquely determined, but the effort choice

must satisfy the following conditions:

¢ (t) = exp <—)\/te(s)ds> < itforogtgtd
0

a2

6 (ta) = exp (-A/Otd e (s) ds) - AZQ

For t > tq the uninformed agent exerts mazximal effort e (t) = emax. The agents’ beliefs evolve
according to ¢ (t) = exp <—)\ fot e(s) ds) for 0 <t <tqand ¢ (t) = ¢y fort > t,.
w) If T > Yy + Z, any informed player chooses to call for an immediate decision for t < tq — Yy,

and

not to call a decision, d(t) =0 fortg — Yy <t < tgq, and to call for a decision at the mixing rate
d(t) = )\’\0[226“_25 fort > tq. Any uninformed agent chooses to exert effort e (t) = 2 fort < tq— Yy,

c

and to exert effort e (t) for tqg — Yy <t < tq which is not uniquely determined but must satisfy the

following conditions:
t 4]
¢ (t) = exp <—/\/ e(s) ds) < —[t=(tg—Yq)] forallty—Yy <t <ty
tqg—Yy a2

and

¢ (ta) = exp <—A/td e (s) ds) _ 0

Yy

and to exert maximal effort e (t) = emax fort > t4.

Proof. See appendix. =
The proof of Proposition 3 can be found in the appendix and mirrors that of the proof of

Proposition 2. As before, the results which we discuss below in the order of different game lengths,
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have an intuitive interpretation . As before, the proposition exhibits a number of features such as
inefficient delay due to low information acquisition effort and lack of information sharing as well as
last-minute decision-making that are also widely observed in real-world committee decision-making.

First, when T is sufficiently small (T < Xj), as in the case of small incentives, the presence of a
very tight deadline provides uninformed agents with strong incentives to become informed and to
exert maximum effort. Informed agents strictly prefer to delay calling a decision since they believe
it to be sufficiently likely, ¢ > ¢,, that the other agent is uninformed and is therefore exerting
maximum effort.

Second, for T > X, it is no longer an equilibrium for an informed agent to continue to purely
delay their decision as their belief ¢ would drop strictly below the threshold ¢, for any time ¢t > X,.
The informed player would be no longer willing to delay a decision close to the deadline as it has
become too likely that her partner is already informed. Instead, for ¢ > X; the informed player
begins mixing between calling a decision and delaying in such a way that the rate of decisions holds
the other players beliefs constant at ¢ = ¢,. In contrast to the previous case of small incentives, the
belief ¢ attains the threshold ¢, rather than ¢,. Unlike in the small incentives case, the marginal
value of information at and close to the deadline is strictly greater than { and there are strict
incentives for effort, hence the name “large incentives” for this case. This also continues to be
the case for all longer deadlines. The difference stems from the two relative effects of an agent’s
belief on the incentive for an uninformed agent to exert effort and on the incentive for an informed
agent to delay calling a decision. In the earlier case, the former effect on an uninformed agent’s
incentive to exert effort was more important whereas in the present case, the latter effect on an
informed agent’s incentive to call a decision is relatively more important. As the length of the game
T increases, however, the incentives for effort at a given time decrease. To see this, consider the

incentives for effort at ¢ = 0 which are given by

VE©O) = VY (0) = £+ 6a (V! (Xa) = VY (Xa) = 5) -

The only part of the expression which changes with T, is VU (X4) since all the other terms above

are constants and

1

eE+T

VI(Xg) =VI(T) = -

+ (1 - 64) 0.

VU (X4) can be rewritten as

1 (1—9¢%) as 1
_€+T+ 2 _(Ce+6)2)\e x

(1 _ 6—2A(T—Xd)) 1 e 2MT=Xa) UN (T).

VU (Xy) = [

This is a weighted sum of the expected payoff conditional on either finding information or the
other agent calling a decision prior to the deadline and the payoff from being uninformed at the

deadline. Both of these payoffs are independent of T and it is only the relative likelihood of each

21



which is affected by T. The likelihood of being uninformed at the deadline e=2MT=Xa) decreases
in T. Hence, the continuation value of being uninformed at X, is increasing in 7. There exists
a deadline T' = Xy + Z where V! (X,) — VY (X4) = £ and an agent is indifferent about exerting
effort at t =0, so V! (0) — VUV (0) = £.

However, if T is larger than X; + Z, that is case iii) above, the large effort incentives that
originate from a close deadline are no longer sufficient to sustain maximal effort by uninformed
agents throughout the entire game. In equilibrium, an uninformed agent reduces her average effort
intensity before t; = T'— Z while the informed agent fully delays. Even though this level of effort is
on average lower, the belief of an agent that the other agent is uninformed is high enough to induce
delay by informed agents. After ¢4, the deadline is close and an uninformed agent strictly prefers to
exert maximum effort while the informed agent mixes between delaying and calling a decision. The
time threshold ¢, after which the informed agent starts mixing, is chosen such that the uninformed
agent is exactly indifferent about how much effort to exert given that ¢ (t;) = ¢,. If the mixing
phase were to start earlier and the belief at the time threshold would remain at ¢ (tg) = ¢, the
deadline would be too far away for the uninformed agent to be willing to exert effort. During the
mixing phase where (1 — q_bd) d (t) = Aémax, by becoming informed the agent avoids the expected
effort cost of becoming informed later and the risk of not being informed, either when the deadline is
reached or when the informed partner calls a decision. In particular, the difference in continuation

values is

ce VIT) - (—==
VE@#) = VY (1) = {1 — exp [~2X\emax (T — )]} 2?:;: J + 2( + )

+ exp [~ 2Xemax (T — 8)] [VI(T) = VY ()] .
For ty = T — Z, this expression is equal to {. As in the previous case of small incentives, when
the delay phase ends at t4 the incentives to exert effort “reverberate back” to any time t before tg.
During this phase an uninformed agent chooses effort in such a way that by the end of the phase
at tg the belief that the other agent is uninformed is equal to ¢ (t;) = ¢4, but she is otherwise
indifferent with respect to her effort choice. Note that the average effort intensity of an uninformed
agent over this time interval declines as the length of the game 7" increases.

Finally, as T increases further, informed agents will no longer prefer to delay their decision at
the beginning of the game, exactly as in the case with small incentives. As a result, when 1" exceeds
Yy + Z, an informed agent will initially prefer to forego any delay costs and will instead choose
to immediately call a decision upon acquiring a signal. As before, incentives for effort are driven
by the benefits of free-riding and the costs of delay and an uninformed agent is indifferent with
respect to her effort choice when the exerted effort equals e = g in this first phase of the game. If
no decision has been called until ¢t = t; — Yy, the equilibrium is identical to case iii) from t4 — Yy

onwards.
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**INEW FIGURE DESCRIPTION] Figure 2 graphically illustrates the evolution of ¢ and e over
the course of the game for the case of large incentives. As discussed before, equilibrium behavior
of informed agents is divided into three distinct phases. At the beginning of the game during the
decision phase, agents immediately call a decision upon becoming informed. Thus, agents know
for sure that their partner must be uninformed whenever no decision has been called in the past.
However, once enough time has elapsed for the decision phase to be over, informed agents prefer
to delay calling a decision and thus the equlibrium belief ¢ falls until it reaches ¢;. At that point,
informed agents are indifferent between calling and delaying the decision and thus probabilistically
choose one or the other until the conclusion of the game in such a way that ¢ remains constant
at ¢,. Note again, that the dotted red lines for ¢ illustrate different equilibrium paths associated
with different equilibrium paths for e. The evolution of effort in Figure 2 is similar to the evolution
of effort in Figure 1.C. Uninformed agents choose e = % during the initial decision phase and then

start increasing their effort until they exert effort enayx at the end of the game.
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Figure 2: ¢ and e for T' > Yy

4.2.3 Discussion

Our propositions formally establish that even when committee members have perfectly aligned
interests decisions may be significantly delayed. This is due to two factors. First, team members
do not search very intensely when the deadline is very far away and hence without the adequate

information available to the group no decision can be taken by the group. Second, when the

23



deadline is close delay occurs due to a lack of information sharing. Although uninformed agents
search intensely for information and hence the group is likely to have valuable information at its
disposal, no decision will be taken until the deadline since an informed agent will prefer not to
divulge their information in order to keep any uniformed team member highly motivated to search
for additional information.

As we showed above the timing of delay crucially depends on how far in the future the final
deadline. When the deadline is very close, the team will always delay decisions until the final
deadline. This delay is strongly reminiscient of a widely accepted behavioral law called Parkinson’s
Law. This law, as stated in its original source (Parkinson 1957), posits that “work expands so
as to fill the time available for its completion.” In our context, this means that the amount of
time in which the team has to make a decision is exactly the amount of time it will take to make
said decision. This relationship has been extensively studied both in laboratory and field settings
(Locke 1966, 1967; Bryan and Locke 1967; Locke et al. 1981; Schonberger 1981; Latham et al.
1982; Peters et al. 1984; Gutierrez and Guvelis 1991). A loose deadline then leads to a decline
of the workers’ performance and to a delay of the activity. For example, Brian and Locke (1967)
presented individual and groups of college students with a fixed number of simple arithmetic tasks
and varied the amount of time allowed to work on them. Their results indicated that subjects who
were given twice the amount of time to complete the tasks worked significantly longer than subjects
who were given just enough time to complete them. In light of our findings on decision delay, one
important implication of our model is that a tight deadline choice may not always lead to faster
decision-making. We study this relationship in detail when we investigate the choice of the optimal
length of a deadline below.

As is apparent from the above propositions, a team does not always delay its decisions once it
has obtained some information. When the deadline is far away, the group will make a decision as
soon as one team member has successfully gathered information. When decisions are taken early
on in this manner, the agents effectively avoid the delay costs that result from a lack of information
sharing and low information acquisition effort. This is a pattern commonly found in investment
committees in private equity partnerships or on executive boards that face a deadline by which
funds have to be invested or returned to investors or corporate headquarters. Although we are not
aware of any particular study that examines the timing of corporate investment decisions, our model
predicts that committees should either take a decision relatively early on in the process or right at
the deadline. However, our prediction that the effort exerted by uninformed committee members

rises as the deadline draws nearer, chimes well with both anecdotal and empirical evidence.

4.3 Uniqueness

In this subsection we discuss the uniqueness of the equilibrium described in Propositions 2 and 3
among the set of symmetric equilibria. We find that subject to excluding equilibria which involve
strategies whereby both uninformed and informed agents call a decision at the same instant of

time with probability 1 conditional on reaching that time, the unique set of symmetric equilibria
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are those described in the proposition. We argue that our exclusion is justified as equilibria where
individuals are calling a decision with certainty at a point in time are in effect deadlines which are
enforced by appropriately specified off-equilibrium beliefs.

We proceed by first increasing the action space for agents compared to that considered in
Section.4.3. We allow uninformed agents to call decisions which we will denote by a function p (t).
We also allow agents to adopt piecewise continuous decision functions for p (t) and p (t). To this
end define

D, (t) = lim p(s) —p(t)

and
Dy (t) = lm p(s) —p(t)

s—t+
to describe the probability mass of decisions at any points of discontinuity.

Otherwise the model is the same as earlier. We give a full specification of the model in the
appendix for the interested reader. As before, we denote equilibrium strategies by a superscript *.
A symmetric perfect bayesian equilibrium may be described by a tuple (e* (), p* (t), u* (t), 0™ (t))
if p*(t) + p*(t) < 1 for all t < T, where ¢*(t) is the bayesian belief an agent has at time ¢
that the other agent is uninformed conditional on no decision being called prior to that time.
If 3 < T:p*@t')+ p*(#') = 1 then it must also include off-equilibrium strategies and beliefs
(e* (r|t), p* (r|t) , u* (r|t), ¢* (r|t)) for all times ¢ where p* (t) + p* (t) = 1 which themselves are
sequential equilibria of those subgames, where ¢* (r|t) is the bayesian belief an agent has at time
r that the other agent is uninformed conditional on no decision being called prior to that time in
a subgame starting at time £. We now rule out some types of decision strategies at on-equilibrium

times by the uninformed agent. The following lemma rules out a continuously increasing u* (t).
Lemma 1 #u* (t),r > 0,6 >0: %t(t) >0 forter—e,r].

Proof. See appendix. =

Lemma 1 shows that in the set of symmetric equilibria there is no mixing in the decision strategy
by an uninformed player during on-equilibrium times. The following lemma rules out a jump in
the decision function p (t) at on-equilibrium times if that jump does not occur when both types

informed and uninformed call a decision with certainty at that instant.
Lemma 2 Ap* (t),0 < s <T: Dy~ (s) >0 and p* (s) + p* (s) < 1.

Proof. See appendix. =

Hence, the only equilibria involving D« (s) > 0 also have p* (s) + p* (s) = 1 whereby beliefs at
times later than s are off-equilbrium. In this case it may be possible to support uninformed agents
calling a decision with appropriately specified off-equilibrium beliefs. However we will exclude this
type of equilibrium as we feel for all intents and purposes it is equivalent to imposing a deadline
at that time. We thus continue the analysis under the assumption that p* (¢) = 0 for all ¢. This

implies that all ¢ < T are reached with some non-zero probability in equilibrium thus there are
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no off-equilibrium times at which strategies and beliefs must be specified. An individual may
find himself at an on-equilibrium time but where his own decision history is inconsistent with
equilibrium. All costs are sunk and so the subgame is identical to the on-equilibrium subgame so
in these instances the off-equilibrium actions are the on-equilibrium actions at the corresponding
time. The following proposition shows that the unique set of symmetric perfect Bayesian equilibria

are those specified in Propositions 2 and 3.

Proposition 4 Suppose p* (t) = 0 then the set of equilibria described in Propositions 2 and 3 are
the unique sets of symmetric perfect Bayesian equilibria under small and large incentives respec-

tively.

Proof. See appendix. =

The above proposition establishes that the information withholding through delay in the lead-up
to the deadline which we discussed in the previous subsections, is a characteristic of all symmetric
equilibria. It also adds weight to the consideration of the welfare implications of the equilibria,
optimal deadlines to maximize welfare and comparative statics with equilibria with observable

signals and alternative decision making structures. We take up these questions in the next section.

4.4 Setting Deadlines

In this subsection, we analyze the trade-offs committees face when setting deadlines. With a tight
deadline a committee risks making a decision without the desirable information. However, the tight
deadline incentivizes the members to work hard to acquire the desirable information in time. With
a loose deadline the committee members procrastinate and only start investigating the matter when
the deadline is close. The expected decision time and the expected accuracy of the decision jointly
determine the expected welfare for the committee members at the start of the process. Altering the
deadline changes the expected decision time and the expected accuracy of the decision in different
directions. The private nature of information, however, affects this trade-off in two significant
ways. First, as a tight deadline increases the incentives to acquire information, it also increases
the incentives to conceal information and thus to delay a decision. As a consequence, the expected
decision time may actually be larger when a closer deadline is set. Second, when informed team
members are concealing their information in the hope that other team members may acquire more

information, a tighter deadline will reduce this inefficient delay.

4.4.1 Effect of the Deadline on the Decision Time

In this subsection we examine the effect of the deadline on the expected time until a decision is
made. The natural intuition is that tighter deadlines lead to shorter decision times. We show that
this need not be the case and that instead the expected decision time may be non-monotonic in
the length of the deadline. For loose deadlines, T" > Y,, the equilibrium is characterized by two

phases: a phase of low effort and immediate decisions followed by a phase of pure delay and higher

26



effort. In this case increasing the deadline T' decreases the probability that agents reach the later
period where decisions are delayed until the deadline. The overall effect of increasing the deadline
is ambiguous as the combination of immediate decisions despite slow information acquisition may
be a slower or faster process than incurring the fixed delay of Y, upon reaching the later period. For
tight deadlines, T < Y, there is no initial period of low effort and immediate decisions, but instead
informed partners never disclose their information and the team always delays its decision until
the deadline. The expected decision time equals T'. Hence, a closer deadline will always reduce the

expected decision time. The following proposition formalizes these ideas.

Proposition 5 ForT <Y,, the expected decision time is increasing in1T'. ForT > Y., the expected

decision time is decreasing in T if and only if a1 — 5 > Z—; (§ — 042).

Proof. For T'<Y,, Et. =T. Hence, dque >0. ForT >Y,,

T-Ye K} 0 )
Et, = / t2\— exp <—2)\t> dt 4 exp <—2)\Tnd> T
0 ¢ ¢ ¢

= —(T—-Y.)exp[-2Xe(T - Yo)] + 2; {1 — exp {—mi (T — Ye)} } + exp [—2)\(2 (T — Ye)] T

= 2; {1 — exp [—2)\(2 (T — Ye)] } + exp [—2Ai (T — Ye)] Ye

Hence,

dEt. d d 1

= 2)\§ exp <—2)\5Tnd>
c c

d 0
= 2)\2 exp <—2)\6Tnd> 5 [2)\ i

It follows that dfjfc < 0 if and only if

Since, ay > § > ag by definition, both sides of the inequality are positive and the relationship is
satisfied for oy close to § [}

The intuition for the case of tight deadlines where T' <Y, is straightforward. Closer deadlines
always cut down on delay by shortening the amount of time during which the agents would only

wait until the deadline to make a decision. In contrast, for loose deadlines, T' > Y, shortening the
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deadline can go either way. To see this, note that the expected decision time equals
T—Y.
Bto= [ tf(t)dte+ (1= F (T~ YO)T.
0

where f (t.) = 2)\% exp (—2)\%160) is the probability that a signal is acquired at time ¢., when the
two agents are exerting the low equilibrium effort level e* (¢.) = g. The derivative of the expected

decision time with respect to the deadline is then given by

dEt, 1
—T-Y)|—-v.).
oo ()

Hence, the expected decision time FEt. is decreasing in the length of the deadline T, dfjfc < 0, if

the fixed delay Y, that agents are willing to incur once the deadline begins to affect their behavior,

is greater than the expected decision time without a deadline ﬁ(T) The necessary and sufficient
condition for this to be the case is § —ag < 3—3 (oq — %) This particular relationship is satisfied
when the difference between the marginal benefit of a second signal as and the adjusted marginal
cost of effort § is small relative to the difference between the marginal benefit of the first signal
a1 and the adjusted marginal cost of effort. The intuition for this result is that a large difference
between a1 and ¥ provides uninformed workers with strong incentives to become informed. As
a result, they are willing to exert maximum effort for a long period of time (Y. is large) during
which no decision will be taken by the team. If this delay phase is sufficiently large, increasing the
deadline and avoiding the delay phase altogether can actually lead to a faster decision on average.
c

Conversely, when o1 — §, and consequently Ye, is not very large, increasing the deadline will only

lead to more delay until a decision is made.

4.4.2 Effect of the Deadline on Welfare

In this subsection we examine the effect of the deadline on the welfare of the agents. We characterize
the welfare of each agent as a function of the deadline and find that there exists a finite and unique
welfare maximizing deadline for the group of agents. In the case of small incentives the optimal
deadline is set such that agents always delay their decision until the deadline, but still engage in
welfare-improving information acquisition. The following proposition formally characterizes the

effect of the deadline on welfare.

Proposition 6 The expected utility of the game is mazximized for T* = X.. The expected utility
is strictly increasing in the length of the deadline T for 0 < T < X,, stricly decreasing in T for
X < T <Y, and independent of T for T > Y.

28



Proof. Notice that the expected utility at the start t = 0 of the game with a deadline at T equals

— - forT>Y,
v (0) = e+ (1=d)ar =T -5 for . 2T > X,
L a1 (1-2¢(T)) — (a1 —a2) 1= ¢(T))° + $¢ (1) — 6T — § for 0 < T < X,

et
where ¢ (T) = exp (—NemaxT) and ¢, = exp (—NemaxXe)

The change in welfare when changing T for X, < T <Y, is immediate since the aggregate effort
and hence expected precision of the decision are independent of the deadline, but the delay increases

with the length of the deadline. For T > Y., welfare is a—i—% — & which is independent of T' hence
U
the result is immediate. Now, for 0 <T < X, consider dng(o) :

U
VEO 900/ (1) +2(00 —a0) (1~ (1)) (T) + S/ (T) 5
= [2(a1—a2) (1 -0 (1) — 200 + §] & (T) -6
—  2)\emax [a1¢ (T) + s (1 — ¢ (T)) — %} exp (—NemaxT) — 0

At T = X., we have ¢ (T) = ¢,. Hence

dvy’ (0)
T

emaxcée -0

In the case of small incentives we have ¢, > ¢, and

qb > = > —
e (6] a9.
maxPqtr2 )\ 2

Hence, we have

emaxc&e >0
which in turn implies

vy’ (0)

JT > 0.
Note further that
o (dvF(0)\
c
{_)\emax¢ (T) a1 (T) + a2 (1 -9 (T)) - ﬁ - ()‘emax¢ (T))2 (041 - a2>} <0

|

As the proposition shows, there is a unique finite welfare-maximizing deadline which is to set

T = X.. The intuition for this result is as follows. For very tight deadlines, T < X*¢, agents
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exert maximum effort and make a decision only when the deadline arrives. Thus, increasing the
deadline improves welfare because even though it increases the time until a decision is made, it
also allows the agents more time to intensely search for and acquire valuable information prior to
the deadline. However, once T is larger than X, the aggregate effort exerted and the expected
information acquired prior to the deadline is the same for all X, < T <'Y,. That is to say, over the
course of the game the team members simply choose their effort in such a way that they are equally
well-informed at the deadline, no matter whether the deadline occurs at X, or Y or at anytime in
between. Consequently, any increase in the deadline over and above X, only introduces additional
costly delay before a decision is made at the deadline. Finally, for loose deadlines, T' > Y, the
welfare of the agents is independent of the deadline. The reason for this is that both agents are
indifferent with respect to the effort level they exert during the delay phase of the equilibrium, that
is,
A [VE(0) = VF (0)] = ¢ for any T > Y*.

To see this note that since a decision is immediately called when one agent is informed, the value

- __1
T et

value of being uninformed, V¥ (0) = Vi£ (0) — £, does not depend on the deadline either. In fact,

of being informed, V7 (0) does not depend on the deadline in this stage. Furthermore, the
the effort level chosen during the phase of no delay is such that the lost opportunity to acquire
a signal for free, Ae* (0) [Vi (0) — Vi¥ (0)], is exactly offset by the foregone delay §. Thus, the
welfare-maximizing deadline is to set T' = X.. Extending the deadline any further does not affect
the expected amount of information acquired by the deadline and only introduces costly delay.
**INEW FIGURE DESCRIPTION] Figure 3 graphically illustrates how expected welfare at
the start of the game varies with the choice of the deadline T. For T' < X, welfare is increasing
in T since agents exert maximum effort and are given more time to acquire valuable information.
However, once T is extended beyond X, welfare declines since aggregate effort remains constant

and only unnecessary delay costs are incurred. Welfare is constant for T" > Y.
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Figure 3: Expected Welfare at ¢ = 0 for different lengths of the deadline T'

For the large incentives case, ¢; > &,, most of the results generalize immediately with one
notable difference. There are now large incentives for effort such that uninformed agents will exert
maximum effort even when informed agents are mixing between calling and not calling a decision.
There is still a unique finite deadline T™ that maximizes the agents’ welfare, but it is T* = Xy + Z.
As in the case of small incentives it is again optimal to set the deadline exactly at the greatest
length of time during which uninformed agents will exert maximum effort at any point in time.

**H[not sure whether we should keep this, but here is a proof for this statement:

For T € [ X4, X4 + Z],

_% + o (1 — g_[)d) exp (—2>\€max [T - Xd])

V(o) = —a) exp (—AeX,
7 (0) + [041 4 % — (Cemax + 9) 2/\61“4 (1 — exp (—2Xemax [T — X4))) ( d)
1 - c
+|mor tee(1-6a) = 3| (1= exp (Aemax Xa) — X0
and
dVTU (0) p P Cemax + 0 (1 - (}d) a2
Tar 2Xemax | [acn + (1= 64) 2] = e - 5 exp (—2Xemax [T — X4]) exp (—AemaxXd)
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Since ¢, > .,

Cemax + 0 (1 - ¢d) ()

Cemax + 0 (1 - ¢d) a2

Vv

[pgon + (1 — ¢g) 2] — — (a1 + (1 —¢,) az] —

2)\€max 2 2)\€max B 2

1 o) _
= {5 e - (-8}
1 ) _
= {5 0e] - [~ daen) } 201

In this section we have characterized the welfare of agents as a function of the deadline and

shown that there is a unique finite deadline which maximizes agents’ welfare. In the next section
we contrast this result with a setting where the information acquired by an agent is observable to
the other agent. This allows us to highlight the importance of the private nature of information

acquisition in the above result.

4.5 Private Information: Incentives vs. Delay

In this subsection, we compare and contrast the welfare consequences of differences in the observ-
ability of information. Previously, we showed that the private nature of information has three
effects. First, informed players may inefficiently decide to delay a decision. Second, when making
his effort decision an uninformed player accounts for the fact that her partner is informed which
decreases her incentives to search. Third, relative to the case of public information the fact that in-
formation is private increases the returns to becoming informed, which in turn increases an agent’s
incentives to search. We show that the third effect may dominate the first two effects such that the
expected welfare is increased by making information private. To do so, we first characterize the

equilibrium of the game when information is public.

4.5.1 Public Information

When the information obtained by individual group members is immediately visible to the entire
group, the equilibrium behavior of agents turns out to be much less complex than when information
is private. First, whenever an agent succeeds in finding a signal, a decision is called immediately.
Second, both agents choose low effort when the deadline is still far away and they switch to exerting
maximal when the deadline is close. We formally characterize equilibrium behavior in the following

proposition.

Proposition 7 When information is public, the equilibrium strategies are as follows:

i) If T < A, any uninformed player chooses to exert mazximum effort, e (t) = emax, for all t.

ii) If T > A, any informed player chooses to exert e (t) = % fort <T — A and chooses e (t) = emax
fort>T — A,

where

A 1 ) c— %
— 1) max i
2>\€max & 2 a1 — (c+ 5 )

€max
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Proof. Since Aas — ¢ < 0, no player would find it privately optimal to search for a second signal
and hence the game ends as soon as one player becomes informed. At time ¢, the value of being

informed equals
1

_£+T

vEit) =

For T < A the agents exert maximum effort the value of being uninformed at ¢t equals
vU)=-=+ [al — (c + ﬂ {1 —exp[—2Xemax (T —t)]} for T < A
€

where A is defined by
c

A
At any time ¢ before this threshold A is reached, a player is indifferent about how much effort to

VIT - A VY (T - A)

exert if his partner exerts e (t) = g. The rest of the proof follows immediately from the indifference
condition. =

The proposition makes clear that when successful information acquisition is public, there is
never any delay in calling a decision once the first piece of information has been acquired, simply
for the reason that no player would find it privately optimal to search for a second signal. The
agents’ effort choice also reflects this change in revelation policy relative to the private information
case. Since agents can be sure that a decision is called as soon as one signal is obtained, the value
of being informed is constant throughout the course of the game. In contrast, for tight deadlines,
T < A, the value of being uninformed decreases over time because the likelihood of having to take
an uninformed decision at the deadline increases. As a result, the incentive to exert effort increases
as the deadline approaches. Now, consider increasing the deadline T above the threshold A. At
any time ¢ before this threshold A is reached, a player is indifferent about how much effort to exert
if his partner exerts e (t) = %. This corresponds to the phase with no delay and low effort in the

private information case.

4.5.2 Welfare Comparison

As long as the deadline is set sufficiently far away at the beginning of the game, welfare does
not depend on the deadline, nor does it depend on whether the acquired information is public
or private. However, in contrast to the private information case, a decrease in the deadline can
only decrease the expected welfare in the public information case. The increase in effort when the
deadline approaches, is outweighed by the increased risk to end up uninformed when a decision
needs to be taken. This has the important implication that a higher welfare level can be attained
by making the acquired information private. In particular, for intermediate deadlines the welfare

with private information exceeds the welfare with long deadlines.

Proposition 8 The highest welfare achieved by optimally setting the deadline when information is

private exceeds the highest welfare when information is public.
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Proof. For the case of public information the continuation values at the beginning of the game are
given by
L S forT > A

) = T
—% + [al - (ﬁ + %)] [1 — exp (—2>\€maxT)] forT <A

Together with our previous welfare results this implies the following relations for any T' > max {Y, A}:

mjgx Vj{ﬁpriv (0) > VTU/,;DM'U (0) _ V]{{,pub (0) _ m%X VTU,pub (0)
Hence,

max lej,pv'iv (0) > max V:,{]’p”b (0) .

Compared to the case of private information, the incentives to acquire information are different
when information is public and players do not have the option to conceal information after becoming
informed. A priori, this change in the observability of information can increase or decrease welfare.
The private nature of information provides more incentives to the team partners by allowing in-
formed players to ‘rest on their laurels’. However, it also mutes incentives for uninformed players
who anticipate such decision-delaying behavior by informed players. If the net effect is positive, the
changed incentives have a positive effect on the team partners’ welfare as the inefficiency due to
free-riding is mitigated. Furthermore, the option to hold back information has two opposite effects
as well. On the one hand, as players stop searching when they become informed, the decision is
inefficiently delayed. On the other hand, as any uninformed player would stop searching if the
information were disclosed, a potentially valuable opportunity to acquire a second signal is lost.
As the proposition shows when the deadline is set optimally, keeping information private is always
preferable for the team. The reason for this is that an optimally set deadline 7' = X, in the private
information case eliminates any unnecessary delay and maximizes aggregate effort.

However, note that if it is socially inefficient to search for a second signal, holding back infor-
mation always decreases welfare. This welfare loss may dominate the welfare gain for sufficiently
tight deadlines. In such a situation the partners would actually prefer to commit ex ante to call a

decision whenever one of them becomes informed.

Proposition 9 Welfare is lower with private information than with public information for a dead-
line T < min {X., A} if and only if

2
(00— %) (1—¢(T))2§5<T—1_;;\(€T)>,

where ¢ (T) = exp (—AemaxT).
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Proof. In the public information case for T < A,

Vb (o) = —% +ay (1 — P (T))

0

c
2Xemax

2\

(1= (D)) (1-e¢m (D),

where P (T) = exp (—2Xemax]’) = exp (—AemaxD)? = ¢ (T)%. In the private information case for
T < Xe,

VI 0) = 2+ an (1= (1)) = 5 (1= 6 (T)) +[ar6 (T) + az (1= 6 (1)) (1 = 6(T) = 6T

Hence, to achieve higher welfare in the private information case, we need

C

o [(L=o@) = (1= (@))] - [F 1 -0 @) - 55 (1- ¢ (D))]

+[1d(T)+az (1 —=¢(T))] (1 —o¢(T)) — {6T _ o (1 —exp (—2/\eT))] > 0.

2)Xe
We find,
— 1= (1)) (T) - 51 (16 (T))°
+a10(T)(1—¢(T)) +az (1 —¢(T))? - {6T - % (1 —exp (—2/\6T))] > 0.
This simplifies to
2
[QQ—%] (1-¢(T)2 -0 T—l_;;iT) > 0.

For (inefficiently) short deadlines, incentives are sufficiently strong for players to exert maximum
effort, regardless of whether information is public or private. The above proposition confirms that
if searching for a second signal is inefficient, 2 s < ¢, welfare is higher with public than with
private information for these short deadlines. However, even in this case, the welfare is higher with
private information for some longer deadline as shown by Proposition 8. Hence, this latter result
must be due to the stronger search incentives when information is private. Given the equilibrium
strategies for both cases, this implies that players start exerting maximum effort at an earlier stage.

The next corrolary formalizes this intuition.

Corollary 3 If 2 s < ¢, then X, > A. In general, Xe > A if and only if

. 5 1/2 .
X Nemax > N Q2 .
@-D+(m-p)) @R TG



Proof. If 2May < ¢, V2P (0) < VY7 (0) for T < min{A, X.} by Proposition 9. Since
Vge’p”” (0) > ng’p"b (0), this implies that A > X.. In general, we have that

c 65
exp (=2 egax ) = —32> 2Aemax
p( max ) al*(ﬁJrz)\efnaX),
c
£y
exp(_)\emaxXe) = ﬁ

Hence, X, > A iff

< é 1/2 C Qo
Y Aemax P
> = ¢¢ > ¢4
() e

**H[More damn analysis (without clear results);

Public:
AV = VT ()] = $
=
o1 exp (_2)\€maxT) + <20>\ + 2)\5) {1 — €Xp [_2>\emaxT]} = %
)
N S
Private:
AV (0) = v ()] =

a1 exp (—AemaxT) + @z [1 — exp (—AemaxT)] =

a1¢(T) + a2 (1-9¢(T)) =

>lax>lo

We take a weighted sume between a; and a lower second term, which is different in the private
and public case. The weight equals ¢ (T') in the private, ¢ (T )2 in the public case, with ¢ (0) = 1.
Hence, we are putting more weight on the second term, the larger T', but this goes more quickly in
the public case. (FYI I found it useful to think about this in a picture with the sums as a function
of T, starting from a; to the second term as T increases...) Hence, if the second term is lower

in the public case, then for sure the weighted sum will reach § faster. This inspires the following
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sufficient condition for X, > A;

S c . 1)
(6] —_— .
2= 9N T 2 eman

Remember our restrictions (and I think these are the only restrictions) on the incentives to acquire

a second signal and to delay - hoping for a second signal.

Ozg& 1) S042

> 2 )
-2 2Xeémax 2

<
2X

This is thus ambiguous, but it is clear that for sufficiently low § or high emax, Xe > A. Let us try

a it more:
200 = [og+ G2+ (1— @) s
= ar— dooq + (9, — by] a2+ Qg0 + doon + (1 — @) az
— a2 G+ [5G ezt o+ 5
Hence, our sufficient condition becomes
Pe

o > mm.
This looks quite nice, and can probably be part of a proposition.

What is particularly weird, is that using a very different approach (see the previous proposition
above - this is much more indirect, using the value functions) I found this very different other
sufficient condition

g < %
I liked this previous condition, because it has the intuition that if requiring a second signal is not
‘socially efficient’ -ignoring delay- it must be that the private case makes that individuals find this
first signal with higher likelihood - i.e., agents start searching earlier.

I am not sure however how to understand this with the condition coming from the weighted

sums - which seems very robust, but again opposite in outcome

S C n )

@ — .

=20 2)emax

Either I have a mistake somewhere, or this really suggests that only for as € [ﬁ, a5 T ﬁ] we

can have that A > X, which is quite nice as well.

One last route I have pursued for a little bit. The weighted sum o ¢ (T)*+ (55 + ) [1 —¢ (T)Q]
starts below the weighted sum a1¢ (T) + as (1 — ¢ (T)). Clearly, if ag > (ﬁ + :L'), the two will
never cross. However, for ag < (% + x), the two may cross. The question is whether they do when

c

they already are below ¢. This would imply that the first weigthed sum always reaches § before

the second.
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First step: Solve for ¢ as a function of x such that

016 (1) + (55 +7) [1= 6 (1)’ = 1 (1) + a2 (1= 6(1)).

_ 2Xaz—2z)\—c
2 a1 —2xA—c here) :

Second set: Evaluated the sums when they intersect

(maple gives me ¢ =

c+ 2z — 2\
a¢tax(l=9) = —c—2x)\+2)\cil o —ag] +
e+ 2w) -2 g [a1 — ag] + [—c— 22X + 2Xaq] oo
N —c — 22\ + 2)\o
c+ 2z — 2 001 + 2 an0n — cag — 2xAag + 2ha o

—c —2x ) + 2 g
2z — 2 az (1 —ag) + ¢ (1 — )
2 1 — ¢ — 2x A

< S,
A
Third step: Check for which x this equals { (maple gives me x = 726)\72)\21041%)\20[2 (—c/\al —2chag + % + 2)\204%
Check whether ﬁ can be equal to this z...
MAPLE:
2 ¢ 21 _
a19” + (ﬁﬂLfE) [1-¢*] =a1p+az(1-9)
{1, Lt } if A#£OA—c— 22\ + 2 aq £ 0
, Solution is: C if AZO0Ac+2z2A—2 as =0A—c—2zA+ 2 a1 =0
{1} if XAOANc+22A—2 a2 #0A —c— 222+ 2 a1 =0
¢+ 2x\ — 2 s
1— = —
¢ +az(l-¢) —c— 2z + 2D [ — ] + az
e+ 2zX —2Xag (a1 — o] + [—c— 22X 4+ 2hag] az
- —c— 2z + 2 o
et 2zA = 2Xapaq + 2 azan — cag — 2xAas + 2 aan
N —c — 2z + 2 o
o 2zA =2 a2 (1 —ag) +c(1 —az)
N 2 a1 — ¢ — 2z
< S
- A

20A —2dap (1 —ag) +c(l—az) ¢
2 a1 — ¢ — 2x A D)
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{m (c)\ — 2chag — chag + 2 — 2X%as + 2)\2(1%)} if ANAOA=2eA—2)2#£0
C\ {5k (—er+2X%) } i A #£0A—2eA — 202 = 0 A cA — 2chay — cAag + ¢
0 if c=0AXA=0
0 if A#O0A—=2cA—2X2 =0 A ch — 2cha; — chag + ¢
0 if cEO0AN=0
{720)\72)\2104&4)\2&2 (—c)\al —2chag + 2 + 2)\2(1%)} if A#£O0A —=2eh — 222y
C\ {3k (—er+2X%) } it A £ 0 A —2eA — 20201 + 402 = 0 A —c
, Solution is: 0 if c=0AN=
0 if A% 0A—=2ch — 22201 + 4 23 = 0 A —c
L 0 if cEONN=

Notice that from the previous assumptions, we have

C
<oy < - <o.
Aemax A

IN

This suggests that the relationship can go both ways. For { sufficiently close to as, we have
Xe > A while for § sufficiently close to to aj, we have X, < A. The higher the incentives to

acquire a second signal relative to the first signal, the more valuable are the additional incentives

from making information private.

Welfare at t=0

A

n
v Y

Ye

N

Xe

Figure 4: Expected Welfare at ¢ = 0 for different lengths of the deadline T’

*INEW FIGURE DESCRIPTION] In Figure 4 we compare the expected welfare at ¢ = 0 for
different lengths of the deadline 7" under public and private information. As mentioned before

when the deadline is optimally chosen for the case of private information at T = X., welfare is
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higher under private information than under public information. However, when the deadline is set
inefficiently short, welfare under public information can be higher than under private information

as shown by the dotted red line in Figure 4.

5 Extensions

In this section we consider extensions such as different decision protocols that require both players
to agree on calling a decision as well as introduction of explicit contracts. We also consider the
role of a third party intermediary such as a committee chairperson who aggregates information by
the different group members. In particular the role of these information aggregators is to avoid
particularly inefficient delay when both parties are informed yet still delay their decision until the
final deadline.

6 Conclusion

In private and public organizations, teams are often allocated the dual task of finding and taking
a decision. In this paper we have investigated the link between the incentive to search and the
incentive to share decision-relevant information in this type of team setting. One clear lesson that
emerges is that team members are reluctant to disclose information that undermines the incentives
of fellow team members to search for further information. As a result, although a strict deadline
provides strong incentives for agents to gather information, it also mutes the incentives to reveal
information and to make a fast decision. In this light, it may therefore not be too surprising that
strict deadlines may sometimes be counterproductive when immediate decisions are required, in
particular in settings where “Parkison’s Law” applies. Furthermore, we have shown that mutual
monitoring in teams is not a panacea to solving incentive problems. In fact, in most cases the
non-observability of information is precisely what allows agents to circumvent the moral hazard in
teams problem. However, the interested reader may ask how differing opinions or preferences in
addition to conflicts about effort provision and information sharing among the team members may

influence our findings. We leave these interesting questions to future research.
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Omitted Proofs

A.1 Proofs for Equilibrium Properties

Proof of Proposition 2. The proof proceeds in several steps to establish the result for the

relevant regions.

i) Case 1: T < X,

Informed strategy

d(t) =0 for all ¢.

Uninformed strategy

d(t) =0 for all ¢.

e(t) =1 for all ¢.

Beliefs

Beliefs evolve according to ¢ (t) = exp (—)\ fg e(s) ds) for all ¢.

We proceed with the proof by writing out the implied continuation values of informed and

uninformed agents. At the deadline the continuation values are simply the expected value of a

decision at that time.

vI(T) = - 1 -+ (1 —exp(=AT)) 2

and

V(T = —% + (1= exp(=AT)) en
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also
VIT) = VY (T) = exp (=AT) o + (1 — exp (=AT)) az

For general 0 <t < T the continuation values are
Vi) =vI(T)—o6(T —1)
and

VU ()= (1 —exp(=MN(T =) VI(T) +exp (=X (T —t)) VY (T)

— S (L —exp (-A (T = 1) =3 (T~ 1)

Informed strategy
Check the informed individual’s decision strategy d (t) = 0 is optimal by noting:

VIt) > — + (1 —exp (—At)) ag for all t < X..

eE+T
Where the right hand side is the value of a decision at a time ¢. Hence it is optimal to wait for the
informed agent.
Uninformed strategy
Checking an uninformed agent’s choice of effort

VI = VU (1) = S +exp (<A [T —8) [V (1) = v (1) - 1]

As ¢ (T) > ., the uninformed player wants to exert maximum effort for all 0 < ¢ < T, since

ViR -vU () - = ep(-AT—4) V(@) - vV (1) -]
— exp(-A[T 1)) [exp (AT a1 + (1 — exp (<AT)) ag —

A
> 0if ¢(T) > ¢,
Finally, we check that the uninformed individual will not call a decision by noting that

VU ()= (1 —exp(=M(T =) VI(T) +exp (=X (T —t)) VY (T)

— (L —exp (-A (T = 1) =3 (T~ 1)

1 1 1
VU (t) > —C + (1 —exp (—At)) oy provided ¢t < X lng

e
ii) Case 2: X, <T <Y,
Informed strategy
d(t) =0 for all ¢.
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Uninformed strategy
d(t) =0 for all ¢.

e (t) satisfies

exp <—>\/Ote(s)ds) 2¢e+(T—t)i

a2
T
exp (—)\/ e(s) ds) = ¢,.
0
Beliefs

Beliefs evolve according to ¢ (t) = exp <—/\ f(f e(s) ds) for all ¢.

and

At the deadline the continuation values are simply the expected value of a decision at that time.

VT =+ (1-3,) o

and )
VU(T) = -+ (1)

also
VIT) = VI(T) = a1 + (1 - ¢,) a2

For general 0 <t < T the continuation values are

Vi) =vI(T)—6(T —1)

Informed strategy

Informed individual’s decision strategy

Vi) > (-0 a
o(t) = O‘;(T—t)+¢6
! 5 ,
eXP(—A/()@(S)ds) > OTQ(T_t>+¢€

This is true given the effort strategy specified. Hence it is weakly optimal to wait for the informed

agent.

Uninformed strategy
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Checking an uninformed agent’s choice of effort

VIO v =5 e (o [ eas) [ @ v @]

As ¢(T) = ¢,, the uninformed player is indifferent about the level of effort she exerts for all
0 <t <T7T since

Vo1 -5 = (o[ ema) [Vim - v @ -]
A T

= Olf¢(T):¢e

Finally, we check that the uninformed individual will not call a decision by noting that

VUi(t) = (1 — exp <—/\/tTe (s) ds>> VI(T) + exp <—)\ /tTe (s) ds> vU(T)

<1_exp (—)\/tTe(s)d:s)) ST
VU(t) > f§+ <1exp <)\/tTe(t)dt>> o

iii) Case 3: T > (1 — §.)a
Informed strategy

> o

d(t):{ call for t <T —Y,

Ofort>T-Y,

Uninformed strategy
d(t) =0 for all ¢.
e(t):%f01rt<T—Y6
e (t) satisfies

t
exp <—)\ e(s) ds) > ¢+ (T —1) 9
T-Y. (e%)
and
T —
exp <—/\/ e(s) ds> = Q.
T—Y.
fort>T-Y,
Beliefs

p(t)y=1fort <T -Y,.

& (t) = exp (—/\fote(s) ds) fort >T —Y..

For0<t<T— %(1 — ¢, ) immediate decisions are called then the belief is ¢ (¢) = 0 for the
subgame from t =T — %(1—&56)042 hence the proof for the strategies being equilibria of that subgame
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are encompassed in case 2. It remains to show that the strategies specified for t < T — %(1 — ¢, )

also constitute an equilibrium. The continuation values for an informed individual is given by

1 1 _
VIN @) = — n fort<T—g(1—¢e)a2

9 T

1 [P li_3
- —€+T+5<t—T+5(1—¢e)0‘2> fort <T = <(1—¢e)a

and for an uninformed individual
Tﬁ%(lia)e)cw K] .
VIN (1) = / <VIN (t) — c/ e(r)dr —§(s— t)> 2Xe (s) e e edrgg
t t

T-1(1-3¢)a 1 i} T—5(1=¢.)az 1 .
e T Fe(r)ar <VUN <T - 5= ¢e)a2> - c/ ' e(r)ydr—¢ <T — 51— dc)az - t>
t

Cc

T-1(1-3¢)a T_l(l_a’e)aﬂ _
P VA (vUN () - c/ ‘5 S5 <T (0= gaz - t>)
t

,Tfl(lfq_se)a2 s S
VUN (1) = / ’ <VIN (t) — c/ édr —0(s— t)> 2)\§e*2’\ft edrgs
t t ¢

Cc

Tﬁl(lf(zse)aQ .
VUN(t)_/ 0 (VIN(t)_(26)(8_0)2)\%672)\]; gdrds
t

#eP0 (v (1220 Gga) = (T 30 - doas 1)~ (T 31 - doa 1))

c

2(5 [} 1 p
VUN VIN 28(T-1(1-9,)az—t)
Q < 0 2)«2) <1 ¢ ' )

4 o2 (T-3(1=g.)az—t) |, UN (T - %(1 - ¢>e)a2>

where VUN (T —Y,) is VU¥ (0) from case 2 for T' = Y, hence it is:

1 c

e+ T A

VUN(T - Y,) =

and we can further simplify the above to

VUN (1) = VIV (t) - 3

Hence this holds for all ¢.
Informed strategy
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The payoff from waiting until ¢ < 7' — %(1 — ¢, )ap upon becoming informed at time ¢ which we
denote V! (ﬂt) is:

v = [ (- van-s6-0) len (6 0) e
Texp <—>\i (- t)> <_8i7 5 (- t))

this can be simplified to

VA = (o= 8) (1-e (8 G-0) ) e (226 0)) ()

where we have used

/fxi (5 — ) exp (—)\i (s — t)) ds = — [(s ~ #)exp <—/\i (s — t))]z

|
—
)
|
N
N~
¥
)
|
|
~
)
|
=
¢)
>
ol
/|\\
T
—
)
|
~
SN—
N~

T
/A(S(s—t)exp <—)\5
P c

The optimal decision time is therefore

arg max VI (ﬂt) =0
>0

since ¥ > a3 and given the results in case 2 the agent will not prefer to wait beyond 7' — %(1 — ¢, ).
Hence an informed agent optimally makes an immediate decision for ¢ < T" — %(1 — ¢, ).

Uninformed strategy

We immediately find that the uninformed agent is indifferent about putting in effort at all
times ¢ because VUV (1) = VIV () — § so her effort strategy is an equilibrium. Furthermore
VIN (1) — 5> —% so it is never optimal for the uninformed agent to call a decision. m

Proof of Proposition 3. This is the proof for the case T > (1—¢:;*)a2 + .

i) Case 1: T' < %lna)id = Xy
Informed strategy
d(t) =0 for all ¢.

Uninformed strategy
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d(t) =0 for all ¢.

e(t) =1 for all ¢t.

Beliefs

Beliefs evolve according to ¢ (t) = exp (—)\ fg e(s) ds) for all ¢.

We proceed with the proof by writing out the implied continuation values of informed and
uninformed agents. At the deadline the continuation values are simply the expected value of a

decision at that time.

1
VIT) = = + (1= exp(-\T)) oy
and .
VU(T) = —-+(IL-exp(=AT)) e
also

VI(T) = VY (T) = exp (—AT) oy + (1 — exp (=AT)) oo

For general 0 <t < T the continuation values are
Vi) =vI(T)—6(T —1t)
and

VU ()= (1 —exp(=MN(T =) VE(T) +exp (=X (T —t)) VY (T)

— (L —exp (A (T =) =3 (T~ 1)

Informed strategy

Checking the informed individual’s decision strategy is optimal by noting:

1 1
+ (1 —exp(=At))ag for all t < —In —.

I
t —
Vi) > E+T A @y

Here the right hand side is the value of a decision at a time ¢. Hence it is optimal to wait for the
informed agent.
Uninformed strategy

Checking an uninformed agent’s choice of effort

VE(E) = VY (1) = 5+ exp (—Aemax [T — 8) [V (1) = VY (1) = T

As ¢ (T) > ¢y, the uninformed player wants to exert maximum effort for all 0 < ¢ < T, since

= exp (“Nemax [T = 1)) [V (1) =V (1) - {]
= exp(—Aemax [T — t]) [exp (=AT) a1 + (1 —exp (=AT)) ag — ;

Vi) -VvU(t) - N
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Vl(t)—VU(t)—§>0forq§(T)><_ﬁd>g_be

Finally, we check that the uninformed individual will not call a decision by noting that

VU (t) =1 —exp(=A(T —t)) VI(T) + exp (A (T — 1)) VY (T)

— (L —exp (=M (T =) =3 (T~ 1)

1 1 1
VY (t) > —C + (1 —exp (—At)) ap provided t < X In 3

ii) Case 2 Xy <T < Xy+7
Informed strategy

d(t) =0 for t < Xy.

d(t) = o2 for t > Xy,

Uninformed strategy

d(t) =0 for all ¢.

e(t) =1 for all ¢t.

Beliefs

¢ (t) = exp <—/\ fg e(s) ds) for t < X.
¢ (t) = ¢y for t > X

The continuation value at the deadline at time 7" for an informed agents is:

1 _
VIN(T):—€+T—|—(1—¢d)a2

and for an uninformed agent is
UN 1 7
Hence, the difference between being informed and uninformed is
VIN(T) = VUN(T) = $ga1 + (1 — ¢4) as.

Working backwards consider the continuation value for an agent at time Xy < ¢t < T'. The informed
agent has payoff

VIN (1) = VIN(T) = —E}” + (1 - ¢g) a2

The uninformed agent has a payoff

VUN () = /T (_E—il_ n (1 —y) a2 e+ 8) (s — t)) e~ A1) g
t T

2
+ e IO (VUN(T) — (c+68) (T — 1))
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_€+T 2

VUN () — < 1 N (1—o4) 042) (1 _ 6—2)\(T7t))

1
_ (T 2Tt L (1 —2N(T—1)
(c+5)[ (T—t)e +2)\ (1 e )}

+ e AT (YUN(T) — (¢4 6) (T — 1))

UN |1 (1—43(1)042_ 1
v (t) = e+T 2 (C+5)2)\
(1 - 6—2)\(T—t)> 1 e 2MT-) (VUN (T))
VUN () = — jt(l_(ybd)%—(wré)i
e+ T 2 2
v | - 1—¢,) 1
—e 2/\(T t) gbda1+(2d)2—(c—|—5)2)\

Note that the 2 in the pdf comes from the probability of one of two events occuring, “I find infor-
mation” or “other agent calls a decision,” in this time interval the rate of information acquisition is
the same as the rate at which the other agent is calling decisions thus the pdf has a 2. The payoff
contains the term % because with 50% probability I will find information before the other
agent calls a decision in which case the payoff is increased by (1 — q_bd) ao. The difference between

being informed and uninformed is given by

1- 1
VIN (1) = VUN (t) = (1L=94) 2 + (c+6) —
2 2\
- ) |z 1- &d Q2 1
+ e 2T ¢dal+(2) - (C+5)ﬂ
IN _yUN
which satisfies VIV (1) = VUN (t) = £ if T — ¢ = Z by definition of Z and av (t)dtV ®) >0
because d‘f;v =0 and dvdlth < 0.

For 0 <t < X, the continuation value for the informed agent is:

VIN (1) = — +(1—¢")ay—0(Xg—1t)

E+T

the uninformed agent

UN 4\ _ X IN _ _ —A(s—t) go _ _
VUN (4) = /t (VIN (Xa) — e (s — £)) Ae 6 Dds — 5 (X — 1)

e M) (YUN (X)) — e (Xq — 1))
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VUN (1) = (VIN (Xy) — %) (1 _ e—A(Xd—t))

+VUN (Xg) e AXaD 5 (T —¢)

and the difference between the two is

VIN (1) — VUN (1) = § 1 e MXa—t) (VIN (X)) — VIN (X,) — %)
Informed strategy
An informed agent delays decisions for ¢ < Xy, in this case the payoff from an immediate

decision would be —H_% + (1 — ¢ (t)) aa. The condition for the informed agent to delay is hence

1
E+T

- 1
1-— —0(Xgy—-t)>—+(1—-0(
F(1=8g) =8 (Xa—1) 2 ———+(1-6(t)) az
rearranging and substituting in for ¢, we get

exp (—At) — ¢, > 9 (X4 —1)
as

which holds with equality for t = Xy, furthermore the derivative of the LHS is strictly less than the
RHS —Xexp (—=At) < —O% for t < X4 hence the relation holds for t < X4. For ¢ > X; an informed

individual must be indifferent about a decision now versus delaying a decision any amount At into

the future. Value of a decision at ¢ is

- a)a

the value of waiting and making a decision at ¢ + At is V (¢ + At|t) and is calculated as

V(t+ Atlt) :/jw <—1—|—a2—5(s—t)> A220‘_25(1—¢(s))exp (-/t )\izafd(l—gb(r))dr) ds

eE+T
t+At )\2042
_ 1—
+ exp < /t py— ( ¢(r))dr>

t+At )\2 )\2 B
V (¢ + Atlt) = /t (—giT tan— (s — t)> ma_zé (1= 4) exp <—MQO‘_25 (1= &) (s — t)> ds

2
+ exp (_)\22%5 ( - &d) At) <_€+17' + (1 — ésd) ag — 5At>
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1 Aag — 0 Aas -
V (t+ Atft) = (—W+a2—5 (M)) <1—exp (—/\a — (1—dq) At))

1 _
V(t+ Atft) = ot (1—¢4) a2

5 _ Aag—9d _5< Aag — 90 >_ g as = dya
Nag(1-6,) ) " \X(az=08))  dag =~ "7

hence informed individuals are indifferent about calling an immediate decision and delaying the

since

decision and a mixing strategy is an equilibrium strategy.

Uninformed strategy

An uninformed agent will exert maximum effort because VIV (¢) - VUN (¢) > 5 for all ¢ provided
T < Xg+ Z. An uninformed agent will not call a decision since the payoff from calling a decision is
—14(1— ¢(t)) a1 which is increasing in ¢, equal to the continuation value VU (T') at the deadline
and dviiv(t) <0 hence VUV (1) > =2 + (1 — ¢ (t)) oy for all t < 7.

iii) Case 3 Xy+ 2 <T <Y+ 2

Informed strategy

dt)y=0fort<T — Z.

d(t) = 2oz for t >T — Z.

Uninformed strategy

d(t) =0 for all ¢.

e (t) satisfies

t
- d
exp (—/\/ e(s)ds) >+ (T —Z—t)—
0 a2
and
T2 ~
exp (—)\/ e(s) ds) = ¢
0
fort <T - Z.
e(t)y=1forallt >T — Z.
Beliefs

¢ (t) = exp <—Afg€(s)d8> fort<T -2
¢(t) = ¢y fort >T — Z.

The continuation value at the deadline at time 7" for an informed agents is:

1 _
VIN(T):—€+T—|—(1—¢d)a2
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and for an uninformed agent is

VOV () = 14 (1= ) an

Hence, the difference between being informed and uninformed is
VIN (T) — VUN (T) = &da]_ + (]. — Q_Sd) a9.

Working backwards consider the continuation value for an agent at time T'— Z < t < T. The

informed agent has payoff

VIN (t) :VIN (T) = _5—f1—7' + (1—(?)61) ()

and the uninformed agent has payoff

1 (1 — ¢d) a9 1
UN _ _ -
Vi =t (c+9) 3%
L ONT—t) | 4% (1—¢4) a2 B 1
e 0%y + 5 (c+9) )
the difference between the two is
e
VIN (1) = VUN (1) = (=) @z + (c+9) L
2 2\
oNT—t) |7 (1—¢q) a2 1
+e [¢da1—|— 5 (c+9) )
furthermore at t =T — Z
VIN (t) . VUN (t) — ;

and fort >T — Z

VIN () = VN (1) > <

For 0 <t < T — Z the continuation value for the informed individual is

1

V[N(t) - CetT

—i—(l—(_bd)ozg—é(T—Z—t)

and the uninformed agent
T-7Z T-Z
VU(t) = (l—exp (—/\/ e(s)ds))VI(T—Z)—i-eXp (—)\/ e(s)ds) VYT - Z)
t t

—§<1—exp <—)\/tTZe(s)ds>) (T =7 —1)
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hence
V”%w—vﬂN@wngrogth—Z

Now considering the equilibrium strategies. The subgames for ¢ > T — Z are identical to those
described above in case 2 for ¢ > Xy and the proof is identical. Turning to t <1 — Z.
Informed strategy

The condition for the informed agent to delay is

1
E+T

+(1=8g) 026 (Xa—0) 2 ———+ (-6 (1)) az

rearranging and substituting in for ¢ (¢) we get

o (3 [ e@as) 260+ 2 (xa-1

which is the condition on the equilibrium effort strategy of the uninformed agent.

Uninformed strategy

An uninformed agent is indifferent about exerting effort for 0 < ¢t < T — Z so any effort level
is a potentially an equilibrium strategy and for ¢ > T — Z the agent has strict incentives to exert

effort up to the maximum effort level. An uninformed agent will not call a decision provided that

- ema < VIV @)

g
—§+(1—¢(t))a1 < —EiT+(1—q‘5d)a2—;—5(Xd—t)
(-0 ar - GWa+ (1 -0W)ar) < ———+(1-d)az—5 -3 (Xa—1)

we know from above that

1
e+ T

F=p()az S ———+(1-85) 02— 5 (Xa—1)

hence remains to show that

¢(t)a1+(1—¢(t))oz2>§

which is true because ¢.a1 + (1 — ¢,) az = § and ¢ (t) > ¢4 > @,.
iv) Case 4 T >Y;+ Z
Informed strategy
dit)=callfor 0<t<T-Y;—Z
dit)=0for T -Y;—Z <t<T—Z.
d(t) = )\’iafa fort >T— Z.
Uninformed strategy
d(t) =0 for all ¢.

e(t)=2fr0<t<T-Y;—Z
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e (t) satisfies

exp(—/\/t e(s)ds)Zq_ﬁd+(T_Z_t)5

T-Y,—2Z o9

T-Z ~
exp <—)\ /:Fde e(s) ds) = ¢

and

forT—-Y;,—Z<t<T—Z.
e(t)y=1fort>T - Z.
Beliefs
p(t)=1for 0<t<T-Y;—Z
¢ (t) = exp <f>\fjtlydize(s) ds) for T -Yg—-Z<t<T—-Z
O(t)=¢yfort>T — Z.
Here again we note that all subgames starting from ¢ = T — Y; + Z are encompassed by the

proof of Case 3 above, and the continuation values at t =T — Y; + Z are

1
VIN@ = —
() E+T
1 c
VUNt - _ =
(*) e+71 A

which are exactly the same continuation values as in Case 3 of the small incentives earlier for
t =T — Y. In this case the strategies and the proof for the subgames ¢t < Y; + Z are identical to

that for Case 3 of the small incentives earlier for t =T — Y,. =

A.2 Proofs for Uniqueness
A.2.1 General Model Description

Define 6 (t) as the conditional probability of being uninformed by time ¢ given that the other agent
doesn’t call a decision prior to t. Hence 1 — 6 (¢) is the conditional probability of being informed
by that time. Define u (t) conditional as the probability of calling an uninformed decision by time
t given that the other agent doesn’t call a decision prior to ¢t. Define p (t) conditional probability
of calling an informed decision by time t given that the other agent doesn’t call a decision prior to

t. 0 (t) changes over time according to

de
= A () (0(1) ~ (1)
Effort strategy of the uninformed agent influences %. The decision strategy of an uninformed

agent influences both fli—f and p (t). The decision strategy of the informed agent controls p (¢). The

following relationships between these functions hold

n()+p(t) <1
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also

and

The bayesian belief ¢ (¢) at a time ¢ that the other agent is uninformed conditional on no decision

prior to that time is

INICEG

1—p(t)=p()
A strategy for an agent maps into a path for 6 (¢t), u (¢), p (t). We restrict our attention to strategies
which result in piecewise continuously differential functions of 6 (t),u (t),p (t). Clearly given the
Z—f < 0 agents don’t lose/forget signals, ‘fl—’;, % > 0 decisions and calling a

decision are irreversible. The upper bound on e (¢) also insures that 6 (¢) is continuous.

nature of the model

We will use™ to denote the strategies of the other player. We have assumed that p (¢) and p(¢)
are continuous and differentiable at all but a finite number of points. Denote the set of points where
the strategy is discontinuous by x, = {t{,..t0},x, = {t},..t0} ,x, = {, .10} . x, = {#, .15}
and define x = x, U x,, and X = X, U X,,. Also define

Dy (t) = lim p(s) = p(t)

s—tt

and
Dy () = lim pu(s) — (1)

s—tt

Clearly these are non-zero only at points in x, and x,, respectively and represent the probability

a decision is called at that moment conditional on the other agent not calling a decision prior to
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that time. The objective function of the agent is:

c
T-0)-p0)\ du

+/o <1—ﬂ<t>—ﬁ<t>>“1dt“ (t) = p(®)] dt
' L6 —p(®\ Ny

o) (o (@) ) G0 -0
T 1-0(t)—p(t) dj - -

+/o <1_M(t)—P(t))aldt[1 u(t) = p(B)]dt

D) (an+ (A5 )
+ > - a) - p(1)] Bt
o { +Du0) (5555 o
) (a 1-0()—p()=D,p()) Y,
%§:[1u@)p@)DAth@H{Z%“J( +<PMme4%m4%m> ﬁ }

1
1—-0(t)—p(t)—D,(t)
Dy (t) (1—u(t)—p(t)p—Dp(t)ﬂ—DM(t) @

S IORI0) [Dp@) <a1 - (1:28128) a2> D, (0 (ijff(
0(t) —p t
pit)—p

tex\x

st
p(t) < 1-6(1)
p(t) < 0(t)
0(0) = 1
%,: “Xe (1) (0(t) — p (1))

where [i(t),p(t),0 (t) capture the strategy of the other player.
We are interested in Perfect Bayesian Equilibria of the model so strategies must be an equilib-
rium for all subgames starting at each time ¢t. We describe these by writing out the problem in

terms of continuation value functions for the informed V/ (¢) and uninformed agent V'V () upon
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reaching a time ¢t. Also write p (s|t) f(s|t)for the perceived probabilities that an informed and

uninformed agent calls a decision at s > t given the agent is at t. At on-equilibrium times these are

p(st) =L (182;8(;) and i (s|t) = & (lszgégt) however if an off-equilibrium time is reached then this is
no longer the case. Write t, (t) = inf {r > t|p* (r[t) > 0} and %, (t) = inf {r > t|u* (r|t) > 0} as de-
scribing the next time at which an agents calls a decision according to the strategies p* (r|t) , u* (r|t)
upon reaching a time t. The continuation value from being informed is just the payoff from imple-

menting the optimal stopping policy t from that moment forward:

_ g dp (r]t) d dji (r[t)
vi t) = ?rerl[g% - +/t (g =0 (r—1)) h dr +/t (=6 (r—1)) g7 dr (6)
+ 3" Dj(r[t) (aa — 6 (r — t)) + Dy (rt) (=8 (r — 1))

rEX
t<r<t

+ (1= 2 (8t) = p (#1) (1= " (Bt)) 02 = 6 [~ ¢])

where %\(t) may be set valued if the optimizer of equation 6 is not unique. The decision strategy is

optimal provided that:

lim p* (s|t) = 6(r) if r = £ ()

s—rt
dp* (r[t .
pd(tr’) > 0or Dy (r[t) > 0 if r € £ (1)
WD _ oiergi@

and these conditions insure p satisfies the adding up constraint:

dp;t(t) dt = 0 (max (i (1)) — p(t) + (0(T) — p(T)) x 1 (max (i* (t)) = T)
(1)
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The payoff from being uninformed is an effort and stopping problem given by:

VUV(t)=  max 1
telt,T) €
e(r|t) for TG[t,ﬂ

ot o) 250 o e
[ e o) e (o )
+/tt<vl() (r—t) /t e (wlt) dw) (r)exp<—/\/tre(wlt)dw>[1—/1(7”|t)—/3(7“|t)]d7“

—u(r)—0(r) ( t) (a1 — 6 (r —t) —c [/ e(wlt) dw) ]
_%rgi —p(®)=0(t) | +Dp(rlt) (=0 (r—t) — c [[ e (w]t) dw)
t<r<t(t)

+<1 — exp (— /:e (r) dr)) (1= (2t) — p () [(1 —¢* (1)) a1 =5 (t—t) — c/ttAe (rlt) dr]

In this case the condition for the effort strategy profile to be an equilibrium satisfies:

*(t) = Xe (V@) =VY (@) —
e” (t) = arg max e(VI(t) = V7 (t) —ce

the decision strategy is an equilibrium provided that:

lim p* (s|t) = 1—0(r) ifr =1 (¢

s—rt
du* (r|t .
“d(;’) > 0or Dy (r|t) > 0 if r € &* (1)
dy* (r|t .
Alng 0if r ¢ £* (t)

where £* (t) solves (??) the uninformed agent’s effort and stopping problem. These conditions also

insure it satisfies the adding up constraint

/ dﬂ;t(t) dt=1-86 (max (f* (t))) —u®)+(1=0(T)—u(T)) x1 (max (f* (t)) _ T)

t(t)
A perfect bayesian equilibrium may be described by a tuple (e* (¢), p* (t), p* (), ¢ (¢t)) if p* (t)+
w* (t) < 1forallt < T, where ¢* (t) is the bayesian belief an agent has at time ¢ that the other agent
is uninformed conditional on no decision being called prior to that time. If 3t' < T : p* (¢)+p* (') =
1 then it must also include off-equilibrium strategies and beliefs (e* (r|t), p* (r|t) , u* (r|t), ¢* (r]t))
for all times ¢t where p* (t) + p* () = 1 which themselves are equilibria of those subgames, where
@* (r|t) is the bayesian belief an agent has at time r that the other agent is uninformed conditional

on no decision being called prior to that time in a subgame starting at time ¢. We now rule out
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some types of decision strategies at on-equilibrium times by the uninformed agent. The following

lemma rules out a continuously increasing p* ().

Lemma 3 Bu* (t),r > 0,e >0: d”;t(t) >0 forter—e,r.

Proof. Suppose not and Ju* () : d“;t(t) > 0 fort € [r —e,r]. Then

p*(t)=0"(t) fort € (r—e,r)

and hence
¢*(t)y=1fort e (r—e,r)

if not then 3r’ > ¢ such that

—5i7+(1—¢*(t))a2 < —s_il_T—i-(l—u(r/\t)) (1= ¢* () az =6 (' —1))]
—0 /t (y—t)%(ty’t)dw Z D; (y]t) (=6 (y — t))
t<yyei<r'

this can be rewritten as

/

o[ w0y S Datul (-0 + (7 - 0) (1= (1)
YEX

< o[ - pI)) (1 -6 ()~ (1-¢" (1)) ]

but if that is the case then an uninformed agent could do strictly better by delaying until r’ since
the comparison of payoffs would result in the same expression except with «; replacing ag. The
inequality would then be strict and this would be a contradiction of the uninformed agent mixing
at t. Hence ¢* (t) = 1. However if ¢* (f) = 1 then an uniformed agent can do strictly better by

delaying and putting in effort over a period of time since
Almax®1 > Cemax + 0

by assumption. m

The following lemma rules out a jump in the decision function p (¢) at on-equilibrium times if
that jump doesn’t occur when both types informed and uninformed call a decision with certainty
at that instant.

Lemma 4 Bu* (t),0< s <T: Dy (s) >0 and p* (s) + p* (s) < 1

Proof. Suppose not and 3s : D« (s) > 0 and p* (s) + p* (s) < 1. As above this implies ¢* (t) =1

by the same reasoning and hence an uninformed agent can do better than an immediate decision
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by delaying and putting in effort since
)\emaxal > Cemax + 4]

by assumption. m

Hence the only equilibria involving D, (s) > 0 also have u* (s) + p* (s) = 1 whereby beliefs at
times later than s are off-equilbrium. In this case it may be possible to suppport uninformed agents
calling a decision with appropriately specified off-equilibrium beliefs. However we will exclude this
type of equilibrium as we feel for all intents and purposes it is equivalent to imposing a deadline at
time s. We thus continue the analysis under the assumption that p* (t) = 0 for all ¢. The following

lemma rules out jumps in the decision function of the informed type p (¢).
Lemma 5 #p* (1),0<t" <T: D, (t") > 0.

Proof. Proceed with a proof by contradiction. Say there is an equilibrium with a mass point at
a time t” where a mass of D« (t") = (1 —¢) [ > 0 decisions are called. For this to be the case
then ¢ < 1. If ¢ = 1 p* (t) = 0" (¢t) informed agents may only call decision at the rate at which
uninformed agents are becoming informed. Consider lim;_,;-— e (¢) and lim;_,;~+ e (¢). For there to

be a mass point the following conditions need to hold for an agent not to call an earlier or later

decision. 5

li *(t) > —cf

Jm et () 2 S T ey erae>0
and 5

lim e (t) < f

Jm e () S S T, e o orany e >0

the first of these implies that an uninformed agent will be strictly willing to wait in the neighborhood
of "~ hence will not be prepared to call a decision prior to ¢*. Also note that lim;, ,;-+ ¢ (¢") >
lim;_,;~— ¢ (¢") due to the mass point. This implies there is a discontinuous change in the effort

level at t*. We can write the continuation value from being uninformed at time t = ¢t~ — At as:
T di(s|t”—At) 1 dp(s|t”—At)
U ds I 75 .
t"—At) = . B - s
. ) /t”At<1‘9(5|”At)V ()+< €+T>1P(5|tAAt) ) )X

(1—=0(s|t” —At) (1 —p(s|t” — At))ds

.
=0 =AY D, (] — At) (‘le AL C/t‘—At e* (s) ds)

~ do(s|t"—At) dp(s|t”—At)
t"+ AL — ds I 1 T ds *
o+ (1—9(s|t*—At)V (t) + (_s+7) T—p(sit —Ar) — €€ (s) =0 ) x

(1=6(s|t” —At) (1 —p(s|t” — At))ds
+ (1 =0t + ALt —AL) (1 —p(t" + At)t" — A)) VY (t° + At)

Where At may always be chosen small enough such that there are no other points of discontinuity
of p* (t) for t € [t” — At,t” + At] other than at t = ¢t". Now consider moving a unit of effort from
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1" — e to t” + ¢ by augmenting the strategy e* () as follows:

e (t) = e (t)—cforte|t” —Att")
e (t) = e (t)+efortelt’,t” + At

The strategies are piecewise continuous so we can always find a At such that they are continuous

over the intervals [t — At,t) and (¢,t + At]. Using a Taylor series expansion

. VU = Atle™) = VU (t° — Atle* _ o 1
Alirilo ( | )At ( *) = —¢ <)\ (tE?}— I7ad (t)) - c> +AeD, (t7|t" — At) (—6+T>
+e(1— D, (t"|t" — At)) </\ (th?}+ v (t)> - c) — 0 (At)
VU ~ Atlet) — VU ~ O Atle*
AliI_I}O (t t|€ )At (t t|€ ) > ¢ <>\ <€ — + (1 o gf)(tA)) 042) o C>

1
+XeD, (t°|t" — At) (—5 — T)

1
+e(1—=D,(t"|t" — At)) </\ <_€+ +(1—0¢(t")—D,(t"|t" — At)) 042> — c> — O (At)
T
Define the right-hand side by R then

R = —D,(t"|t" — At) Aage + D, (t"|t" — At) ce — O (At)
= eD,(t"|t" — At) (c — Aa) — O (At)

> 0

Hence, there exists At > 0 such that this change in strategy is profitable which is a contradiction
that the original effort e* () is optimal and can be part of an equilibrium. m

This along with the earlier lemmas that uninformed individuals do not call decisions implies
that ¢ (t),p(t),0(t) are all continuous

Lemma 6 V' (t) is continuous.

Proof. The continuity of ¢ (¢),p (t),0 (t) insure that

f (t,i) = _5—11—7' +/t (g —d(r—1t)) dﬁc(;t)dr

+ (=5 () (1= 6" (#lt)) a2 = 6 [F - 1])

is continuous in t. Hence

VI(t) = max f(t)
ie[t,T)
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is continuous in ¢ by Theorem of the Maximum (Berge 1963). m
Lemma 7 VY (t) is continuous.

Proof. The continuity of ¢ (¢),p (t), 6 (t) insure that

f(t,e(r|t)):—i+/tT <a1—5(r—t)—c/tre(wt)dw> ;t‘t) [ < A/ (wlt) dw)]
+/tT <vf () =6 (r—1) —c/tre(w|t) dw> Xe () exp (—/\/;e(wlt) dw> [ — p(rft)] dr
+ (l—exp (—/tTe(r)dr)> (15 (T|)) [(1—¢* (T) an —5(T—t)—c/tTe(r|t)dr]

is continuous in e (r|t) . Hence

Vi) = max f(te(rlt))

e(r|t)eCy([t,T],[0,emax])

where C ([t,T], [0, emax|) are piecewise continuous functions with domain [¢, 7] and range [0, emax] ,

is continuous in ¢ by Theorem of the Maximum (Berge 1963). m

Lemma 8 Suppose p* (t) and e* (t) constitute equilibrium strategies and 35 As > 0: m >0

(t)

and 0 < €* (t) < emax fort € [s,s + As], then e* (t) = /\¢>((2)a2 and Ae* (t) = & T Jort € [s + As].

Proof. Proceed using d (t) (1 — ¢ (1))

are equal if the agent is mixing

. The incentives for delaying vs taking a decision

1
E+T

t+At r
+(1=¢" () a2 = /t =6 (r—t)d(r) (1 - ¢(r))exp (-/t d(s) (1 - ¢(S))d’5> dr

4 <—5i7 +a2) <1 ~exp <—/tt+Atd(s) (1 —¢>(s))ds>>

+ exp (— /trd(s) (1— (b(s))ds) <—5+1T +(1—¢(t+At)as — At5>

this may be rearranged to get

t+At r
i [ e—nam a-smyes (- [(a@a-o@)ds)a
+5ALexp <_ /ttw d(s)(1— o (s)) ds) — (¢ (£) = & (¢ + Ab) exp <_ /tHAtd(s) (1—6(s)) ds>)
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Apply a Taylor series expansion to ¢ (t + At) :

t+At
¢<t+At>—¢<t>—/t (e () — d(s) (1— 6(s))) 6 (s) ds

= o) (L—-At(he(®) ¢ (t) —d(t) (1 -9 (1))

@O0~ 40 100N (BF) e

apply it also to exp (— ftt+At d(s)(1—¢(s)) ds) :

d(d(t) (1-¢ (1) (At)?

t+At
exp (—/ d(s) (1 - ¢<s>>ds) S 1 At (1) (1— (1)

dt 2
CICICCTTN JE0 S

putting these together, the inside of the brackets on the right hand side becomes

t+At
¢ (t) — ¢ (t + At) exp (—/t d(s) (1 = o(s)) d8> = =0 @) Ae(t)p(t) —d(t) (1 -0 (1))

d(¢(t) e (t) —d(t) (1 - (1)) (AL
dt 2

— 2
N IO (O 1-9(0) (A1)
| Ao a0

+

— (A (8) (Ne () ¢ (1) —d () (L — (1)) d () (1 — & (1) + O (AFY)

simplifying

t+At
o (t) — o (t + At)exp <_/t d(s)(1—¢(s)) ds> = Atde(t) ¢ (t)

i (A1) d (¢ () (he (t) —d(t) (1 - (1))
2 dt

2 J—
(B0 (AOL=00) _ g1 - gy

— (A% (1) (Ae(B) @ (1) —d () (1 = ¢ (1) d (1) (1= & (1)) + O (AF)

+ ()

and further

t+At
o (t) — o (t + At)exp <—/t d(s)(1—¢(s)) d3> = Atde(t) ¢ (t)

2
N (A;) <d (Ae (Z 2O s @yretyaw (- (t))>

+ (A7 ¢ (1) (d () (1= 6 (1)) (d (1) (1= (1)) = Ae (1) + O (AF)
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Now perform a Taylor series expansion on the left-hand side:

3 [ e - sepes (- [ aea-swnas)a

t+At 2
+ 5Atexp (—/t d(s) (1 - ¢(s))ds> _ 5(A2t> d(t)(1— (1)

+5AE (1 — Atd (1) (1 — ¢ (t))) + O (A)

2
_ sat— 580

d(t)(1—¢ (1)) + 0 (At?)

Equating the At terms from the left and right hand sides leads one to conclude § = Xe (t) ¢ (¢) oz,
substituting this into the remaing terms of the indifference condition and moving all terms to the
left-hand side yields

(At)?
2

2
a1 -60)+ S 602 a1 - o)

— (A G () (A1) (L - 6 (1) (d() (1 6 (1) — Ae (1) + O (AF)
= (AD? S (6) (d() (1 & (1)) (d(1) (1~ 6 (1) — Ae (1)) + O (AF)

-0

=0

hence if d (t) > 0 and 0 < ¢ (t) < 1 then the indifference condition implies d (t) (1 — ¢ (¢)) = Ae (t)
and hence % = 0 when d (t) > 0 and % <Oforallt. m

Lemma 9 ¢* (t) > max {¢y, ¢, }

Proof. Suppose 3t : ¢* (t) < ¢, then JAt > 0 : ¢* (s) < ¢, for s € [t — At, t], however this is a
contradiction as an informed player will strictly prefer to call a decision for all s € [t — At, t] and
hence ¢* (t) > ¢, whixh is a contradiction that 3t : ¢* (t) < ¢, Suppose 3t : ¢* (t) < ¢, then
At > 0 : ¢* (t — At) < ¢,, however this implies an upper bound on the value of information is
(1 — ¢ (t)) ag + ¢ (t) ay hence for any time s such that ¢* (s) < ¢, = e* (s) = 0 therefore dd);t(t) >0
50 ¢ (t) > ¢,. ™

Lemma 10 Suppose there exists an equilibrium {e* (t),d* (t),¢* (t)} and times t" > t' such that
(o* (') — @* (")) e > 6 (" — ), then d* (t) =0 for t € (t',t") where t" = sup {t|¢p* (t) = ¢* (¢")}

Proof. Suppose that there exists [t;,t,] C [t/,t”] where d* (t) > 0 and ¢* (t) < ¢ (t") for t € [t;, t.],

note from lemma 8 we also have % = 0 over this domain. If there is more than one instance of

this take the last instance. Now at least one of the following two conditions hold
(0% (tu) — " (")) a2 > 6 (" — tu)
(6% (tu) — " (")) a = 6 (" — tu)
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(6% (tu) — " (")) a2 < 6 (" — tu)

If the first holds then Je < 0 such that for ¢ € [t, — ¢, t,] the informed individual strictly prefers
to wait until ¢ to call a decision. If the third holds then Je < 0 : (¢* (t,) — ¢* (t" +¢€)) a2 <
§ (t" —t, — e) and an informed agent strictly prefers to make an immediate decision at t = ¢, + ¢
than wait until ¢, which contradicts d(t) = 0 for ¢, <t <t”". If (¢* (tu) — ¢* (t")) a2 =6 (¢ — tu)
then the informed agent is indifferent between making a decision at ¢, and t” however the agent
must also be indifferent between making a decision at any ¢ € [t;,t,] since d(t) > 0. This is a

contradiction since a decision at t; <t < t,, has payoff

1 1
= M) ar = (167 (1) o
1 * " "
= —€+T+(1—¢ (t") ag — 0 (t" —tu)
> —€+T+(1—¢*(t"))a2—6(t”—t) for t < t,

Lemma 11 Suppose €* (t) < emax for some t then under large incentives ¢ (T) = ¢4 and under
small incentives ¢ (T) = ¢,

Proof. Suppose not ¢ (T') > max{¢4 ¢, }. Let { = inf {t|e* (t) < emax}Now being informed at
time £ has continuation value given by
1

VI =-——+ 1= =5 (T i)

since the optimal strategy for an informed individual is to delay until the deadline since e (t) = emax

and ¢ (t) > @, for t > t. Now checking the continuation value for the uninformed individual.

VU (f) = (—8 L om)a- ;) (1= exp (“Nema (T — 1))
+ exp (ema (T — ) <_i L (1- (D) oq) (T 1)
hence incentives for effort are

VE(E) = VY () = £+ e (<Aemax (T =) (1= 6 (1) a2+ (1) a1 = 1)
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also

(1=¢(T)az+¢(T)

by definition of ¢, and ¢,. Hence V! (f) - Vv (f) > S and 36 > 0 : v (f— 5) v (f— (5) >
hence e* (£ — §) = emax which is a contradiction of ¢ = inf {t|e* (t) < emax}. ®

The previous lemmas restrict the set of potential equilibria to those where ¢ () is continuous,

>0

decreasing and bounded below by max {g{ﬁd, ée} Furthermore if decisions are taken prior to the

deadline then Z—‘f = 0 during those times.

A.2.2 Proof for uniqueness of symmetric equilibria set under large incentives

Define V1* (t) and VU* (t)

1 _
I* t - _ 1—
VE(t) €+7_+( ¢d)042
1 (1-dd)as 5\ 1
Ux _ _ N
Ve = E+T+ 2 c+emax 2

A
—exp (—2Xemax (T — 1)) | @01 + (1_255)042 _ <c+

g
5 (&%)
B
N————
[\
y‘H
—_ 1

also note that

I Us _(1—&(1)@2 ) 1
vl —v @_2+G+%m>%

4T

and provided T'— t < Z we have
VE) —vU () >

>0

Also define 4 (¢), VI* (t,¢) and VU* (¢, ¢) :
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+ (1= 6 () exp (—Aemax (T — 1)) a2 — 6 (T — 1) for T — 74 (9) <

VIx(t+1t) — ot for T —tq(¢) —Z <t
(1 — exp (—Aemax (T — 1)) (fﬁ% (1= ¢ (t) exp (—Aemax (T — 1)) as — g)
+exp (—Aemax (T — 1)) (—% + (1 — ¢ (t) exp (—Aemax (T — 1)) 041) —6(T —1t)

VI(t,¢) = { e

e = (1 exb (~Aema)) (V7 (¢ +1) — §)
— €XP \ —ACmax DY CT—F
T exp (—Aemacd) VU* (£ 41) — o for T~ ta(¢)
note that
¢ () exp (= Aemax (T' = 1)) a1
$ 4+ exp (—Aemax (T — for T -
VI* (t,(b)—VU* (t, (z)) _ B\ +e p( e ( t)) ( n (1 B gb(t) exp (7)\6max( t)) g — % ) (o)
€ +exp (—Aemaxt) (VI* (t+1) = VU* (t4+1) = §) for T —t4 (o)

hence
VIt ¢) — VU (1, 6) > % for T—4(¢)—Z<t<T

Lemma 12 The unique equilbrium strategies in any subgame starting at t with beliefs ¢ (t) such
0 fort < s <tq(o)

2 -
)\)(‘120‘_26 fortg(9) <s<T

that t > T — Z —t4(¢) is e* (5) = emax fort <s <T d*(s) =

Proof. Proceed by supposing Js > t,e > 0 such that e* (r) < epax for r € [s — €, s). If this is the

case we can check the continuation values at s where
s=sup{rle* (r) < 1}.
Given that e* (s) = emax for r > § then the unique decision strategy is

i (s) = 0f0r§<s<min{T§+td () }
7= )‘0‘2 s for S+14(0(3) <s<TifS+1(¢(5) <

since the only belief at which an informed individual will call a decision is ¢ = ¢, when the
uninformed agent is exerting maximum effort. Hence we can write the continuation values as
VI*(5,¢), VU*(5,¢). The contradiction now comes from noting that for t > T — Z — 1;(¢)
VI¥(t, ) — VU (t,¢) > $ hence 3¢ : VI (r, g (r)) = VU (r,¢(r)) > $ and €*(r) < emax for

r € [§ — (,3) which means e* (1) is not an equilibrium strategy. m
Lemma 13 Suppose T'> X4+ Z then an upper bound on ¢* (t) is given by

bgexp AT —Z—1t) forT—Xq—Z<t<T—Z

o (1) < by forT —Z<t<T
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Proof. Suppose 3t'¢* (') > dyexp AN(T — Z —t')) for T — Xqg— Z <t <T — Z or ¢* (t) > ¢, for
T —Z <t <T then

S (s e | T AN @) =T = Xam Tt spging
) +y (t’ — (T—Xd -7+ Tiax ln%)) Y€ (0,1),¢ € [p(t),1]

Now s >T — Z — 1 (¢* (s)) hence the unique equilibrium of the subgame starting from (s, ¢* (s))

is given by Lemma 12. However bayesian beliefs ry (r) in this subgame reach

(r) = & () atr = (T — Xq— 2) In— ey (s) (t’ (T = Xy—7)+ lln1>

1
Mm@ w6 ()

1 1
8_(T_Xd_Z)+>\elm In @
t/,(T—Xd72)+mln ()
part of a Perfect Bayesian equilibrium. =

Together with lemma 9 this uniquely determines ¢ (t) = ¢, for t > T — Z if T > Xq+ Z

where v (s) = < 1 hence r < tand ¢ (t') > ¢* (') hence ¢* (t) is not

Lemma 14 Suppose T' > X4+ Z then a lower bound on ¢* (t) is given by

by fort>T —Z
*(t)> ¢y +6(T—2Z—t) forT—-Y;—Z<t<T—-2Z
1 fort <T-Y;—Z

Proof. As noted above ¢ (t) = ¢, for t > T — Z if T > X4+ Z is uniquely determined. Now
suppose Js: ¢ (s) < lforas <T—Yy—Zor ¢ (s) < ¢pg+6(T —Z —s)for T—Yy—2Z <t <T-Z.
If d(t) =0 for s <t < T — Z there is an immediate contradiction as informed individuals would
strictly prefer to call an immediate decision. Hence the only way this could be part of an equilibrium
is if d(t) # 0 for a subset of the interval [s,T — Z]. Suppose that there exists [¢;,t,] C [s,T — Z]
where d* (t) > 0 and ¢* (t) < ¢, for t € [t;,t,], note from lemma 8 we also have % = 0 over this
domain. If there is more than one instance of this take the last instance. Given this interval one of

the following two conditions hold
(6" (ta) = B4) 00> 6 (T = Z )

(0% (tu) — ¢g) a2 =6 (T — Z — ty,)
(0% (tu) — ¢g) 2 <6 (T — Z — ty,)

If the first holds then Je < 0 such that for ¢ € [t, — ¢, t,] the informed individual strictly prefers to
wait until 7 — Z to call a decision. If the third holds then (¢* (t,) — ¢4) a2 < 6 (I' — Z — t,,) and an
informed agent strictly prefers to make an immediate decision at t = ¢, than wait until T'— Z which
contradicts d (¢t) = 0 for t, <t <T — Z. If (¢* (ty) — ¢4) aa = 6 (T — Z — t,,) then the informed
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agent is indifferent between making a decision at ¢, and T — Z however the agent must also be
indifferent between making a decision at any t € [¢;,,] since d (t) > 0, this is a contradiction since

a decision at t; < t < t,, has payoff

(1= @)

_ —6i7+(1—¢*(tu))a2

1 _
= —€+T+(1—q§d)a2—6(T—Z—tu)
1

E+T

> — +(1—¢y)as—6(T—2Z 1) fort <t,
Finally fis < T — Z : ¢* (s) = ¢, as continuation values would be given by V* (), VU* (¢) for the
subgame starting at s which would need to have the unique equilibrium effort strategy e* (¢) = 1
however as shown above VI* (t) — VU* (t) < £ if t < T — Z hence this can not be an equilibrium.
|

These two lemmas provide an upper and lower bound on the values of ¢* (¢) in equilibrium. The
proof for uniqueness now proceeds by showing that the only equilibrium strategies which support
values of ¢ between these bounds are the ones given in the propositions.
Proof. i) Case 1: T < X4

Informed strategy

d(t) =0 for all ¢.

Uninformed strategy

e (t) = emax for all t.

Beliefs

¢ (t) = exp (—Aemaxt) for all ¢.

ii) Case 2: Xy <T < Xy+7

Informed strategy

d(t) =0 fort < Xy.

d(t) = 292 for t > Xg.

Uninformed strategy

e (t) = emax for all ¢.

Beliefs

¢ () = exp (—Aemaxt) for t < Xg.

¢ (t) = ¢y for t > Xy

Lemma 12 covers these first two cases.
iii) Case 3 Xy+Z<T <Y+ 7
Informed strategy
d(t)y=0fort <T — Z.

d(t) = Af;‘f(; fort >T — Z.
Uninformed strategy
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d(t) =0 for all ¢.
e (t) satisfies

t
exp <—)\/ e(s)ds> > &Sd—}—(T—Z—t)i
0 a2
and
T-2 B
exp (—)\/ e(s) ds> = ¢,
0
fort <T —Z.
e(t)y=1forallt >T — Z.
Beliefs

¢ (t) = exp (—)\fge(s)d8> fort<T —-Z

¢ (t) = ¢y fort >T — Z.

Lemmas 12, 14 and 13 determine the bounds on ¢ (t) and that ¢* (t) = ¢, e* (t) = emax for
t > T — Z. Lemma 10 implies that d (t) = 0 for ¢ < T'— Z which suffices along with the earlier
lemmas the equilibrium strategy set.

iv) Case 4 T > Y, + Z

Informed strategy

dt)=callfor0<t<T-Yy;—Z

dit)y=0for T -Y;—Z<t<T—-Z.

d(t) = 2o for t >T — Z.

Uninformed strategy

d(t) =0 for all ¢.

e(t)=2fr0<t<T-Y;—Z

e (t) satisfies

t
exp<—)\ e(s)ds)ZgY)djL(T—Z—t)é
T—Yy—Z Qg

T-7
exp (—)\ /T_Y ., e(s) d8> = ¢y

and

forT-Y;,—Z<t<T—-Z.

e(t)y=1fort>T—Z.

Beliefs

p(t)=1for 0<t<T-Y;—Z

& (t) = exp (—/\f;,_yd_ze(s) ds) for T—-Y;—Z<t<T-Z.

d(t)=¢gfort>T — Z.

Case 3 above covers the subgames for t > 1T — Z — T remains to show that the above strategies
are unique for t < T'— Z — T.Fort < T — Z — T we have shown that ¢ (t) = 1. First rule

out that e(t) = 0, if this were the case the continuation payoffs would be V! (¢) = —EJ%T and
VU (t) = 7841-7' — £ — (t—t) 6 where ¢ is the next time e (t) > 0, therefore the strategy e (t) = 0

is not optimal as V! — V¥ > £ Implying that 0 < e(t) < %2 and individuals make decision
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immediately V7 (t) = —F%T so VU (1) = —H% —ffort<T-27- T.

VUit = /;Mt (—8}” —c/tse(r)dr—(S(s—t)) 2)e (s) exp <—2)\/tse(r)dr> ds
+exp <—2)\ /t e dr) <VU (t+ AL — 6AL— ¢ /t e dr>

= <—€i7 - 2‘;) (1 — exp <—2A/:+Ate(r) dr))
- /t T 5 (s — ) 2e () exp (-m /t e () d7~> ds

+ exp <—2)\ /tHAt e(r) dr> (VU (t + At) — 5AL)

_ _e+17 T (1 _exp <—2)\/tt+me(r) dr))
_ /t (5 — 1) 2¢ () exp (—2)\ /t Ce(r) dr) ds

t+At
—exp <—2)\/ e(r) dr) AN
t

hence

% (1 —exp <—2)\ /tHAte(r) dr>> - /;Mta (s — t) 2)e (5) exp (—2/\ /t e (r) dr) ds
T exp <—2)\ /t e dr> 5AL

£ 2) _ 2
o2 (W AL+0 (AF) = dAL+ O (AP)

hence we require that e (t) = 2. m

A.2.3 Proof for uniqueness of symmetric equilibria set under small incentives

Define
e(0) = s T
VI (:6) = = + (1= dexp [Aemax (T — 1)) a2 = e (6)

V2 (0,6) = (1= 0xp [N (T = O] (= + (1= Gexp [ Acas (T O 02 - )

+ exp [~ Aemax (T — t)] (—i + (1 — ¢pexp[—Aemax (T —1)]) al) — 6t (¢)
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Also

Cc

Vi 0) = VT (t9) = 5

+ exp [—Aemax (T — t)] (qb exp [—Aemax (T — t)] a1 + (1 — pexp [~ Aemax (T — 1)]) a2 — E)

Ve (t0) = V™ (8,¢) >

>0

provided

t < te(0)

Lemma 15 The unique equilbrium strategies in any subgame starting at t with beliefs ¢ (t) such
thatt > T —t. (¢) is €* (8) = emax fort < s < T d* (s) = 0.

Proof. Proceed by supposing 3s > t,e > 0 such that e* (r) < emax for r € [s — ¢, s). If this is the

case we can check the continuation values at 5 where
s=sup{rle* (r) < 1}.
Given that €* (1) = epax for 7 > 5 then the unique decision strategy is
d*(r)=0

since the only belief at which an informed individual will call a decision is ¢; < when the uninformed
agent is exerting maximum effort. Hence we can write the continuation values as V./* (3, (8)),
VU* (3,4 (8)). The contradiction now comes from noting that ¢t > T —t. (¢) = 5> T — —t. (¢ (3))
hence V,/* (5, ¢ (3)) = VV* (5,9 (5)) > § thus 3¢ : VI* (r, ¢ (r) = VV* (r, ¢ (r)) > § and €* (r) < emax

for r € [s — (,S) which means e* (r) is not an equilibrium strategy. m
Lemma 16 Suppose T'> X, then an upper bound on ¢* (t) is given by

6 (1) < 1 fort<T — X,
T geexp(A(T —1)) forT—X,<t<T

Proof. Suppose 3t/,¢* (t') > ¢, exp (A (T —t)) for T — X, <t < T then

. (r (). 8)Ir (@) =T — Xe + b In§
3(37¢ (8)) € +’Y<tl_ (T_XE_FTiaxlné)),’yE (0,1),¢€ [gb(t'),l]

0" (s)) is
0" (t) at

Now s > T — t. (¢* (s)) hence the unique equilibrium of the subgame starting from (s,

given by Lemma 16. However bayesian beliefs 5* (r) in this subgame reach gAzS* (r)
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T:(T—Xe)—i—ﬁmlnﬁ—i-”y(s) (tl—(T—Xe)—i-Tiaxan) Where

s—(T—Xe)—l—ﬁln%s
7 (s) = —
(

<1
t,—(T—Xe)—i-ﬁlnm

hence r < ' and ¢ (t') > ¢* (') hence ¢* (¢') is not part of Perfect Bayesian Equilibrium. =
This uniquely determines ¢ (T) = ¢, for T > X,.

Lemma 17 Suppose T' > X, then a lower bound on ¢* (t) is given by

b +6(T—1t) forT—-Y,<t<T

oY) 2 1 fort<T -Y,

Proof. As noted above ¢ (T) = ¢, if T > X.. Now suppose s : ¢(s) < 1 foras < T —Y,
or ¢(s) < ¢, +6(T—s)for T —Y, <t <T. Ifd(t) =0 for s <t < T there is an immediate
contradiction as informed individuals would strictly prefer to call an immediate decision than wait
until 7. Hence the only way this could be part of an equilibrium is if d (¢) # 0 for a subset of the
interval [s,T]. Suppose that there exists [¢;,t,] C [s,T] where d*(t) > 0 and ¢* (t) < ¢ (T") for
t € [t;,ty], note from lemma 8 we also have % = 0 over this domain. If there is more than one

instance of this take the last instance. Given this interval one of the following two conditions hold
(0" (tu) = be) 2 > 6 (T — 1)

(¢* (tu) — &e) ag =0 (T —ty)

or

(¢* (tu) — (}56) ag <0 (T —ty)

If the first holds then 3¢ < 0 such that for ¢ € [t,, — ¢, t,] the informed individual strictly prefers to
wait until 7" to call a decision. If the third holds then 3¢’ < 0: (¢* (ty +¢&') — @) g < 8 (T — ty —€)
and an informed agent strictly prefers to make an immediate decision at t = ¢, + &’ than wait until
t,, which contradicts d(t) = 0 for t, < t < T. If (¢* (ty) — ¢" (T)) e = 6 (T —t,,) then the
informed agent is indifferent between making a decision at ¢, and 7" however the agent is also be
indifferent between making a decision at any t € [¢;,,] since d (t) > 0, this is a contradiction since

a decision at t; <t < t, has payoff

(- ()
_ _6i7+(1_¢*(tu))a2
- —5i7+(1—¢*(T))a2—5(T—tu)
> —€+T—|—(1—¢*(T))a2—5(T—t) for ¢t < t,
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Where the final line is the payoff from waiting at time ¢ until 7" which is strictly worse than
an immediate decision. Finally we need to check that ¢ (t) < ¢, = ¢ (T) for t < T. If not
s < T : ¢*(s) < ¢, and % = 0 for t > s. This immediately implies that the effort and decision

strategies are e* (t) = )\&5&2 and d* (t) = W for t > s. Now calculating the continuation
values at s o
V[*(t) — 1 (1_&5)0[2
e+ T ¢
1 (1-¢.) as § 1
Vi) = — ) 22 =
®) E+T+ 2 c+e*(t) 2\

also note that

vis vy - Udder (e =% ) 35
) . (1-0.) 5§\ 1
+exp (=2 e™ () (T —t)) [d)eozl + fz - (c—l— pr (t)> 2)\]
VI ()~ VU (1) = 258 4 e (coret (1) (T - 1) Pe;‘l - a’;‘”]

. Ix _ 1/ U=* _&Eal—i_% E
I V@) -V () = 5 <y

where the final inequality follows from the definition of ¢,. Hence e* (s) > 0 is not an equilibrium

strategy and hence fis < T : ¢* (s) < ¢,

Proof. i) Case 1: T < X,
Informed strategy
d(t) =0 for all ¢.
Uninformed strategy
d(t) =0 for all ¢.
e(t) =1 for all ¢.
Beliefs
Beliefs evolve according to ¢ (t) = exp <—)\ fot e(s) ds) for all ¢.
Follows immediately from Lemma 15.
ii) Case 2: X, <T <Y,
Informed strategy
d(t) =0 for all ¢.
Uninformed strategy
d(t) =0 for all ¢.
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e (t) satisfies

t
exp <—)\/ e(s)ds) > ¢ + (T—t)i
0

a2
T
exp (—)\/ e(s) ds) = ¢,.
0
Beliefs

Beliefs evolve according to ¢ (t) = exp <—)\ fot e(s) ds) for all ¢.

Lemma 10 and ¢ (T) = ¢, (as shown above from Lemmas 15 and 16) imply that d (t) = 0 for
all t. The restriction on e* (t) comes from Lemma 17. Beliefs are then given by Bayesian updating.

iii) Case 3: T > 1(1 — §,)o

Informed strategy

and

call fort <T -,
d(t) =
Ofort>T-Y,

Uninformed strategy
d(t) =0 for all ¢.
e(t)=2fort<T Y,
e (t) satisfies

t
J
exp <—)\/ e(s)ds> > ¢+ (T —t)—
T—Y. Q

and -

exp <—)\/ e(s) d5> = ¢,.
T-Y.
fort>T-Y,
Beliefs

p(t)=1fort <T -Ye.

¢ (t) = exp (—Afge(s) ds) fort >T—Y,.

The proof for Case 2 encompasses the subgames for t > T'— Y,. The uniqueness for t <T — Y,
is completely analogous to the proof in case 4 for large incentives of the uniqueness of equilibrium

strategies for t <T —Y; — Z. m
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