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Abstract

We study two sources of delay in teams: freeriding and lack of communication. Partners contribute
to the value of a common project, but have private information about the success of their own efforts.
The desire to maintain a partner’s motivation leads to a reluctance to share information which in
turn affects the incentives to exert effort. When the deadline for project implementation is far away,
unsuccessful partners freeride on each others’ efforts. When the deadline draws close, successful
partners stop revealing their success to maintain the motivation of other group members to work
hard. We show that there is a unique finite optimal deadline that maximizes beneficial productive
efforts while avoiding unnecessary delays. As long as the deadline is set optimally, welfare is higher
when information is only privately observable rather than revealed to the entire partnership. We
derive comparative statics results for common measures of team performance such as expected time
to implementation and expected project value. Surprisingly, setting a tighter deadline may increase
the expected time until the project is implemented, but may also increase the expected value of the

project.
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1 Introduction

Two common sources of delay and low performance in teams are freeriding on effort and lack of com-
munication. A large literature in economics (Olson 1965, Holmstrom 1982, Ostrom 1990) has focused
on the former aspect, while social and organizational psychologists and management scholars (Stasser
and Titus 1985, Morrison and Milliken 2000) have long stressed the latter source of inefficiency. In this
paper, we analyze how the incentives to free-ride on effort and to communicate information interact and
formally establish the importance of both sources of delay in team work.

In joint projects the returns to a partner’s effort typically depend on how successful other partners
have already been. A partner’s choice to communicate her private information affects the future effort
provision by other partners. In particular, the desire to maintain the motivation of others can lead a
partner to stay silent about her own success and delay the project. This mechanism is in line with psy-
chology and organizational behavior research which stresses that intentional revelation and withholding
of information in (decision-making) groups are deliberate processes to get higher performance from
other team members (Wittenbaum, Hollingshead and Botero 2004) and that “people may be motivated
to strategically withhold information that they know to be important for the group” (Steinel, Koning
and Utz 2010, page 86). This interaction necessitates the joint analysis of these two sources of delay
and their remedies (e.g., deadlines) which we undertake in the present paper. Our model allows for a
tractable equilibrium characterization with intuitive comparative statics that are consistent with the
existing empirical evidence, as well as a clean welfare analysis that yields a unique and finite optimal
deadline. We find that the ability to conceal information relaxes the standard freerider problem and as
such improves welfare when deadlines are set optimally.

We consider a continuous-time model where each agent of a group of two can exert unobservable
effort to stochastically produce a “breakthrough” or “success” for a joint project and can unilaterally
choose when to implement this joint project before a finite time horizon T'. The agents have private
information about the success of their contributing efforts and decide whether to disclose their success
or not. We assume that there are diminishing returns to output (or breakthroughs) such that agents’
efforts are substitutes.! This general setting using stochastic production and private information about

the agents’ own level of production applies to a wide range of settings.

Example 1 (Entrepreneurship). Two entrepreneurs are engaged in a common venture and are each
trying to raise funding to implement their joint project. Investing effort in raising funds is privately
costly to each entrepreneur as it requires convincing investors of the merits of the project and it may not
necessarily result in fundraising success. Any successfully raised funds contribute to the final value of the
project and, before the project is implemented, are only observable to the entrepreneurship partner who
obtained them. At any point in time each entrepreneur is free to communicate how much funding she

has already raised and may decide to call an end to the fundraising process and implement the project.

Example 2 (Committee Decision). A committee or managerial board is asked to make a decision in a

sttuation where delay is costly and information collection is endogenous. By exerting costly private effort

'In our examples this corresponds to the first dollar, the first piece of information and the first idea being the most
valuable.



a committee member increases the probability of acquiring private information about the right course of
action. However, revealing this information reduces a partner’s incentives to acquire more information
if the marginal value of information is decreasing.> To minimize delay each committee member can

request the committee to make a final decision at any point.

Example 3 (Research & Development). Two researchers inside an organization are tasked with solv-
ing a problem. FEach researcher separately exerts effort thinking about the solution and stochastically
generates ideas. When the final attempt to solve the problem is made, having more ideas increases the
success probability of the solution. The longer the organization takes to solve the problem, the greater

the costs of delay due to missed market opportunities.

We characterize the symmetric equilibrium as a function of the length of the deadline. When the
time available until the deadline is short, unsuccessful agents exert maximum effort and successful agents
reveal no information about their success. Agents have little time to generate breakthroughs and thus
have strong incentives from the start of the game to exert effort themselves rather than to count on
their partner’s effort. In response to this high effort choice, any agent who successfully produced a
breakthrough stops exerting effort and prefers to withhold information about her own success since she
benefits from the potential production of another breakthrough by a hard-working unsuccessful agent.
Because successes are not revealed, the implementation of the project is delayed. These strategies are
not sustainable in equilibrium when the deadline is far away. On the one hand, an unsuccessful agent
believes that it is too likely that her partner will successfully produce a breakthrough prior to the
deadline. As the expected return to her own effort is decreasing in this belief, she would no longer be
willing to exert such a high level of effort. On the other hand, a successful agent is not prepared to
incur the cost of delay until the deadline before implementing the project. Instead, each agent exerts
low effort and decides to implement the project upon successful production. Thus, the equilibrium
for long deadlines has two phases: a first phase of low effort intensity and immediate implementation
upon success; and a second phase of high effort intensity, no information disclosure and full delay of
implementation until the deadline.

The symmetric equilibrium strategies show that inefficient delay is due to two causes: lack of effort
exertion far from the deadline and lack of information revelation close to deadline. The first inefficiency
arises from the moral hazard in teams problem. The second inefficiency is caused by a communication
problem in which each agent refuses to share information about his own success to maintain the moti-
vation of his partner. As no information is revealed close to the deadline, partnerships are expected to
implement projects early on or to wait until the deadline. Our model suggests an explanation for the
common phenomenon, referred to as “Parkinson’s Law” (Parkinson 1955, 1958), that partnerships or
teams delay the implementation of projects without their members actually exerting effort or radically
reducing effort just to fill the time until implementation of the project at the deadline.

Tight deadlines are often assumed not only to reduce the expected implementation time, but also

20ne standard model of committee decision making that applies directly to our setup involves committee members
with identical quadratic loss functions who must match the decision to the state of the world, who hold the same normally
distributed prior and who can acquire normally distributed signals about the state of the world. A more general information
and signal structure may be accomodated when it is assumed that the realization of the signal is not known until the time
when the final decision is made.



to reduce the expected value of the implemented project. We find that the opposite may occur. A
longer deadline increases the time available for production. Breakthroughs may be produced in the
time before the moment when team members stop revealing information about their own success (and
delay implementation until the deadline). This increases the probability of an early implementation
decision, but with potentially fewer breakthroughs in expectation. We show that there is a unique
finite deadline that maximizes agents’ ex-ante welfare by maximizing beneficial productive efforts while
avoiding unnecessary delays.

Our model highlights the importance of observability of output production. When information
about private successes is immediately observable to all team members, freeriding on effort exertion will
lead to a severe underprovision of productive efforts, but at least projects will always be implemented
immediately once a breakthrough has been achieved. In contrast, when breakthroughs are only privately
observable, team members have stronger incentives to exert effort as they can reap informational rents
from not disclosing their success. However, successful agents’ attempts to benefit from another team
member’s breakthroughs causes projects to be implemented unnecessarily late. We show that, as long
as the deadline is set optimally, welfare is always higher when breakthroughs are privately observable
as the benefits of higher effort outweigh the costs of delay. We show that the strong effort incentives
that exist when breakthroughs are private information, may even induce teams to exert more effort and
generate more breakthroughs than is socially efficient. But when the deadline is set inefficiently short,
the team members may benefit from making breakthroughs publicly observable, thereby eliminating
any inefficient delay from lack of information sharing.

We further investigate how simple instruments and common features of some group production
settings, like bonus payments, communication frictions and third-party information intermediaries such
as a committee chairperson, affect the incentives to exert effort and to reveal information. Finally, we
show that our qualitative findings are robust to modifications in the production technology and how

adding team members influences effort exertion and delay.

1.1 Related Literature and Evidence

Our model contributes to the literature on sequential public good provision (Admati and Perry 1991,
Varian 1994, Teoh 1997, Marx and Matthews 2000) which studies voluntary (private) contributions
to a joint project over time in situations where contributions deterministically influence output and
the aggregate level of contributions is publicly observed. In our model, private contribution efforts
only stochastically influence output and the success of production is private information. As a result,
we are able to investigate the timing of voluntary information disclosure of successes by contributors
and its role in delaying the completion of team projects. Our dynamic modeling approach is most
closely related to Bonatti and Horner (2011) who study effort incentives in teams in a continuous-
time framework. There are two fundamental differences between our setting and theirs. First, they
introduce exogenous uncertainty regarding the feasibility of the project. Second, in their model there
is only one decision (effort) that the agent makes at each point in time and a success by either agent
immediately ends the game so that there is no private information about successful production. The

present paper instead departs from the existing literature by introducing private information about



production successes when one team member chooses to conceal a breakthrough from his partner. This
endogenously leads to uncertainty about the returns to effort and to interactions between the agents’
decisions about effort and disclosure.

From an applied theory perspective our model shares a common concern about information revelation
with the large and growing literature on decision making in groups (see Example 2). Several previous
contributions have focused on the distorted incentives to reveal private information in the presence
of conflicting preferences (Li, Rosen and Suen 2001, Dessein 2007, Gerardi and Yariv 2007, Damiano,
Li and Suen 2009, 2010),% of reputation or career concerns (Ottaviani and Sorensen 2001, Levy 2007,
Visser and Swank 2007) and of different voting rules (Feddersen and Pesendorfer 1998). In contrast, in
our model preferences are perfectly aligned, conditional on the available information, and individuals
strictly prefer to reveal their private information when a decision is made. Another strand of the
literature analyzes how incentives for individual information acquisition in committees can be optimally
provided by structuring the decision procedure (Persico 2004), the size of the committee (Mukhopadhaya
2003, Cai 2009), the voting rules (Li 2001, Gerardi and Yariv 2008, Lizzeri and Yariv 2011), or by
restricting the action space (Szalay 2005). Gershkov and Szentes (2009) provide one notable exception
in this literature as they also focus on influencing the prior information of team members to induce
them to exert costly effort to acquire information.*® However, in our setting lack of information arises
endogenously through the actions of the players rather than it being a feature of the optimally designed
contract or mechanism. To our knowledge, the present paper is the first to study the interplay of
incentives to acquire and to reveal information in a dynamic setting, thus closing the gap between the
two above-mentioned strands of the literature on group decision making. Furthermore, in addition to
having the dual instruments of information acquisition and disclosure available to them, in our model
agents can also choose when to search for and disclose information.

Our model’s central trade-off between private effort exertion and intra-group communication also
speaks to the large literature on group performance and decision making outside of economics. Our
findings contribute to the understanding of why groups often fail to make decisions in a timely manner
and of whether common practices like deadlines and public disclosure actually improve performance.
First, in their seminal research on group decision making Stasser and Titus (1985) and Stasser (1999)
show that groups do not share information effectively and that the lack of proper information sharing
and integration inhibits group problem-solving effectiveness. In our model, the reluctance to share
information is a result of each agent’s desire to maintain the motivation of other team members and
leads to delay and weakened effort incentives. Second, management scholars have long stressed that while
group decision making tends to lead to more information and knowledge being available when decisions
are made, the decision-making process often takes longer and is costlier than individual decision-making.

In his popular textbook on management practices Griffin (2006, page 250) notes that “perhaps the

3 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 make different decisions conditional on
holding the same information.

4Lack of information also features in the optimal contract design of principal-agent relationships studied by Fuchs (2007)
and Maestri (2012) where it sustains higher efforts or prolongs efficient relationships.

’Blanes-I-Vidal and Moeller (2011) also study the impact on team members’ incentives from communicating private
information, but their focus is on incentives to implement a common decision rather than on incentives to acquire infor-
mation.



biggest drawback from group and decision making is the additional time and hence the greater expense
entailed. [...] Assuming the group or team decision is better, the additional expense may be justified.”
In particular, delay and indecision are found to be common in top management teams and can have
serious consequences including missed market opportunities (Eisenhardt 1989). In our model, group
decision-making also results in excess delay and groups may even overacquire information (produce too
many breakthroughs) relative to the first best, despite the presence of a freeriding problem. Third,
to help promote the effectiveness of group decision-making Griffin (2006) advocates the careful use of
deadlines: “Time and cost can be managed by setting a deadline by which the decision must be made
final.” Carrison (2003, page 122) warns that excessively tight deadlines worsen the information revelation
problem because “whenever the workplace is charged with the electricity of a race against time, clear
communication can suffer”. Our formal analysis of the interaction between incentives for information
acquisition and information sharing shows how standard team practices to incentivize group members,
like the imposition of deadlines and disclosure rules, though often beneficial, can also backfire when
used incorrectly. While tight deadlines increase the cost of freeriding, the resulting increase in search
efforts reduces the incentives to reveal information when this information discourages group members
from searching intensively. Our model also provides a formal characterization of “Parkinson’s Law”
(Parkinson 1955, 1958) which posits that “work fills the time available” as no projects are implemented
before the final deadline.

The remainder of the paper is organized as follows. In Section 2 and 3, we introduce the model and
characterize the equilibrium strategies. In Section 4, we perform a welfare analysis for different deadline
length and compare outcomes between settings where information about breakthroughs is private or
public. In Section 5, we derive additional comparative statics results for common measures of team
performance such as expected time to implementation and expected project value as a function of the
length of the game. Finally, in Section 6 we discuss robustness and extensions. Section 7 concludes.

Proofs are provided in the Appendix.

2 Setup

We consider a continuous-time setup where ¢ denotes the time of the game. Two agents are engaged in
production for a joint project with common value.

Both agents can exert costly private effort e € [0, emax| to stochastically generate “breakthroughs” or
“successes” which increase the value of the joint project. Each agent’s effort determines the exponential
rate Ae at which an additional breakthrough is generated. This rate is independent of the other agent’s
effort. Fach agent incurs a linear effort cost ce and 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 produce breakthroughs. We call an agent successful at t if she has already produced
a breakthrough at any time at or before ¢ and unsuccessful if she has not produced a breakthrough at
or before t.

Each agent can choose unilaterally, at any point in time, whether or not to implement the project.
When the project is implemented, the common value of the project for each agent is realized and the

game ends. As long as the project has not been implemented at a time ¢ agents incur an additive delay



cost 0. If the project is implemented at a time ¢t then the total delay cost is dt. If the project has not
been implemented before, the game ends at a (possibly arbitrarily large) finite horizon time 7.

Successful agents may verifiably reveal, at any point in time, that they have been successful, whereas
unsuccessful agents are unable to verifiably reveal that they are unsuccessful. As we will see, it will be
unnecessary to draw a distinction between a successful agent revealing (not revealing) a success to the
other agent and a successful agent unilaterally implementing (not implementing) the project. We discuss
analogous equilibria in a setting where both types of agents may engage in cheap talk and the project
requires joint implementation in Section 6.2. Throughout the paper, we use the notation ~ (tilde) to
denote the strategies of the other player and * (star) to denote equilibrium strategies and beliefs.

The common value of the project to each agent is a function of the number of breakthroughs agents
generate prior to implementation. We denote this value by Vj if no breakthroughs are achieved prior
to implementation. We assume that the incremental returns to breakthroughs are decreasing where
the incremental value of the n-th breakthrough is denoted by «,, implying o, > an+1. We further
assume [Aag — ¢]emax > 0 and ¢ > Aaw, such that an agent would be prepared to exert effort to
produce the first breakthrough but not the second breakthrough. Hence, we write e (¢) for the effort
strategy of an unsuccessful agent, but do not include notation for the effort choice of a successful agent
which is always 0. These simplifying assumptions allow us to sharpen the focus of the analysis on
the fundamental trade-off between incentives to exert effort and incentives to disclose information. We
illustrate the robustness of the insights regarding this trade-off when agents are willing to individually
generate up to two breakthroughs in Section 6.3.

We consider symmetric perfect Bayesian equilibria of the continuous game with deadline 7. The
focus of this paper is on the setting where the production success of any agent is private information.
This gives a successful agent the opportunity to conceal her own success to maintain motivation for
her unsuccessful partner to continue exerting effort. We first analyze the incentives to exert effort
when breakthroughs are publicly observable. This provides a natural benchmark for the case with
private information. Notice that the first best outcome is for both agents to exert maximum effort
until implementation. The project is implemented immediately after the successful production of one
breakthrough if (2 a2 — ¢) emax < ¢ and after the production of two breakthroughs otherwise. In the
one-player version of the model, a player exerts maximum effort until she successfully produces one

single breakthrough. When successful, she immediately implements the project.

2.1 Public Information

Under public information it is common knowledge when a breakthrough has been achieved. Under our
assumption that ¢ > Aas the only equilibria of the continuation game after a breakthrough involve the
immediate implementation of the project. Since one success immediately triggers implementation, we
do not draw a distinction between a success occuring and implementation of the project in the public
information case. However, as we will see, under private information this distinction will be central.
We characterize the equilibrium effort strategy in terms of the continuation value of the game at time

t for a successful and an unsuccessful agent, denoted by V' (t) and V'V (t) respectively. The equilibrium



effort strategy satisfies
€*(t) € arg max Ae (VS(t) - VU(t)) — ce. (1)

ee[oyemax}

When an agent’s success is public information, the added value of a breakthrough for an agent does
not depend on whether or not she produced this breakthrough herself. As soon as one of the agents
successfully produces one breakthrough, the production phase is immediately ended and the project is
implemented. The value of being successful at time ¢ thus equals the value of implementing the project
with one breakthrough, V() = Vg + a1, where Vj denotes the value of implementation without any
breakthrough and «; is the incremental value of the first breakthrough.

For an unsuccessful agent, the continuation value of the game at time ¢ depends on the probability
that she or her partner will produce a breakthrough before the deadline. The probability that an agent
has not produced a breakthrough by time s, provided that the production phase has not been ended

| — F(s]t) = exp (- /t Xe (z) d:c) .

We denote the corresponding density by f(s|t). For her partner, we denote the probability and density

before, equals

by E(s|t) and f(s|t) respectively. In equation (2) the value of being unsuccessful at time ¢ consists of
three terms. The first and the second term are the expected payoffs when either the agent herself or
her partner is successful prior to the deadline. The payoff is the same in both terms and depends on
the value of the implemented project, the delay cost and the cost of effort exerted until the project is
implemented. The density of a breakthrough by the agent herself is f*(s|t)(1 — F*(s|t)) and the density
of a breakthrough by her team member (1 — F*(s|t))f*(s|t). The third term is the expected payoff of
reaching the deadline (without a breakthrough) which occurs with probability (1—F*(T|t))(1—E*(T|t)).

Hence,

VU (t) = /tT [VO Far—6(s—t)— c/ts e*(r)dr} P — B (s]t)ds
4 /tT [vo b —(s—t)— c/ts e*(r)dr] (1= F*(s|))F* (s[t)ds
+ [Vo (T — ) - c/tT e*(s)ds} (1= F*(T|))(1 — F*(T) (2)

The equilibrium strategies which are characterized in Proposition 1 depend on a threshold time
interval A. When there is A time remaining until the deadline and both agents exert maximum effort
for the time remaining, an agent is exactly indifferent about exerting effort at time ¢t = T — A. That is,
A solves A [V5(T — A) — VU(T — A)] = ¢ with €*(t) = emax for t > T — A.

Proposition 1. When information is public, the strategies in the unique, symmetric subgame perfect
equilibrium are:

1) If T < A, any unsuccessful player exerts mazimum effort for all t.

i) If T > A, any unsuccessful player exerts low effort e*(t) = % fort < T — A and mazximum effort for
t>T—A.

There are two distinct phases of equilibrium behavior. In one phase, when the deadline is close,



it provides strong incentives for effort because there is a significant chance that it will be reached
without either agent being successful. When both agents exert maximum effort, the rate at which a
breakthough occurs equals 2 ena.x. Hence, the difference between the continuation value of a successful
and an unsuccessful agent at time ¢ when both agents exert maximum effort until the deadline T is

1 —exp[—2Aemax (T — t)]

VS(t) — VU(t) = a1 exp [—2Xemax (T — t)] + (cemax + 9) )
2Xemax

The first term captures the avoided loss of reaching the deadline without either agent being successful.

The second term captures the avoided costs of effort and delay where the expected time until one of
1—exp[—2Aemax (T —1)]
2Aemax

difference V() — VU (t) is strictly decreasing in the time remaining until the deadline 7 — ¢. The time

the agents is successful equals . The assumption (Aaj — ¢) émax > 9 implies that the

length A is such that at the moment ¢ = T — A the agent is exactly indifferent about exerting effort.
From that time until the deadline at 7" unsuccessful agents thus strictly prefer to exert maximum effort.

There is another phase of the equilibrium, when the deadline is far (i.e., t < T — A), during which
both agents are indifferent about their chosen level of effort, but set it in such a way as to maintain
the indifference of the other agent. The incentives for effort are determined by the incentive to bring
forward the time at which a decision is made, thereby avoiding delay costs, and by the incentive to
freeride 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 € = %. To see this, note that if an agent
shifts effort by ¢ to the next instant, this allows her to avoid the expected effort costs Aé x ce, since
the rate at which the other agent acquires information is Aé. On the other hand, shifting effort to the
next instant increases delay costs § at the rate Ae, hence the additional delay cost is Ae x §. These two

effects exactly offset one another when
. )
AEXce=dexX )& e=—.
c

In sum, when production success is public information, agents try to freeride on each others’ effort
provision. This results in low effort unless the deadline is close. Notice that the weak incentives to exert
effort when the deadline is far could also result in asymmetric equilibria with one agent exerting epmax
and the other agent exerting 0. While the linear cost of effort and bounded maximum effort assumptions
are particularly tractable for characterizing the set of symmetric equilibria, these candidate asymmetric
equilibria are not robust to the introduction of a strictly convex cost of effort function, which is typically
assumed for analyzing freeriding in teams. Moreover, when one agent is exerting all the effort there
is no interaction between freeriding and the incentives to disclose information. We therefore focus on

symmetric equilibria.

2.2 Private Information

In the case of private information it is necessary to distinguish between an event where an agent is
successful and one where the project is implemented. Either a successful or an unsuccessful agent
may choose to implement the project. However, in equilibrium only the successful agent chooses to

implement. To simplify our exposition we suppress the notation for the implementation strategy of an



unsuccessful agent and write d (¢) for the mixed strategy of a successful agent to implement the project.°
Importantly, we verify that it is an equilibrium for an unsuccessful agent to never implement the project
and are thus only shortening the expressions below. We also note that if a successful agent reveals that
she has been successful, the continuation game is identical to the continuation game under public
information after one agent is successful. In both cases the project is implemented immediately and
hence it is without consequence that we do not distinguish between a successful agent revealing a success
and a successful agent (unilaterally) implementing the project. Further, upon common knowledge of
a successful breakthrough both agents would agree to implement the project immediately. We discuss
this issue in detail in Section 6.2.

Let G (s|t) denote the implementation probability by the other team member by time s conditional
on the project not being implemented before time ¢ and g (s|t) its corresponding density. From an
agent’s perspective, the ex-ante probability that the other agent will decide to implement by time ¢t may
be written as a weakly increasing function of time G (|0) and its corresponding density by § (£/0). Since
agents may decide not to implement the project after successfully generating a breakthrough, an agent
updates her belief that her partner is still unsuccessful when the project has not been implemented. We
denote this belief” which is the ratio of the breakthrough and implementation probabilities of the other
player, by

e

1 — G (t]0)
In Section 3 we show that in all symmetric perfect Bayesian equilibria, subject to the earlier caveat,
the equilibrium decision strategy is described by a continuous G (¢|0). In the interest of clarity, we will
restrict our attention to mixing strategies which result in a continuous G (£|0) in the main body of the
paper and refer the reader to the appendix for the general specification. We describe an agent’s mixed
strategy at different points in time by d () : [0,T] — {implement} x [0,00). If d (t) = implement and
¢ (t) = 1, the hazard rate at which the project is implemented is the rate at which unsuccessful agents

become successful. Hence,

g (t|0)

m = Xe(t) if d(t) = implement and ¢ (t) = 1.

Otherwise, for ¢ (t) < 1, the hazard rate at which the implementation decision is made is described by
d(t) € [0,00) and ¢ (t) in the following way,

g (t|0)

m:d@)(l—¢(i))-

In Section 3 (and in greater detail in Section B.3) we show that no symmetric equilibria involve unsuccessful agents
unilaterally deciding to implement the project in equilibrium. The only exception is an equilibrium in which both types
of agents decide to implement the project with certainty at a point in time, which is in effect equivalent to a deadline
supported by off-equilibrium beliefs.

"The belief ¢ (t) is the same for both a successful and an unsuccessful team member. The reason for this equality is
that a personal success reveals no information about the likelihood of the other team member being successful.

10



Bayesian updating implies that an agent’s belief evolves in the following way,

do (t) _ { 0 if d (t) = implement and ¢ (t) = 1, 3)

dt [d(t)(1—¢(t)) — e (t)] ¢ (t) otherwise.

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

remains constant over time.

Perfect Bayesian Equilibrium The equilibrium strategy is the same for any continuation game
starting at ¢ and denoted by {e* (¢),d* (¢)|t € [0,T]}. This is because any off-equilibrium strategy
either ends the game or an earlier off-equilibrium effort choice cannot affect the beliefs of the other
agent and is thus without consequence for the continuation game. The posterior belief ¢* (¢) is formed
according to Bayesian updating for a given strategy profile as in (3).

To characterize the equilibrium implementation strategy, we use the equilibrium continuation value
V3(t) at time ¢ for the successful player. For any ¢, this value consists of the payoff from a project with
just one breakthrough, of the expected payoff when the other individual implements the project prior to
the agent doing so herself which occurs with density g* (s|t), and of the expected payoff of implementing
the project at time ¢ which occurs with probability 1 — G* (ﬂt). Thus,

VS(t)=Vo+ ay
i

+ flen[%{ ) oo = 6(s = )]g"(s[t)ds + [(1 — 6" (F))az — 6(F — )](1 — G*({[1))} (4)
The equilibrium implementation strategy d* (¢) is determined as the solution of this optimal stopping
problem. A successful player implements the project at ¢ if her expected payoff in (4) is maximized
at ¢ = t and delays implementation if this payoff reaches a maximum at a later time ¢ > ¢. She may
mix and implement at a rate d* (t) € [0,00) only when she is indifferent between implementing and
delaying implementation at time ¢t. Compared to the public information case, the option not to disclose
her success may increase the continuation value for a successful player. She is willing to delay the
implementation of the project to give her partner the opportunity to produce additional breakthroughs.
When deciding how long to delay the implementation, the agent trades off the potential increase in the
value of the project when an unsuccessful partner produces an additional breakthrough, against the
expected cost from delaying the implementation. Just before the deadline, the incentive to delay the

project implementation is approximately equal to
A (T)(T)ag — 0.

The return to delaying only depends on the expected increase in breakthroughs, which occurs with the
probability that a still unsuccessful partner will produce additional breakthroughs. We define ¢, as
the belief for which a successful agent is indifferent between delay and implementation when the other
agent exerts maximum effort, i.e.,

)\emaxédag =4.
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To characterize the equilibrium effort strategy, we use the continuation value VU (t) at time ¢ for the
unsuccessful player. This value is represented by three simple terms in equation (5). The first term is the
player’s payoff in the event that her partner implements the project at time s without the player herself
producing a breakthrough. In that case the team implements the project with only one breakthrough.
This event occurs with density (1 — F*(s|t))g*(s|t) which depends on the equilibrium effort strategy of
the player herself and the implementation strategy of her team partner. The second term is the expected
payoff in the event that the player produces a success at time s which happens with a density given by
f*(s|t)(1 — G* (s|t)). In that case the player obtains the continuation value of being successful. Finally,
the last term is the expected payoff in the event that the deadline is reached without the player herself
producing a breakthrough. The probability of this event equals (1 — F*(T|t))(1 — G*(T|t)). While her
partner has not implemented the project, she may still have realized a breakthrough with probability

1 —¢* (T). Thus, for any ¢, the equilibrium continuation value for the unsuccessful player equals

T s
VU(t) = /t [Vo +ap—0(s—t)— c/t e*(r)dr} (1= F*(s|t)g*(s|t)ds
T s -
+/t [VS(S) —0(s—1t)— c/t e*(r)dr] Fr(s|t) (1 — G*(s]t))ds
T
+ [Vo +(1=9¢"(T))an — (T —1t)— c/t e*(s)ds} (1 - F*(TJt))(1 — G*(T|t)). (5)

In contrast to the public information case, a player values a breakthrough differently depending on
whether she or her partner produced it because she can capture informational rents when she is successful
herself. This is reflected by the fact that while the payoffs in the square brackets in the first and
second term of equation (2) are identical, these payoffs differ in equation (5). The unsuccessful player’s
continuation value is written conditional on her not deciding to implement the project. To ensure
that she does not have a strict incentive to decide to implement the project in the perfect Bayesian
equilibrium, we verify that VU (t) > Vg + (1 — ¢*(t)) .

Like in the public information case, the effort decisions satisfy

e’ (t) € arg max e (Vs(t) - VY1) - ce. (6)

€€[0,emax]
An unsuccessful agent is more willing to exert effort the more valuable the breakthrough she is trying
to produce. Before the deadline, the value of successfully producing a breakthrough also depends on
the cost of future effort and any further delay that is avoided. At the deadline, however, the value
of becoming successful only depends on the value of the achieved breakthrough. This value is lower
when the partner has successfully produced a breakthrough as well. Evaluated at the deadline T', the

marginal gain of effort equals
Ap(T)on + (1 = ¢(T)) az] — ¢,

Hence, at the deadline, an unsuccessful player is unwilling to exert any effort if the probability that her
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partner is unsuccessful ¢(7) is smaller than the threshold ¢ which is defined by
A [(Eﬁal + (1 — (ES) 042] =c.

Assumption. At the deadline T the incentives to exert effort are small relative to the incentives to
delay, i.e., ¢ > ¢y.

The above assumption implies that unsuccessful agents would stop exerting effort before successful
agents stop delaying as the equilibrium belief ¢* (T') decreases. This assumption allows us to shorten
the exposition by focusing on one of two cases. The equilibrium characterization, the implied welfare
results and comparative statics are similar for both cases. We briefly describe the other case with ¢ < ¢,

in Section 6.1.

3 Equilibrium with Private Information

We now characterize the symmetric equilibrium strategies of the continuous-time game with deadline
T. Equilibrium strategies change as the agents approach the deadline at T. They also depend on how
large T is, that is to say how tightly the deadline is set at the start of the game. When the deadline
is sufficiently tight (7" is small), the unique equilibrium involves delay coupled with maximum effort
throughout the game. When the deadline is sufficiently loose (T is 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.

The equilibrium strategies characterized in Proposition 2 depend on two threshold time intervals X
and Y where Y > X. There are three distinct phases depending on whether the time remaining until the
deadline is (i) less than X, (ii) greater than X, but less than Y or (iii) greater than Y. The first threshold
X equals the amount of time after which the belief ¢* (¢) reaches ¢ when an unsuccessful partner exerts

maximum effort, but discloses no information after successfully producing a breakthrough,
exp (—AemaxX) = ¢.

This threshold thus determines the maximum amount of time for which unsuccessful players can be
induced to exert maximum effort if a successful player does not disclose her success. The second
threshold Y is the amount of time for which the total delay cost JY is exactly equal to the expected
payoff for a successful player when his partner is successful (and thus ag is realized) with probability
1-¢,

§Y = (1—9) ao.

This threshold thus determines the maximum amount of time for which a successful player is willing to

delay implementation if the probability ¢ that her partner is unsuccessful falls from 1 to ¢.

13



Proposition 2. When information is private, the equilibrium strategies are:

(i) If T < X, any successful player chooses not to implement, while any unsuccessful player exerts
mazximum effort.

(it) If X <T <Y, any successful player chooses not to implement, while any unsuccessful player exerts

an effort strategy which is sufficiently backloaded satisfying condition (8) and aggregates to

oxp (—A /0 Lo s) ds> —3. (7)

(it3) If T > Y, any successful player decides to implement immediately, while any successful player
exerts low effort e* (t) = % fort <T =Y. Fromt="T —Y onwards, the equilibrium strategies coincide

with the strategies for T =Y in case (i3).

For (i) and (i) the players’ beliefs evolve according to ¢* (t) = exp(—A fg e* (s)ds) for all t. For (iii)
they equal ¢* (t) =1 fort <T =Y. Fromt =T —Y onwards, they coincide with the beliefs for T =Y

in case (i3).

Figures 1.A to 1.C illustrate the evolution over time ¢ of the equilibrium effort e* (lower panels),
the implementation decision d* and the equilibrium belief ¢* (upper panels) for different lengths of the
deadline T'. In Figure 1.A, the deadline T is relatively tight, corresponding to case (i) in Proposition
2 with T' < X. Unsuccessful agents exert maximum effort ey, over the entire course of the game and
successful agents delay implementation. The belief ¢* declines from the complete certainty at ¢ = 0
that the other agent has been unsuccessful so far to ¢* > ¢ by the end of the game at 7. This holds
with equality ¢* = ¢ at T if T = X, as shown in Figure 1.A. Next, in Figure 1.B the length of the
deadline T is longer, corresponding to case (ii) with X < 7' < Y. While successful agents still delay
implementation, unsuccessful 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.

Effort is not fully tied down in equilibrium, but needs to be sufficiently backloaded as well, satisfying

o [1 ~exp (—)\ /O " s) dsﬂ < 6t for all £ € [0,T]. (8)

The gray lines depict the two extreme equilibrium paths with minimal (dashed line) and maximal (full
line) backloading of effort for 7' =Y. Finally, in Figure 1.C we depict the equilibrium paths for loose
deadlines, corresponding to case (iii) with 7" > Y. At the beginning of the game unsuccessful agents
exert effort e* = g and successful agents decide to implement the project immediately. Thus, during
this initial phase the belief ¢* remains constant at 1. However, once enough time has elapsed the delay
phase begins and the game proceeds as in Figure 1.B.

We now briefly discuss how the equilibrium dynamics emerge from the trade-off between the conflict-
ing objectives of joint production and information sharing for the three cases in Proposition 2. Consider
the first case where T is smaller than X. The incentives to provide effort originate from the value of
additional breakthroughs when the project is implemented. Since successful individuals always delay

until the deadline, this is entirely determined by the marginal value of an extra breakthrough at the
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Figure 1.A: Equilibrium for 7" < X. The gray lines in the upper and the lower panel show the evolution of the equilibrium belief
¢* (t) and the equilibrium effort e* (¢) for ¢ € [0,T]. In equilibrium, any successful agent does not reveal a breakthrough and chooses
to delay until the deadline at T'.

deadline, that is ¢* (T') a1+ (1 — ¢* (T')) aa. As long as the pursued breakthrough is likely to be the first,
the incentives for effort are sufficiently high to support maximal effort. Since T is smaller than X, the
belief ¢* cannot fall below the threshold ¢ and the agent thus chooses to exert maximum effort epay.®
In response to this high effort choice any successful agent prefers to delay the implementation because
she benefits from the potential production of an additional breakthrough by a hard-working agent who
has not been successful before. 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 has been successful.

For T larger than X (and smaller than Y'), in the equilibrium outlined in the previous case with
maximal effort throughout the belief ¢* would fall below the threshold ¢ and unsuccessful agents would
no longer be willing to exert such a high level of effort. Instead, in equilibrium, unsuccessful agents now
choose lower effort levels in a way that ensures that at time T the belief ¢* is exactly at the threshold
o, i.e., exp (—)\ fOT e* (s) ds) = ¢. This belief at the deadline makes unsuccessful agents indifferent with
respect to the level of effort they choose, both at and before the deadline. The difference in continuation

values is
VS () — VU () = § +exp <—)\ /0 L (s) ds> (VS (T) — VY (T) - ;) . (9)

Incentives to exert effort exist at ¢, that is V¥ (t) — VU (t) > £, provided that they exist at time T,
that is V5 (T) — VY (T) > £. As a result, when an unsuccessful agent is indifferent about her effort

1t is important to emphasize that the maximum effort exertion of agents close to the deadline is the result of the
increasing importance of becoming informed as the deadline draws closer. It is not caused by any discounting motive since
such an incentive is explicitly ruled out in our discounting-free setup.
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Figure 1.B: Equilibrium for X <7 < Y. The gray lines in the upper and the lower panel show the evolution of the equilibrium belief
¢* (t) and the equilibrium effort e* (¢) for ¢ € [0,7]. The two extreme equilibrium paths with minimal (dashed line) and maximal
(full line) backloading of effort for 7' = Y are depicted. In equilibrium, any successful agent does not reveal a breakthrough and
chooses to delay until the deadline.

choice at the deadline, ¢* (T) = ¢, she is also indifferent at any time ¢ before the deadline. Hence, when
increasing the length of the game, the aggregate effort exerted by unsuccessful agents remains the same,
but their average effort intensity is lower. The equilibrium path of effort is not unique, but to ensure
that successful agents are willing to defer a decision until the deadline at any point during the game,
unsuccessful agents need to backload their effort sufficiently. Hence, condition (8) can be re-expressed

to provide a lower bound on an agent’s belief that her partner has not realized a breakthrough,

o*(t) >1— Oit for all t € [0,77]. (10)

Figure 1.B illustrates the equilibria with minimal and maximal backloading for 7' =Y. With minimal

backloading, an unsuccessful agent chooses effort such that ¢* (t) = 1 — a%t for all ¢.” With maximal

backloading, an unsuccessful agent chooses effort e* () = 0 for t < T — X and €*(t) = emax for
t>T—X.10

For T larger than Y, successful agents no longer prefer to delay implementing the project from the

start. While the aggregate benefit of delay that accrues from the potential generation of a breakthrough

by a previously unsuccessful partner remains constant at (1 — g?)) a as seen in equation (7), the aggregate

Notice that e* (t) equals ﬁfw and %2& for t =T — Y and ¢t = T respectively.

10This indeterminacy is due to our assumption that the cost of effort is linear, which affords substantial tractability.
In a related context Bonatti and Horner (2011) also assume linear effort costs. When considering convex costs they are
no longer able to obtain closed-form solutions, but their numerical illustrations for cost power functions suggest that the

qualitative features of our analysis would remain intact.
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Figure 1.C: Equilibrium for 7" > Y. The gray lines in the upper and the lower panel show the evolution of the equilibrium belief
¢* (t) and the equilibrium effort e* (¢) for ¢ € [0,7]. The two extreme equilibrium paths with minimal (dashed line) and maximal
(full line) backloading of effort are depicted. In equilibrium, any successful agent chooses to reveal a breakthrough and implement
early in the game (¢t < T —Y'), but chooses to delay until the deadline later on (¢ > T —Y.)

cost of delay 0T increases as T increases. As a result, when 1" exceeds Y, a successful agent will initially,
that isaslong ast < T'—Y, prefer to forego any delay costs and instead choose to immediately implement
the project upon the production of a first breakthrough. As in the public information case, the incentives
for effort again consist of the incentive to bring forward the time of implementation, thereby avoiding
delay costs, and of the incentive to freeride on the effort of the other agent, thereby avoiding effort
costs. This leads to the low equilibrium effort e* = %, which makes an unsuccessful agent indifferent
about her effort choice. The effort level exerted during this phase of full disclosure is lower than the
average effort level in the phase of no disclosure, reflecting the fact that a close deadline overcomes the
temptation to freeride.!! Note also that when effort is low, * = g, a successful agent is not willing to
delay implementation since )\%OLQ < 4. If the project has not been implemented before, the equilibrium

is identical from ¢t = T'— Y onwards to the equilibrium for 7" =Y in case (ii).

Uniqueness In the Online Appendix we establish the uniqueness of the equilibrium described in

Proposition 2 in the set of symmetric perfect Bayesian equilibria.'> We first show that the symmetric

HThat is, g < %emax‘ This follows since )\%O&QY < 0Y = (1—475) g = fOX Aemax®™ (1) dtas < fOX Aemaxdtas =
Aemax X Q2.

12Note, however, that in addition to the equilibrium discussed previously, there are also symmetric equilibria which
involve strategies whereby both uninformed and informed agents decide to implement at the same instant of time with
probability 1 conditional on reaching that time. We do not discuss these equilibria where individuals implement the project
with certainty at a point in time because they are in effect equivalent to deadlines which are enforced by appropriately
specified off-equilibrium beliefs.
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equilibria involving unsuccessful team members implementing the project involve both team members
(irrespective of type) coordinating on implementing the project at a moment in time prior to the
deadline. This is the only moment an unsuccessful team member is willing to implement the project.
This is made possible in equilibrium by appropriately specifying off-equilibrium beliefs at the times
immediately after this time. In effect this time acts as a de facto deadline and the on-equilibrium beliefs
of agents are the same as if it is a deadline. The following proposition states that the set of equilibria
we find is unique amongst the set of symmetric equilibria where unsuccessful agents do not implement
the project. Amongst the symmetric equilibria where unsuccessful agents do implement the project our

proposition characterizes the possible on-equilibrium behavior.

Proposition 3. Suppose unsuccessful team members do not implement the project. The set of equilibria

described in Proposition 2 are then the unique sets of symmetric perfect Bayesian equilibria.

Thus, the withholding of information through delay in the lead-up to the deadline is a characteristic
of all symmetric equilibria. This further allows us to consider comparative statics as well as the welfare

implications of (optimal) deadlines.

4 Welfare

In this section we turn our attention to the effect of the deadline on the welfare of the agents. We find
that there exists a finite and unique welfare maximizing deadline. Furthermore, we show that when
information is private and the deadline is set optimally, the expected welfare at the start of the game

is higher than when the breakthroughs are publicly observed.

4.1 Optimal Deadline

In the baseline case the optimal deadline is set such that agents always delay the implementation of
the project until the deadline, but still exert maximum effort. The following proposition formally

characterizes the effect of the deadline on welfare.

Proposition 4. The expected utility of each partnership member is mazimized for T = X. The expected
utility is strictly increasing in the length of the deadline T for 0 < T < X, strictly decreasing in T for
X <T <Y and independent of T for T >Y .

The gray line in Figure 2 graphically illustrates how expected welfare at the start of the game
varies with the choice of the deadline 7" and reaches a maximum at T = X. For very tight deadlines,
T < X, agents exert maximum effort and implement the project only when the deadline arrives. Thus,
increasing the deadline improves welfare because even though it increases the time until implementation,
it also allows the agents more time to intensely exert effort to generate breakthroughs. However, once
T is larger than X, the aggregate effort exerted and the expected number of breakthroughs achieved
prior to the deadline remain unchanged. The team members simply choose their effort in such a way
that they are equally likely to be successful at the deadline, no matter whether the deadline occurs

at X or Y or at any time in between. Consequently, any increase in the deadline over and above
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Figure 2: Expected welfare at ¢ = 0 as a function of T" under private (gray line) and public (full and dashed black lines) information.
The full black line shows the case where welfare under public information is lower than welfare under private information for any 7'
The dashed black line shows the case where for (inefficiently) short deadlines welfare under public information is higher than under
private information. In both cases, A denotes the time interval for which agents exert maximum effort under public information.

X only introduces additional costly delay. For T between X and Y, the expected utility decreases
linearly in T" at rate J. Finally, for loose deadlines, T' > Y, the welfare of the agents is independent
of the deadline.!® Shortening the length of the game reduces the probability that one’s partner will be
successful in producing a breakthrough. Her effort level during the phase of no delay is such that the
value of this lost opportunity, Ae* (0) [V:;? (0) — V¥ (0)], is exactly offset by the foregone delay §.'*
Related to our findings that emphasize the beneficial incentive effects of short deadlines as well as the
lack of delay associated with them, are the influential studies of strategic decision making of executive
teams in the microcomputer industry by Bourgeois and Eisenhardt (1988) and Eisenhardt (1989). The
authors document that indecision and delay can cost firms their technical and market advantages and
even lead to bankruptcy. They further show that management teams that make fast decisions due to
strict deadlines also use high levels of information and develop many problem-solving alternatives. This

fast and informed decision making avoids delay and is positively related to superior firm performance.

Corollary 1. The optimal length of the deadline T = X is decreasing in emax and c, increasing in aq

and ag, and ambiguous with respect to .

The optimal deadline is affected by changes in the underlying model parameters. Remember that

the threshold X equals the time it takes to reduce the probability of still being unsuccessful to ¢ when

c

I3Notice that the expected utility in the long horizon game, Vo + a1 — 5
in the one-player version, Vp + a1 — [83";“7"4"5] This is achieved when no deadline is imposed.

MGince the project is immediately ir?l‘f))iemented when one agent becomes successful, the value of being successful,
vy (0) = Vo + a1, does not depend on the deadline in this stage. Moreover, both agents are indifferent with respect to the

effort level they exert,

exceeds the highest achievable expected utility

A [ng 0) — Vi (O)] =cforany T >Y.

Hence, the value of being unsuccessful, V¥ (0) = Vi (0) — £, does not depend on the deadline either.
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exerting the maximal effort level,
€xXp (_AemaxX) = (7)7

where ¢ is the belief that makes an agent indifferent about the level of effort,
A [q?ﬁal + (1 — <E>) ag] =c.

When the maximal effort e,y increases, it takes less time to reach this critical probability. Hence, the
longest time that maximal effort can be induced decreases. An increase in the marginal productivity of
effort, A\, has a similar effect in that it reduces the time needed for the equilibrium belief ¢* to reach
the threshold ¢. However, an increase in A has a countervailing second effect because it also reduces ¢
by making it more beneficial to exert effort. The aggregate effect on the optimal deadline of a change
in A is therefore ambiguous. In contrast, an increase in the marginal cost ¢ unambiguously shortens the
optimal deadline by increasing ¢. When it is more costly to exert effort, an unsuccessful agent will only
be indifferent between exerting and not exerting effort when it is more likely that the other agent has
not been successful. Thus, maximal effort can be sustained for a shorter period of time. Conversely,
increases in the value of the first breakthrough, a4, and of the second breakthrough, as, both raise the
marginal benefit of effort and thus lengthen the optimal deadline by decreasing ¢. Finally, note that
the optimal deadline is independent of the delay cost 6. This independence result is due to our initial
assumption that § is sufficiently small for successful agents to be willing to delay implementation of the

project.

4.2 Private versus Public Information

The ability to withhold information increases the private returns to successful production of a break-
through and thus the incentives for effort. When information is private and the deadline is set optimally—
trading off effort incentives and inefficient delay—the expected welfare at the start of the game is higher

than the highest achievable welfare when breakthroughs are publicly observed.

Proposition 5. The highest welfare achieved by optimally setting the deadline when information about

breakthroughs is private exceeds the highest welfare when such information is public.

As long as the deadline is sufficiently far away, the effort strategies coincide, since agents fully
disclose their breakthroughs, whether they are required to or not. For long games, welfare does not
depend on the deadline, nor does it depend on whether breakthroughs are publicly or privately observed.
For close deadlines, the incentives to exert effort are different in the two cases, since successful agents
no longer disclose information about their production success when they are not required to. A priori,
it may seem that the change in the observability of production successes can increase or decrease the
effort incentives. The private nature of this information provides stronger incentives for unsuccessful
players by allowing successful players to ‘rest on their laurels’. However, the fact that other players may
already have been successful, decreases the value of additional breakthroughs and thus the incentives
to exert effort. The first effect dominates the second effect in equilibrium. When breakthroughs are

private information, incentives for maximum effort can be sustained throughout for games with longer
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deadlines than when such information is publicly available, i.e., X > A. This also implies that for
games with long deadlines, the initial stage of low effort, e (t) = g, lasts longer when breakthroughs are

publicly observable.?

Corollary 2. Incentives for mazximum effort can be sustained for a longer period of time when infor-

mation is private than when it is public.

Clearly, the higher effort incentives that arise from the private nature of information about pro-
duction successes, increase welfare by mitigating the inefficiency due to freeriding. However, for short
deadlines, T" < A, incentives are sufficiently strong for players to exert maximum effort, regardless
of whether production successes are publicly or privately observed. Moreover, the option to withhold
information about production successes also affects welfare through the delay of decisions. Successful
players stop exerting effort and may delay implementation in the hope that their partner will be suc-
cessful. Hence, both players may have stopped exerting effort, but may still delay implementation not
knowing that their partner has already been successful in generating a breakthrough. This is clearly
inefficient ex-post. However, as any unsuccessful player would stop exerting effort if the information
were disclosed, any opportunity to produce a second breakthrough is lost when production successes are
publicly observable. This opportunity can only be valuable if it is socially efficient to produce a second
breakthrough, (2Aag — ¢) emax > . Hence, when the deadline is short and it is socially inefficient to

produce a second breakthrough, the team partners’ welfare is higher under public information.

Corollary 3. Welfare under public information exceeds welfare under private information if T < A

and (2Aag — ¢) emax < 0.

In Figure 2, we also plot the expected welfare at ¢t = 0 for different lengths of the deadline T" under
the public information case. The full black line shows the case where welfare under public information
is always lower than under private information. In contrast, when production of a second breakthrough
is socially inefficient and the deadline is set inefficiently short, welfare under public information can be
higher than under private information as illustrated by the dashed black line. Still, keeping information
about production successes private is always preferable for the team when the deadline can be set
optimally. That is, the stronger effort incentives that arise when breakthroughs are only privately
known, can be harnessed at the relatively low cost of inefficient delay by setting the appropriate deadline.
As a result, partners would lose from public disclosure rules or any commitment to reveal successes they
achieve.

It is instructive to relate our finding to other settings where deadlines are beneficial. Deadlines have
been previously highlighted as beneficial commitment devices to solve self control problems (Ariely and
Wertenbroch (2002), O’Donoghue and Rabin (1999, 2001), Brocas, Carillo and Dewatripont (2004)). In
contrast, in our setting deadlines resolve a freeriding problem. This is not sufficient to improve welfare
as illustrated by our public information case in which deadlines necessarily decrease welfare. Bonatti
and Horner (2011) deviate from our public information case by introducing exogenous uncertainty about

the feasibility of the project. In their setting agents learn about the feasibility of the project too slowly

1> Notice that equilibria exist for which e*P" (£) > ¢ *" (t) for any t. However, e**" (t) = 0 ( < € *"* (t)) for some
t may well be part of an equilibrium strategy for an unsuccessful player.
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due to suboptimal effort and a deadline raises welfare by increasing effort and hence the rate of learning.
The learning component is instrumental. In contrast, in our model with dual decisions about effort and
disclosure (in the private information case), the beneficial effect of a deadline is different. Our results
show that the ability to conceal information allows a deadline to provide stronger incentives for effort

than in the public information case and improve welfare despite introducing some inefficient delay.

5 Setting Deadlines

We now analyze how the deadline affects outcomes other than welfare. We focus on two common
measures of team performance: the expected time until the project is implemented and the expected
value of the project. These measures are of interest to an outside party who is able to choose the length
of the deadline and may have different preferences than the team members do. This further allows us

to relate our results to existing evidence on the relationship between deadlines, delay and performance.

5.1 Time to Implementation

The natural intuition is that tighter deadlines lead to less delay. We show that this need not be the
case and that instead the expected implementation time may be non-monotonic in the length of the

deadline.

Proposition 6. For T' <Y, the expected time to implementation is increasing in T'. For T >Y , the

expected time to implementation is decreasing in T if and only if g—f > 2 and increasing otherwise.

1-¢

For tight deadlines, T' < Y, successful partners never disclose their breakthrough and the team
always delays project implementation until the deadline. The time until the project is implemented
thus equals T and a shorter deadline will always reduce the expected implementation time. The delay
of implementation is strongly reminiscent of Parkinson’s Law. This widely accepted behavioral law, as
stated in its original source (Parkinson 1955, 1958), posits that “the amount of time which one has to
perform a task is the amount of time it will take to complete the task”. In our context, Parkinson’s Law
manifests itself by the fact that the amount of time the team takes to implement the project is exactly
equal to the amount of time it is given.

For loose deadlines, T' > Y, implementation may also occur earlier, namely after a successful break-
through in the first phase of the game. Increasing the deadline T' now decreases the probability that
agents reach the second phase where implementation decisions are delayed until the deadline. The

expected time until the project is implemented equals
T-Y
T:/ th(t)dt + 1 — H(T - V)T,
0

where h (t) = 2)\% exp (—2)\%15) is the probability that a breakthrough is produced at time ¢, when the

two agents are exerting the low equilibrium effort level e* (t) = %. The derivative of the expected time
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to implementation with respect to the deadline is then given by

or 1—H(T-Y)

—=h(T-Y -Y|.
oT ( ) h(T-Y)
The overall effect of increasing the deadline is ambiguous as the combination of immediate implementa-
tion upon success (despite the slow arrival of successes) during the first phase may be a slower or faster
process than incurring the fixed delay of Y upon reaching the second phase. The expected implementa-

tion time 7 is decreasing in the length of the game T if a{1d only if % < Y. Using the expression

for Y, we find that this is the case if and only if 52 > %

Taken together, our model predicts that teams either complete and implement projects relatively
early on in the process or right at the deadline. Tight deadlines may increase the expected time to
implementation by reducing the probability that projects are implemented early on. The relationship
between delay, performance and deadlines has been extensively studied both in laboratory and field
settings in psychology with a myriad of tasks (Bryan and Locke 1967, Peters et al. 1984, Locke et
al. 1981 for an overview of this large literature). In addition to delay, their findings also indicate that
with longer deadlines work intensity and performance may suffer. We address these issues in the next

subsection.

5.2 Project Value

In addition to influencing how long it will take a group to make a decision, the choice of deadline also
affects the expected number of breakthroughs available to the agents when a project is implemented.
When more breakthroughs are produced, the project has a higher value from which both partners
benefit. One would expect that a longer deadline would always allow for more breakthroughs to be
generated until the project is implemented, but this line of reasoning ignores that agents may choose

to implement the project before the deadline.

Proposition 7. The expected value of the project at implementation is increasing in T for T < X
and it is constant for X <T <Y. ForT >Y, it is decreasing in T if and only if g—f > (f% and
increasing otherwise.

For short deadlines, T" < X, an increase in the length of the game strictly increases the expected
number of breakthroughs produced until the deadline at which time the project will be implemented.
Agents exert maximum effort throughout the game as long as they are unsuccessful and thus have
more time to become successful if the game lasts longer. The expected value of the project when it is

implemented is equal to
Vot (1= ¢* (T))ar + (1 = ¢* (T))* ae,

where the probability that an agent is still unsuccessful at the deadline, ¢* (T) = exp (—AemaxI), is
decreasing in T'. For intermediate deadlines, X < T" <Y, an increase in the length of the game has
no impact on the expected value of the implemented project. The probability that an agent is still
unsuccessful at the deadline equals ¢* (T) = ¢, regardless of the length of the game. This is an even

stronger expression of Parkinson’s Law, alternatively stated as: “Work expands so as to fill the time
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available for its completion.” The additional time granted to the agents has no impact at all on their
total effort. This result is also found in a plethora of field and experimental studies that find no change
in task completion time and demonstrate that effort (or work pace) is adjusted to the time available or
the difficulty of the task (Bassett 1979, Locke et al. 1981).

For long deadlines, T' > Y, an increase in the length of the game may decrease the expected number
of breakthroughs available at implementation. Agents may implement the project before the deadline
is reached to avoid the costly delay that occurs when waiting for the other agent to produce additional
breakthroughs. When T is large, it becomes more likely that a project will be implemented by a
successful agent who has only one breakthrough. The key comparison is therefore whether the value of
a single breakthrough is greater or smaller than the expected value of the project for a game with short
deadline T' <Y, i.e.,

a1 2 (1-¢* (1)) + (1 — ¢* (1)) as.

When «s is small compared to «y the second breakthrough is of relatively little value, but the agents
run a high risk of ending up with no breakthrough at all for short deadlines. Thus, the expected value
of the project is increasing in T'. Conversely, when the second breakthrough is sufficiently valuable, the
expected value of the project 2)is higher for ' < Y and hence the expected value is decreasing in 1" for

. . ¢
T'>Y if and only if G2 > "

2
Corollary 4. When g—f > (1%})2 and (2 ag — ¢) emax < 0, the team produces too many breakthroughs

in expectation for T € [X,Y].

2
a2

Interestingly, when 22 > (li%z) and X < T <Y, the expected value of the project can be inef-
ficiently high. Agents may implement projects that use more breakthroughs than is efficient from an
ex-ante perspective. In particular, if it is socially efficient for the team to produce only a single break-
through, i.e., (2 a2 — ¢) emax < 9, the agents will overgenerate breakthroughs in expectation. While it is
not surprising that agents may end up producing too many breakthroughs ex-post given our assumption
of private information about effort exertion and production success, it is quite surprising that despite
the agents’ freeriding problem, ex-ante overproduction can occur in our model. Ex-ante overproduction

of breakthroughs may occur even when the deadline T is set optimally at X.

6 Discussion and Extensions

Our basic framework identified a strong tension between the incentives to exert effort and to reveal
information. In equilibrium, this resulted in two potential phases depending on the proximity of the
deadline: a first phase of low effort and full disclosure and a second phase of high effort and no disclosure.
In this section we provide a brief description of the case in which the incentives to exert effort for the
unsuccessful agent exceed the incentives to delay for the successful agent at the deadline, i.e., ¢; > &.
We then discuss the robustness of the qualitative equilibrium characteristics to modifications of the
nature of communication, the value of additional breakthroughs and the number of players. We also
briefly consider some extensions of our basic framework such as the introduction of explicit contracts

and reputational rewards to being successful, the presence of communication frictions, and the potential
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role of a third party intermediary. Some of these extensions are particularly relevant in group decision-
making processes. To simplify the presentation we discuss each new element separately and keep the

mathematical formalities to a minimum.

6.1 Case with Large Effort Incentives (¢, > ¢)

We briefly consider the case in which the incentives to exert effort for the unsuccessful agent exceed the
incentives to delay for the successful agent at the deadline, i.e., ¢; > ¢. A complete discussion of this
case is contained in Section B.2 of the Online Appendix.

Like in the baseline case, there is a lower bound on the equilibrium belief ¢* (¢). The only difference
is that this lower bound is now determined by the incentives to delay implementation rather than the
incentives to exert effort. That is, in equilibrium, the belief ¢* (t) does not fall below ¢,. Otherwise,
a successful player would strictly prefer to implement the project as it is too likely that her partner
is already successful. However, a belief ¢ (¢) < 1 cannot be consistent with a successful player’s pure
strategy to implement at time ¢.!® By deciding to implement at a rate d (t) such that (1 — ¢ (¢))d (t) =
Aémax, a successful player keeps her partner’s belief constant at ¢ (t). A successful player, however,
is only indifferent about implementing the project when her belief equals exactly ¢,. This interplay
introduces a new phase in equilibrium for games with length exceeding Xy where exp (—AemaxXq) = ¢y
After unsuccessful agents have exerted maximum effort for a length of time X4 and the belief ¢* (¢) has
decreased to ¢, successful players start implementing at rate d* (t) = )i%"‘d—:‘ keeping the belief constant
at ¢ .

The characterization of the equilibrium is thus very similar as in the baseline case except for this
final phase of mixing delay coupled with maximum effort exerted by unsuccessful agents. This final
phase maximally lasts up to a length of time Z. The length of time X4+ Z is the longest possible time
for which maximum effort can be sustained throughout the game. When the length of the game exceeds
X4+ Z, players will reduce their average effort during the first stage of the game such that the belief
®* (t) equals exactly ¢, for t =T — Z.

Figure 3 graphically illustrates the evolution of the strategies and beliefs over the course of the
game. Equilibrium behavior of successful agents is divided into three distinct phases. As in the baseline
case, agents decide to implement the project immediately upon successfully producing a breakthrough
when the deadline is far away. However, once the deadline is sufficiently close, i.e., t > T — (Y + Z),'7
successful agents prefer to delay the implementation and thus the equilibrium belief ¢* falls until it
reaches ¢,. At that point, successful agents are indifferent between implementing and delaying the
implementation and thus probabilistically choose one or the other until the conclusion of the game in
such a way that ¢* remains constant at ¢,. As in Figures 1.B and 1.C the full and dashed gray lines
for ¢* are associated with the two extreme equilibrium paths for e* involving minimal and maximal
backloading of effort. The evolution of effort in Figure 3 mirrors Figure 1.C. Unsuccessful agents choose

e* = % during the initial decision phase and then start increasing their effort until they exert effort emax

161f ¢ (t) = implement and no player has decided to implement at ¢, the belief should be reset at 1 and thus a successful
player would again strictly prefer to delay the decision.

7y, is the maximum length of time a successful agent is (strictly) willing to delay to allow her partner to produce a
second breakthrough with probability 1 — ¢,.
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Figure 3: Equilibrium for 7 > Yy + Z when ¢ < ¢,. The gray lines in the upper and the lower panel show the evolution of the
equilibrium belief ¢* (¢) and the equilibrium effort e* (¢) for ¢ € [0,T]. The two extreme equilibrium paths with minimal (dashed line)
and maximal (full line) backloading of effort are depicted. In equilibrium, any successful agent chooses to reveal a breakthrough and
implement early in the game (t < T — (Yy + Z)), chooses to delay in the middle of the game (T'— Z >t > T — (Y4 + Z)) and to mix
between delaying and implementing at the end (¢t > T — Z).

at the end of the game.

The equilibrium description, both in the baseline case with small incentives for effort and the case
with large incentives for effort, formally establishes that the implementation of the joint project may be
significantly delayed. This is due to a lack of productive effort when the deadline is far away and due
to a lack of information sharing when the deadline is close. All remaining results regarding uniqueness,

welfare and deadlines continue to hold as well.

6.2 Communication and Implementation

In Section 2 we proceeded by not distinguishing between an agent revealing a success to the other agent
and deciding to implement the project. We also assumed that one agent can decide to implement the
project unilaterally. Both assumptions can be relaxed as long as both agents agree to implement the
project once they believe there has been a success, which is satisfied when ¢ > Aas. To illustrate this
we describe cheap talk equilibria which are analogous to the equilibria we find in our earlier setting.
On the equilibrium path the timing of effort by successful and unsuccessful agents, the time at which
projects are implemented, and the beliefs are the same.

Consider allowing each agent to send a non-verifiable message m € {s,u} (“successful”, “unsuccess-
ful”) at any point in time and requiring that both agents must agree (choose d = implement) in order
to implement the project. Suppose a successful agent sends s after the histories for which a decision to

implement is made in the earlier setting. Otherwise, the agent announces nothing. Upon receiving a
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message, in a perfect Bayesian equilibrium, an agent will update her belief to ¢ = 0. It is then common
knowledge between the successful agent, who sent the message, and the agent who received the message
that there has been at least one success. At this point it is an equilibrium of the continuation game
for neither agent to exert further effort, since Aas < ¢, and hence both players prefer to implement
the project immediately. A successful agent who sends s, therefore, induces both agents to choose
d = implement and the project is implemented. Hence, a successful agent has identical incentives to
announce s in this setting and to unilaterally decide to implement the project in the earlier setting.
Also the incentives for effort by both successful and unsuccessful agents are identical in this setting
to our earlier setting given that projects are implemented at the same times in both settings. Finally,
an unsuccessful agent has no incentive to announce s as it will result in the project’s implementation,
which she does not want for the same reason that she does not implement the project in our earlier
setting. For the off-equilibrium-path history in which she sends s but chooses not to implement the
project herself (thereby prolonging the game), we specify that the other agent’s beliefs revert to the
agent’s beliefs as if no message had been sent.

Here allowing communication—either through cheap talk or verifiable disclosure of success—and re-
quiring both agents to agree for the project to be implemented is a straightforward extension of our
earlier setting because once both agents believe there has been at least one success then the project is

immediately implemented.

6.3 Value of Breakthroughs

We continue to investigate the robustness of the qualitative characteristics of the earlier model to a
setting where agents would consider producing more than one breakthrough. We consider a setting
where an individual is willing to produce a second, but not a third breakthrough, as > ¢ > a3. In
contrast to the previous setting, agents may want to communicate that they have successfully produced
a breakthrough without deciding to implement the project. Therefore, we allow agents to take an
action w; € N at any instance of time, which verifiably reveals that an agent has produced at least w;
breakthroughs.

We consider the equilibrium for two extreme cases: a short deadline and an infinite deadline. We
describe only the main results here and refer the interested reader to the appendix for an explicit
characterization of the setting and propositions. We show that a symmetric equilibrium of a game with
a short deadline (below a threshold level) exhibits no information revelation w; = 0 and pure delay
d? = 0. An agent exerts high effort when she has produced not more than one breakthrough before,
e (t,ni) = emax for n; = 0,1, and no effort when she has produced two breakthroughs, e} (¢,2) = 0.
These are characteristics shared by our earlier model where an unsuccessful agent exerts high effort
provision and a successful agent exerts no effort. Similarly, pure delay (and hence lack of timely
information sharing) is also observed in our earlier model close to a deadline.

To gain some intuition for what may occur a long way from the deadline we also consider an
equilibrium of the infinite horizon game. The infinite horizon case allows us to focus on a setting where
there is no effect of a future deadline and thus avoids the complication of specifying the changes in

behavior for the subgames as we transition from behavior far away from the deadline to close to the
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deadline. We show that the symmetric equilibrium strategies are similar to the equilibrium strategies
in our earlier model far away from the deadline (i.e., for ¢t < T —Y’). We find that there is immediate
revelation of breakthroughs by each individual, w; = n;. Hence, the project is implemented whenever
the number of breakthroughs reaches two, di = implement if n; + w_; > 2. This is similar to the
earlier model where the agents immediately disclose their success. Individuals also exert less than the
maximum effort level e] = % < emax as in the earlier model, trading off freeriding incentives with
incentives to bring forward the implementation. Although we do not have a complete characterization
of this setting, we conjecture on the basis of these two cases that the qualitative characteristics of our

earlier model close to the deadline and far away from a deadline remain.

6.4 Number of Players

We now consider how the number of players influences the interactions of the members of the group.
We find that adding more players decreases X, the longest deadline which can sustain maximum effort
by all players as an equilibrium. However, the effect on Y, the longest deadline for which the project is
not implemented until the deadline, is ambiguous.

The intuition for the first result is that as more team members are added to the group and are
exerting maximum effort in the face of a close deadline (7" < X), it becomes more likely that other
team members have been successful. As a result, an unsuccessful player has muted incentives for effort.
Maximum effort can thus only be sustained for a shorter period before the deadline. We illustrate this

by contrasting the two-player case where the relationship which determines X is given by
Aexp (—Aemax X ) a1 + A (1 — exp (—Aemax X)) a2 = ¢,

to the three-player case where the relevant threshold X'’ is defined by the following equation

A (exp (—)\emaXX’))2 a1 + A2 exp (—)\emaXX') (1 — exp (—)\emaXX')) a9
+ A (1 — exp (—)\emaXX’))2 ag = c.

Since the probability weights on a1, as and as sum to one in both equations and a3 > ag > ag, it is
the case that (exp (—AemaxX’))? > exp (—XemaxX) and hence X’ < X .18

While the relationship between the amount of time during which unsuccessful agents exert maximum
effort and the number of team members is unambiguous, the relationship between the length of time

during which no decision is made until the deadline and the number of team members is ambiguous. The

8More generally, consider any group of n members and add an additional group member. The relevant equations are
now

n—1
A kZ:O (n ; 1) (1 —exp (—)\emaxX"))nfl*]C (exp (—/\emaxXn))k Qp—f = C
and

A kZ:O <Z> (1 — exp (_)\emaXXnH))n—k (exp (—)\EmaxXnH))k sk = ¢

Note that )\ZZ:O (Z) (1- qzﬁ)"flc ¢* i1 is strictly decreasing in n since a1 > ap > ... > an. Note further that this
expression is increasing in ¢. For both indifference conditions to be satisfied we again require that X"+ < X",
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delay phase may increase or decrease when the team grows larger depending on the value of additional
breakthroughs. Consider the case of two and three team members where the thresholds are defined in

the following way a -2 X))
— €XP | —A€max a2

Y= 5

and
(1 —exp (—)\emaXX’)2> s+ (1 — exp (—Aemax X)) a3
- .

When a3 = 0, we know from the indifference conditions for X and X’ that (exp (—AemaxX'))® >

Y =

exp (—AemaxX) and hence Y/ < Y. The introduction of additional players makes it more likely that
effort-exerting agents are not looking to produce the very first breakthrough for the group. When
the value of additional successes is very low, effort incentives are only maintained if the probability
that one is exerting effort for a valuable first success is increased. The aggregate effort by the team
members must, therefore, decrease if the number of team members increases. This, in turn, decreases
the incentives to delay implementation by successful agents. On the other hand, when a3 = a9 then
from the indifference conditions for X and X’ we have exp (—AemaxX) = (exp (—AemaxX’))? and so
Y’ > Y. This is the flipside of the previous result. When obtaining a third success is almost as valuable
as finding a second success, the effort incentives for each unsuccessful team member do not decrease by
much, but the presence of an additional team member who is exerting effort makes it more attractive

for a successful agent to delay implementation.

6.5 Alternative Mechanisms

Our model captures settings in which there may exist severe restrictions on the types of mechanisms
and contracts that are available. There is a broad range of assumptions one can make about what
can be contracted on to help address the incentive distortions of our model. However, our analysis has
identified a strong tension between incentives for effort provision and incentives for revealing success.
By fixing the incentives in one dimension, the incentives in the other dimension may be reduced. The
incentives for an agent to reveal a success in our model are determined by the trade-off between the

benefits of waiting and the associated costs of delay, or more formally
Ae*(t)p(t)ag 2= 0.

Ceteris paribus, the higher the equilibrium effort é*(¢) of an unsuccessful partner, the greater are
the incentives for a successful agent to delay the sharing of information. A lesson we can draw from
this result is that bonuses or reputational rewards for bringing a breakthrough to the table during
implementation will induce agents to exert more effort, but may result in more delay. This shifts the
source of inefficiency from one of limited effort provision to limited information sharing. Consider
a bonus b paid to any agent who has successfully produced a breakthrough at the time a project is

implemented. This bonus would increase each agent’s incentives to exert effort and thus decrease the

29



belief ¢, < . This makes an agent indifferent about how much effort to exert,
)\ [&bal -+ (1 — gﬁb) a9 + b] = C.
Hence, the longest time that maximum effort can be induced in equilibrium increases,

—log ¢
X, = Z108% o x
Aemax
However, since more information is expected to be acquired, agents are also more willing to delay

implementation. In equilibrium, they stop disclosing successes earlier on,

A second lesson we can draw is that the ability of agents to withhold information about their
private success may be beneficial for welfare since it improves their incentives to become successful.
Organizational hierarchies or communication frictions that inhibit the disclosure of earlier successes
at the time of project implementation may induce agents to disclose their success immediately after
successful production. Yet these frictions may well decrease the incentives for effort. Consider a situation
where agents implement projects unilaterally and can only communicate and transfer a breakthrough
(e.g., successful discovery of an informative signal to aid decision-making), but cannot obtain any
breakthroughs generated by the other agent due to communication frictions. That is, when implementing
a project, an agent cannot consult her partner and is limited to utilizing only the previously revealed
successes during implementation of the project. In this setting agents have strong incentives to disclose
successes immediately to avoid successes being left unused in the event that their partner implements
the project. The analysis of this setting is in fact identical to the public information case analyzed
earlier. As we showed before, this is not necessarily welfare-improving. In fact, with an optimally set
deadline it is welfare-decreasing.

To guarantee a welfare increase, contracts or mechanisms should increase incentives in one dimension,
without hurting incentives in the other dimension. One type of contract or mechanism that may achieve
this in our setting is a payment that depends on the order in which successes are revealed or that simply
depends on time. An example of this is a decreasing payment (increasing punishment) to the agents
depending on when the project is implemented. Essentially, this type of scheme will increase the delay
cost § for each agent. If we take the case of a long deadline then the freeriding effort level is g. A
relatively simple way to obtain maximum effort and immediate implementation would be to set the
rate of decrease (increase) of a reward (punishment) for implementing the project at a particular time
equal to cemax — . The effective delay cost an agent then faces is cemax. Hence, this contract fixes the

freeriding effort at emax and successes are revealed immediately as cemax > AemaxQro.'”

YHowever, when implementing this type of scheme one must also check that agents still have an incentive to produce
any breakthrough at all. This is satisfied in our original model by the assumption that a1 > § + ﬁ By adjusting
the effective delay cost, this constraint may no longer hold and agents will simply immediately implement the project. If
ap > %, this will not occur.
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6.6 Moderator

A clear inefficiency from keeping successes private arises when both agents have acquired a success
prior to the deadline and thus have stopped exerting effort, but the implementation of the project is
nonetheless delayed as neither player shares her success with the other. There are potential gains from
the introduction of a moderator who cannot exert effort (or whose effort decision is unaffected by any
successes of the other agents), but is able to facilitate communication between the team members. The
role of this moderator would be to avoid situations in which both team members are successful, but
neither is willing to reveal her success to the other agent.

We previously showed that there is a unique optimal deadline 7' = X which maximizes the ex-ante
welfare of the players. It is straightforward to show that for this optimal deadline ex-ante welfare can
be further increased by introducing a moderator to whom a success can be revealed. The moderator
will choose when to implement the project, maximizing her own private value from the project and
accounting for the delay cost. Team members are willing to disclose their information to the moderator
because the moderator will decide to implement the project only when both agents have revealed their
information, but will not implement the project before. The reason is that the expected gain for the
moderator when an unsuccessful partner exerts maximum effort outweighs the cost of delaying the
decision. In the game of length X without a moderator, unsuccessful agents are exerting maximum
effort throughout in equilibrium. With a moderator, the incentive to exert effort for an unsuccessful
agent is even higher because an additional success may induce the moderator to implement the project
before the deadline and thus reduces the expected time to implementation.? Notice that a benevolent
moderator who tries to maximize the social surplus, may not be able to convince agents to reveal their
information. If it is socially inefficient to invest effort to produce a second breakthrough, the benevolent
moderator will already implement the project after only one agent discloses her success. As a result,
successful agents will be unwilling to reveal their information. Thus, a privately motivated moderator

is more effective at inducing communication.

7 Conclusion

In private and public organizations, teams are often allocated the dual task of investing in joint projects
and deciding when to implement the project. In this paper we have investigated the link between the
incentive to exert effort and the incentive to share implementation-relevant information. Omne clear
lesson that emerges from our analysis is that team members are reluctant to disclose information that
undermines the incentives of fellow team members to exert more effort. As a result, although a strict
deadline provides strong incentives for agents to exert effort, it also mutes the incentives to reveal
information and to facilitate timely implementation. Therefore, it is not too surprising that strict

deadlines may sometimes be counterproductive when swift implementation is required. In our setting

20Tn the presence of a moderator, the optimal deadline is no longer equal to X. Without a deadline, an equilibrium
exists in which both agents exert maximum effort from the start until they are successful which they immediately reveal
to the moderator. The moderator implements the project only when both players have acquired a success. The option to
freeride on the efforts of a partner is effectively eliminated if a moderator is committed not to take a decision until both
agents are successful. Surprisingly, in the presence of a moderator, an approaching deadline could undermine incentives to
exert maximum effort, since the deadline provides an alternative way to end the game.
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the optimal deadline strikes a balance between providing strong effort incentives and limiting delay.

Furthermore, we have shown that mutual monitoring in partnerships is not a panacea to solving incentive

problems. In fact, the non-observability to the partner of one’s success in conjunction with joint control

of the length of the deadline is precisely what allows the partnership to circumvent the moral hazard

in teams problem. Finally, we emphasized that the design of communication and incentive structures of

a partnership requires attention to detail: features that sharpen effort incentives may blunt disclosure

incentives and vice versa.
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Appendix

A.1 Proofs

Proof of Proposition 1.

one

Since Aas < ¢, no player exerts effort to produce a second breakthrough and hence the game ends as soon as
player succeeds in producing one breakthrough. At time ¢, the value of being successful equals

Ve (t) =Vo+ a;.
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The value of being unsuccessful at ¢, if all agents exert maximum effort until the deadline, equals

VU(t)zVo#—{oq—(C 0

=+ an)] {1 —exp [~2Xemax (T — )]}

. Hence, %U(t) < 0. Since V* (t) is constant, this implies that V' (£) — V'Y (¢)

c c 3
Observe that o > X~ o T e t

is increasing in t. Define A by
VS(T—A)— VU (T —A) = ;

At any time ¢ > max {T — A, 0}, unsuccessful agents exert maximum effort, since V¥ (t) — V¥ (t) > £. Notice
that these equilibrium strategies are unique, since for a lower effort level by the other agent, the incentives to
exert effort increase further. At any time ¢ before the threshold T'— A, each agents exerts e* (t) = %, which makes
every agent indifferent about how much effort to exert. This equilibrium strategy corresponds to the first stage
in the private information case for long deadlines when successful players disclose their successes. The proof for
uniqueness of these equilibrium strategies is the same as for the private information case.ll

Proof of Proposition 2.

We consider the three different cases separately.
i) Case 1: T < X.

We start by writing out the implied continuation values of successful and unsuccessful agents on the equilibrium
path for the proposed equilibrium strategies. At the deadline, ¢ = T, these are equal to the expected value of a
project at that time,

VIT) = Vo4a1+ (1 — exp (—AemaxT)) vz,
VUAT) = Vo4 (1 —exp(—AemaxT)) a1.

For any t € [0,T], the continuation values are

V() = VS(T)—-6(T 1),
VU (t) = [1 — exXp (_Aemax (T - t))} VS (T) + exp (_)‘emax (T - t)) VU (T)

Cc

* 1~ exp (—Aemax (T — 1) = 6 (T = ).

The difference in continuation values at and before the deadline equals

VIT) = VU(T) = exp(—AemaxT) a1 + [1 — exp (—AemaxT)] a2,
VS() - VU () = ; +exp (—Aemax (T — 1) [V (1) = vV (T) — ; :

Strategy of successful player: Check that the successful individual’s implementation strategy d* (t) = 0 is
optimal by noting:
VS (t) > Vo4 a1 + (1 — exp (—Aemaxt)) oo for all t < X,
since X <Y = M. The right-hand side above is the value of implementing the project at time ¢ for a
successful player.
Strategy of unsuccessful player: We check that the unsuccessful agent’s choice of effort e* (t) = epayx is optimal
by noting that

= €xXp (_Aemax [T - t]) exp (_AemaxT) aq + (1 — €Xp (_)\eHlaXT)) g — £:|

VS (1) - VY 0 :
> Oforallt<T <X,

_ <
A

since ¢* (T) = exp (—AemaxT) > ¢. We then check that the unsuccessful individual will not implement the
project. Note that because exerting effort is optimal, we have VU (t) > VU (T) — § (T — t), where the right hand
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side equals the expected utility when not exerting any effort and not implementing the project either. Moreover,

VU(T)=6(T—t) = Vo+ (1 —exp(—AemaxT)) s — 0 (T —t)
> Vo+ (1 —exp(—Aemaxt)) ay for all t < X,

since X <Y = (1_?)% and a3 > ag. The right-hand side of the inequality above is the value of implementing
the project at time ¢ for an unsuccessful player.

ii) Case 2: X <T <Y.

We again start by writing out the implied continuation values of successful and unsuccessful agents on the
equilibrium path for the proposed equilibrium strategies. At the deadline, we find

VIT) = Votar+ (1-9)as,
ViT) = Vo+(1-0)o.
For general ¢t € [0, 7], the continuation values are

V() = V(D) - 6(T ~ 1),

VvU(t) = (1 — exp <—)\/tT e* (s) ds)) VS (T) + exp (—)\/tT e* (s) ds) vY(T)
- ; <l—exp (—)\/t e*(s)ds)) —0(T—-1).

Strategy of successful player: We check that the successful individual’s implementation decision strategy

d* (t) = 0 is optimal by noting that VS (¢) > Vy + a1 + (1 — ¢* (t)) as when ¢* (t) = exp (= Lo (s)ds >
0

a% (T —t) + ¢, which is true given the effort strategy specified.

Strategy of unsuccessful player: We check that the unsuccessful agent is indifferent about the level of effort
to exert for all ¢ € [0, T] by noting that for ¢* (T') = ¢:

A

= exp <—)\/tT e* (s) d8> {Q_Mﬂ + (1 — &) Qg — ;]

= 0.

VS () - VU () — ; exp (—/\/tTe* (s) ds> [VS (T) - VY (T) - 5}

Finally, the argument for the unsuccessful individual not to implement the project is the same as in Case 1.
iii) Case 3: T > Y.

Since for ¢t € [0,T — Y] projects are implemented as soon as one player has successfully produced a break-
through, the belief is ¢* (t) = 1 for the subgame starting at ¢t = T — Y. Hence, the proof for the strategies
being equilibria of that subgame are encompassed in case 2. It remains to show that the strategies specified for
t € [0, —Y] also constitute an equilibrium. We write out the implied continuation values of successful and
unsuccessful agents on the equilibrium path for the proposed equilibrium strategies for ¢ € [0,7 — Y],

VS@t) = Vo+a,
VY (1)

c
VO—’_al_Xv
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where the continuation value of the unsuccessful player follows from

VU (t) = /tTY {vs (s) c/: e (r) dré(st)] 22e* (s)exp(QA/ts e* (r) dr)ds

+exp(—2)\/tT_Ye* (r) dr) VU(T—Y)—c/tT_Ye*(r)dr—d(T—Y—t) .

Using the fact that e* (s) = 2 and V¥ (s) = V¥(0) for s € [0,7 — Y], we can further simplify the expression and
find

VU () = [1 = exp(—22¢" () (T = Y — )] (V¥ (1) - %)
+exp(=2Xe* () (T =Y =) VYV (T -Y).

From case 2, we know that

vi(r-v) = VS(T—Y)—C—exp(—/\/Te*(s)ds> |:($O£1—|—(1—($)052—£:|
) : \

I
<
n
~

I
=

I

[

Hence,
VU () =V (t) - ; for t € [0,7 — Y.

Strategy of successful player: We prove that the successful agent’s implementation decision strategy d* (t) =
implement is optimal. The payoff from waiting until ¢ < T"— Y upon becoming successful at time ¢ which we
denote by V< (ﬂt) is:

V) = [ (ot an+as— 56— e (-2 [ ) ar) s

+ exp (—)\/tte* (5)d8> (Vo+ar =6 (1)),

where the equilibrium effort is constant at g over the time interval [t,ﬂ Using partial integration to solve the
integral, this simplifies to

VS (@) = Vo + n + {1 ~exp <—)\i (- t)ﬂ (02 -5).

This is strictly decreasing in # since 5 > ag. Conditional on not waiting beyond 7' — Y, the optimal decision is
therefore to implement at
t = argmax V' (ﬂt) .
>t
Moreover, given the results in case 2, the agent will not prefer to wait beyond T — Y. Hence, a successful agent
optimally decides to implement, d* (t) = implement for t <T —Y.

Strategy of unsuccessful player: Note that the unsuccessful agent is indifferent about the level of effort to
exert for all ¢t € [0,7 — Y] by noting that VY (t) = V¥ (¢t) — £. Furthermore, V¥ (t) — £ > Vg, so it is never
optimal for an unsuccessful agent to choose to implement the project.

All times are reached with positive probability in equilibrium and the only action an agent observes by the
other agent is the action to implement the project which ends the game. The only off-equilibrium scenario agents
may find themselves in is one in which they have not followed their own effort strategy previously. These effort
costs are sunk and conditional on being successful or unsuccessful these off-equilibrium continuation games are
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identical to the continuation games for successful and unsuccessful agents on the equilibrium path. The strategies
and beliefs on the equilibrium path thus also describe these continuation games off the equilibrium path.

For completeness, note that X < Y is implied by ¢ > ¢, When ¢ > ¢,, a successful partner is willing to
delay locally when ¢* (t) > ¢ and an unsuccessful partner exerts e = epac. That is, for T = X,

§ < Xemax®™ (t) ap for all t < T.
Hence,
X X B
0X = / odt < / Aemax®”™ (t) agdt = (1 — gZ)) oy = 0Y,
0 0
where we used the expression ¢ (t) = exp (—Aemaxt) to solve the integral.ll

Proof of Proposition 3.
See Online Appendix.l

Proof of Proposition 4.
Denote by V.Y (0) the expected utility (when unsuccessful) at the start t = 0 of the game with a deadline at
T,
Vo+tay— 5 forT>Y,
U 22 —\2 -\ e
VE O ={ Vot (1-6")ar+(1-0) ez =0T~ (1-¢) § for Y T > X,
Vo+ (1= ¢" (1)) + (1 — ¢" (1)) ap — 0T — (1 — ¢" (1)) £ for 0 < T < X,

where ¢* (T') = exp (—AemaxT) and ¢ = exp (—AemaxX). The linear decrease in expected utility V¥ (0) when
increasing T for X < T <Y is immediate since the aggregate effort and hence expected number of breakthroughs
are independent of the deadline, but the delay cost increases with the length of the deadline. For T' > Y, the
expected utility is independent of T', hence the result is immediate as well. Now, for 0 < T < X, we find that

d U
VgT(O) = 2Xemax |@10" (T) + as (1 — ¢* (T)) — %} exp (—Aemax ') — 4.
At T = X, we have ¢* (T) = ¢. Hence, we find that limy_ x % = emaxC® — 6. Moreover, since epaxd o >
% > %OLQ, 3ve find emaxcéd > ¢§. By assumption, in the case of small incentives, we have g?ﬁ > &d and thus
dvy (0)

limr_. x =%+~ > 0. Note further that

o (dvTU (0)

a7 IT ) = 2Xemax X

c

{Aemand™ (1) 016 (1) + 02 (1= 6 (1)) = 55| = (ewand” (1))* (0~ a2) } < 0.

Hence, % >0forall T €[0,X).0

Proof of Proposition 5.
For the case of public information, the continuation values at the beginning of the game are given by
[ Uipub 0) = Vo+ap— 5 for T > A,
T Vo + {al - (ﬁ + L)] [1 —exp (—2XemaxT)] for T < A.

2Xemax

Together with the results in Proposition 4, this implies the following relations for any 7" > max {Y, A}:
max VE(0) > Vi (0) = V2P (0) = max VP ().

Hence, maxy V¥ (0) > maxy V.27 (0).1

Proof of Proposition 6.

Denote by 7 the expected time at which the project is implemented. For 7' <Y, 7= T. Hence, j—} > 0. For
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T>Y,

RN 5 5
T = / t2\— exp (—2)\t> dt + exp (—2)\ (T - Y)) T
0 c c c

1 0 )
Hence,
dr 6 6 1
— =2\ —2)\-(T'-Y ——-Y|.
dr ¢ P ( c ( )) (2)\i )
It follows that j—; < 0 if and only if 2)\% < Y. Substituting for ¥ = (17?)%, this condition can be restated as

@ ¢ . . o c a c . . c
> T3> Or, In terms of the primitives of the model, as ay — § > a (X — ag). Notice that since a; > ¥ > aq,
C

by assumption, both sides of the inequality are positive and the relationship is satisfied for § close to az and

[

violated for N close to «;.1

Proof of Proposition 7.

If T < X, agents only decide to implement at the deadline and unsuccessful agents are exerting maximum
effort until the deadline. Hence, the expected number of generated breakthroughs is strictly increasing in 7T'. If
X < T <Y, agents still only decide to implement at the deadline and unsuccessful agents are exerting the same
aggregate amount of effort until the deadline. Thus, the expected number of breakthroughs is the same for any
T in this range. Finally, if 7' > Y agents may decide to implement before the deadline. They exert effort g and
immediately decide to implement when successful. Thus, for large T' the expected number of breakthroughs when
the project is implemented is approximately equal to 1 and the associated expected value is Vy 4+ a;. In contrast,
for T <Y, the team may produce a second breakthrough, but they may also end up without any breakthrough.
The associated expected utility when implementing the project at the deadline is equal to

(1_(_ﬁ)Q(VO—HXl+a2)+2(1_¢_5)$(V0+0¢1)+<}2V0.

Thus, for T' > Y, the expected value of the project is a weighted sum of the expression above and Vy + a;. By
increasing T', weight is shifted from the first to the second term. Hence, the expected value is increasing in T for
T > Y if and only if

(1—&)2(Vo+a1+a2)+2(1—$)§s(vo+a1)+a>zvo<Vo+a1.

72
This simplifies to z—f < ﬁ This condition can be satisfied given the restrictions on the parameters. For,
_ c_ =2
ap = % and ap = 53, we have Z—"; = i and ¢ = Ojl_iz = % Hence, (1(_257&)2 = % = g—f Thus, for slightly smaller

(larger) values of ; the expected value of all available breakthroughs when the project is implemented will be
decreasing (increasing) in 7" for 7' > Y .2'H

2 Note that ¢, = m, so let 0 be small such that ¢, < ¢ is satisfied.
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B ONLINE APPENDIX

B.1 Proofs of Corollaries

Proof of Corollary 1.
This follows immediately from

exp (—AemaxX) = ¢ and A [par + (1 — @) as] = c.

If either ¢ decreases, o increases or am increases, ¢ decreases and thus X increases. If eyay increases, clearly X
L 122 we find that ‘f]—{\( > 0 if and only if —log¢ < J)L/\ = emaxo.l

Aemax ) ap—ag

decreases. Finally, using X = —

Proof of Corollary 2.

For T > X, an equilibrium with private information exists in which e*?" (¢) = 0 for t < T — X and
e* P (1) = epax for t > T — X. In the unique equilibrium with public information e*?"? (t) = ey if and only
if t > T — A. We show that X > A by contradiction. By definition, X is the deadline T solving

iV iV c * * c
VR (0) = VT (0) = 5 & g™ (T) +aa (1- 97 (1)) = 1,
where ¢* (T') = exp (—AemaxT'). Also, by definition, A is the deadline T solving
S,pub _ y1/U,pub o E * 2 i 0 g 2 _ E
VE ) < VIR 0) = § e ot (0 4 (57 + g ) (120 @) = 5.

where we use exp (—2XemaxT’) = ¢* (T)2. Since ¢* (T)* < ¢* (T), a necessary condition for X < A is

c 1)
L 11
@2 <oy o — (11)

which implies that exerting effort to produce a second breakthrough is socially inefficient. We now show that
when this inequality holds, welfare under public information exceeds the welfare under private information for
short deadlines, 4

VP (0) — VP (0) > 0 for T < min {X, A} . (12)

However, from Proposition 5, we have

V" (0) 2 VAT (0) = max V™ (0) 2 Vi (0).

Hence, this implies that X > A, which is a contradiction. To establish the inequality (12), we use that for T' < A,

U,pub _ _ i _ d _ _
Vr (0)=Vo + (041 o 2>\emax) (1 —exp (—2XemaxT)) ,
and for T' < X,
VI (0) = Vo + a1 (1= 6" (1)) + a2 (1= 9" (T))° = 5 (1= ¢" (T) = T

Using exp (—2Aemax ) = ¢* (T)2, we find that higher welfare is achieved in the public information case if

S ) - oT s~ (16 (0F) - g (19 (@),

C (5 * 2 1_¢*(T)

The term %*(T) corresponds to the expected duration of a game with maximum length 7" when the project is im-

az (1 —¢" (1))

Rearranging, we find

plemented at the rate Aepax and is thus smaller than T'. Hence, the right-hand side has a positive sign. Moreover,
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from inequality (11), we know that the left-hand side has a negative sign. This establishes the inequality.l

Proof of Corollary 3.
Knowing that 7' < A implies T < X by Corollary 2, this follows immediately from the second part of the
proof of that Corollary.l

Proof of Corollary 4.

The condition (2Aag — ¢) emax < 0 implies that it is socially efficient for the team to produce only one
breakthrough. The efficient level of the value of the project is thus bounded above by V) + a;. However, for
T € [X,Y], the expected value of the project equals Vp + (1 — (35)2 (1 +az) +2(1—¢)¢(Vo+ar). When
% > —%°__ this exceeds Vo +a.l

o
B.2 Large Effort Incentives (¢, > ¢)

In this section, we describe the case where effort incentives are large (¢, > ¢, see Section 6.1) in more detail. We
also state the equilibrium strategies and beliefs formally and provide a proof.

We consider deadlines of different length 7" of which there are four distinct cases. We define two thresholds
X4 and Yy, similar to X and Y, and an additional threshold Z. The threshold X,; denotes the length of time
necessary such that an agent exerting maximum effort is successful with probability 1 — ¢,. Thus, the threshold
solves

exp (—AemaxXd) = (Eﬁd.

Similarly, the threshold Y; denotes the length of time that an agent would be willing to delay implementation in
exchange for the additional benefit of a second breakthrough with probability 1 — ¢,. Thus, the threshold solves

(1 — &d) Qo = §Yd

The characterization of the equilibrium is very similar as before, with the exception of a final stage which lasts
up to Z for games with length exceeding Xg. Once the length of the game exceeds Xy and unsuccessful agents
have exerted maximum effort until ¢ = X, successful players will implement projects at a rate d* (¢) such that
(1 — ¢4) d* (t) = Aemax keeping the belief constant at ¢,. The threshold Z is the maximum length of this mixing
stage which maintains maximum incentives to exert effort throughout the game,

(1 6a) 02 — umcze

— log(—= 7
2Aernax g( ¢d2a1 + (1 — ¢d) g — Cemax+9

Aémax

Z= ).

Proposition 8. If ¢, > ¢, then the equilibrium strategies and beliefs are as follows:

1) If T < X4, any successful player chooses not to implement, d* (t) = 0, for all t while any unsuccessful
player chooses to exert mazimum effort, €* (t) = emax, for all t. The agents’ beliefs evolve according to ¢* (t) =
exp (—Aemaxt).

it) If Xg < T < Xg+ Z, any successful player chooses not to implement for t < Xy and decides to implement

2
at the mizing rate d* (t) = % fort > Xy4. Any unsuccessful player chooses to exert maximum effort,

e* (t) = emax, for all t. The agents’ beliefs evolve according to ¢* (t) = exp (—Aemaxt) fort < Xq and ¢* (t) = ¢,
fort > Xg.
i) If Xa+ Z <T < Yg+ Z, any successful agent chooses not to implement for t < tq =T — Z, and decides to

2
implement at the mizing rate d* (t) = % fort > tq. Any unsuccessful player chooses to exert effort e* (t)

for 0 <t < tq which is not uniquely determined, but the effort choice must satisfy the following conditions:

" (t) = exp (—)\/Ot e* (s) ds) < o% [t —to] fort € [to,td] (13)
and
ot =emw (-2 [T )as) = 2 1
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for tg = 0. Fort > t4 the unsuccessful agent exerts mazimal effort e* (t) = emax. The agents’ beliefs evolve
according to ¢* (t) = exp (f)\ fg e* (s) ds) for 0 <t <tq and ¢* (t) = ¢y fort > t,.

w) If T > Yq+ Z, any successful player chooses to implement immediately for t < tq — Yy, not to implement,
d* (t) =0 forty—Yq <t < tgq, and to implement at the mixing rate d* (t) = % fort > ty. Any unsuccessful
agent chooses to exert effort e* (t) = % fort <tq—Yy, and to exert effort e* (t) for ty — Yq <t < tq which is not
uniquely determined but must satisfy the following conditions (13) and (7) for to = tq — Yy, and to exert mazimal

effort e* (t) = emax fort > tq4.

Proof. i) Case 1: T < X4

The proof is here exactly the same as for Case 1 in Proposition 1, since ¢; = exp (—AemaxXq) > ¢ in this
case with large effort incentives.

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

We again start by writing out the implied continuation values of successful and unsuccessful agents on the
equilibrium path for the proposed equilibrium strategies.

At the deadline, the continuation values equal

VS<T) = Vo-‘ral-l—(l—a)d)ag,
VU(T) = Vo+ (1—¢y)ar.

For t € [X4,T], the continuation values equal

V() = VS(T)

T 1—
vP(t) = / <V0 +oar + m — (Cemax +9) (s — t)) e~ Pemax(s=1)
t

+ e D emax (=0 (VU(T) — (cepax + 8) (T — 1)) .

Note that the 2 in the density function comes from the probability of one of two events occuring, “agent suc-
cessfully produces a breakthrough” or “the other agent decides to implement”. In this time interval, the rate of
breakthrough production is the same as the rate at which the other agent is deciding to implement the project.
The payoff contains the term (1 — éd) a2 /2 because with 1/2 probability the agent will produce a breakthrough
before the other agent decides to implement the project in which case the payoff is increased by (1 — (?ﬁd) ag. The
continuation value simplifies further to

VI(0) = Vot an g (e +0) 530
— € - & 1 — éd a2 1
e 2\ max(T t) [¢da1 + % — (Cemax + 6) 2A€maxl .

The difference between being successful and unsuccessful is given by

s v (1—¢g) a2 1
) —vU(t) = —L= max + 0
V()= VY (1) = 5+ (el +8) 5
“2)e _nl= 1—¢,) as 1
+ e 2Aemax(T=H) Pga1 + ( 9 ) — (Cemax +9) 2)\emax1 .
N c . d(vS®)-vY ()

We define Z such that this difference equals exactly 5 when ¢t =T — Z. Notice that Th:T*Z >0,
since V() lt=7_z = 0 and dVdUt(t) li=r—z < 0.

dt
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For ¢ € [0, X4], the continuation values equal
VI(Et) = Votar+(1—y)ae—3(Xg—1t),
c
VU(#) = [1—exp(—Aemax (Xa—1))] (VS (Xg)— <

A) +exp (—Aemax (Xa — 1) VU (Xg) — 6 (T— ).

The difference between the two equals

VE(0) = VY (1) = § + e (v (xXa) = VY (Xa) - E) .

Strategy of successful player: Check first that the successful individual’s implementation decision strategy
d* (t) = 0 is optimal for ¢ € [0, X,] by verifying whether V' (¢) > Vi + a1 + (1 — ¢* () g, where the right hand
side equals the payoff from immediate implementation. Rearranging , we obtain

- 0
6 (1)~ 64> - (Xa— 1),
2

which holds with equality for ¢ = X;. Furthermore, the derivative of the LHS is strictly less than the RHS,
—Aemax®” () < —O%, for t < X4. Hence, the relation holds for ¢ < Xy. Next, we check that the successful
individual is indifferent about a decision now versus delaying a decision any amount At into the future for ¢t €
(X4, T], so that she is willing to implement at a positive rate. The expected utility of immediate implementation

at t equals -
V(tt) =Vo+ a1+ (1 —¢,4) as.

This is exactly the same as the expected utility of waiting until ¢ + At to implement, when d* () = Ale—"g" for
—¥d
t> Xy,

t+At s
V(E+Att) =Vo+aq + /t (g =6 (s—1t))d" (s) (1 —¢(s))exp (—/t d* (r) (1 —¢" (1)) dr) ds
t+AL -
+ exp (—/t d* (r) (1 —¢* (T))dr> (1= ¢a) @z —0A1).

Using that ¢* (1) = ¢, for r > X, this simplifies further to

V(t+Att) =Vo+o1 + (1 —exp (—d* (t) (1 —¢,) At)) (aQ - M)

+exp (—d* (t) (1= ¢g) At) (1 - ¢g) @2) ,
where
1) 0

O 00y Nemm 4%

Hence, we find indeed that ~
V(E+AL) =Vo+ o1+ (1—¢y) oo

and thus the mixing strategy is an equilibrium strategy.

Strategy of unsuccessful player: Check that the unsuccessful agent’s choice of effort e* (t) = emax i optimal
by noting that V' (£) — VU (t) > £ for all ¢ provided T' < X4+ Z and V¥ (t) — VU (t) = £ for t € [0, X4] when
T = X4+ Z. The argument that an unsuccessful agent will not decide to implement is again the same as in Case 1
of Proposition 1. The expected utility when following the equilibrium strategy exceeds the expected utility when
exerting no effort, but delaying implementation, which exceeds the expected utility of implementing the project
immediately.

ili) Case 3: Xy+Z<T<Y;+Z

Notice first that the subgames for ¢ > T — Z are identical to those described above in case 2 for t > Xy
and the proof is identical. Turning to ¢t < T'— Z. For t € [0,T — Z], the continuation value for the successful
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individual is -
VIt)=Votar+ (1—@y)ae — (T —Z —1t)

and for the unsuccessful agent

T-7 T-2
VU (t) = (1 — exp (—)\/ e* (s) ds)) VS(T — Z) + exp <—)\/ e* (s) ds) VYT - Z)
T-7
—i(l—exp(—)\/t e*(s)ds))—&(T—Z—t).

Vs(t)—VU(t):gforogth—Z.

Hence, the difference equals

Strategy of successful player: This corresponds to the proof in Case 2 of Proposition 1. Check that the
successful individual’s decision strategy d* () = 0 is optimal by noting that V° (t) > Vo + a1 + (1 — ¢* () az
when ¢* (t) = exp (—)\ fg e* (s) ds) > ¢y + O% (X4 —t), which is true given the equilibrium effort strategy
specified.

Strategy of unsuccessful player: Check that the unsuccessful agent is indifferent about the level of exerted
effort for all ¢ € [0,T — Z], since V¥ (t) — VU (t) = £. An unsuccessful agent will not implement the project
provided that

VU(@) > Vo+ (1—¢" (t) aa

=

Vo+a1+(1—<}sd)a2—§—6(Xd—t) >
Votar+ (1 =" (t)as — (¢ () an + (1 — @™ () a2) -
We know from the successful player’s strategy that
(1—Bg) 0n — 6 (Xa— 1) > (1— ¢* () aa.

Hence, it remains to show that

6 (Do + (1= ¢ () ar > §

which is true because ¢a; + (1 — ¢) s = $ and ¢ (t) > by > .

iv) Case 4: T > Y, + Z

Here again we note that all subgames starting from t =T — Y; + Z are encompassed by the proof of Case 3
above, and the continuation values at t =T — Y; + Z are

VS (t) = V() + a1

c
VU (t) = Vb + a1 — X
which are exactly the same continuation values as in Case 3 of Proposition 1 for ¢t = T — Y. In this case the
strategies and the proof for the subgames t < T — (Y; + Z) are identical to that for Case 3 of Proposition 1 for
t<T-Y. O

For T < Xg4, the equilibrium strategies are exactly like before. For T' > X, the marginal value of a
breakthrough at and close to the deadline is strictly greater than {, unlike in the small incentives case. This also
continues to be the case for all longer deadlines. 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
c - c
VE ) = VY (0) = 5+ (VS (Xa) = VY (Xa) = 5) -

The only part of the expression which changes with T, is V¥ (X,) since all the other terms above are constants
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and -
V(X)) =VI(T)=Vo+ a1+ (1 — ¢y) ao.

VU (X4) can be rewritten as

VU (X4) = exp (—2Xemax (T — X4)) VY (T)
(1 — &d) (65) 1

+ (1 —exp (—2Xemax (T — X0))) [Vo + a1 + 5 — (cemax +9) e

]

This is a weighted sum of the expected payoff conditional on either producing a breakthrough or the other
agent implementing the project prior to the deadline and the payoff from being unsuccessful at the deadline.
Both of these payoffs are independent of T" and it is only the relative likelihood of each which is affected by
T. The likelihood of being unsuccessful at the deadline exp (—2Aemax (T — Xg4)) decreases in T. Hence, the
continuation value of being unsuccessful at X is increasing in 7. There exists a deadline T' = X4 + Z where
VS (Xq) — VY (Xq) = £ and an agent is indifferent about exerting effort at ¢t = 0, so V5 (0) — VY (0) = £. For
T larger than X, + Z, that is case iii) above, maximal effort by unsuccessful agents can no longer be sustained
throughout the entire game. In equilibrium, an unsuccessful agent reduces her average effort intensity before
tqy = T — Z such that ¢ (t;) = ¢,, while the successful agent fully delays. For T larger than Y; + Z, successful
agents will no longer prefer to delay their implementation decision at the beginning of the game, exactly as in
the case with small incentives.

B.3 Uniqueness

In this section, we prove uniqueness of our proposed equilibrium. We first provide a more general description
of our model and then state a sequence of lemmas that we use to prove Proposition 3 which establishes the
uniqueness of our equilibria described in Proposition 2 and Proposition 8.

B.3.1 General Model Description

To establish uniqueness we introduce some additional notation that describes the agents’ strategies. Define the
decision strategy of the unsuccessful agent by p (¢) which is the conditional probability of implementing a project
with no breakthroughs produced by time ¢ given that the other agent does not implement prior to ¢. Define the
decision strategy of the successful agent by p (t) as the conditional probability of implementing the project with
one breakthrough produced by time ¢ given that the other agent does not implement prior to t. Define e () as
the effort strategy of the unsuccessful agent. Define o (t) as the conditional probability of being unsuccessful by
time ¢ given that the other agent does not implement prior to ¢. Hence, 1 — o (¢) is the conditional probability of
being successful by that time. o (¢) changes over time according to

do
—=—Xxe(t) (o (t) — (1))
dt
The effort strategy of the unsuccessful agent influences %' The implementation decision strategy of an unsuc-

cessful agent influences both ‘fl—‘; and p (t). The implementation decision strategy of the successful agent controls

p (t). The following relationships between these functions hold

w() +p(t) < 1
and
() <o)
and
p(t) <1—o(t)

We will use the notation ~ (tilde) to denote the strategies of the other player and * (star) to denote equilibrium
strategies. The Bayesian belief ¢ (¢) at a time ¢ that the other agent is unsuccessful conditional on the project
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not being implemented prior to that time is

result in piecewise continuously differentiable functions of e (), o (¢), £ (t) and p (¢). Clearly, given the nature of
the model d" < 0 since agents do not lose or destroy breakthroughs and ‘fl’t‘ , ‘éf > 0 since deciding to implement
the prOJect is irreversible. The upper bound on e (¢) also ensures that o (¢) is continuous.

We have assumed that p(t) and u (¢) are continuous and differentiable at all but a finite number of points.
Denote the set of points where the strategy is discontinuous by x, = {t7,...t0}, x,, = {t},..th},x, = {t], .17},

= {#/,...t} and define x = X, UX, and X = X, U X, Also, define

D, (t) = lim p(s)— lim p(r)

s—t+ r—t—

and
D, (t) = lim pu(s)— lim p(r)

s—tt r—t—

These are non-zero only at points in x, and yx, respectively and represent the probability that a decision to
implement at that moment conditional on the other agent not implementing the project prior to that time. The
objective function of the agent is:

max ()Vo+/OT[a1+(M)azH£[lﬂ(t)ﬁ(t)]dt

e ) —plt

/ (1_0 §E3>a1‘;‘;[1~<t),3(t)]dt
+/o {O” (LZEELZ%) az} P11t~ p (e
+[ (%) 0‘1% [1—p(t) = p(®)dt
3 R0 Dg[itiwzﬂ

L—o(t)—p() =D, (1)
Dy (1) [“ﬁ <1 MOETOE RO Dm)) }
Dj (t) (17 1—o(t)—p(t)=Dy(t) ) @

texNx w(t)—p(t)—D,(t)—D,.(t)
5 e s-sor o - (E5008) ] (32
tex\x

o oL (1me s\ ]y (e 00

A re1{oe0 o+ (=55 =) o) + 200 (=5 )
+(1u(T)P(T))(lﬁ(T)/3(T)){a1+<1_;g;_g(g>az]
5T (1= p(T) = p(T) (1 — () — 5(T))

T
- [a0-n0-p@ a0 -pe)a
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st.pt) < 1—o(t), u(t) <o)
0o(0) = 1, =)@t -n)

where [ (t),p(t), 0 (t) denote the strategy of the other player. To simplify notation we will continue using the
definition of ¢ (¢) = %.

We are interested in perfect Bayesian equilibria of the model so strategies must be an equilibrium for all
subgames starting at each time ¢t. We describe these by writing out the problem in terms of continuation values
for the successful V¥ (t) and unsuccessful agent VU () upon reaching time t. Also, write p (s[t) i (s|t) for the
perceived probabilities that a successful and unsuccessful agent implement the project at s > t given the agent is
at t. At on-equilibrium times these are p (s|t) = ﬁ(fzi;g()t) and i (s|t) = ’1(137)7;8()75) However, if an off-equilibrium
time is reached then this is no longer the case and separate equilibrium strategies and beliefs must be specified
for these subgames. As we will show below the set of symmetric perfect Bayesian equilibria we focus on involve

all times being reached with positive probability.
The continuation value of being successful is just the payoff from implementing the optimal stopping policy
t, from that moment forward:

VS(@t) = ?rer%te?)Tc]%—kal—k/t (ag—é(r—t))dﬁc(l?t)dr—k/t (—6(r—t))%dr (15)
£ 3 D (r10) (= 8= 1)+ Dy (r10) (5. — 1)

+ (1= (#) = p (#1)) (1= 6" (#lt)) a2 = 3 [ - 1])

where f: (t) is the optimizer or set of optimizers of equation 15. The implementation decision strategy is optimal
provided that:

lim+ p (slt) = o(r) ifr= f:; (1)
dp* (r|t) . .
— > 0or Dy (rt) > 0if r €t (t)
dp* (r|t) . .
T 0 if r ¢ tp (t)

and these conditions ensure p satisfies the adding up constraint:

/ %t(t)dt = o (max (£ (£))) — p(£) + (o (T) = p(T)) x 1 (max (&* () = T)

tx(t)
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The payoff from being unsuccessful is defined by a joint effort and stopping problem given by:

7 . ~ i
vU(t) = max VOJr/ {al —d(r—1t) fc/ e (wlt) dw} dp(r]t) [1exp ()\/ e (wlt) dw)} dr
ielt,T] ¢ ¢ dt t
e(r|t) for T’G[tﬂ

—&-/f[—é(r—t)—c/tre(w|t)dw} dﬂTiT) [l—exp (—)\/;e(wt)dw): dr

4 /tt [vs (6) =5 (r—1) c/tre (wlt) dw} Ae (1) exp (—)\ /re(w|t) dw) (1= i (rlt) — p(rlt)) dr (16)

Lop(r) —o(r) [ Dy (rlt) (n —t)—c [/ e(wlt)dw) |
+ Z 1—p(t)—a(t)[+D (r|t)( (r—t—cft e (w[t) dw)

rex\x
t<r<t,(t)

+ (1 ~exp (- /f/\e (r) dr)) (1— i (@lt) - 5 (@1t)) [(1 — ot () ar — 5 (T 1) —c/tte(r|t) dr]

where f:; (t) is the optimizer or set of optimizers of equation 16. The condition for the effort strategy profile to
be an equilibrium satisfies
e* (t) = arg max_Ae (VS( )= VY (1) —ce
e€(0,1]

and the implementation decision strategy is an equilibrium provided that

élgﬂu (slt) = 1—0o(r)ifr=t,(t)
dp* (r|t) . o
- > 0or Dy (r|t) > 0if r € ¢, (¢)
dp* (r|t) . .
T - 0 1f T ¢ t# (t)

where ¢* (t) solves (16) the unsuccessful agent’s effort and stopping problem. These conditions also ensure that
it satisfies the adding up constraint

/ du;t(t) dt =1~ o (max (£, (1)) = u(t) + (1 = 0 (T) = p (1)) x 1 (max (£}, (1)) = T)

tx (1)

A symmetric perfect Bayesian equilibrium may be described by a tuple (e* (t), p* (t), u* (¢), ¢" (¢)) if p* (¢) +
w* (t) < 1forallt < T, where ¢* (¢) is the Bayesian belief an agent has at time ¢ that the other agent is unsuccessful
conditional on the project not having been implemented prior to that time. If 3’ < T : p* (¢') + p* (¢') = 1 then
it must also include off-equilibrium strategies and beliefs (e* (r|t) , p* (r|t), p* (r|t) , ¢* (r|t)) for all times ¢ where
p* (t)+ p* (t) = 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 unsuccessful conditional on no project implementation 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
unsuccessful agent. The following lemma rules out a continuously increasing u* (t).

Lemma 1. 3p* (t),r > 0,e >0: (t)>0f07"t€[r—5r]

Proof. Suppose not and Ju* (¢) : d“ (t) > 0 fort € [r — ¢, r]. If an unsuccessful agent weakly prefers to implement
then a successful agent strictly prefers to implement hence

p () =0"(t) fort € (r—e,r)

and
¢p*(t)=1fort e (r—e,r)
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if not then 3r’ > ¢ such that

Vo+ai+(1-6 () az < Vo+as+ (1= (1) — 5" (7[8) [(1 - 6" (1)) a2 = 8 (" — )

o [ [T P gy S - 0105 010+ D i)

d
Y Y YEX
t<y<r’

r’ d~* ’f‘lt
Ty / L; |)dy+ > Dyl
t Y <
?JGX/
t<y<r

This can be rewritten as

3| [ - [T Dy S D) + D5 0] (0t ) + (= 0 (L ()

YEX
t<y<r’

<ar |0 (1) -5 A= 0N - (-6 )+ [ P T Dy
t YEX

t<y<r’

However, if this inequality holds then an unsuccessful agent could do strictly better by delaying implementation
until 7’ since the comparison of payoffs would result in the same expression except with a; replacing ay. The
inequality would then be strict and this would be a contradiction of the unsuccessful agent mixing at t. Hence,
¢*(t) =1 for t € (r —e,r). However, if ¢* (t) = 1 then an uniformed agent can do strictly better by delaying
implementation and exerting effort enax over a period of time since

Almax@1 > Cemax + 0
by assumption. |

The following lemma rules out a jump in the implementation decision function p* (¢) at a time on the
equilibrium path as long as that jump does not occur when both types, successful and unsuccessful, decide to
implement with certainty at that instant.

Lemma 2. 3% (t),0 < s < T : D, (s) >0 and p* (s) + p* (s) < 1
Proof. Suppose not and 3s : Dy,» (s) > 0 and p* (s) + p* (s) < 1. As above, this implies

lim+ ¢ (r)=1

T—S8
by the same reasoning as before. Hence, an unsuccessful agent at s can do better than deciding to implement
immediately by delaying and putting in effort since
AemaLxOél > Cemax + 0

by assumption. O

The only equilibria involving D~ (s) > 0 also have u* (s) + p* (s) = 1 whereby beliefs at times later than
s are off the equilbrium path. In this case it may be possible to support unsuccessful agents implementing the
project with appropriately specified off-equilibrium-path beliefs. However, we will exclude this type of equilibrium
as we feel for all intents and purposes that it is equivalent to imposing a deadline at time s. We thus continue
the analysis under the assumption that p* (¢) = 0 for all ¢. This also means that all times are reached on the
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equilibrium path. The following lemma rules out jumps in the implementation decision function of the successful
type p* (t).

Lemma 3. #p* (t),0<t" <T: D, (t") > 0.

Proof. We proceed with a proof by contradiction. Say there is an equilibrium with a mass point at a time ¢~
where a mass of D« (t") = (1 —¢"(t")) 8 > 0 decisions to implement are made. For this to be the case then
¢ < 1. If ¢" =1 p* (t) = o* (t) successful agents may only decide to implement at the rate at which unsuccessful
agents are becoming successful. Consider lim;_;~-- e* (t) and lim;_,;~+ e* (). For there to be a mass point the
following conditions need to hold for an agent not to implement the project earlier or later:

lim Ae* (t) ag (1 — ¢* (t)) > — ¢ for any € > 0
t—t"—
and
lim+ Ae* () as (1 — ¢ (t)) <d+eforany e >0
t—t"
The first of these inequalities implies that a successful agent will be willing not to implement in the neighborhood
immediately prior to t”. The second guarantees that a successful agent cannot do better by waiting at time ¢".
Also note that lim;_;~+ ¢ (t") > lim;_,;~~ ¢* (") due to the mass point. This implies there is a discontinuous
change in the effort level at ¢t if the above two conditions are to be satisfied. We show that this cannot be
maintained in equilibrium. We can write the continuation value from being unsuccessful at time t =t~ — At as:

VU (t" - At) :/

o do* (s|t”—At) dp* (s|t"—At)
t"—At

ds S ds % _
o (sl —apn” O 00re) TRy~ ) 5) x

(1—o* (s|t” — At)) (1 — p* (s|t” — At)) ds

o
+(1—0"(t"|t" — At)) Dp- (t7|t" — At) (VO + oy — 0AL — c/ e* (s) ds>
t°—At

t° AL d,a*(s|tv"—At) da*(snj—At) .
ot =0 (o] —AD) V@) + (Vo + o) T —an — et (s) — 5) X
(L—0o*(s|t” — At)) (1 — p* (s|t”™ — At)) ds
+ (1= (t"+ At = AL)) (1 —p* (" + Atft” — A) VY (¢ + At)
Where At may always be chosen small enough such that there are no other points of discontinuity of p* (¢) for
t€[t” — At,t" + At] other than at ¢ = ¢". Now consider moving a unit of effort from ¢* —¢ to t" +¢ by augmenting
the strategy e* (t) as follows:
e () = e (t)—ecforte|t” —Att")
e (t) = e (t)+efortet’,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

lim V¥ (t)) = c)
t—t"—
+AeDy (7]t — At) (Vo + 1)

+e(l— Dy (t]t° — At)) (A ( lim V*° (t)> — c) —0(At)

t—t "t

U (4~ _ wk\ _ YU (4~ _ *
lim VIt - Atle™) VT (" — Atle”) . <)\<
At—0 At

UA_A **_UA_A*
VY Ate) VY (1~ Ale)

Al AL >—=e(AVo+ar+(1—-0¢ (")) az)—c)

+ XD (£t — At) (Vo + o)
be(l—Dy (" — ALY A (Vo + a1 + (1 — ¢ (t") — Dpe ([t — At)) az) — ¢) — O (Al)
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Define the right-hand side by R then

R = =Dy (t'|t" — At) Aase + D, ('t — At) ce — O (At)
= €D, ('t — Ab) (¢ — o) — O (Al)
> 0

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

This along with the earlier lemmas that unsuccessful individuals do not decide to implement implies that
" (t), p* (t) and o* (t) are all continuous.

Lemma 4. V¥ (t) is continuous.

Proof. The continuity of ¢* (t), p* (t) and o* () ensures that

f (1) :Vo+oz1+/t (a2—5(r_t))wd7ﬁ

+ (1 =57 (#t) (1= 67 (#t)) 02 = 6 [E—1])

is continuous in . Hence, V¥ (t) = max;. .71 f (t) is continuous in ¢ by the theorem of the maximum (Berge
1963). 0

Lemma 5. VU (¢) is continuous.

Proof. The continuity of ¢* (t), p* (t) and o* () ensures that

f(t7e(r|t))=Vo+/tT (al—é(r—t)—c/:e(wﬁ)dw) W [1—exp (—)\/tre(whf)dw)} dr

- : (v -s0-0-c [ ctwlan)remren (-3 [ el aw) -5 lar

4 (1 ~exp (-/f e (r) dr)) (1= 5 (T]t))

is continuous in e (r|t) . Hence,

(1= 6" (T/)) ar — 5 (T —t) —c/f e(r|t)dr]

VE(t) = max te(r|t
( E(T‘t)ecl([t)T]»[OxemaX])f( ( ‘ ))

where C1 ([t,T7], [0, emax)) are piecewise continuous functions with domain [¢t,T] and range [0, emax] that are

continuous in ¢ by the theorem of the maximum (Berge 1963). O

Lemma 6. Suppose p* (t) and e* (t) constitute equilibrium strategies and s, As > 0 : 2 ® 5 0 gnd 0 <

dt
e* (t) < emax fort € [s,s + As], then e* (t) = W fort e [s+ As].
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dp* (t)

=25+ Also, note that for p* () = 0

Proof. We use the relation d* (t) (1 — ¢™ (t)) =

_ oW
T
dp %—Fl_z;g(”&(t)
. 1-p)
L XWe0+d00-610)50)
O
= [ima-sw -xw] T

= ld®ma-o@)-rw®]ow
The incentives for delaying rather than implementing are equal if the agent is mixing, that is

t+At

Vo+ar+ (1 —¢* (1) ay = /t —0(r—t)d* (r) (1 — ¢* (r)) exp <— /t d* (s) (1 —¢* (s))ds) dr

t+AL
+ (Vo + a1 + az) (1—exp <—/t d* (s) (1 —¢° (S))d8>>

+ exp <— /tr d* (s) (1 —¢* (s)) ds> (Vo+ a1+ (1 — 9" (t + At)) aa — ALS)
This can be rearranged to obtain
t+AL . r
5/t (r—8)d* (r) (1 — & (r)) exp (-/t & () (1 - 6" (s)) ds) dr

N
+ dAtexp (/t d* (s)(1—9¢"(s)) ds)

t+AtL B
= <¢ (t) — ¢ (t + At)exp <—/t d* (s) (1 —¢"(s)) d8>>

Apply a Taylor series expansion to ¢* (¢ + At) and exp (— :+At d* (s) (1 — ¢* (s)) ds)

t+At _
A= 0= [ [ -d -0 0] 6
0" (t+ A1) = 0" (1) {1 = At 3" (1) = d* () (1= 6" (1)) } + O ((A1)?)

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

t+At ~
exp (‘ / d*(s) (1 - ¢" (5)) d8> =1—Atd" (t) (1 - 6" () + O ((A1)?)

We combine these expressions and denote the expression inside of the brackets on the right-hand side by R =

&7 (8) = 6" (t+ Atyexp (= [T d" (5) (1 6" (s)) ds)

R=¢" (1) as {At 3" (1) = d" (1) (1= ¢ (1)| } + Atd" (1) (1 = 6" (1) + O ((A1)?)
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Simplifying this expression yields
R =At[Ne* (t) 9" (t) as] + O ((At)?)

Denote the left-hand side by L and apply a Taylor series expansion:
t+At ~ ro
L= (5/ (r—=t)d" (r)(1—¢" (r))exp (—/ d* (s)(1—9"(s)) d8> dr
t t
t+AL
+ 5Atexp <_ / @ (s) (1 — ¢ (s))ds)
t

L =0At+0 (At?)
Equating the At terms from the left- and right-hand sides leads one to conclude that § = Aé* () ¢* (£) s O

The indifference condition implies Aé* (£) ¢* () ay = & when d* (t) > 0 for all ¢.

Lemma 7. Suppose p* (t), e*(t) and ¢* (t) constitute equilibrium strategies and beliefs, and Is,As > 0 :

% >0,0" (t) <1 and 0 < e* (t) < emax fort € [s,s+ As], then €* (t) = emax, ¢* (t) = ¢4, d* (t) = A’SZ‘)‘E& for

te[s+ As].

Proof. Suppose not. This implies €* () < emax, ¢* (t) > ¢, from lemma 6. The following condition must hold
VI (s) = VY (s) = % for all s € [t,t + At]

for effort to be optimal. Hence, we also require

VS (t) — VI (t + At) VU (t) - VY (t+ At)
[0 (t+ At) —¢* ()] aa = VY (t)=VY (t+ At)

since this is true for all s. Recall

Vo= [ T ) (-6 ) e (- [ @@a-o@as)a

t+AL
1—exp (/t d* (s) (1 — " (s)) ds)]

N
+ exp (—/ d* (s)(1—9¢"(s)) ds> (VS (t + At) — Atd]

+(V0+Ot1 +Oéz)

and

t+At B o
Vs (t) — VS (t+ At) = /t —0(r—t)d" (r)(1—¢" (r))exp (—/t d* (s) (1 —o"(s)) ds) dr

t+At -
|~ exp <_/t d* (s) (1 — ¢* (s))dsﬂ

t+AL
— Atdexp (—/t d* (s) (1 — ¢ (s)) dsds)

+ (Vo + a1 +as = VI (t+ At))
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Now we can write VY (t) as follows
t+At 5 T
VU (1) = /t S5 — ) (1) (1 — ¢ (r)) exp (-/t @* (5) (1 — 6" (s)) ds) dr

t+At
+ (Vo +a1) <1exp </t d* (s)(1—¢" (5))d5>>
t+AL
+ exp (—/ d* (s) (1 —¢"(s)) ds) [VU (t+ At) — Atd]

since the agent is indifferent about which level of effort to exert we can write it out assuming e; (t) = 0. We can
further calculate VY (t) — VY (t + At) using VY (t + At) = VI (t + At) — £

t+At ~ T
VU () — VU (£ + At) = /t LS — )@ (1) (1 — 6" () exp (—/t @* (5) (1 — ¢ (3))ds) dr

N
1—exp </t d* (s)(1— 9" (s)) ds)]

t+AL
— Atd exp (l d*(s)(1—9¢"(s)) ds)

+(V0+a1*VS(t+At)+§>

B tHAL
VU@ VY (t+A) =V (t) = VI (t+ At) + (X - 052) [1 — exp (—/ d* (s) (1 — ¢ (s)) ds)]

Hence, we have a contradiction VU (t) — VU (t + At) > V3 (t) — V5 (t + At) for d* (s) > 0 and ¢” (s) < 1. O
Lemma 8. ¢*(t) > max {¢,, ¢}

Proof. Suppose 3t : ¢* (f) < ¢4 then AL > 0: ¢* (s) < ¢4 for s € [t — A, {]. However, this is a contradiction
as a successful player will strictly prefer to implement for all s € [f — Af,f] and hence ¢* (f) > ¢, which is a
contradiction that 3¢ : ¢* ({) < ¢,. Suppose 3t : ¢* (£) < ¢ then IAL > 0 : ¢* (f — Af) < ¢. This implies
an upper bound on the value of information is (1 —o" (tv)) ag + ¢ (f) ay. Thus, for any time s such that

#* (s) < ¢ = e*(s) = 0 therefore % = 0 so lim,_, ¢* (f‘) > ;ﬁ(tv) which is a violation of the continuity of
¢* (t). This is a contradiction given the upper bound on the arrival rate of information. O

Lemma 9. Suppose €* (t) < emax for some t then under large incentives ¢* (T) = ¢, and under small incentives
" (T)=¢

Proof. Suppose not, then ¢* (T') > max {¢,4, ¢}. Let { = inf {t|e* (t) < emax}. Being successful at time ¢ has a
continuation value given by
VI([E) =Vot+ar+(1—¢" (1) oz — 6 (T — 1)

since the optimal strategy for a successful individual is to delay until the deadline which is due to € (t) = emax
and ¢* (t) > ¢4 for ¢t > t. The continuation value for the unsuccessful individual is

VU () = (Vo+ a1+ (1= 6" (1) az — £ ) [1 = exp (“Aemax (T = 1))

A
texp (~Nemax (T~ ) [Vo + (1~ & (T))n] — 6 (T — §)

Thus, incentives for effort are given by

V() = VY (1) = § +exp (Aemax (T =) [(1 = 6" (T) a2 + 6" (T) 2y — 5|
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Further, by definition of ¢, and ¢.we have

(1=¢" (D) ez +¢" (T) a1 > ((1 = py) a2 + ¢gn1)

> (18 o) = ¢
Hence, V¥ (f) - Vv (f) > § and by the continuity of VS and VUV Jw > 0 : e* (f—w) = emax Which is a
contradiction of # = inf {t|e* (£) < emax} - O

The previous lemmas restrict the set of potential equilibria to those where ¢* (¢) is continuous, decreasing
and bounded below by max {(zbd, g?)} Furthermore, if implementation decisions are taken prior to the deadline,
then % =0 and either ¢* = 1 or ¢* = ¢, during those times.

B.3.2 Proof for Uniqueness of Symmetric Equilibria Set for Large Incentives Case

Define V°* () and VU* (t)

VS* (t) = Vo+aoa+ (1 — &d) [}
U _ (1 - &d) @2 o \ 1
Ver) = V0+a1+72 <c+€max o
— 1-— (B (6%) 0 1
—exp (—2Xemax (T — 1)) l¢da1 + % - (c + emax) 2)\]
Note further that
VS*(t)_VU*(t):mJF cr 0\ L
2 €max /] 2\
— 1-— (E ) Q9 1) 1
—2X\(T—t) ( d _ —
+e l¢da1 + B (C + Gmax) 2)\]
and
> forT—t<Z
VI -V ) =St T—t=1Z
<sforT—-t>27
Also, define £, (¢), V5 (t,¢) and VU* (¢, §)
} 1. ¢
ta(¢) = —In=—
+(?) A By

R B e L R
y VS*(t+a_5t forT—td(¢)—Z§t§T_td(¢)v

[1— exp (~Aemax (T = )] (Vo + a1 + (1= ¢ (¢) exp (= Aemax (T — 1)) a2 — §)

+exp (< Aema (T — 1)) (Vo + [1— 6 (2) exp (—Aeme (T 8)] a1) - 3(T —1)

VUs(t,) = for T —t4(¢) <t<T
(1 — exp (—)\emaxﬂ) (VS* (t + ﬂ — ﬁ) + exp (—)\emaxf) YU (t + f) — ot B
for T —tq(¢p) —Z <t <T —ta(9).
Note that

§ + exXp (_Aernax (T - t)) [d) (t) exp (_Aernax (T - t)) aq
+ (1= ¢ (t) exp (—Aemax (T' — ¢))) a2 — 5]
VI (t,d) — VU (t,¢) = for T —t4(¢) <t <T
£ +exp (—Aemaxt) (VI (E+8) — VU (t+1) — £)
for T*fd((ﬁ) -7 StSTffd(gb)
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Hence,

; . > S for T'—t4(¢) —Z <t
V(o) =V (tg)q =5 for T —1q(¢) —Z =1t
< Sfor T —tq(¢) —Z >t

Lemma 10. The unique equilibrium strategies in any subgame starting at t with beliefs ¢ (t) > ¢, such that

) 0 fort<s<tq(®)
t>T -7 —1t * — €max tS ST dd* = n
> a(¢) are e” (s) = emax fort <s and & (5) { Aiaf(s forta(¢) <s<T

Proof. Suppose 3s > t,e > 0 such that e* (1) < epax for r € [s — g,s). If this is the case, we can check the
continuation values at § where
s=sup{rle’ (r) < 1}.

Given that e* (s) = epayx for r > 5 then the unique implementation decision strategy is

i 0 for < s < min {T,5+ iy (¢ (3))}
(s) = Do for §414(6(5) <s <THS+I($(5) <T

since the only belief at which a successful individual will implement is ¢ = ¢, when the unsuccessful agent is
exerting maximum effort. We can therefore write the continuation values as V°* (8,¢) and VVU* (5, ¢). The

contradiction now comes from noting that for t > T — Z — &4 (¢) and V5% (t,¢) — VU* (t,¢) > £. Therefore,

VI (r,d(r) = VU*(r,¢(r)) > £ and e* (1) < emax for r € [§—(,5) which means e* (r) is not an equilibrium
strategy. O
Lemma 11. Suppose T > X4+ Z, then an upper bound on ¢ (t) is given by

o* (1) < pgexpN(T —Z —1t)) forT—Xg—Z<t<T—~Z

D4 forT —Z<t<T
Proof. Suppose 3t',¢* (t') > ¢pgexp AN (T — Z —t')) for T—Xyg—Z <t/ <T—Zor ¢*(t) > ¢ for T—-Z <t' <T

then
(r(@).0)r(¢)=T—Xa—Z+ 5z~ Ing
(¢ = (T-Xa—Z+ 5= b)) v e01),6€l0().1) [

Now s >T — Z —t4(¢" (s)) and thus the unique equilibrium of the subgame starting from (s, ¢* (s)) is given by

Is < t': (s,0"(s)) € {

Lemma 10. However, the Bayesian belief g* (r) in this subgame reaches

~x 1 1 1 1
="t =T —-Xq—Z ——In——+ V- T —-Xg—2)+ ——In——
50 =0 () = (- Xa=2)+ 5ol 49 (¢ - (= Xa =)+ )
s—(T—Xg—2Z)+v2—1n —— ~% % " .
where v (s) = t,_((T_Xj_Z))+ :z:: - :*E(j’)) < 1. Thus, r <t and ¢ (t') > ¢* (t') and hence ¢* (') is not part of a
perfect Bayesian equilibrium. O

Together with lemma 8 this uniquely determines ¢ (t) = ¢, for t > T — Z if T > X4+ Z.

Lemma 12. Suppose T > Xy + Z then a lower bound on ¢* (t) is given by

(ZﬁdfortZTfZ
") > S+ 06 (T —Z—%t) forT—Ys—Z<t<T—-2Z
1 fort<T-Yy—2Z

Proof. Lemma 11 and lemma 8 pin down ¢* (t) = ¢y for t > T — Z. Now suppose Is < T — Yy — Z : ¢* (s) < 1
or3s: T =Yy —Z<s<T—-2Z,¢"(8)<pg+6(T—Z—5) IfIr<T—Z:d"(t)=0fort e [r,T — Z] there is
an immediate contradiction as successful individuals would strictly prefer to implement the project immediately.

If not then using lemma 7 if d* (t) > 0 for s < t < T — Z then e* (t) = emax, ®* (t) = ¢y, d* (t) = A/SZOCE(; for

t € [r,T — Z]. However in this case we also have a contradiction as V9 (¢t) —= VU (t) = V5% (t) = VU* (t) < £ since
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t < T — Z and the effort strategy e* (f) = emax is not optimal and cannot be part of an equilibrium.
O

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

Strategy of successful player: d* (¢) = 0 for all t. Strategy of unsuccessful player: e* (t) = emax for all ¢.
Beliefs: ¢* (¢) = exp (—Aemaxt) for all .

ii) Case 2: Xy <T < Xy+Z7

Strategy of successful player: d* (t) = 0 for t < Xg4, d*(t) = /\’Szafé for t > Xy. Strategy of unsuccessful
player: e* (t) = emax for all . Beliefs: ¢* (t) = exp (—Aemaxt) for t < Xg.and ¢ (t) = ¢, for t > X,.

Lemma 10 covers Case 1 and 2.

iii) Case 3: Xy+ Z<T <Yy +Z

Strategy of successful player: d*(t) = 0 for ¢t < T — Z and d* (t) = )\’S;fé for t > T — Z. Strategy of
unsuccessful player: d* (t) = 0 for all ¢t and e* () satisfies

exp (—)\/Ote* (s)ds) za’;dJr(T—Z—t)i

Q2
T-7
exp (—)\/O e* (s) ds) = ¢y

for t < T — Z and €* (t) = emax for all t > T — Z. Beliefs: ¢* (t) = exp (f)\ fot e* (s) ds) fort <T — Z and
" (t) =, fort >T — Z.

Lemmas 10, 12 and 11 determine the bounds on ¢* (¢) and that ¢* (t) = ¢y, e* (t) = emax for t > T — Z.
Lemma 7 implies that d* (¢) = 0 for ¢t < T — Z which suffices along with the earlier lemmas for the equilibrium
strategy set.

iv) Case 4: T >Y;+ Z

Strategy of successful player' d* (t) = implement for 0 <t < T -Yy;—Zand d*(t) =0for T—-Y; — Z <
t<T—Zand d*(t) = /\A 225 for ¢t > T — Z. Strategy of unsuccessful player: d*(t) = 0 for all ¢. e* (t) = % for
0<t<T-Y;— Z and e* (t) satisfies

and

exp()\/t e*(S)dS>Z§$d+(TZt)5

T-Y4—2 o)

T-Z
exp (—)\/T_Y » e* (s) ds) = ¢y

forT—Y;—Z<t<T—Zande*(t) =emax for t >T — Z.

Beliefs: ¢* (1) =1for 0<t<T —Yy— Z, ¢* (t) = exp (*)‘fztuyrze* (s) ds) for T-Y,—Z<t<T—-Z
and ¢* (t) = ¢, for t > T — Z.

Case 3 above covers the subgames for t > T — Z — T. It remains to show that the above strategies are unique
fort <T—Z—T.Fort<T—Z—T we have shown that ¢* (t) = 1. First, rule out that e (f) = 0. If this
were the case the continuation payoffs would be V¥ (t) = Vy + a1 and VY (t) = Vo + g — § — (£ — t) § where
t =inf {s > t:e(s) > 0}, therefore the strategy e* (t) = 0 is not optimal as V¥ — VY > £ Implying that 0 <
e* (t) < /\%& and individuals decide to implement immediately. We have V() = Vo +ay so VY (t) = Vo +aq — 5

and
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fort <T -7 — T.
t+At s s
VU (t) = / (VO +a; — c/ e (r)ydr—0(s— t)) 2Xe* (s) exp (—2)\/ e (r) dr) ds
¢ ¢ t

+ exp (—2/\ /HAt e (r) dr) (VU (t+ At) — 0At — c/HAt e” (r) dr)
t+At
VIO = (Vota-g) (1 —exp (—2A /f e (r) dr))

_ /t S (s — 1) 22e* (5) exp <2)\ /1t et () dr> ds

t+AL
+ exp (—2)\/ e’ (r) dr) (VY (¢t + At) — 6At)

VUt =Vo+a AR exp 2)\/t+Ate*(r)dr
= _—— —_— — X —
0N T2 \
t+At s
- / 0 (s—1t)2Xe* (s)exp <—2)\/ e* (r) dr) ds
t t

t+ AL
— exp (—2)\/ e* (r) dr) JAL
t

hence

- (1 ~ exp <—2)\ /t e dr)) - /t T (s ) 20" (5) exp (—2)\ /t T () dr) ds
t+At
+exp (—2)\ /t ¢ (1) dr) SAL

ce* (t) At + O (At?) = 6AL+ O (AL?)

We therefore require that e* (t) = %.

B.3.3 Proof for Uniqueness of Symmetric Equilibria Set for Baseline Case

Define

lnf
¢

> =

V:es* (tv ¢) = W+o+ (1 — ¢exp [_)\emax (T - t)]) Qg — 5t_e ((b)

as well as

VU (t,6) = (1 — exp [~ Aemax (T — 1)]) (vo Far+ (1 — dexp[~Aemax (T — 1)]) g — ;)

+exp [~ Aemax (T — )] (Vo + (1 — ¢pexp [~ Aemax (T — t)]) 1) — 5te (@)
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and

VeS>K (ta ¢> - VeU* (t7 ¢) =

ﬁy\ﬁ

+ exp [—Aemax (T — 1)) <¢ exp [—Aemax (T — t)] a1 + (1 — pexp [—Aemax (T — t)]) a2 — ;)

Note that

VI (1.0) = VI (1.0) > 5

provided that ¢ < t. (¢).

Lemma 13. The unique equilibrium strategy in any subgame starting at t with beliefs ¢ (t) such thatt > T—1, (@)
is €* (8) = emax fort < s <T and d* (s) = 0.

Proof. Suppose 3s > t,e > 0 such that e* (1) < emax for 7 € [s —g,s). If this is the case, we can check the
continuation values at § where
s=sup{rle’ (r) < 1}.

Given that e* () = emax for 7 > 5 then the unique decision strategy is d* (r) = 0 since the only belief at which a
successful individual will decide to implement is ¢; < ¢ when the unsuccessful agent is exerting maximum effort.
We can therefore write the continuation values as V.** (5, ¢ (3)), V.V* (8, 6 (8)). The contradiction now comes from
noting that

t>T —te(9) =>5>T —t.(¢(5))

hence V5% (5,0 (5)) — VV* (5,6 (5)) > §£. Thus 3¢ : VI (r,¢(r) — VI* (r,¢(r)) > £ and €* (r) < epax for
r € [§ — (,8) which means that e* (r) is not an equilibrium strategy. O

Lemma 14. Suppose T > X, then an upper bound on ¢* (t) is given by

. 1for t<T-X
¢ (t)é{ pexp(MN(T —1t)) for T—X <t<T

Proof. Suppose 3t' such that ¢* (') > pexp (A (T —t)) for T — X <t < T then

o (r(9),9)Ir(9) =T — X+ x5 - Ing
GO EOE oy (r - (T- x4+ 5 m2)) v e D) .0 fo).1

Now s > T — . (¢* (s)), so the unique equilibrium of the subgame starting from (s, ¢ (s)) is given by Lemma
14. However, the Bayesian belief ¢ (r) in this subgame reaches a* M=¢"tatr=T-X)+ /\e ~In 5 (t,) +

v(s) [t — (T — X) + /\emax In (t, ] where

S*(T*X)‘FAeinxhl L
t—(T-X)+

Xewer 10 577

Thus, r < t' and a* (t') > ¢" () and hence ¢* (') is not part of the perfect Bayesian equilibrium. O
This uniquely determines ¢* (T) = ¢ for T > X.

Lemma 15. Suppose T > X then a lower bound on ¢* (t) is given by

X G+6(T —t) for T-Y <t<T
0" (®) Z{ 1for t<T-Y

Proof. As noted above ¢* (T') = &, if T > X. Now suppose 3s : ¢* (s) < 1for s <T —Y or ¢* (s) < ¢+ 6 (T — s)

for T —Y <t < T. If this is the case then using lemma 7 d* (¢) = 0 for ¢ € [s,T] and there is an immediate
contradiction as successful individuals will strictly prefer to implement at s than wait until 7. O
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These lemmas provide an upper and lower bound on the values of ¢* () in equilibrium. As before, 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 < X
Strategy of successful player: d* (t) = 0 for all ¢. Strategy of unsuccessful player: d* (¢) = 0 for all ¢ and

€* (t) = emax for all t. Beliefs: Beliefs evolve according to ¢* (t) = exp (f)\ fot e* (s) ds) for all ¢.

This follows immediately from Lemma 13.

ii) Case 2: X <T <Y

Strategy of successful player: d* (t) = 0 for all t. Strategy of unsuccessful player: d* (¢t) = 0 for all ¢ and e* (t)
satisfies

exp(—)\/ote*(s)d8> > 5+ (T 1)~

exp (—)\/OT e* (s) ds) = ¢.

Beliefs: Beliefs evolve according to ¢* (£) = exp (—)\ fof e* (s) ds) for all ¢.

Lemma 7 and ¢* (T) = ¢ (as shown above from Lemmas 13 and 14) imply that d* (t) = 0 for all . The
restriction on e* (t) comes from Lemma 15. Beliefs are given by Bayesian updating.

iii) Case 3: T > (1 — ¢)an

Strategy of successful player: d* (t) = implement for t <T —Y and d(t) =0fort >T -Y

Strategy of unsuccessful player: d* (£) = 0 for all t and e* (t) = 2 for t <T — Y. e(¢) satisfies

and

exp (—A/t e (s)ds> 2J>+(T—t)i

T-Y Qa2

T —
exp (x\/Tye (s) ds) =¢.

fort >T —Y. Beliefs: ¢ (¢t) =1fort <T —Y and ¢* (t) = exp (—)\fg e* (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.
O

and

B.4 Modes of Communication

In this section, we provide an explicit characterization of the setup and the results when relaxing our assumptions
about the value of breakthroughs and the modes of communication as discussed in Section 6.3.

B.4.1 Setup

We
also assume that an individual is prepared to delay implementation if the other player is exerting maximum

We assume that an individual is prepared to exert effort for a second breakthrough, az > § + P
effort to produce a third breakthrough, Aazenmax > 9, and that this is no longer true for a fourth breakthrough,
AOgCmax < 0.

From a modeling standpoint it is also reasonable to draw a distinction between implementing the project
and communicating that a breakthrough has been produced. Hence we allow agents to reveal at each instance
that they have produced a breakthrough without implementing the project. We denote this action by w; (¢, n;) :
[0,7] x {0,1,2} — {0,1,...,n;} where n; denotes the breakthrough an agent has produced. We restrict this to be
non-decreasing such that an agent may only reveal that a breakthrough was produced but cannot subsequently
conceal this having previously revealed it. To simplify notation we also assume that if the other agent has revealed
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a breakthrough, w_; = 1 then the action w; is no longer available. Common knowledge about the production
of 2 breakthroughs will lead to a decision in a similar way to common knowledge of the production of a single
breakthrough in the earlier model would also lead to a decision. Hence in the event that the other agent has
previously announced the production of a breakthrough then announcing and deciding to implement are equivalent
for an agent.

The history of the game at a given point in time is given by (u,v). p € {0,1,2} indicates whether no
breakthrough has been announced, p = 0, or if one has been announced which player announced it, y = 1, 2.
v € [0,t] indicates at what time the player announced successful production of a breakthrough v € (0,¢]. If no
breakthrough has been announced, v = 0.

B.4.2 Short Deadline

We first consider a short deadline. The equilibrium exhibits no revelation of private information about successful
breakthroughs, w; (t,n;) = 0, no decisions on the equilibrium path prior to the deadline, maximum effort by
agents who have only produced one or two breakthroughs and zero effort by those who have produced two

breakthroughs.
We define X as

exp(—)\emaxf()ozg + Aemax X exp(—)\emaxff)ozg
+ (1 — exp(—Aemax X ) — Aemax X exp(—AemaxX)) g | ¢

Note that

exp(—)\emaxf()ag + (1 — exp(—)\emaxf()) as > ;

Also, we assume parameter values such that X < X, where X, is given by

)\emax [EXP(—)\emade)OZB + )\emade exp(_)\emade)all} =0.

Proposition 9. 37 > 0 such that a symmetric Perfect Bayesian Equilibrium is
wi (¢,n;) =

0 otherwise

0if pef{l,2} orn; >2
€max Otherwise

df (tvnivlL?V) =

0
{ implement if p € {1,2}
i) = {

i \b b {exp(—Aemaxt), Aemaxt eXp(—Aemaxt), 1 — (Aemaxt + 1) exp(—Aemaxt)} otherwise.

Proof. Define V; (t,n, 1, V) as the continuation value for an agent at time ¢ depending on the breakthrough they

have produced and the history of announcements of breakthroughs by themselves and the other agent.
Define x (n;) as

x (n;) =V + Z o + (1 —exp(—AemaxT)) any+1 + (1 — exp(—AemaxT’) — Aemax T exXp(—AemaxT)) Q42
j=1

This is the expected value of the project at the deadline conditional on an agent having n; breakthroughs in
equilibrium. Note that for n; = 1,2 and T < X,

X (nz) - X (nz - 1) = eXp(_)\emaxT)ani + )\emaxT eXp(_)‘emaxT)ani+1
+ (1 — exp(—Aemax ) — AemaxT exp(—AemaxT)) ;42
C
> —.
A
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The potential histories in the game can be organized into the following three categories:
(1) : (¢0,0,0);(¢,1,0,0);(¢,2,0,0)
(2) : (t’ 07 _ia ) ; (ta 17 17 ’U) ; (ta 2a _ia ’U)
3) : (¢ 1,i,v);(t,2,4,v).

The first category contains the histories on the equilibrium path. The continuation values for the first category
are:

Vi (t,2,0,0) = x(2)—0(T—1)
Vi(t,1,0,0) = (1 —exp(—Aemax (T — 1)) x (2) + exp(~Aemax (T — £))x (1)
5 (1= exp(—Aemax (T 1)) =8 (T = 1)
Vi (£,0,0,0) = exp(~Aemax (T — £))x (0) + Aemax (T — t) exp(—Aemax (T — £))x (1)

+ (1 — exp(—Aemax (T — 1)) — Aemax (T — t) exp(—Aemax (T’ —1))) x (2)

—5(T—1) - % (1 — exp [~ Aemae (T — 1)] — W exp [~ Nemax (T — t)]> .

The off-equilibrium-path continuation values for the second category are given by:

‘/i (tvoa —’i,U) = VO + a1 + (0%))
Vi(t,1,—i,v) = Vot+ar+as+as
V;;(t,2,—2',’l)) = W+ar+tos+as+os

The off-equilibrium-path continuation values for the third category are given by:

Vi (t 1,1 ’U) = ‘/0 + a1 + (1 — eXp(_)‘emaxt)) Qg + (1 - ()‘emaxt + 1) exp(—)\emaxt)) as for v =t

il 1,2, = Vo+as +as+asgforv <t

Vi = [ Vorortart(l—exp(=Aemat)) s+ (1= (Nemaxt + 1) exp(-Aemaxt)) s for v =t
i\ly4,,U - Vo+ a1 +ag+asz+ a4 for v <t

Note that § > a3 immediately implies that an effort intensity of 0 is optimal when an agent believes that at least
two breakthroughs have been produced. This is the case when an agent herself has produced 2 breakthroughs
or the agent is at a history where both agents have announced that they have produced a breakthrough. In the
remaining cases effort is e a.x which is optimal provided that the continuation values satisfy:

Vi (£,2,0,0) — V; (,1,0,0) > %
Vi (£,1,0,0) — V; (£,0,0,0) > %
=
‘/z’ (t, 27 Oa O) - sz (ta 17070) = % + eXp(f)‘emax (T - t)) X (2) — X (1) - %}
> 3
‘/i (tv 17 0’ O) - VL (ta 07 07 O) = >‘elnax (T - t) eXp(_/\emmx (T t)) (X (2) X (1))
+ exp(—Aemax (T' = 1)) (x (1) — x (0))
; (1 - eXp(—)\emax ( ))) Cemax ( - t) eXp(_)\ernax (T - t))
= 5+ A (T = ) exp(Aemas (T = 1) (x(2) = x (1) = 5 )
o+ exp(=Aemas (= 1)) (x (1) = x (0) - §)
> §
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The implementation decision strategy is optimal provided that

Vi (¢,2,0,0) > Vo + a1 + a2 + (1 — exp(—Aemaxt)) s + (1 — (Aemaxt + 1) exp(—Aemaxt)) g
Vi (t, 1,0, 0) >Vo+ar + (1 - eXp(_Aemaxt)) a2 + (1 - (Aemaxt + 1) exp(_Aemaxt)) as
Vi (t,0,0,0) > Vo + (1 — exp(—Aemaxt)) @1 + (1 — (Aemaxt + 1) exp(—Aemaxt)) ao

Taking the first constraint,

X (2)=6(T —1t) > Vo+ a1 +as+ (1 —exp(—Aemaxt)) @z + (1 — (Aemaxt + 1) exp(—Aemaxt)) aa

(T —1t) < [(Aemaxt+1)exp(—Aemaxt) — (AemaxT + 1) exp(—AemaxT)] oy
+ exp(—Aemaxt) (1 — exp(—Aemax (T — 1)) as.

At t = T the inequality is satisfied. The derivative of the LHS wrt ¢ is —0 the derivative of the RHS is
—Aemax [€XP(—Aemaxt) @3 + Aemaxt €xXp(—Aemaxt)y] .

which for 0 < t < X, is strictly less than —& hence the inequality is satisfied for 0 < ¢t < T (S X ) . We may

apply the same argument for the other two constraints after noting:

V; (tv ]-7 07 0)
‘/i (ta 07 Oa 0)

(1 — exp(—AemaxT)) @2 + (1 — (AemaxT + 1) exp(—AemaxT)) az — 6 (T — 1)

>
> (1 —exp(—AemaxT)) a1 + (1 — (AemaxT + 1) exp(—AemaxT)) ag — 6 (T —t) .

This implies that the announcement strategy is optimal as well,

Vi(£,2,0,0) > Vi(t,2,i,t)
Vi(t,1,0,0) > Vi(t,1,4,0)

These conditions are identical to the conditions for the implementation decision strategy earlier.
Finally, for the optimality of implementation decisions after an announcement, we require:

Vi(t,2,—i,v) > Vi(s,2,—i,v)—0(s—t) for all s € (¢,T]
Vi(t,1,—i,v) > Vi(s,1,—i,v) =0 (s—t) for all s € (¢, 7]
Vi(t,0,—i,v) > V;(s,0,—i,v) —0(s—t) forall s € (¢,T]
Vi (t,2,i,v) > Vi(s,2,5,v) —d(s—t) for all s € (¢, T
Vi(t,1,4,v) > Vi(s,1,4,v) —d(s—1t) for all s € (¢,T]
These are all satisfied as V; (¢,, —i,v) = V; (s, -, —4,v) and V; (¢,-,4,v) = V; (s,-,1,v). O

Note that in the proposed equilibrium, the off-equilibrium-path belief held by a player when her partner
announces that she produced some number of breakthroughs, is that her partner produced two breakthroughs.
This off-equilibrium-path belief is reasonable, because a player with one breakthrough prefers not to disclose that
breakthrough even if she was believed to have one breakthrough. This is true because the best response of the
other player would be (i) to implement the project if she had 2 breakthroughs, (ii) to stop exerting effort and to
delay if she held one breakthrough, and (iii) to continue exerting effort until she produces one breakthrough and
delay if she had 0 breakthroughs. The benefit of announcing successful breakthroughs for the player with only
one breakthrough is that if the other player holds 2 breakthroughs then the project is implemented immediately.
The cost is that the other player would no longer exert effort for a second breakthrough after having produced
a first breakthrough. It is clear that for sufficiently short deadlines, the probability that the other player has
produced 2 breakthroughs is too low for the benefit of announcing successful production to outweigh the cost of
reducing the effort incentives of the other player. We show this more formally below.
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The expected payoff from disclosing production of one breakthrough under this scenario equals

¢ = (1= (Nemaxt + 1) exp(—Aemaxt)) (Vo + a1 + s + a3z) + (Aemaxt + 1) exp(—Aemaxt)V,

where

V = Vo+ar +exp(—Aemax (T — 1)) (1 -

exp(—AemaxT) N
(Aemaxt + 1) exp(—Aemaxt) 2

exp(—AemaxT)
(Aemaxt+1) exp(—Aemaxt) Qa2

Xp(—=AemaxT)
+ (1 - (/\em:(til) e)ecp(f/\emaxt)) a3 ]

5 (L= exp(=Aemax (T = 1)) =0 (T = 1)

+ (]. — eXp(_)\emax (T - t)))

is the payoff in the event that the announcement is not met with an implementation decision by the other player.

In this case, the updated beliefs about the value of the project are

exp(—Aemax1’) o+ [1— exp(—AemaxT) a
(Aemaxt + 1) exp(_Aemaxt) ? ()\emaxt + 1) exp(_)\ernaxt) &

exp(—AemaxT) di1-— exp(—AemaxT)
Aemaxt+1) exp(—Aemaxt) an (Aemaxt+1) exp(—Aemaxt)

where 4

are the updated beliefs that the other player will have

produced 0 and 1 breakthrough by the deadline given that they have not implemented the project upon receiving

the announcement and hence do not have 2 breakthroughs.
Proposition 10. 30 <7 < X : V; (¢,1,0,0) > ¢.
Proof. Rearranging V; (¢,1,0,0) > ¢ using the expressions above, we obtain
% (1 —exp (—Aemax (T —t))) + m (I = (Nemax (T —t) + 1) exp(—Aemax (T — 1))

1 — (Aemaxt + 1) exp(—Aemaxt)
1) (T — t) + (i — Ol4) (1 - exp(_)\emax (T - t)))

>
T (Aemaxt + 1) exp(—Aemaxt) X [exp (—Aemax (T — 1)) ag + (1 — exp(—Aemax (T —

t))) ]

This holds with equality for ¢ = T and holds strictly for ¢ = 0. It suffices to check that for any ¢t € (0,T) the

following holds,

Aemaxt €xp(—Aemaxt)

i T—1t < — Oy
1-— ()\emaxt + 1) eXp(_/\emaxt) .

ag 1 —exp(—Aemax (T — t)) s

>

Since (l_eXp(_;ej‘;”(T_t))) < 1, this condition is implied by

exp(—Aemaxt) — exp (—AemaxT) Aemaxt NI Wkl

T—t 1 — (Aemaxt + 1) exp(—Aemaxt) — a3 o3

Note that the RHS of (17) is clearly finite. Now consider the first term on the LHS of (17),

exp(—Aemaxt) — exp (—AemaxT)
T—t '

(17)

This term is decreasing in ¢ and thus has a finite positive lower bound of w which in the limit 7" — 0

approaches Aémax. Now consider the limit of the second term on the LHS of (17),

lim ACmaxt =00
t—0 (1 — (Aemaxt + 1) exp(—Aemaxt)) o

Hence 3T > 0 such that (17) is satisfied for all 0 < ¢ < T.
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B.4.3 Infinite Deadline

To gain some intuition for what may occur a long way from the deadline we consider an equilibrium of the infinite
horizon game. This is done to avoid the complications in a game with a finite horizon, of specifying the changes
in behaviour for the subgames as we transition from behavior far away from the deadline to close to the deadline.
The infinite horizon case allows one to focus on a setting where there is no effect of a future deadline. We show
that the equilibrium strategies are similar to the equilibrium strategies in our earlier model far away from the
deadline (¢t < T —Y). We find there is immediate revelation of private information about breakthroughs by each
individual, w} = n,. Hence, the project is implemented whenever the combined number of breakthroughs reaches
2,d;
the project upon a breakthrough. Individuals also exert less than the maximum effort level e}

= implement if n; +w_; > 2. This is similar to the earlier model whereby the agents immediately implement

s .
¢ < €max as
in the earlier model which trades off freeriding incentives with incentives to bring forward the implementation of
the project. We formalize this tradeoff in the following proposition.

Proposition 11. A symmetric perfect Bayesian equilibrium of the infinite horizon game is

w (t,n;) Lifn;>1

n; > 1 and p=—i

implement if n — 9
;=

d;,k (t,ni,/j,l/)
0 otherwise

S —
0 if { n; > 1 and p )

6,7 (t,ni,u,U) n1_2

E otherwise

o5 (t, p,v)

-

Proof. The continuation values are

1,0} if p=—i

0 otherwzse

Vi(t,2,i,v) = Vot+oar+az
Vi(t,2,—i,v) = Vo+ar+as+as
(t200) = Vo+a+as

Vi(t, 1,4,v) = Vo+0q+a2—§
Vi(t,1,—i,v) = Vo+a1+a

Vi (£,1,0,0) = %+aer—§
Vi (t,0,—i,v) = VO—I—al—I—ag—§
V; (¢,0,0,0) = %+aer—%

As soon as an agent knows that a combined two breakthrough have been produced this results in zero effort as
a3 < §. This is true when n; = 2 or when n; =1 and p = —i. Otherwise, this non-zero effort strategy is optimal
provided that

Vi (t,2,i,0) = Vi (t,1,i,v) = ;
Vi (t,2,0,0) — V; (¢,1,0,0) = %
V; (t,1,0,0) — V; (£,0,0,0) = ;
Vi(t, 1, —i,v) = V; (t,0,—i,v) = ;7

which is straightforward to verify from inspection of the continuation values. The decision not to implement the
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project is optimal provided that

Vi(t,1,0,0) > Vo+a
Vi, 1) > Vot
Vi(t,0,~i,v) > Vota
Vi(t,0,0,0) > Vq

which is straightforward to verify. For the history (¢, 1, —i, ), the decision to implement is optimal provided that
for all s > ¢

Vit 1, —iv) > /:(Vo+a1+a2+a3—5(r—t)>Aiexp(—Ai(r—t))dr
rep (A2 (=) i ss i) — 55— )
— {%+O&1+052+013*§} <1exp()\i(st)>)+(Vo+a1+oz2)eXp</\i(st)>,

which follows by § > as. An almost identical condition holds for (t,2,i,v) and (,2,—i,v). A very similar
condition is also derived for the history (¢,2,0,0):

Vi(t,2,0,0) > /t Vi (7“,2,—1',1/)—5(r—t)))éexp <—)\i (T—t)> dr

+exp (—)\i (s — t)> [Vi(5,2,0,0) — & (s —1)]

) )
{Vo +oay+as+ag— ﬂ (1 — exp (_)\c (s — t))) + (Vo + a1 + az)exp <_)\c (s — t)) ;
which also follows by § > a3 The announcement strategy is optimal provided that

Vi(t,1,i,t) > V;(,1,0,0)
Vvi (t7 2a i7 t) 2 ‘/l (t7 27 0’ 0) ’

both of which hold with equality. O
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