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This paper studies a model of long-term contracting for experimentation. We consider a principal—
agent relationship with adverse selection on the agent’s ability, dynamic moral hazard, and private learning
about project quality. We find that each of these elements plays an essential role in structuring dynamic
incentives, and it is only their interaction that generally precludes efficiency. Our model permits an explicit
characterization of optimal contracts.
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1. INTRODUCTION

Agents need to be incentivized to work on, or experiment with, projects of uncertain feasibility.
Particularly with uncertain projects, agents are likely to have some private information about
their project-specific skills[] Incentive design must deal with not only dynamic moral hazard, but
also adverse selection (pre-contractual hidden information) and the inherent process of learning.
To date, there is virtually no theoretical work on contracting in such settings. How well can a
principal incentivize an agent? How do the environment’s features affect the shape of optimal
incentive contracts? What distortions, if any, arise? An understanding is relevant not only for
motivating research and development, but also for diverse applications like contract farming,
technology adoption, and book publishing, as discussed subsequently.

This paper provides an analysis using a simple model of experimentation. We show that
the interaction of learning, adverse selection, and moral hazard introduces new conceptual and

1. Other forms of private information, such as beliefs about the project feasibility or personal effort costs, are also
relevant; see Subsection[Z-4]
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analytical issues, with each element playing a role in structuring dynamic incentives. Their
interaction affects social efficiency: the principal typically maximizes profits by inducing an
agent of low ability to end experimentation inefficiently early, even though there would be no
distortion without either adverse selection or moral hazard. Furthermore, despite the intricacy
of the problem, intuitive contracts are optimal. The principal can implement the second best by
selling the project to the agent and committing to buy back output at time-dated future prices;
these prices must increase over time in a manner calibrated to deal with moral hazard and learning.

Our model builds on the now-canonical two-armed ‘“exponential bandit” version of
experimentation (Keller et all, |20£H)E The project at hand may either be good or bad. In each
period, the agent privately chooses whether to exert effort (work) or not (shirk). If the agent works
in a period and the project is good, the project is successful in that period with some probability; if
either the agent shirks or the project is bad, success cannot obtain in that period. In the terminology
of the experimentation literature, working on the project in any period corresponds to “pulling
the risky arm”, while shirking is “pulling the safe arm”; the opportunity cost of pulling the risky
arm is the effort cost that the agent incurs. Project success yields a fixed social surplus, accrued
by the principal, and obviates the need for any further effort. We introduce adverse selection by
assuming that the probability of success in a period (conditional on the agent working and the
project being good) depends on the agent’s ability—either high or low—which is the agent’s
ex-ante private information or type. Our baseline model assumes no other contracting frictions,
in particular we set aside limited liability and endow the principal with full ex-ante commitment
power: she maximizes profits by designing a menu of contracts to screen the agent’s abilityﬁ

Since beliefs about the project’s quality decline so long as effort has been exerted but success
not obtained, the first-best or socially efficient solution is characterized by a stopping rule: the
agent keeps working (so long as he has not succeeded) up until some point at which the project is
permanently abandoned. An important feature for our analysis is that the efficient stopping time
is a non-monotonic function of the agent’s ability. The intuition stems from two countervailing
forces: on the one hand, for any given belief about the project’s quality, a higher-ability agent
provides a higher marginal benefit of effort because he succeeds with a higher probability; on
the other hand, a higher-ability agent also learns more from the lack of success over time, so at
any point he is more pessimistic about the project than the low-ability agent. Hence, depending
on parameter values, the first-best stopping time for a high-ability agent may be larger or smaller
than that of a low-ability agent (cf.[Bobtcheff and Levyl, [2019).

Turning to the second best, the key distinguishing feature of our setting from a canonical
(static) adverse selection problem is the dynamic moral hazard and its interaction with the agent’s
private learning. Recall that in a standard buyer-seller adverse selection problem, there is no issue
about what quantity the agent of one type would consume if he were to deviate and take the other
type’s contract: it is simply the quantity specified by the chosen contract. In contrast, in our setting,
it is not a priori clear what “consumption bundle”, i.e. effort profile, each agent type will choose
after such an off-the-equilibrium path deviation. Dealing with this problem would not pose any
conceptual difficulty if there were a systematic relationship between the two types’ effort profiles,
for instance if there were a “single-crossing condition” ensuring that the high type always wants
to experiment at least as long as the low type. However, given the nature of learning, there is no
such systematic relationship in an arbitrary contract. As effort off the equilibrium path is crucial
when optimizing over the menu of contracts—because it affects how much “information rent”

2. Assurveyed byBﬂg:mma,n_dlﬁlimﬁki M), learning is often modelled in economics as an experimentation
or bandit problem sincem (@).

3. Subsection 2 studies the implications of limited liability. The importance of limited liability varies across
applications; we also view it as more insightful to separate its effects from those of adverse selection.
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the agent gets—and the contracts in turn influence the agent’s off-path behaviour, we are faced
with a non-trivial fixed point problem.

Theorem [2] establishes that the principal optimally screens the agent types by offering two
distinct contracts, each inducing the agent to work for some amount of time (so long as success
has not been obtained) after which the project is abandoned. Compared to the social optimum,
an inefficiency typically obtains: while the high-ability type’s stopping time is efficient, the low-
ability type experiments too little. This result is reminiscent of the familiar “no distortion at the
top but distortion below” in static adverse selection models, but the distortion arises here only
from the conjunction of adverse selection and moral hazard; we show that absent either one, the
principal would implement the first best (Theorem[d). Moreover, because of the aforementioned
lack of a single-crossing property, it is not immediate in our setting that the principal should not
have the low type over-experiment to reduce the high type’s information rent, particularly when
the first best entails the high type stopping earlier than the low type.

TheoremPlis indirect in the sense that it establishes the (in)efficiency result without elucidating
the form of second-best contracts. Our methodology to characterize such contracts distinguishes
between the two orderings of the first-best stopping times. We first study the case in which the
efficient stopping time for a high-ability agent is larger than that of a low-ability agent. Here
we show that although there is no analogue of the single-crossing condition mentioned above in
an arbitrary contract, such a condition must hold in an optimal contract for the low type. This
allows us to simplify the problem and fully characterize the principal’s solution (Theorem[3and
Theorem[d). The case in which the first-best stopping time for the high-ability agent is lower than
that of the low-ability agent proves to be more challenging: now, as suggested by the first best, an
optimal contract for the low type is often such that the high type would experiment less than the
low type should he take this contract. We are able to fully characterize the solution in this case
under no discounting (TheoremB]and Theorem ).

The second-best contracts we characterize take simple and intuitive forms, partly owing to
the simple underlying primitives. In any contract that stipulates experimentation for 7" periods
it suffices to consider at most 741 transfers. The reason is that the parties share a common
discount factor and there are 7+ 1 possible project outcomes: a success can occur in each of the
T periods or never. One class of contracts are bonus contracts: the agent pays the principal an
up-front fee and is then rewarded with a bonus that depends on when the project succeeds (if
ever). We characterize the unique sequence of time-dependent bonuses that must be used in an
optimal bonus contract for the low-ability typeEl This sequence is increasing over time up until
the termination date. The shape, and its exact calibration, arises from a combination of the agent
becoming more pessimistic over time (absent earlier success) and the principal’s desire to avoid
any slack in the provision of incentives, while crucially taking into account that the agent can
substitute his effort across time.

The optimal bonus contract can be viewed as a simple “sale-with-buyback contract”: the
principal sells the project to the agent at the outset for some price, but commits to buy back
the project’s output (that obtains with a success) at time-dated future prices. It is noteworthy
that contract farming arrangements, widely used in developing countries between agricultural
companies and farm producers (]B_a.rr_ctLaLalJ, |2Q]_2), are often sale-with-buyback contracts: the
company sells seeds or other technology (e.g. fertilizers or pesticides) to the farmer and agrees
to buy back the crop at pre-determined prices, conditional on this output meeting certain quality

4. For the high type, there are multiple optimal contracts even within a given class such as bonus contracts. The
reason for the asymmetry is that the low type’s contract is pinned down by information rent minimization considerations,
unlike the high type’s contract. Of course, the high type’s contract cannot be arbitrary either.
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standards and delivery requirements m, M) The contract farming setting involves a profit-
maximizing firm (principal) and a farmer (agent).,Mj;LaLa_amLJ 2009) describe the main elements
of these environments, focusing on the case of China. It is initially unknown whether the new
seeds or technology will produce the desired outcomes in a particular farm, which maps into our
project uncertaintyﬁ Besides the evident moral hazard problem, there is also adverse selection:
farmers differ in unobservable characteristics, such as industriousness, intelligence, and skills
Our analysis not only shows that sale-with-buyback contracts are optimal in the presence of
uncertainty, moral hazard, and unobservable heterogeneity, but elucidates why. Moreover, as
discussed further in Subsection[3.3} our paper offers implications for the design of such contracts
and for field experiments on technology adoption more broadly. In particular, field experiments
might test our predictions regarding the rich structure of optimal bonus contracts and how the
calibration depends on underlying parameters

Another class of optimal contracts that we characterize are penalty contracts: the agent receives
an up-front payment and is then required to pay the principal some time-dependent penalty in
each period in which a success does not obtain, up until either the project succeeds or the contract
terminatesﬁAnalogous to the optimal bonus contract, we identify the unique sequence of penalties
that must be used in an optimal penalty contract for the low-ability type: the penalty increases
over time with a jump at the termination date. These types of contracts correspond to those used,
for example, in arrangements between publishers and authors: authors typically receive advances
and are then required to pay the publisher back if they do not succeed in completing the book by a
given deadlinem, ). This application fits into our framework when neither publisher nor
author may initially be sure whether a commercially-viable book can be written in the relevant
timeframe (uncertain project feasibility); the author will have superior information about his
suitability or comparative advantage in writing the book (adverse selection about ability); and
how much time he actually devotes to the task is unobservable (moral hazard)

Our results have implications for the extent of experimentation and innovation across
different economic environments. An immediate prediction concerns the effects of asymmetric
information: we find that environments with more asymmetric information (either moral hazard or
adverse selection) should feature less experimentation, lower success rates, and more dispersion
of success rates. We also find that the relationship between success rates and the underlying
environment can be subtle. Absent any distortions, “better environments” lead to more innovation.
Specifically, an increase in the proportion of high-ability agents or an increase in the ability of both
types of the agent yields a higher probability of success in the first best. In the presence of moral
hazard and adverse selection, however, the opposite can be true: these changes can induce the
principal to distort the low-ability type’s experimentation by more, to the extent that the average
success probability goes down in the second best. Consequently, observing higher innovation
rates in contractual settings like those we study is neither necessary nor sufficient to deduce

5. m @) study how farmers learn about a new technology over time given the realization of
yields from past planting decisions, and how they in turn make dynamic choices.

6. m{)m ) provide evidence of such unobservable characteristics using a field experiment in Mali.

7. We should highlight that our paper is not aimed at studying all the institutional details of contract farming or
technology adoption. For example, we do not address multi-agent experimentation and social learning, which has been
emphasized by the empirical literature (e.g. , m).

8. Thereis a flavour here of “clawbacks” that are sometimes used in practice when an agent is found to be negligent.
In our setting, it is the lack of project success that is treated like evidence of negligence (i.e. shirking); note, however,
that in equilibrium the principal knows that the agent is not actually negligent.

9. Not infrequently, authors fail to deliver in a timely fashion (E;th, ). That private information can be a
substantive issue is starkly illustrated by the case of Herman Rosenblat, whose contract with Penguin Books to write a
Holocaust survivor memoir was terminated when it was discovered that he fabricated his story.
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a better underlying environment. As discussed in Subsection B3] these results may contribute
an agency-theoretic component to the puzzle of low technology adoption rates in developing
countries.

Related literature. Broadly, this paper fits into literatures on long-term contracting with either
dynamic moral hazard and/or adverse selection. Few papers combine both elements, but two
recent exceptions are [Sannikow (2007) and IGershkov and Perryl (IZQ_LZ)E These papers are not
concerned with learning/experimentation and their settings and focus differ from ours in many
ways More narrowly, starting with[Bergemann and Hegd (1998, [2003), there is a fast-growing
literature on contracting for experimentation. Virtually all existing research in this area addresses
quite different issues than we do, primarily because adverse selection is not accounted for[3
The only exception we are aware of is the concurrent work of|Gomes ez glf 2015). They do not
consider moral hazard; instead, they introduce two-dimensional adverse selection. Under some
conditions they obtain an “irrelevance result” on the dimension of adverse selection that acts
similar to our agent’s ability, a conclusion that is similar to our benchmark that the first best
obtains in our model when there is no moral hazard.

Outside a pure experimentation framework, [Gerardi and Maestri (2012) analyse how an agent
can be incentivized to acquire and truthfully report information over time using payments that
compare the agent’s reports with the ex-post observed state; by contrast, we assume the state
is never observed when experimentation is terminated without a success. Finally, our model
can also be interpreted as a problem of delegated sequential search, as in [Lewis and Ottaviani
©008) and [Lewid (2011)). The main difference is that, in our context, these papers assume that
the project’s quality is known and hence there is no learning about the likelihood of success (cf.
Subsection [Z3); moreover, they do not have adverse selection.

2. THE MODEL

Environment. A principal needs to hire an agent to work on a project. The project’s quality—
synonymous with the state—may either be good or bad, a binary variable. Both parties are initially
uncertain about the project’s quality; the common prior on the project being good is Sg €(0, 1).
The agent is privately informed about whether his ability is low or high, 6 € {L,H}, where 6 =H
represents “high”. The principal’s prior on the agent’s ability being high is ©g€(0,1). In each
period, r€{1,2,...}, the agent can either exert effort (work) or not (shirk); this choice is never
observed by the principal. Exerting effort in any period costs the agent ¢ > 0. If effort is exerted
and the project is good, the project is successful in that period with probability A?; if either the
agent shirks or the project is bad, success cannot obtain in that period. Success is observable and

10. Some earlier papers with adverse selection and dynamic moral hazard, such as[Laffont and Tirold m), focus
on the effects of short-term contracting. There is also a literature on dynamic contracting with adverse selection and
evolving types but without moral hazard or with only one-shot moral hazard, such as _m) or,
more recently, [Battaglini 2003), Boleslavsky and Said £013), and [Es6 and Szented €2013). Pavan ez o] £014) provide
a rather general treatment of dynamic mechanism design without moral hazard.

11. IDemarzo and Sannikoy (M),IHLM ), andm m) study private learning in moral-
hazard models following [Holm a g ), but do not have adverse selection. m) also
proposes a Brownian motion model and a first-order approach to deal with moral hazard when actions have long-run
effects, which raises issues related to private learning. m) considers a general environment and develops an
approach to find detail-free contracts that are not optimal but instead guarantee some efficiency bounds so long as there
is a long horizon and players are patient.

12. See @o11, Ro13), Mansd @01, [Kieid €013), Ederel ©013), Hormer and Samuelsod
013, Kwod £013), [Gud ©014), Halac er af] ©013), and Moron] £013).
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once a project is successful, no further effort is needed[d We assume 1> AH > AL > 0. A success
yields the principal a payoff normalized to 1; the agent does not intrinsically care about project
success. Both parties are risk neutral, have quasi-linear preferences, share a common discount
factor § € (0, 1], and are expected-utility maximizers.

Contracts. We consider contracting at period zero with full commitment power from the
principal. To deal with the agent’s hidden information at the time of contracting, the principal’s
problem is, without loss of generality, to offer the agent a menu of dynamic contracts from which
the agent chooses one. A dynamic contract specifies a sequence of transfers as a function of the
publicly observable history, which is simply whether or not the project has been successful to date.
To isolate the effects of adverse selection, we do not impose any limited liability constraints until
Subsection[Z.2] We assume that once the agent has accepted a contract, he is free to work or shirk
in any period up until some termination date that is specified by the contract[] Throughout, we
follow the convention that transfers are from the principal to the agent; negative values represent
payments in the other direction.

Formally, a contract is given by C= (T, Wy,b,l), where T e N={0, 1,...} is the termination
date of the contract, Wy R is an up-front transfer (or wage) at period zero, b= (by,...,bT)
specifies a transfer b; € R made at period ¢ conditional on the project being successful in period
t, and analogously I =(ly,...,IT) specifies a transfer /; € R made at period ¢ conditional on the
project not being successful in period ¢ (nor in any prior period)E’ We refer to any b; as a bonus
and any [; as a penalty. Note that b; is not constrained to be positive nor must /; be negative;
however, these cases will be focal and hence our choice of terminology. Without loss of generality,
we assume that if 7> 0 then T =max({z: either b, %0 or /; #0}. The agent’s actions are denoted
by a=(ay,...,ar), where a; =1 if the agent works in period ¢ and a; =0 if the agent shirks.

Payoffs. The principal’s expected discounted payoff at time zero from a contract C= (T, Wy, b,1),
an agent of type 6, and a sequence of the agent’s actions a is denoted l'[g(C,a), which can be
computed as:

M (C,a):=—Wp—(1 —ﬂO)ZT:(sfl,+ﬂOXT:5f I1 (1 —as,\e) [atx" (1—b;)— (1 —a,x")l,].

t=1 =1 s<t
2.1
Formula @.J) is understood as follows. Wy is the up-front transfer made from the principal to
the agent. With probability 1 — By the state is bad, in which case the project never succeeds and
hence the entire sequence of penalties / is transferred. Conditional on the state being good (which
occurs with probability ), the probability of project success depends on both the agent’s effort

13. Subsection [ZT]establishes that our results apply without change if success is privately observed by the agent
but can be verifiably disclosed.

14. There is no loss of generality here. If the principal has the ability to block the agent from choosing whether
to work in some period—"lock him out of the laboratory”, so to speak—this can just as well be achieved by instead
stipulating that project success in that period would trigger a large payment to the principal.

15. We thus restrict attention to deterministic contracts. Throughout, symbols in bold typeface denote vectors.
Wp and T are redundant because Wy can be effectively induced by suitable modifications to by and /;, while T can be
effectively induced by setting b, =/, =0 forall t > T. However, it is expositionally convenient to include these components
explicitly in defining a contract. Furthermore, there is no loss in assuming that 7 € N; as we show, it is always optimal
for the principal to stop experimentation at a finite time, so she cannot benefit from setting 7= 0o.

16. As the principal and agent share a common discount factor, what matters is only the mapping from outcomes
to transfers, not the dates at which transfers are made. Our convention facilitates our exposition.
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choices and his ability; [] (1 —as)tg) is the probability that a success does not obtain between
s<t
period 1 and #—1 conditional on the good state. If the project were to succeed at time ¢, then

the principal would earn a payoff of 1 in that period, and the transfers would be the sequence of
penalties (/1,...,/;—1) followed by the bonus b;.

Through analogous reasoning, bearing in mind that the agent does not directly value project
success but incurs the cost of effort, the agent’s expected discounted payoff at time zero given
his type 6, contract C, and action profile a is

T
Ug (C.a) := Wo+(1— o) Y 8" (li—arc)
t=1

+ﬂoXT:5’ [T(1-a?) |[a (Wb —c)+(1=an®)i].  @2)
t=1 s<t

If a contract is not accepted, both parties’ payoffs are normalized to zero.

Bonus and penalty contracts. Our analysis will make use of two simple classes of contracts. A
bonus contract is one where aside from any initial transfer there is at most only one other transfer,
which occurs when the agent obtains a success. Formally, a bonus contract is C= (T, Wy, b,1)
such that [; =0 for all {1, ..., T}. A bonus contract is a constant-bonus contract if, in addition,
there is some constant b such that by, =b forallt € {1,...,T}. When the context is clear, we denote a
bonus contract as just C= (T, Wy, b) and a constant-bonus contract as C= (T, Wy, b). By contrast,
apenalty contract is one where the agent receives no payments for success and instead is penalized
for failure. Formally, a penalty contract is C= (T, Wy, b,l) such that b,=0forall r€{1,...,T}. A
penalty contract is a onetime-penalty contract if, in addition, [; =0 for all re {1,...,T —1}. That
is, while in a general penalty contract the agent may be penalized for each period in which he
fails to obtain a success, in a onetime-penalty contract the agent is penalized only if a success
does not obtain by the termination date 7. We denote a penalty contract as just C=(T', Wy,I) and
a onetime-penalty contract as C= (T, Wy, IT).

Although each of these two classes of contracts will be useful for different reasons, there is
an isomorphism between them; furthermore, either class is “large enough™ in a suitable sense.
More precisely, say that two contracts, C=(T', Wp,b,l) and C= (T, Wo,b l) are equivalent if for
all @ e{L,H} and a=(ay,...,ar): Uj(C,a)= U9(C a) and I1)(C,a)= ng(c a).

PropOSItlon 1. Forany contract C=(T,Wy,b,l) there exist both an equivalent penalty contract
C= (T, Wo,l) and an equivalent bonus contract C= (T, Wo,b)

Proof See the Supplementary Appendix. ||

Proposition [l implies that it is without loss to focus either on bonus contracts or on penalty
contracts. The proof is constructive: given an arbitrary contract, it explicitly derives equivalent
penalty and bonus contracts. The intuition is that all that matters in any contract is the induced
vector of discounted transfers for success occurring in each possible period (and never), and
these transfers can be induced with bonuses or penaltles. The proof also shows that when § =1,
onetime-penalty contracts are equivalent to constant-bonus contracts.

17. For example, in a two-period contract C=(2, Wy, b, ), the agent’s discounted transfer is Wy + b if he succeeds
in period one, Wo+ 811 +682b, if he succeeds in penod two, and Wo +811 +821, if he does not succeed in elther period.
The same transfers are mduced by a penalty contract C 2, W() l) Wlth W() =Wy+6by, 11 =I;—by+38by,and lz =b—by,
and by a bonus contract C= 2, Wo,b) with Wo =W+l +821, b1 by —11 — 681y, and bz =by—1I,.
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3. BENCHMARKS
3.1.  The first best

Consider the first-best solution, i.e. when the agent’s type 6 is commonly known and his effort
in each period is publicly observable and contractible. Since beliefs about the state being good
decline so long as effort has been exerted but success not obtained, the first-best solution is
characterized by a stopping rule such that an agent of ability 6 keeps exerting effort so long as
success has not obtained up until some period 17, whereafter effort is no longer exerted[d Let ,3,9
be a generic belief on the state being good at the beginning of period ¢ (which will depend on the

history of effort), and Bf be this belief when the agent has exerted effort in all periods 1,...,7—1.
The first-best stopping time ¥ is given by

6_ .30,0
t _nglt‘ﬁ’)‘ zc}, 3.1

where, for each 0, Bg := B, and for > 1, Bayes’ rule yields

— o(1-29)"""

B, = — .
C Bo(1-29) " (1= o)

(3.2)
Note that @TI) is only well-defined when ¢ < BoA?; if ¢ > Boa?, it would be efficient to not
experiment at all, i.e. stop at # =0. To focus on the most interesting cases, we assume:

Assumption 1. Experimentation is efficient for both types: for 6 € {L,H}, Bor? > c.

If parameter values are such that E,ea A0 =c[ equations (B.I) and B2) can be combined to
derive the following closed-form solution for the first-best stopping time for type 6:

1—
log (AHL;C ﬂfo)
D B L
log(1—2%)

(3.3)

Equation (33) yields intuitive monotonicity of the first-best stopping time as a function of the
prior that the project is good, By, and the cost of effort, ¢ But it also implies a fundamental
non-monotonicity as a function of the agent’s ability, A?, as shown in Figuredl (For simplicity,
the figure ignores integer constraints on ¢7.) This stems from the interaction of two countervailing
forces. On the one hand, for any given belief about the state, the expected marginal benefit of
effort is higher when the agent’s ability is higher; on the other hand, the higher is the agent’s
ability, the more informative is a lack of success in a period in which he works. Hence, at any
time 7> 1, a higher-ability agent is more pessimistic about the state (given that effort has been
exerted in all prior periods), which has the effect of decreasing the expected marginal benefit of

18. More precisely, the first best can always be achieved using a stopping rule for each type; when and only when
8 =1, there are other rules that also achieve the first best. Without loss, we focus on stopping rules.

19. We do not assume this condition in our analysis, but it is convenient for the current discussion.

20. One may also notice that the discount factor, §, does not enter 3. In other words, unlike the traditional focus
of experimentation models, there is no tradeoff here between “exploration” and “exploitation”, as the first-best strategy is
invariant to patience. Our model and subsequent analysis can be generalized to incorporate this tradeoff, but the additional
burden does not yield commensurate insight.
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FIGURE 1
The first-best stopping time.

effort. Altogether, this makes the first-best stopping time non-monotonic in ability; both /7 > ¢£
and 1 <1l are robust possibilities that arise for different parameters. As we will see, this has
substantial implications.

The first-best expected discounted surplus at time zero from type 6 is

ist [,80(1 —AG)H (Af’ —c) —( —ﬂo)c].
t=1

3.2.  No adverse selection or no moral hazard

Our model has two sources of asymmetric information: adverse selection and moral hazard. To
see that their interaction is essential, it is useful to understand what would happen in the absence
of either one.

Consider first the case without adverse selection, i.e. assume the agent’s ability is observable
but there is moral hazard. The principal can then use a constant-bonus contract to effectively sell
the project to the agent at a price that extracts all the (ex-ante) surplus. Specifically, suppose the
principal offers the agent of type 6 a constant-bonus contract C? = (17, Wg , 1), where Wg ischosen
so that conditional on the agent exerting effort in each period up to the first-best termination date
(as long as success has not obtained), the agent’s participation constraint at time zero binds:

Ul (C‘),l) =§:af [ﬂo (1 —AG)H (Ae —c) —q —,30)6] +Wi =0,
=1

where the notation 1 denotes the action profile of working in every period of the contract. Plainly,
this contract makes the agent fully internalize the social value of success and hence achieves the
first-best level of experimentation, while the principal keeps all the surplus.

Consider next the case with adverse selection but no moral hazard: the agent’s effort in any
period still costs him ¢ > 0 but is observable and contractible. The principal can then implement
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the first best and extract all the surplus by using simple contracts that pay the agent for effort rather
than outcomes. Specifically, the principal can offer the agent a choice between two contracts that
involve no bonuses or penalties, with each paying the agent ¢ for every period that he works. The
termination date is r in the contract intended for the low type and 7 in the contract intended
for the high type. Plainly, the agent’s payoff is zero regardless of his type and which contract and
effort profile he chooses. Hence, the agent is willing to choose the contract intended for his type
and work until either a success is obtained or the termination date is reached Pl
To summarize:

Theorem 1. [fthere is either no moral hazard or no adverse selection, the principal optimally
implements the first best and extracts all the surplus.

A proof is omitted in light of the simple arguments preceding the theorem. Theorem [I also
holds when there are many types; that both kinds of information asymmetries are essential to
generate distortions is general in our experimentation environment/

4. SECOND-BEST (IN)EFFICIENCY

We now turn to the setting with both moral hazard and adverse selection. In this section, we
formalize the principal’s problem and deduce the nature of second-best inefficiency. We provide
explicit characterizations of optimal contracts in Section[land Section[@

Without loss, we assume that the principal specifies a desired effort profile along with a
contract. An optimal menu of contracts maximizes the principal’s ex-ante expected payoff subject
to incentive compatibility constraints for effort (ICZ below), participation constraints (IR? below),

and self-selection constraints for the agent’s choice of contract (IC%/ below). Denote
o? (C) :=argmax Ug (C,a)
a
as the set of optimal action plans for the agent of type 6 under contract C. With a slight abuse of

notation, we will write Ug (C,a?(C)) for the type-0 agent’s utility at time zero from any contract
C. The principal’s program is:

H(cH H L{c~L L
max woll (C ,a )—l—(l—uo)l'[ (C ,a)
(CH,CL,all al) 0 0

subject to, for all 0,0’ € {L,H},

a’ ea?(C?), (Ict)
ug(c?,a’)>0, (IR%)
ug(c?,a”y>Ug(c?,a’(c?y). (act"

Adverse selection is reflected in the self-selection constraints (IC%/), as is familiar. Moral
hazard is reflected directly in the constraints (ICZ) and also indirectly in the constraints (Ico?

21. The same idea underlies M’s M) Lemma 2. While this mechanism makes the agent indifferent
over the contracts, there are more sophisticated optimal mechanisms, detailed in earlier versions of our paper, that satisfy
the agent’s self-selection constraint strictly.

22. We note that learning is also important in generating distortions: in the absence of learning (i.e. if the project
were known to be good, Bp=1), the principal may again implement the first best. For expositional purposes, we defer
this discussion to Subsection[Z3]
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via the term ocQ(CQ/). To get a sense of how these matter, consider the agent’s incentive to work
in some period 7. This is shaped not only by the transfers that are directly tied to success/failure
in period ¢ (b; and I;) but also by the transfers tied to subsequent outcomes, through their effect
on continuation values. In particular, ceteris paribus, raising the continuation value (say, by
increasing either b, 1 or l;; 1) makes reaching period ¢+ 1 more attractive and hence reduces
the incentive to work in period ¢: this is a dynamic agency effectP Note moreover that the
continuation value at any point in a contract depends on the agent’s type and his effort profile;
hence it is not sufficient to consider a single continuation value at each period. Furthermore,
besides having an effect on continuation values, the agent’s type also affects current incentives
for effort because the expected marginal benefit of effort in any period differs for the two types.
Altogether, the optimal plan of action will generally be different for the two types of the agent,
i.e. for an arbitrary contract C, we may have o (C)Nnal(C)= (7J
Our result on second-best (in)efficiency is as follows:

Theorem 2. In any optimal menu of contracts, each type 0 € {L, H} is induced to work for some
number of periods, 7. Relative to the first-best stopping times, tH and t~, the second best has
= and i <it

Proof See Appendix[Al ||

Theorem [2] says that relative to the first best, there is no distortion in the amount of
experimentation by the high-ability agent, whereas the low-ability agent may be induced to under-
experiment. It is interesting that this is a familiar “no distortion (only) at the top” result from
static models of adverse selection, even though the inefficiency arises here from the conjunction
of adverse selection and dynamic moral hazard (cf. Theorem [I)). Moral hazard generates an
“information rent” for the high type but not for the low type. As will be elaborated subsequently,
reducing the low type’s amount of experimentation allows the principal to reduce the high type’s
information rent. The optimal 7L trades off this information rent with the low type’s efficiency.
For typical parameters, it will be the case that EL ell,..., tL— 1}, so that the low type engages in
some experimentation but not as much as socially efficient; however, it is possible that the low
type is induced to not experiment at all (fL =0) or to experiment for the first-best amount of time
(EL =1l). The former possibility arises for reasons akin to exclusion in the standard model (e.g.
the prior, 1q, on the high type is sufficiently high); the latter possibility is because time is discrete.
Indeed, if the length of each time interval shrinks and one takes a suitable continuous-time limit,
then there will be some distortion, i.e. fL <L,

The proof of TheoremP]ldoes not rely on characterizing second-best contracts ] We establish
7 =H by proving that the low type’s self-selection constraint can always be satisfied without
creating any distortions. The idea is that the principal can exploit the two types’ differing
probabilities of success by making the high type’s contract “risky enough” to deter the low

23. [Mason and Vilimakd 2011), Bhaskad €013, R014), [Homer and Samuelsod ©013), and [Kwed ©013) also
highlight dynamic agency effects, but in settings without adverse selection.

24. Related issues arise in static models that allow for both adverse selection and moral hazard; see for example
the discussion in[Laffont and Martimori m, Chapter 7).

25. Note that when § < 1, efficiency requires each type to use a “stopping strategy” (i.e. work for a consecutive
sequence of periods beginning with period one). The proof technique for Theorem ] does not allow us to establish that
the low type uses a stopping strategy in the second-best solution; however, it shows that one can take the high type to
be doing so. That the low type can also be taken to use a stopping strategy (with the second-best stopping time) will be
deduced subsequently in those cases in which we are able to characterize second-best contracts.
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type from taking it, while still satisfying all other constraints P4 We establish 7 <tL by showing
that any contract for the low type inducing 7L > L can be modified by “removing” the last period
of experimentation in this contract and concurrently reducing the information rent for the high
type. Due to the lack of structure governing the high type’s behaviour upon deviating to the low
type’s contract, we prove the information-rent reduction no matter what action plan the high type
would choose upon taking the low type’s contract. It follows that inducing over-experimentation
by the low type cannot be optimal: not only would that reduce social surplus but it would also
increase the high type’s information rent.

While TheoremPlhas implications for the extent of experimentation and innovation in different
economic environments, we postpone such discussion to Subsection[3.3] after describing optimal
contracts and their comparative statics.

5. OPTIMAL CONTRACTS WHEN 7 > L

We characterize optimal contracts by first studying the case in which the first-best stopping times
are ordered t" > rL', i.e. when the speed-of-learning effect that pushes the first-best stopping time
down for a higher-ability agent does not dominate the productivity effect that pushes in the other
direction. Any of the following conditions on the primitives is sufficient for t > L', given a set
of other parameters: (1) B is small enough, (2) AL and A are small enough, or (3) ¢ is large
enough. We maintain the assumption that # > ¢t~ implicitly throughout this section.

5.1. The solution

A class of solutions to the principal’s program described in SectionEwhen 7 > ¢~ is as follows:

Theorem 3. Assume t"1 > t~. There is an optimal menu in which the principal separates the two
types using penalty contracts. In particular, the optimum can be implemented using a onetime-
penalty contract for type H, CH = (i1, WH,lf,I,) with lﬁ, <0<WH and a penalty contract for

type L, CL = (fL, WE LY, such that:

(1) Forallte(l,...,t*},
§ —(1—5)5ka ift <t
Ik = . P L
20 yr=r

5.1
(2) W(I)‘ > 0 is such that the participation constraint, (IRL), binds;

26. Specifically, given an optimal contract for the high type, the principal can increase the magnitude of the penalties
while adjusting the time-zero transfer so that the high type’s expected payoftf and effort profile do not change. Making
the penalties severe enough (i.e. negative enough) then ensures that the low type’s payoff from taking the high type’s
contract is negative and hence (IC¥) is satisfied at no cost. Crucially, an analogous construction would not work for
the high type’s self-selection constraint: the high type’s payoff under the low type’s contract cannot be lower than the
low type’s, as the high type can always generate the same distribution of project success as the low type by suitably
mixing over effort. From the point of view of correlated-information mechanism design ) )

;Rmdam&mnﬂ, m), the issue is that because of moral hazard, the signal correlated with the agent’s
type is not independent of the agent’s report. In a different setting,m M) has also noted this effect of hidden
actions. While m M) shows that in his setting approximate full surplus extraction may be achieved by having
agents randomize over their actions, this is not generally possible here because the feasible set of distributions of project
success for the high type is a superset of that of the low type.
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(3) Type H gets an information rent: UgI(CH, afl(CHYy) > 0;
(4) 1eal’(CH); 1eal(CH); and 1=al (CL).

Generically, the above contract is the unique optimal contract for type L within the class of
penalty contracts.

Proof See Appendix[Bl ||

The optimal contract for the low type characterized by (3.1 is a penalty contract in which
the magnitude of the penalty is increasing over time, with a “jump” in the contract’s final period.
The jump highlights dynamic agency effects: by obtaining a success in a period ¢, the agent not
only avoids the penalty ltL but also the penalty ltLJr | and those after. The last period’s penalty
needs to compensate for the absence of future penalties. Figure Pldepicts the low type’s contract;
the comparative statics seen in the figure will be discussed subsequently. Only when there is no
discounting does the low type’s contract reduce to a onetime-penalty contract where a penalty is
paid only if the project has not succeeded by . For any discount factor, the high type’s contract
characterized in Theorem [3]is a onetime-penalty contract in which he only pays a penalty to the
principal if there is no success by the first-best stopping time 7. On the equilibrium path, both
types of the agent exert effort in every period until their respective stopping times; moreover,
were the high type to take the low type’s contract (off the equilibrium path), he would also exert
effort in every period of the contract. This implies that the high type gets an information rent
because he would be less likely than the low type to incur any of the penalties in CE.

Although the optimal contract for the low type is (generically) unique among penalty contracts,
there are a variety of optimal penalty contracts for the high type. The reason is that the low type’s
optimal contract is pinned down by the need to simultaneously incentivize the low type’s effort and
yet minimize the information rent obtained by the high type. This leads to a sequence of penalties
for the low type, given by (3.0}, that make him indifferent between working and shirking in each
period of the contract, as we explain further in Subsection[3.2]1 On the other hand, the high type’s
contract only needs to be made unattractive to the low type subject to incentivizing effort from
the high type and providing the high type a utility level given by his information rent. There is
latitude in how this can be done: the onetime penalty in the high type’s contract of Theorem [lis
chosen to be severe enough so that this contract is “too risky” for the low type to accept.

Remark 1. The proof of Theorem 3 provides a simple algorithm to solve for an optimal menu
of contracts. For any 1 €0, ...,t%}, we characterize an optimal menu that solves the principal’s
program subject to an additional constraint that the low type must experiment until period t. The
low type’s contract in this menu is given by (3.1) with the termination date T rather than . An
optimal (unconstrained) menu is then obtained by maximizing the principal’s objective function
overte {0, ...,tL}.

The characterization in Theorem [ yields the following comparative statics:
Proposition 2. Assume t"1 > t* and consider changes in parameters that preserve this ordering.
The second-best stopping time for type L, fL, is weakly increasing in o and A, weakly decreasing
in ¢ and o, and can increase or decrease in M. The distortion in this stopping time, measured

by it —7 s weakly increasing in jy and can increase or decrease in o, M\, M, and c.

Proof See the Supplementary Appendix. ||

9T0Z ‘0S Jequeldss uo saleiql ASBAIUN BIGUWN0D Te /B10'S [euinolpuoxo pnisal//:dny woJj pepeojumod


http://restud.oxfordjournals.org/lookup/suppl/doi:10.1093/restud/rdw013/-/DC1
http://restud.oxfordjournals.org/

HALAC ET AL. OPTIMAL CONTRACTS FOR EXPERIMENTATION 1053

time time
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15
&*ﬁﬂﬂ
S
0.4 EEo o o g
L(,/ S—g
lt(HO) lL
t(HO)
L 06 |
i | ‘a
0.8 X 0.8 |
b b L

() ™)

FIGURE 2
The optimal penalty contract for type L under different values of 1o and By. Both graphs have § =0.5, AL =0.1,
A =0.12, and ¢=0.06. The left graph has By =0.89, 1o =0.3, and 1, =0.6; the right graph has fy=0.85, B;=0.89,
and po=0.3. The first best entails =15 on the left graph, and » =12 (for o) and ~ =15 (for B() on the right graph.

Figure Qlillustrates some of the conclusions of Proposition 2l The comparative static of i in
Lo 1s intuitive: the higher the ex-ante probability of the high type, the more the principal benefits
from reducing the high type’s information rent and hence the more she shortens the low type’s
experimentation. Matters are more subtle for other parameters. Consider, for example, an increase
in Bg. On the one hand, this increases the social surplus from experimentation, which suggests that
7 should increase. But there are two other effects: holding fixed ?L, penalties of lower magnitude
can be used to incentivize effort from the low type because the project is more likely to succeed
(cf. equation (ZID), which has an effect of decreasing the information rent for the high type;
yet, a higher By also has a direct effect of increasing the information rent because the differing
probability of success for the two types is only relevant when the project is good. Nevertheless,
Proposition Pl establishes that it is optimal to (weakly) increase - when Bo increases.

Since the high type’s information rent is increasing in A, one may expect the principal to
reduce the low type’s experimentation when A7 increases. However, a higher A means that the
high type is likely to succeed earlier when deviating to the low type’s contract. For this reason,
an increase in A can reduce the incremental information-rent cost of extending the low type’s
contract, to the extent that the gain in efficiency from the low type makes it optimal to increase i

Turning to the magnitude of distortion, tL —7: since the first-best stopping time & does
not depend on the probability of a high type, g, while i s decreasing in this parameter, it is
immediate that the distortion is increasing in 9. The time ¢~ is also independent of the high
type’s ability, AH - thus, since - may increase or decrease in AH | the same is true for L7
Finally, with respect to By, AL, and ¢, the distortion’s ambiguous comparative statics stem from
the fact that £ and 7~ move in the same direction when these parameters change. For example,
increasing B can reduce 1~ —7* when o is low but increase - —7* when W is high; the reason
is that a larger ex-ante probability of the high type makes increasing 7 more costly in terms of
information rent.

Theorem[Flutilizes penalty contracts in which the agent is required to pay the principal when
he fails to obtain a success. While these contracts prove analytically convenient (as explained in
Subsection 3.2)), a weakness is that they do not satisfy interim participation constraints: in the
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implementation of Theorem [ the agent of either type 6 would “walk away” from his contract
in any period ¢ € {1, ...,EG} if he could. The following result provides a remedy:

Theorem 4. Assume t" > tX. The second best can also be implemented using a menu of bonus
contracts. Specifically, the principal offers type L the bonus contract Ck = (EL, Wk bl wherein

for any te{l,...,fL},

;L

b= 8"H(=ID), (5.2)
s=t
where IL is the penalty sequence in the optimal penalty contract given in Theorem Bl and WOL
is chosen to make the participation constraint, IRL), bind. For type H, the principal can use a
constant-bonus contract CH = (tH , W(';J ,bH ) with a suitably chosen Wéf and b > 0.
Generically, the above contract is the unique optimal contract for type L within the class of
bonus contracts. This implementation satisfies interim participation constraints in each period
for each type, i.e. each type 0’s continuation utility at the beginning of any period t € {1, ...,fe}
in C? is non-negative.

A proof is omitted because the proof of Proposition [[] can be used to verify that each bonus
contract in Theorem Ml is equivalent to the corresponding penalty contract in Theorem [3 and
hence the optimality of those penalty contracts implies the optimality of these bonus contracts.
Using (31D, it is readily verified that in the bonus sequence (3.2),

1-8)c
and b = %beﬂ

Bi A

forany re{l,...,F-—1}, (5.3)

bh =
! B;L AL

and hence the reward for success increases over time. When 6 = 1, the low type’s bonus contract is
a constant-bonus contract, analogous to the penalty contract in Theorem[3]being a onetime-penalty
contract.

An interpretation of the bonus contracts in Theorem ] is that the principal initially sells the
project to the agent at some price (the up-front transfer W) with a commitment to buy back the
output generated by a success at time-dated future prices (the bonuses b).

5.2.  Sketch of the proof

We now sketch in some detail how we prove Theorem[3] The arguments reveal how the interaction
of adverse selection, dynamic moral hazard, and private learning jointly shape optimal contracts.
This subsection also serves as a guide to follow the formal proof in Appendix [Bl

While we have defined a contract as C= (T, Wy, b, 1), it will be useful in this subsection alone
(so as to parallel the formal proof) to consider a larger space of contracts, where a contract is
given by C=(T", Wyp,b,1). The first element here is a set of periods, I' TN\ {0}, at which the
agent is not “locked out,” i.e. at which he is allowed to choose whether to work or shirk. As
discussed in fn.[[4] this additional instrument does not yield the principal any benefit, but it will
be notationally convenient in the proof. The termination date of the contract is now 0 if ' = and
otherwise maxI". We say that a contract is connected if I' ={1,...,T} for some T'; in this case we
refer to T as the length of the contract, and T is also the termination date. The agent’s actions are
denoted by a=(a;)ser-

Asjustified by Proposition[I] we solve the principal’s problem (stated at the outset of SectionH])
by restricting attention to menus of penalty contracts: for each 6 €{L,H}, c? :(Fe, Wg ,19).
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Penalty contracts are analytically convenient to deal with the combination of adverse selection
and dynamic moral hazard for reasons explained in Step 4 below.

Step 1: We simplify the principal’s program by (1) focussing on contracts for type L that
induce him to work in every non-lockout period, i.e. on contracts in the set {CL:1eakl(CL)}; and
(2) ignoring the constraints (@) and . It is established in the proof of Theorem 2] that a
solution to this simplified program also solves the original program] Call this program [[PT].

It is not obvious a priori what action plan the high type may use when taking the low type’s
contract. Accordingly, we tackle a relaxed program, [[RPT], that replaces @I} in program [[PT]]
by a relaxed version, called m that only requires type H to prefer taking his contract
and following an optimal action plan over taking type L’s contract and working in every period.
Formally, requires Ugl (CH, " (CHY)> U(I)i (CE, af' (CLY), whereas m requires
only U(I)J (CH aH(CHy) > Ugl (CL,1). We emphasize that this restriction on type H’s action plan
under type L’s contract is not without loss for an arbitrary contract CL; i.e. given an arbitrary
CL with 1€ aL(CL), it need not be the case that 1€ o (CL)—it is in this sense that there is no
“single-crossing property” in general. The reason is that because of their differing probabilities
of success from working in future periods (conditional on the good state), the two types trade off
current and future penalties differently when considering exerting effort in the current period. In
particular, the desire to avoid future penalties provides more of an incentive for the low type to
work in the current period than the high typeé

Relaxing d@b to is motivated by a conjecture that even though the high type
may choose to work less than the low type in an arbitrary contract, this will not be the case in an
optimal contract for the low type. This relaxation is a critical step in making the program tractable
because it severs the knot in the fixed point problem of optimizing over the low type’s contract
while not knowing what action plan the high type would follow should he take this contract. The
relaxation works because of the efficiency ordering 1 > rL, as elaborated subsequently.

In the relaxed program [[RPT], it is straightforward to show that m and must
bind at an optimum: otherwise, time-zero transfers in one of the two contracts can be profitably
lowered without violating any of the constraints. Consequently, one can substitute from the
binding version of these constraints to rewrite the objective function as the sum of total surplus
less an information rent for the high type, as in the standard approach. We are left with a relaxed
program, [[RP2]|, which maximizes this objective function and whose only constraints are the
direct moral hazard constraints and , where type L must work in all periods. This
program is tractable because it can be solved by separately optimizing over each type’s penalty

27. The idea for (1) is as follows: fix any contract, CF, in which there is some period, t € ', such that it would be
suboptimal for type L to work in period 7. Since type L will not succeed in period 7, one can modify CL to create a new
contract, CL in which ¢ ¢ FL and IL is “shifted up” by one period with an adjustment for discounting. This ensures that
the incentives for type L in all other periods remain unchanged, and critically, that no matter what behavior would have
been optimal for type H under contract C*, the new contract is less attractive to type H.

As for (2), we show that type H always has an optimal action plan under contract C* that yields him a higher payoff
than that of type L under CL, and hence m is implied by (@b and m} Finally, we show that (@l} can always
be satisfied while still satisfying the other constraints in the principal’s program by making the high type’s contract “risky
enough” to deter the low type from taking it.

28. To substantiate this point, consider any two-period penalty contract under which it is optimal for both types to
work in each period. It can be verified that changing the first-period penalty by £ > 0 while simultaneously changing the
second period penalty by —e> <0 would preserve type 0’s incentive to work in period one if and only if &; <(1—1%)8¢,.
Note that because —e3 <0, both types will continue to work in period two independent of their action in period one.
Consequently, the initial contract can always be modified in a way that preserves optimality of working in both periods
for the low type, but makes it optimal for the high type to shirk in period one and work in period two.
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contract. The following steps 2—5 derive an optimal contract for type L in program [[RP2]] that
has useful properties.

Step 2: We show that there is an optimal penalty contract for type L that is connected. A rough
intuition is as follows] Because type L is required to work in all non-lockout periods, the value
of the objective function in program [RP2]] can be improved by removing any lockout periods in
one of two ways: either by “shifting up” the sequence of effort and penalties or by terminating
the contract early (suitably adjusting for discounting in either case). Shifting up the sequence of
effort and penalties eliminates inefficient delays in type L’s experimentation, but it also increases
the rent given to type H, because the penalties—which are more likely to be borne by type L than
type H—are now paid earlier. Conversely, terminating the contract early reduces the rent given
to type H by lowering the total penalties in the contract, but it also shortens experimentation by
type L. It turns out that either of these modifications may be beneficial to the principal, but at
least one of them will be if the initial contract is not connected.

Step 3: Given any termination date T', there are many penalty sequences that can be used by
a connected penalty contract of length 7T to induce the low-ability agent to work in each period
1,....TE. We construct the unique sequence, call it i(TL), that ensures the low type’s incentive
constraint for effort binds in each period of the contract, i.e. in any period 7 € {1, ..., TL}, the low
type is indifferent between working (and then choosing any optimal effort profile in subsequent
periods) and shirking (and then choosing any optimal effort profile in subsequent periods), given
the past history of effort. The intuition is straightforward: in the final period, T, there is obviously
a unique such penalty as it must solve Z?‘L(TL) =—c+(1 —E%*L AL )Z;L(TL). Iteratively working
backward using a one-step deviation principle, this pins down penalties in each earlier period
through the (forward-looking) incentive constraint for effort in each period. Naturally, for any 7°

andre(l,...,TE}, ZIL(TL) <0, i.e. as suggested by the term “penalty”, the agent pays the principal
each time there is a failure.

Step 4: We show that any connected penalty contract for type L that solves program [RP2]]

must use the penalty structure 7L(~) of Step 3. The idea is that any slack in the low type’s incentive
constraint for effort in any period can be used to modify the contract to strictly reduce the high
type’s expected payoff from taking the low type’s contract (without affecting the low type’s
behaviour or expected payoff), based on the high type succeeding with higher probability in
every period when taking the low type’s contract

Although this logic is intuitive, a formal argument must deal with the challenge that modifying
a transfer in any period to reduce slack in the low type’s incentive constraint for effort in that
period has feedback on incentives in every prior period—the dynamic agency problem. Our focus
on penalty contracts facilitates the analysis here because penalty contracts have the property that
reducing the incentive to exert effort in any period 7 by decreasing the severity of the penalty in
period t has a positive feedback of also reducing the incentive for effort in earlier periods, since
the continuation value of reaching period ¢ increases. Due to this positive feedback, we are able to
show that the low type’s incentive for effort in a given period of a connected penalty contract can

29. For the intuition that follows, assume that all penalties being discussed are negative transfers, i.e. transfers from
the agent to the principal.

30. This is because the constraint m in program effectively constrains the high type in this way,
even though, as previously noted, it may not be optimal for the high type to work in each period when taking an arbitrary
contract for the low type.
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be modified without affecting his incentives in any other period by solely adjusting the penalties
in that period and the previous one. In particular, in an arbitrary connected penalty contract CL,
if type L’s incentive constraint is slack in some period ¢, we can increase l{‘ and reduce ltL_1 in
a way that leaves type L’s incentives for effort unchanged in every period s # ¢ while still being
satisfied in period ¢. We then verify that this “local modification” strictly reduces the high type’s
information rentF]]

Step 5: In light of Steps 2—4, all optimal connected penalty contracts for type L in program
RP?]] can be found by just optimizing over the length of connected penalty contracts with the

penalty structure iL(-). By TheoremP] the optimal length, 7L, cannot be larger than the first-best

stopping time: i <L In this step, we further establish that i is generically unique, and that
generically there is no optimal penalty contract for type L that is not connected.

Step 6: Let C" be the contract for type L identified in Steps 2-5P3 Recall that [RPT]| differs
from the principal’s original program [[PT]] in that it imposes m rather than (@) In

this step, we show that any solution to [RPT] using C" satisfies (@) and hence is also a solution
to program [[PTI|. Specifically, we show that o/ (EL) =1, i.e. if type H were to take contract EL,
it would be uniquely optimal for him to work in all periods 1, ...,fL. The intuition is as follows:
under contract EL, type H has a higher expected probability of success from working in any period
t §?L, no matter his prior choices of effort, than does type L in period ¢ given that type L has
exerted effort in all prior periods (recall 1€ ocL(éL)). The argument relies on Theorem Pl having
established that 7© <L because 7 > ¢~ then implies that for any ¢ € {1, ...,fL}, ﬂtH PLLE EILAL for
any history of effort by type H in periods 1,...,#— 1. Using this property, we verify that because
C" makes type L indifferent between working and shirking in each period up to i (given that he
has worked in all prior periods), type H would find it strictly optimal to work in each period up
to 7* no matter his prior history of effort.

5.3.  Implications and applications

Asymmetric information and success. Our results offer predictions on the extent of
experimentation and innovation. An immediate implication concerns the effects of asymmetric
information. Compare a setting with either no moral hazard or no adverse selection, as in
Theorem [Il with a setting where both features are present, as in Theorem 2] The theorems
reveal that, other things equal, the amount of experimentation will be lower in the latter, and,
consequently, the average probability of success will also be lower. Furthermore, because low-
ability agents’ experimentation is typically distorted down whereas that of high-ability agents is
not, we predict a larger dispersion in success rates across agents and projects when both forms
of asymmetric information are present

31. In contrast, bonuses have a negative feedback: reducing the bonus in a period 7 increases the incentive to work
in prior periods because the continuation value of reaching period ¢ decreases. Consequently, keeping incentives for effort
in earlier periods unchanged after reducing the bonus in period ¢ would require a “global modification” of reducing the
bonus in all prior periods, not just the previous period. This makes the analysis with bonus contracts less convenient.

32. The initial transfer in C- is set to make the participation constraint for type L bind. In the non-generic cases
where there are multiple optimal lengths of contract, C" uses the largest one.

33. While this is readily evident when 1 > L _itis also true when # <rL. In the latter case, even though the second
best may narrow the gap in the types’ duration of experimentation, the gap in their success rates widens.
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Our analysis also bears on the relationship between innovation rates and the quality of the
underlying environment. Absent any distortions, “better environments” lead to more success.
In particular, an increase in the agent’s average ability, wor +(1 —uo)AL, yields a higher
probability of success in the first bestPd However, contracts designed in the presence of moral
hazard and adverse selection need not produce this property. The reason is that an improvement
in the agent’s average ability can make it optimal for the principal to distort experimentation
by more: as shown in Proposition 2] X decreases in o and, for some parameter values, in A
Such a reduction in 7 can decrease the second-best average success probability when the agent’s
average ability increases. Consequently, observing higher innovation rates in contractual settings
is neither necessary nor sufficient to deduce a better underlying environment.

Contract farming and technology adoption. Though our model is not developed to explain a
particular application, our framework speaks to contract farming and, more broadly, technology
adoption in developing countries. Technology adoption is inherently a dynamic process of
experimentation and learning. Understanding the adoption of agricultural innovations in low-
income countries, and the obstacles to it, has been a central topic in development economics
(IEQCLQT_QLQLL h%ﬂ; Emm_ngnzmé, |2£)_]ﬂ). Practitioners, policymakers, and researchers
have long recognized the importance of contractual arrangements to provide proper incentives,
because farmers typically do not internalize the broader benefits of their experimentation.

As described in the Introduction, contract farming is a common practice in developing
countries; it involves a profit-maximizing firm, which is typically a large-scale buyer such as
an exporter or a food processor, and a farmer, who may be a small or a large grower. The
contractual environment features not only learning about the quality of new seeds or a new
technology, but also moral hazard and unobservable heterogeneity (Miyata ez all, M) The
arrangements used between agricultural firms and farmers resemble the contracts characterized
in TheoremM] with firms committing to time-dated future prices for an output of a certain quality
delivered by a given deadline. Our analysis shows why such contracts are optimal in the presence
of uncertainty, moral hazard, and unobservable heterogeneity, and how the shape of the contract
hinges on the interaction of these three key features. TheoremHdand formula (33) reveal how an
optimal pattern of outcome-contingent buyback prices should be determined. In principle, these
predicted contracts could be subject to empirical testing.

Much of the recent research on technology adoption uses controlled field experiments to study
the incentives of potential adopters. Our results may inform the design of experimental work,
particularly with regards to dynamic considerations, which are receiving increasing attention. For
example, m ) use a field experiment to study both the initial take-up decision and
the subsequent investment (follow-through) decisions in the context of agricultural technology
(tree species) adoption in Zambia. The authors consider simple contracts to investigate the
interplay between the uncertainty of a technology’s profitability, the self-selection of farmers,
and learning of new information. In their experimental design, contracts specify the initial price
of the technology and an outcome-contingent payment tied to the survival of trees by the end
of one year. The study uses variation of the contracts in the two dimensions (initial price and
contingent payment) to evaluate their performance. The authors find that 35% of farmers who

34. Although ¢~ and ' may increase or decrease in AL and A¥ respectively, one can show that the first-best
probability of success is always increasing in o, A", and A7

35. Using a field experiment, @é ) shows that landholders have private information relevant to their
performance under a contract that offers incentives for afforestation, and that efficiency can be increased by using an
allocation mechanism that induces self-selection.
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pay a positive price for take-up have no trees one year later; in addition, among farmers who
follow-through, the tree survival rate responds to learning over time.

The contract form used in [lack et il ) shares features with what emerges as an optimal
contract in our model, and their basic findings are also consistent with our results. Their controlled
experiment is simple in that performance is assessed and a reward is paid only at the end of one
year. Our model shows that to optimally incentivize experimentation, agents must be compensated
with continual rewards contingent on the time of success, up until an optimally chosen termination
date which may differ from the efficient stopping time. Moreover, perhaps counterintuitively,
Theorem F] shows that higher rewards must be offered for later success, with the rate of increase
depending on the rate of learning (and other factors) Our results thus point to a new dimension
that can improve follow-through rates; this could be tested in future field experiments.

Finally, many scholars study the puzzle of low technology adoption rates and its potential
solutions (e.g. , 2011, and the references therein). Our paper adds to the discussion by
relating adoption rates to the underlying contractual environment. As mentioned earlier, we predict
less experimentation, lower success rates, and more dispersion of success rates in settings with
more asymmetric information; the lower (and more dispersed) success rates translate into lower
(and more dispersed) adoption rates. We also find that the relationship between adoption rates
and the underlying environment can be subtle, with “better environments” possibly leading to
less experimentation and lower adoption in the second best. Our results thus provide a novel
explanation for the low adoption rate puzzle. Empirical researchers have recently been interested
in how agency contributes to the puzzle (e.g. m, M); our work contributes to the
theoretical background for such lines of inquiry.

Naturally, there are dimensions of contract farming and technology adoption that our analysis
does not cover. For example, social learning among farmers affects adoption (Conley and Udry,

), and agricultural companies will want to take this into account when designing contracts
A deeper understanding of optimal contracts for multiple experimenting agents who can learn
from each other would be useful for this application’] While this and similar extensions may
yield new insights, we expect our main results to be robust: to reduce the information rent of
high-ability types, the principal will benefit from distorting the length of experimentation of low-
ability types, and from setting payments so that their incentive constraint for effort binds at each
time. This suggests that, under appropriate conditions, an agent will still receive a higher reward
for succeeding later rather than earlier.

Book contracts. As mentioned in the Introduction, some contractual relationships between a
publisher and author have the features we study: it is initially uncertain whether a satisfactory
book can be written in the relevant timeframe; the author may be privately informed about his
suitability for the task; and how much time the author spends on this is not observable to the
publisher. It is common for real-world publishing contracts to resemble the penalty contracts
characterized in Theorem 3} book contracts pay an advance to the author that the publisher can
recoup if the author fails to deliver on time (according to a delivery-of-manuscript clause) or
if the book is unacceptable (according to a satisfactory-manuscript clause); seeﬁ‘m (@)
and w (@). There is substantial dispersion in both the deadlines and the advances that

36. In particular, formula E3) reveals that rewards will optimally increase more sharply over time, up until the
contract termination, if the rate of learning is higher.

37. Another aspect is the choice of farmer size: as discussed inm M), there are different advantages
to contracting with small versus large growers, and the optimal farmer size for a firm may change as parties experiment
and learn over time.

38. Recent work on this agenda, albeit without adverse selection, includes|Frick and Ishii M) andMoroni M).

9T0Z ‘0S Jequeldss uo saleiql ASBAIUN BIGUWN0D Te /B10'S [euinolpuoxo pnisal//:dny woJj pepeojumod


http://restud.oxfordjournals.org/

1060 REVIEW OF ECONOMIC STUDIES

0.4

03 .
High effort cost, ¢’

0.2
Low effort cost, ¢

0.1

() tH(é'){* tH‘(c) tf(c)

time

20

FIGURE 3
No-shirk expected marginal product curves with 89 =0.99, A% =0.28, A =0.35.

authors are given; m (M) notes that publishing houses try to assess an author’s chances
of succeeding when determining these terms.

6. OPTIMAL CONTRACTS WHEN <L

We now turn to characterizing optimal contracts when the first-best stopping times are ordered
t <tL. Any of the following conditions on the primitives is sufficient for this case given
a set of other parameters: (1) By is large enough, (2) A is large enough, or (3) ¢ is small
enough.

The principal’s program remains as described in Section H] but solving the program is now
substantially more difficult than when 7 > L. To understand why, consider Figure Bl which

LT3

. . . —0 . .
depicts the two types’ “no-shirk expected marginal product” curves, B, 19, as a function of time.
(For simplicity, the figure is drawn ignoring integer constraints.) For any parameters, these curves
cross exactly once as shown in the figure; the crossing point ¢* is the unique solution to

—H —L —H —L
Bodl —Brl>0> B AH — B AL,

Parameters under which 7 > ¢ entail & <*, as seen with the high effort cost in Figure [
When rL <r*, it holds at any <~ that the high type has a higher expected marginal product than
the low type conditional on the agent working in all prior periods. It is this fact that allowed us
to prove Theorem Bby conjecturing that the high type would work in every period when taking
the low type’s contract.

By contrast, H <L implies L > r*, as seen with the low effort cost in Figure 8 Since the
second-best stopping time for the low type can be arbitrarily close to his first-best stopping time
(e.g. if the prior on the low type, 1 — g, is sufficiently large), it is no longer valid to conjecture
that the high type will work in every period when taking the low type’s optimal contract—in this
sense, “‘single crossing” need not hold even at the optimum. The reason is that at some period
after *, given that both types have worked in each prior period, the high type can be sufficiently
more pessimistic than the low type that the high type finds it optimal to shirk in some or all of
the remaining periods, even though A¥ > AL and the low type would be willing to work for the
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contract’s duration[J Indeed, this will necessarily be true in the last period of the low type’s
contract if this period is later than * and the contract makes the low type just indifferent between
working and shirking in this period as in the characterization of Theorem B

Solving the principal’s program without being able to restrict attention to some suitable subset
of action plans for the high type when he takes the low type’s contract appears intractable. For
an arbitrary 8, we have been unable to find a valid restriction. The following example elucidates
the difficulties.

Example 1. For an open and dense set of parameters {8, c, AL aH } with =l = 3@ there is
a §* €(0, 1) such that the optimal penalty contract for type L as a function of the discount factor,
CL(8)=(3, Wé(S),lL(S)), has the property that the optimal action plans for type H under this
contract are given by

{(1,1,0),(1,0,1)} if €(0,8%)
o (CL(5))= {(1,1,0),(1,0,1),(0,1,1)} if§=48*
~ 1{@,0,1),(0,1,1)} if8e(8*, 1)

{(1,1,0),(1,0,1),(0,1,1)} ifs=1.

Figuredldepicts the contract and type H’s optimal action plans as a function of § for a particular
set of other parameters Notice that the only action plan that is optimal for type H for all § is the
non-consecutive-work plan (1,0, 1), but for each value of § at least one other plan is also optimal.
Interestingly, the stopping strategy (1, 1,0) is not optimal for type H when & € (§*, 1) although it
is when § = 1. The lack of lower hemi-continuity of ot (CL(S)) at § =1 is not an accident, as we
will discuss subsequently.

Nevertheless, we are able to solve the problem when § =1.

Theorem 5. Assume 8= 1andt™ <t“. There is an optimal menu in which the principal separates
the two types using onetime-penalty contracts, C? = (¢ Wé{ , lf,I,) with lf,{, <0< Wéq for type H

and CL = (i, W(I)‘, I;LL) for type L, such that:

1)L =min{ —=—, ——<— where L .= max #{n:a,=1);
(1) ! { 5;LL)»L ﬂﬁmﬂ} acall (CL) tn:an=1}

(2) Wé >0 is such that the participation constraint, (IRY), binds;

39. More precisely, the relaxed program, [RPT]|, described in Step 1 of the proof sketch of TheoremBlcan yield a
solution that is not feasible in the original program, because the constraint (@) is violated; the high type would deviate
from accepting his contract to accepting the low type’s contract and then shirk in some periods.

40. It suffices for the parameters to satisfy the following four conditions:

(1) The first-best stopping time for type L is t“ =3 (i.e. EéxL >c> EﬁAL) and the probability of type L is large
enough (i.e. n is sufficiently small) that it is not optimal to distort the stopping time of type L: F=i=3.

(2) The expected marginal product for type H after one period of work is less than that of type L after one period
of work, but larger than that of type L after two periods of work: Eg)LL <E§ A< Eé)\’“.

(3) Ex-ante, type H is more likely to succeed by working in one period than type L is by working in two periods:
1= < (1212

. 1 1 L 1 1
(4) There is some §* € (0, 1) such that W—W_(S*(l —A )(E2 V] —357)

41. The initial transfer Wé in each case is determined by making the participation constraint of type L bind.
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FIGURE 4

The optimal penalty contract for type L in Example M with 8y =0.86, c=0.1, AL =0.75, A =0.95 (left graph) and the
optimal action profiles for type H under this contract (right graph).

(3) Type H gets an information rent: Uéi (CH " (CHy)>0;
(4) 1ea!(CH); 1eal(Ch)

Proof See Appendix[d ||

For 8 =1, the optimal menus of penalty contracts characterized in Theorem B for 7 <t
share some common properties with those characterized in Theorem[Blfor t/ > rL: in both cases,
a onetime-penalty contract is used for the low type and the high type earns an information rent.
On the other hand, part 1 of Theorem [3] points to two differences: (1) it will generally be the
case in the optimal CL that when 7 <¢L) 1 ¢ocH(CL), whereas for > L, otH(CL) =1;and (2)
when #7 <L it can be optimal for the principal to induce the low type to work in each period
by satisfying the low type’s incentive constraint for effort with slack (i.e. with strict inequality),
whereas when 1 > L the penalty sequence makes this effort constraint bind in each period.

The intuition for these differences derives from information rent minimization considerations.
The high type earns an information rent because by following the same effort profile as the low
type he is less likely to incur any penalty for failure, and hence has a higher utility from any penalty
contract than the low type@ Minimizing the rent through this channel suggests minimizing the
magnitude of the penalties that are used to incentivize the low type’s effort; it is this logic that
drives Theorem [ and for § =1 leads to a onetime-penalty contract with

c

l;LL=_ 6.1)

Bi AL ‘

However, when 7 > t* (which is only possible when 7/ <L), the high type would find it optimal
under this contract to work only for some T <7 number of periods. It is then possible—and is
true for an open and dense set of parameters—that 7 is such that the high type is more likely to
incur the onetime penalty than the low type. But in such a case, the penalty given in (@.I)) would

42. Strictly speaking, this intuition applies so long as /; <0 for all ¢ in the penalty contract.
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not be optimal because the principal can lower I?LL (i.e. increase the magnitude of the penalty) to
reduce the information rent, which she can keep doing until the high type finds it optimal to work
for more periods and becomes less likely to incur the onetime penalty than the low type. This
explains part 1 of Theorem [

We should note that this possibility arises because time is discrete. It can be shown that when
the length of time intervals vanishes, in real-time the L and 7" in the statement of Theorem [
are such that EELL A< Bﬁﬂ AH (in particular, B;L AL ZE;I-IL A when £ > tHL or equivalently when

it 1*), and hence I, = ——¢
t BiL AL

is optimal, just as in TheoremBlwhen § = 1. Intuitively, because

learning is smooth in continuous time, the high type would always work long enough upon
deviating to the low type’s contract that he is less likely to incur the onetime penalty Z;LL than the
low type. Thus, by the logic above, lowering the onetime penalty below that in (&.I)) would only
increase the information rent of the high type in the continuous-time limit.

Remark 2. The proof of Theorem [ provides an algorithm to solve for an optimal menu of
contracts when t <t and §=1. For each pair of integers (s,t) such that 0<s<t<tl, one
can compute the principal’s payoff from using the onetime-penalty contract for type L given by
TheoremBlwhen - is replaced by t and 'L is replaced by s. Optimizing over (s,t) then yields an
optimal (unconstrained) menu.

How do we prove Theorem[lin light of the difficulties described earlier of finding a suitable
restriction on the high type’s behaviour when taking the low-type’s contract? The answer is that
when 6 =1, one can conjecture that the optimal contract for the low type must be a onetime-
penalty contract (as was also true when r > L) Notice that because of no discounting, any
onetime-penalty contract would make the agent of either type indifferent among all action plans
that involve the same number of periods of work. In particular, a stopping strategy—an action plan
that involves consecutive work for some number of periods followed by shirking thereafter—is
always optimal for either type in a onetime-penalty contract. The heart of the proof of Theorem[3]
establishes that it is without loss of generality to restrict attention to penalty contracts for the low
type under which the high type would find it optimal to use a stopping strategy (see Appendix[C.4
in Appendix[C). With this in hand, we are then able to show that a onetime-penalty contract for
the low type is indeed optimal (see Appendix[C3). Finally, the rent-minimization considerations
described above are used to complete the argument. Observe that optimality of a onetime-penalty
contract for the low type and that of a stopping strategy for the high type under such a contract is
consistent with the solution in Example [l for § =1, as seen in Figure @l Moreover, the example
plainly shows that such a strategy space restriction will not generally be valid when § < 13

We provide a bonus-contracts implementation of Theorem [5

Theorem 6. Assume 8 =1 and ! <t~ The second-best can also be implemented using a menu
of constant-bonus contracts: ct =(?L, W(I)‘,bL) with bL= —I;LL >0> Wé‘ where Z;LL is given in
TheoremBl and CH = (tH , Wéi b ) with a suitably chosen Wé{ and b > 0.

43. Due to the agent’s indifference over all action plans that involve the same number of periods of work in a
onetime-penalty contract when 8 = 1, the correspondence a’ (CL(8)) will generally fail lower hemi-continuity at § =1. Tn
particular, the low type’s optimal contract for § close to 1 may be such that a stopping strategy is not optimal for the high
type under this contract. However, the correspondence e (CL(8)) is upper hemi-continuous and the optimal contract is
continuous at § = 1. All these points can be seen in Figure[E]
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A proof is omitted since this result follows directly from Theorem [l and the proof of
Proposition [ (using §=1). For similar reasons to those discussed around Theorem [ the
implementation in Theorem[@satisfies interim participation constraints whereas that of Theorem[3]
does not.

We end this section by emphasizing that although we are unable to characterize second-best
optimal contracts when § <1 and <L, the (in)efficiency conclusions from Theorem [ apply
for all parameters.

7. DISCUSSION
7.1.  Private observability and disclosure

Suppose that project success is privately observed by the agent but can be verifiably disclosed.
The principal’s payoff from project success obtains here only when the agent discloses it, and
contracts are conditioned not on project success but rather the disclosure of project success.
Private observability introduces additional constraints for the principal because the agent must
also now be incentivized to not withhold project success. For example, in a bonus contract where
8bs+1 > by, an agent who obtains success in period ¢ would strictly prefer to withhold it and
continue to period ¢4 1, shirk in that period, and then reveal the success at the end of period
t+ 1. Nevertheless, we show in the |Supplementary Appendix|that private observability does not
reduce the principal’s payoff compared to our baseline setting: in each of the menus identified
in Theorems 3-6, each of the contracts would induce the agent (of either type) to reveal project
success immediately when it is obtained, so these menus remain optimal and implement the same
outcome as when project success is publicly observable [

7.2. Limited liability

To focus on the interaction of adverse selection and moral hazard in experimentation, we have
abstracted away from limited-liability considerations. Consider introducing the requirement that
all transfers must be above some minimum threshold, say zero. The Supplementary Appendix
shows how such a limited-liability constraint alters the second-best solution for the case of
>t and §=1. This constraint results in both types of the agent acquiring a rent, so long
as they are both induced to experiment. Three points are worth emphasizing. First, each type’s
second-best stopping time is no larger than his first-best stopping time. The logic precluding over-
experimentation, however, is somewhat different—and simpler—than without limited liability:
inducing over-experimentation requires paying a bonus of more than one (the principal’s value
of success) in the last period of the contract in which the agent works, implying a loss for the
principal which under limited liability cannot be offset through an up-front payment. Second,
while both types’ second-best stopping times are now (typically) distorted, their ordering is the
same as without limited liability (i.e. it ng). The reason is that the principal could otherwise
improve upon the menu by just offering both types the low type’s contract, which would induce
the high type to experiment longer without increasing the high type’s payoff. Third, the principal
can implement the second-best stopping time for the low type by using a constant-bonus contract
of the form described in Theorem[(with § = 1). This contract ensures that the low type’s incentive

44. However, unlike the menus of Theorems 3—6, not every optimal menu under public observability is optimal
under private observability. In this sense, these menus have a desirable robustness property that other optimal menus
need not.
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constraint for effort binds in each period, and thus it minimizes both the rent that the low type
obtains from his contract and the high type’s payoff from taking the low type’s contract.

We should note that in our dynamic setting, there are less severe forms of limited liability
that may be relevant in applications. For example, one may only require that the sum of penalties
at any point do not exceed the initial transfer given to the agent[™ We conjecture that similar
conclusions to those discussed above would also emerge under such a requirement, as both types
of the agent will again acquire a rent.

7.3.  The role of learning

We have assumed that By < (0,1). If instead gp=1 then there would be no learning about the
project quality and the first best would entail both types working until project success has been
obtained. How is the second best affected by Bp=1?

Suppose, for simplicity, that there is some (possibly large) exogenous date T at which the
game ends. The first-best stopping times are then - —tH =T. The principal’s program can be
solved here just as in Section[3] because ,8t AH = > ﬂ p AL =L for all thE In the absence
of learning, the social surplus from the low type working is constant over time. So long as
parameters are such that it is not optimal for the principal to exclude the low type (i.e. i~ 0),
it turns out that there is no distortion: 7 =7 =T. We provide a more complete argument in the
Supplementary Appendix, but to see the intuition consider a large 7. Then, even though both
types are likely to succeed prior to T, the probability of reaching T without a success is an

t
order of magnitude higher for the low type because (11 i‘;) — 00 as t— oo. Hence, it would

not be optimal to locally distort the length of experimentation from 7 because such a distortion
would generate a larger efficiency loss from the low type than a gain from reducing the high
type’s information rent. By contrast, when By <1 and there is learning, this logic fails because
the incremental social surplus from the low type working vanishes over time. Therefore, learning
from experimentation plays an important role in our results: for any parameters with 8o < 1 under
which there is distortion of the low type’s length of experimentation without entirely excluding
him, there would instead be no distortion were By=1.

7.4. Adverse selection on other dimensions

Another important modelling assumption in this paper is that pre-contractual hidden information
is about the agent’s ability. An alternative is to suppose that the agent has hidden information
about his cost of effort but his ability is commonly known; specifically, the low type’s cost of
working in any period is c© > 0, whereas the high type’s cost is ¢ € (0, cL). It is immediate that
the first-best stopping time for the high type would always be larger than that of the low type
because there is no speed-of-learning effect. Hence, the problem can be solved following our
approach in Section [l for # > - F1 However, not only would this alternative model miss the

45. W M) study such a limited-liability requirement in a setting without adverse selection or learning,
where large losses arrive according to a Poisson process whose intensity is determined by the agent’s effort.

46. It should be clear that nothing would have changed in the analysis in SectionBlif we had assumed existence of
a suitably large end date, in particular so long as 7 > max{t, -},

47. This applies to binary effort choices. Another alternative would be for the agent to choose effort from a richer
set, e.g. R4, and effort costs be convex with one type having a lower marginal cost than the other. The speed-of-learning
effect would emerge in this setting because the two types would generally choose different effort levels in any period.
Analysing such a problem is beyond the scope of this paper.
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considerations involved with 7 < tL, but furthermore, it also obviates interesting features of the
problem even when 1 > L. For example, in this setting it would be optimal for the high type to
work in all periods in any contract in which it is optimal for the low type to work in all periods;
recall that this is not true in our model even when 7 > £ (cf. fn. C8).

Another source of adverse selection would be private information about project quality.
Specifically, suppose that the agent’s ability is commonly known but, prior to contracting, he
receives a private signal about the true project quality: there is a high type whose belief that the
state is good is ,3(’)" €(0,1) and a low type whose belief is ,Bé €(0, ,36'1 )@ Again, the first-best
stopping times here would always have 1 > L and the problem can be studied following our
approach to this case.

APPENDICES: NOTATION AND TERMINOLOGY

It is convenient in proving our results to work with an apparently larger set of contracts than that defined in the main
text. Specifically, in the Appendices, we assume that the principal can stipulate binding “lockout” periods in which the
agent is prohibited from working. As discussed in fn.[[4lof the main text, this instrument does not yield any benefit to
the principal because suitable transfers can be used to ensure that the agent shirks in any desired period regardless of his
type and action history. Nevertheless, stipulating lockout periods simplifies the phrasing of our arguments; we use it, in
particular, to prove that an optimal contract for the low type never induces him to shirk before termination.

Accordingly, we denote a general contract by C=(I", Wy, b,1), where all the elements are as introduced in the main
text, except that instead of having the termination date of the contract in the first component, we now have a set of periods,
I' €N\ {0}, at which the agent is not locked out, i.e. at which he is allowed to choose whether to work or shirk. Note that,
without loss, b =(b;);er and l=(l,),erE and the agent’s actions are denoted by a=(a;),cr, where a, =1 if the agent
works in period r€I" and a; =0 if the agent shirks. The termination date of the contract is 0 if '=¢ and is otherwise
maxI", which we require to be ﬁnitem ‘We say that a contract is connected if ' ={1,...,T} for some T’ in this case we
refer to T as the length of the contract, T is also the termination date, and we write C= (T, Wy, b,1).

Given some program for the principal, we say that a simplified program entails no loss of optimality if the value of
the two programs is the same.

A. PROOF OF THEOREM 2

Without loss by Proposition[I] we focus on penalty contracts throughout the proof.

A.l1. Step I: Low type always works

‘We show that it is without loss of optimality to focus on contracts for the low type, CcLl= (FL, WOL,IL ), in which the low
type works in all periods 7 € 'Y Denote the set of penalty contracts by C, and recall that the principal’s program, with the
restriction to penalty contracts, is:
H(CH o H L(cL oL
max nolly (C*,a" )+ (1 —po) I (C*,a
(CHec,Clec,all al) 0 ( ) 0 ( )

subject to, for all 6,6’ € {L,H},

a’ ca?(C?), ach)
Ug(c?,a%) >0, (IR%)
U (C?,a%) > U§(c? e’ (). ac’)

Suppose there is a solution to this program, (CH,CE,a" al), withal #1and CL = (FL, W(f,lL). It suffices to show

that there is another solution to the program, (CH R eL,aH ,1), where GL = (FL, Wé ,?‘) is such that:

48. Private information about project quality is studied by M) in experimentation without moral
hazard, and in a different setting by| ). Another possibility would be non-common priors between
the principal and the agent, which would involve quite distinct considerations.

49. There is no loss in not allowing for transfers in lockout periods.

50. One can show that this restriction does not hurt the principal.
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(i) 1eak(Ch);
(i) UL(CE,aly=UL(CE,1);
(iii)) T5(CE,ak)=T1E(CE,1); and
(iv) UH(CL e (CLy) > Ul (CE,al (CL)).

To this end, let £ =min{s:a; =0} and denote the largest preceding period in I'" as

maxTE\{t,141,...} if IseTt st s<t,
p)= .
0 otherwise.

Construct GL = (fL, VT/UL ,?) as follows:

TL = rh\(1);
lL if T
T if s#p(t) and seT",
ST EsrOIL i s=p() >0
L wk if p(1)>0,
WO = I L -
WE+8'TEif p(1)=0.

Notice that under contract CL, the profile al has type L shirking in period ¢ and thus receiving ltL with probability
one conditional on not succeeding before this period; the new contract CL just locks the agent out in period ¢ and shifts
the payment ltL up to the preceding non-lockout period, suitably discounted. It follows that the incentives for effort for
type L remain unchanged in any other period; moreover, since a- =0, both the principal’s payoff from type L under this
contract and type L’s payoff do not change. Finally, observe that for type H, no matter which action he would take at ¢
in any optimal action plan under C* (whether it is work or shirk), his payoff from CL must be weakly lower because the
lockout in period t is effectively as though he has been forced to shirk in period ¢ and receive I-.

Performing this procedure repeatedly for each period in which the original profile a” prescribes shirking yields a
final contract C- which satisfies all the desired properties.

A.2. Step 2: Simplifying the principal’s problem

By Step 1, we can focus on the following program [[F:

(el ¢y 010 (€78) + (=) T (€. 1) ®
subject to
1eal(Ch), ach)
afl eal(CH), act
Uk (Ck1)>0, (IR")
Ul (c,a") >0, (IRf)
Uk (CE 1) = Uk (Cf ok (CT)), act
Ul (c,a") > uff (Ct,a" (CF)). (Ichty

We first show that it is without loss of optimality to ignore constraints (@) and d@)

Step 2a: Consider m) Define a stochastic action plan ¢ =(0y),.pr for type H under contract CL as follows:
o€ A({0,1}) with o; (1) = 2—2 and o, (0)=1— i‘—f, for all 7€ 'L, In other words, under o, the agent works in any period

of ' (so long as he not succeeded before) with probability A”/AH . Note that these probabilities are independent across
periods. By construction, it holds for all r € 'L that Eq [a,] =1L, where Eq is the ex-ante expectation with respect to the
probability measure induced by o.

9T0Z ‘0S Jequeldss uo saleiql ASBAIUN BIGUWN0D Te /B10'S [euinolpuoxo pnisal//:dny woJj pepeojumod


http://restud.oxfordjournals.org/

1068 REVIEW OF ECONOMIC STUDIES

Type H’s expected payoff under contract C- given stochastic action plan o is

Ugf(cL,a)z,son’EU l_[(l—aSAH) [(1—aa)IF—apc] +(l—/30)28tIEg[(l,L—a,c)]—i—Wé

tert serk terL
s<t—1

=B0 Y 8| [] Eo(1—airt™) |Eq [(1—at?)if —aic]+(1—B0) > 8'Bo [(IF —aic) |+ W5

rert serk rerk
_551—1

=0y o' | T (1=25) |[(1=r5) i =ate]+(1—Bo) Y 8" (If —atc)+W§

ter’t serk tert
_sgt—l

=po ) 8 | [T (1=25) |[(1=25) i =]+ —po) Y 8" (If =) + Wy

terLl serl rerk
L s<t—1

— Uk (ct1).

where the second equality follows from the independence of o; and oy for all ¢,s € 'L, the third equality follows from
the fact that E, [a,] =L for all r e 'L, and the inequality follows from AL < 1@
It follows immediately from the above string of (in)equalities that there exists a pure action plan a=(a;),cr such
that
Ul (C*,a) > U (CF.0) > U§ (CH 1) 20,
where the last inequality follows from m Therefore, @) implies that
UE (€1 ) = U (Ch.a (1)) = Uf! () 20,

which establishes m

Step 2b: Consider next @) By the same arguments as in Step 1, without loss of optimality we can restrict
attention to contracts for the high type CH in which the high type works in all periods r€ ¥, Tf an optimal contract
CH has TH =g, (@) is trivially satisﬁed@ Thus, assume an optimal contract CH has TH #0. Let TH =maxT"'H and
denote type H’s expected payoff under C* by Uff. We show that there exists a onetime-penalty contract that yields the

principal the same expected payoff as CH and satisfies (@l} Consider a family of contracts CH = rH, VV&I ,’I\I;H ), where
/l\’;ﬁ and VT/({I jointly ensure that type H works in all periods t € ' and his expected payoff under CH is equal to ﬁg’ :

[T (1=2)go+1=po) |87 Ty —c| o D [T (1-3")—(1-po) 3 o' |+ Wil =T
tel’H telr'fl  selH s<t telrf

(A.1)

It is immediate that any such contract cH yields the principal the same expected payoff from type H as the original

contract C, as it leaves both type H’s action plan and type H’s expected payoff under the new contract unchanged from

the original contract. Furthermore, note that the penalty??H can be chosen to be severe enough (i.e. sufficiently negative)

to ensure that it is also optimal for type L to work in all periods after accepting contract cH ; i.e. we can choose/l\’T’H SO

that for all 6 € {L,H}, a”(eH )=1. All that remains is to show that a sufficiently severe/l;’,, and its corresponding V/i\/é'[

51. As a notational convention, the expression [] (I—AL) means (l—AL)‘FL|, and analogously for similar
sel'L
expressions.
52. If an optimal contract C# excludes type H, then without loss it can be taken to involve no transfers at all, which

ensures that it would yield type L a zero payoff, and hence @) follows from @)
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(determined by [@&TD) also satisfy (@) given that a” (6” )=1. To show this, note that type L’s expected payoff from
taking contract C* and working in all periods ¢ e T is

Uk ()= | [T (=25 po+—po) |87 Ty —c| B0 Y 8" T] (1-25)+1—p0) Y 8" [+W. (A2

tert teTH  seTH s<t terH

It follows from @&2) and (&) that

Uk 0)=| [T (—=25)— [T =) | o™ Wy +cpo Y 6| T] (1-21)— J] (1-+") |+Ts.

rert terfd terf selH s<t selH s<t

Since ' #£¢@ and [] (1-2F)— [T (1-17)>0, ?;H can be chosen sufficiently negative such that U} (C*,1) <0,
terf terf

establishing (@)

Step 2c¢: By Step 2a and Step 2b, it is without loss of optimality to ignore m and @l} in program [B]. Ignoring
these two constraints yields the following program [PTJ):

(CHeCr,nCaLXeC.aH)MOHg (c#.af)+ (1 —po) 11§ (CF, 1) (P1)
subject to
leal(Ch), (Icky
afl eal(CH), acH
Uk (ct1)=0, (IR")
Ul (c®.af") > Uff (Ct.a" (CF)). (Ichty

It is clear that in any solution to program [PTJ, m must be binding: otherwise, the initial time-zero transfer from
the principal to the agent in the contract CL can be reduced slightly to strictly improve the second term of the objective
function while not violating any of the constraints. Similarly, (@) must also bind because otherwise the time-zero
transfer in the contract C can be reduced to improve the first term of the objective function without violating any of the
constraints.

Using these two binding constraints, substituting in the formulae from equations @I} and @2}, and letting the
principal select the optimal action plan the high type should use when taking the low type’s contract (a’’" e« (CL)),
we can rewrite the objective function (PI) as the expected total surplus less type H’s “information rent”, obtaining the
following program that we call [B2]:

wo o 3 8| TT (1—alfat) |aff (¥ ) ~(1— o) - saflc
terf serH tel’H

s<t—1

+(—p){ fo X8| TT (1=3F) | (A=) —(1—fo) X 8'c
tertk serL terk
s<t—1

fo S 51| T (1—afa)— T (1-2%)

max rerk serl serl (P2)
(CHec, s<t s<t
clec,
afll et (CL),aM) HL HLyH L
—noy —Boc X 8'af™ | TT (1—al"2")— TT (1-2F)
terk serk serk
s<t—1 s<t—1

e X 8 A—ally| 1-Bo+Bo T] (1-AF)
ter’k ser’-l
S<t—

Information rent of type H
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subject to

leargmax{ Bo Y. 8| I (l—asAL) [(1 —a,AL)ltL—atc]—F(l—ﬂo) 38! (ltL—a;c)—l—Wé ,
(@) ertL tert serLl rert
s<t—

(acky

alcargmax{ Bo 2 &'| T[] (l—as)»H) [(l—a;kH)l{{—a;c]—l—(l—ﬁo) > 8’<ltH—atc>—|—W(§1
(ar),ert terH serHl teTH
S<t—

(act)
Program is separable, i.e. it can be solved by maximizing (P2} with respect to (CL,a’) subject to and
separately maximizing with respect to (CH ,a*’) subject to .
We denote the information rent of type H by R (CL, aHL). Note that given any action plan a that type H uses when
taking type L’s contract,
R(CEa)=Uf (Ct.a)-U§(CE1).
Hence, R (CL,a) :R(CL,E) whenever both a,a € o/ (CL) . _
It will be convenient at various places to consider the difference in information rents under contracts C* and C* and
corresponding action plansa and a :

R(C*)-R(C",a) =Ufl(C*.3) - UE (C-1) - (U (CF.a) - U (CE.1))

= (g (€ 8)~ U (C* ) ~ (U (€4.1) ~ U (C".1). *3)

Moreover, when the action plan does not change across contracts (i.e. a=a above), (&3) specializes to

R(Ct.a)—R(Cra)=po Y &' (IF—11)| ] (1—ad™)— [] (1-25)|. (A4

terk selL s<t selL s<t

A3. Step 3: Under-experimentation by the low type

Suppose per contra that C-=(I'2, Wk ,I%) is an optimal contract for the low type inducing him to work for |['2|> -

periods. This implies T'F #@. We show that there exists CL =(fL, Wé ,TL) that induces the low type to work for |fL| =
|1"L| — 1 periods and strictly increases the principal’s payoff.

Let T=maxT" and T =maxTI't \{T} be respectively the last and the second to the last non-lockout periods in contract
CL. Consider contract C- defined as follows:

Th=rh\(7},
~ | ifteTt andr<T,
CT T T A 8T Te i =T,
gnd VT/O is such that m binds in contract CE. Note that by construction, Gi gives the agent a continuation payoff in

T which is the same the low-type agent would obtain if, given no success in 7, the agent were to work in period 7. We
proceed in two sub-steps.

Step 3a: Type L works in all periods of CL

We first show that type L works in all periods f € 'L in CL. Specifically, we show that type L’s “incentive to work”
in any period 7 € T'L under CZ is the same as his incentive to work in that period ¢ under the original contract C%; hence,
the fact that type L is willing to work in all periods 7 € I'* under C given that he works in all future periods (by Step 1)
implies that is willing to work in all periods teTL under CL given that he works in all future periods.

Type L’s incentive to work in period T under the original contract CL, given that he works in period 7 under such
contract, is given by the difference between his continuation payoff from working and his continuation payoff from
shirking in T:

{—c+ﬂ§(1 —AL)[Z%—HST’T(I —AL)lIf—ST’TC] +(1 —ﬁ%)(!%JraT*?l%—ach)}

{8 T [~ pra— btk - ghoik] | (A5
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Note that ﬁA = ;.‘3“1‘ | if the agent works in all periods prior to 7. Type L works in period T only if expression (A3) is
non- negatlve With some algebra, expression (&3) can be simplified to

—BEAE (17 +8(1 =AF)IF) + BErtsc —c.

More generally, type L’s incentive to work in any period £ € ', t < T, under contract CL, given work in all future periods
in T'F and a belief B in period ¢, is

_'BtL)LL Z ot [Hsel"L.thSr(l7A’L)]ll;+ﬂtLAL Z 817[[HXEFL.KSSI(I7AL)j|Cic. (A.6)

telk > rell t>t

—L . . . . = . .
Note that - =B|{s<rsert}| if the low type works in all periods prior to . Under contract CL, type L’s incentive to

work in any period ¢ elt, given work in all future periods and a belief BZ in period f, is

_'BZLAL Z o [erFL,tixﬁr(l_)LL)]/ZZA-i_ﬂ/LAL Z Sritl:l_[:efL.KsSr(l_AL):|C_

tell,r>1 rell,r>1

By the definition of Tt and/l} above, this expression can be rewritten as

_'B’L)LL Z & [Hseﬂ,tgsg(] _)LL)]Z5

TErL.l§I<?
LyLT—t L T-T LyL _ oT-T
—pLaks []‘[geﬂ ! )}( +oT T —abyk—s c)

LyL T—t L
Bk S s [HJErLKW(l—A )]c—

IEFL,I<I§?

= _ﬂtLAL Z o [nsefL,risfr(l _AL)] li‘ +ﬂtL)\L Z 5 [HSEFL,I<S§I(1 _AL):| €~

rell 1<r<T rell t<r<T

which is equal to expression (A.6) above. Hence, type L is willing to work in all periods ¢ € 'L under contract CL.

Step 3b: Contract ct weakly reduces type H’s information rent

Since |I‘L| > tL and contract CE induces type L to work for |I‘L| — 1 periods, it is immediate that CL strictly increases
surplus from type L relative to CL. To show that C increases the principal’s objective, it is thus sufficient to show that
CL Weakly reduces s type H’s information rent relative to CL.

Let '’ (CL) be an optimal action plan for type H under contract 6L afll —(Zif’L),EFL. Define an action plan

LM for type H under contract C* as follows: Z?HLU) =afl forte TL and @ AHL(I) =1. Note that since a”* e a (CL),

U (CE,aft) > Ul (CL,aftD), and hence
R(C*,af"t) > R(CE,afth), (A7)
Now consider type H’s information rent under CL given optimal action plan a"'" € (GL):

RC-a"™y=p, > 57| [] (—a™")— ] (1-%)

reTL selL s<i sel'L s<t
. t~HL ~HL+H L
—ﬂoczaa, l_[ (1=a=a")— l_[ (1=2%)
rerL sel'L s<t selL s<t

ey sa-am(1-pgo+po [[ (1-24)).

tsf"‘ sefl‘,x<t
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Using the definition of EL , this can be rewritten as

RCEaMy=py Y s| [ (=a™")—- ] (1-25)

telL 1<T selL s<t sel'L s<t

+odT (1+87T(1=abytk—57Te) | TT (1=aar) - TT (1-21)

selk serL

Ik

—poc[]o7a™| ] (-ax")— J] (1-2%)

1L selL s<i selL s<i
ey sa-am(1-pgo+po [[ (1-24)).
tsf"‘ sefl‘,x<t

Simple algebraic manipulations yield
R(CLa")=R(CLAMD) 4 pos” [ (1-altat)oH —abyik. (A8)
xeF".xST

Note that since type L is willing to work in period 7 under contract Ct (by Step 1), it holds that l% <0, and thus

A3 yields R
R(C, @) — R(CE &D) <0,
Using (&7, this implies R(CE,a"L) <R(CE,a”L).

A.4. Step 4: Efficient experimentation by the high type

The objective in involving the high type’s contract is social surplus from the high type. Furthermore, when a/ =

(1,...,1), with the sequence having arbitrary finite length, there is obviously a sequence of (sufficiently severe) penalties
1" to ensure that l@l is satisfied. It follows that we can take a” =(1,...,1) inan optimal contract CH | where the number

of periods of work is 1.

B. PROOF OF THEOREM 3

We remind the reader that Subsection[Z2] provides an outline and intuition for this proof. Without loss by Proposition [l
we focus on penalty contracts throughout the proof. In this Appendix, we will introduce programs and constraints that
have analogies with those used in Appendix[&l Accordingly, we often use the same labels for equations as before, but the
reader should bear in mind that all references in this Appendix to such equations are to those defined in this Appendix.

B.1. Step 1: The principal’s program

By Step 1 and Step 2 in the proof of Theorem Pl we work with the principal’s program [[PT]|. Recall that in this program,
without loss, type L works in all periods ¢ € ' and constraints @ and d@) of program [[F are ignored. In this step,
we relax the principal’s program by considering a weak version of (@) in which type H is assumed to exert effort in
all periods ¢ € 'L if he chooses CL. The relaxed program, [RPTJ), is therefore:

max nf (cH,af) + (1 - po) 4 (CE, 1 RP1)
(CHEC,C"EC,aH)MO 0( ) ( #o) O( ) (

subject to
leak(Ch), (Ick)
a eatl(CM), acH)
Uk (ct1)=0, (IR")
Ul (¢ .a")> Ul (CF,1). (Weak-IC!T)

By the same arguments as in Step 2 in the proof of Theorem[] it is clear that in any solution to program [RPT], m
and m must be binding. Using these two binding constraints and substituting in the formulae from equations
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@I and @2), we can rewrite the objective function (RPI) as the sum of expected total surplus less type H’s “information
rent”, obtaining the following explicit version of the relaxed program which we call [RP2]:

o Bo X 8| T1 (1—=dfaf) |al (W —c)—(1=Bo) 3 8'aflc
terH .\-erfl terH
+(=po) o X8| TI (1=25) | (A —c)=(1—=Bo) X &'c
terk \S<Ezr—L1 terk
max (RP2)
©'ec fo X 8| T (1=7) =TT (1-24)
afl) ter Ai‘z Afgr
—Ho - -
—po X d'c| TT (1=2)— TI (1-2")
tert serk serk
s<t—1 s<t—1
Information rent of type H
subject to
leargmax{ Bo > 8'| [ (1—aehb) [[(1—aAl)lF—aic]+(1—PBo) X 8 (IF—arc) + W ¢, ackh)
(@) erL terk se[‘"] tert
sS<t— _
a cargmax{ Bo 3 8| ] (1—arf) |[(1—ad) I —aic]+(1—Bo) X 8 (I —arc)+WH 1. (cH)
(@), crH terf Sel‘HI tert
s<t— B

Program [IRP2] is separable, i.e. it can be solved by maximizing with respect to CL subject to and
separately maximizing ([RP2)) with respect to (C,a”) subject to .

B.2. Step 2: Connected contracts for the low type

We claim that in program [[RP2]], it is without loss to consider solutions in which the low type’s contract is a connected
penalty contract, i.e. solutions C* in which 't = {1..... TL} for some TE.
To prove this, observe that the optimal C* is a solution of

(I=po)§Bo X 8" TT (1=2F) [(A—c)=(1—Bo) X 8'c

ter’t serk tert
max il (B.1)
CL
o] & 8| T (-2~ T (1-3) |~ 5 ste| T (1-2)~ IT (1-34)
tert serk serk tert seFL] serL]
S=<t S<t sS<t— S<t—

subject to and

1eargmax{ﬁ025’[ I1 (l—aS}LL)i|[(l—a,}LL)ltL—a,c]—i—(l—ﬂo)Zﬁt(ltL—a,c)—i-Wé . (B2

(@)L tert selL s<t—1 tert

To avoid trivialities, consider any optimal C* with I'> . First consider the possibility that 1¢T'~. In this case,
construct a new penalty contract C- that is “shifted up by one period”:

TL = {s:s+1elky,

/l;L = lSL_H for all s TF,
W = wt.

Clearly it remains optimal for the agent to work in every period in T'L, and since the value of (BI) must have been weakly
positive under CL, it is now weakly higher since the modification has just multiplied it by §~! > 1. This procedure can
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be repeated for all lockout periods at the beginning of the contract, so that without loss, we hereafter assume that 1 e T'.
We are of course done if 'Y is now connected, so also assume that I'Z is not connected.

Let ° be the earliest lockout period in CE, i.e. t°=min{¢:t¢ "> and t—1€T*}. (Such a #°> 1 exists given the
preceding discussion.) We will argue that one of two possible modifications preserves the agent’s incentive to work in
all periods in the modified contract and weakly improves the principal’s payoff. This suffices because the procedure can
then be applied iteratively to produce a connected contract.

Modification 1: Consider first a modified penalty contract CL that removes the lockout period #° and shortens the
contract by one period as follows:

Tl =(1,...,°=1}U{s:s>1° and s+1eT%},
Ik ifs<ro—1,

= A, ifs=r—1,
L if s>7° and seT'L,

Wi = wi.

Note that in the above construction, A is a free parameter. We will find conditions on A such that type L’s incentives
for effort are unchanged and the principal is weakly better off.
For an arbitrary ¢, define

st =@t-c) ] (-25).

sell s<i—1
Ry = ] (=2")— [T (-2%).
sel'L s<t sel'L s<t
The value of (BI) under C~ is
VICH=(1—po) | fo ) 8'S0)~(1=po) Y _8'c | —popo| D 8'IfR(1)~ Y 8'cR1~1)|. (B.3)
terk terk terk terk

The value of (B.I) after the modification to CF is

V€= (1—po) | Bo| D 8'SW+87" D 8'S() |—(1=po)| Y &cts™" Y dle
rerk rerk rerk rerk
1<t° 1>1° 1<t® >1°

> SR+ Y SR+ (I + AR 1)

rerk rerk
t<t°—1 t>1°
—1oBo
=) §'cRE—1)=5"" Y " 8 eR(t—1)
rerk rerk
t<t® t>1°

Therefore, the modification benefits the principal if and only if

-1 _ t (1 -1 _ t
oSV@L)—V(CL)—(1—uo>[ﬁ°(6 )Xo sw-a-po(d 1)2‘“}

rerk rerL
1>1° 1>1°

rerk rerk
t>1° =>1°

oh [(51—1) ZB’I,LR(I)-i-B’D_]AlR(t"—1)—(8‘1—1) ZS’CR(t—l)}
—1ofo .
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The above inequality is satisfied for any A if §=1, and if § <1, then after rearranging terms, the above inequality is
equivalent to

(=po) | Bo Y 8'St)—(1—=po) Y 8'c

rerk rerk
1>1° 1>1°
SIAIRE —1)
>poBo| Y S'IR() - — T > s'eR@—1) |. (B.4)
rerk terL
1>1° 1>1°

Now turn to the incentives for effort for the agent of type L. Clearly, since C» induces the agent to work in all periods,
it remains optimal for the agent to work under C in all periods beginning with °. Consider the incentive constraint for
effort in period £° — 1 under CL. Using (B2), this is given by:

B A+ s T (128 |[(1-ab) =] | e (B.5)
rerk slel"L \
1>1° 1°—l<s<t—

Analogously, the incentive constraint in period 7° — 1 under the original contract CL is:

B W+ 30 s T (18 [[(1-2E) ] § e (B.6)
rerl serk
t>1°—1 °—l<s<t—1

If we choose A such that the left-hand side of is equal to the left-hand side of (B.@), then since it is optimal to
work under the original contract in period ¢° — 1, it will also be optimal to work under the new contract in period ° —1.
Accordingly, we choose A such that:

>, ey [T =25 ([0=25)r =]

terl 1>10—1 selL o —1<s<1—1

A

D D G I1 (1=25) [[(1=2F)F =]

teTk >0 selL o —1<s<t—1

(a-shH Y s I1 (1=25) | [(1=aE)E =c], (B.7)

tell 1>1°o—1 sell ro—1<s<t—1

where the second equality is because {¢:f € TX, 1> —1}={r:re Tt 1 >1°}, since 1° ¢ I'“. Note that (BZ) implies A; =0
ifs=1.

Now consider the incentive constraint for effort in any period T <°—1. We will show that because A is such that
the left-hand side of is equal to the left-hand side of (B.@), the fact that it was optimal to work in period T under
contract CL implies that it is optimal to work in period t under contract CL. Formally, the incentive constraint for effort
in period r under C* is

Bkt S s [T =) [[-aE)E ] e (B.8)
tell 1>1 sell r<s<t—1

which is satisfied since C* induces the agent to work in all periods. Analogously, the incentive constraint for effort in
period T under C* can be written as

Rz LD I B | IS NS T ER

TEFL,[>'L' er:L.r<x§t—l

Algebraic simplification using the definition of CF and equation (BZZ) shows that this constraint is identical to (B8}, and
hence is satisfied.

Thus, if § =1, this modification with A} =0 weakly benefits the principal while preserving the agent’s incentives,
and we are done. So hereafter assume § < 1, which requires us to also consider another modification.
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Modification 2: Now we consider a modified contract EL that eliminates all periods after 7°, defined as follows:
- ~ ~ 1L ifs<t°—1,

We=wg, Tr=(l,...o=1), T=1% ne=
Ig+Ay ifs=t°—1.

Again, A; is a free parameter above. We now find conditions on A; such that type L’s incentives are unchanged and the
principal is weakly better off.
The value of (B2I) under the modification CE is

VICH = (-no) | Bo Y, 8SO—(1-po) Y 8

telk r<t° teTL 1<t
—Moﬁo[ Yo SHRO+ST (I +A)RE =D = Y B’CR(tfl)]
telL 1<ro—1 telk t<t°

Therefore, recalling (B3), this modification benefits the principal if and only if

0=V(IC)-V(IC) = —(I—po) [ fo Y. &SO—-U—po) Y. &

terL >0 terL >0
tiL t°—1 o t
—Moﬁo[_ Y SIEFRO+STT AR -1+ Y acR(z—l)]
teTL >0 telL >0

or equivalently after rearranging terms, if and only if

(=po) | Bo Y _8'SO)—(1—=po) Y 8'c

terk terk

t>1° t>1°
<uobo| Y S'IR®—8"TT ARG —1)= D8Rt 1) |. (B.9)
rerk rerl
1>1° 1>1°

As with the previous modification, the only incentive constraint for effort that needs to be verified in CL is that of
period ¢° — 1, which since it is the last period of the contract is simply:

L
—Bo A +A0)>c. (B.10)
We choose A so that the left-hand side of (B-I0) is equal to the left-hand side of (B:6):

o A
_ t—(r°—1 _ 4L G L\L_J_ 1
A= Yy 8D [T =) |02 == (B.11)
telk 1>10—1 selL ro—1<s<t—1
where the second equality follows from (BZ). But now, observe that (BTT) implies that either (B or (B9) is guaranteed
to hold, and hence either the modification to C- or to C- weakly benefits the principal while preserving the agent’s effort
incentives.

Remark 3. Given § <1, the choice of Ay in [BII) implies that if inequality (B) holds with equality then so does
inequality (B9), and vice-versa. In other words, if neither of the modifications strictly benefits the principal (while
preserving the agent’s effort incentives), then it must be that both modifications leave the principal’s payoff unchanged
(while preserving the agent’s effort incentives).

B.3. Step 3: Defining the critical contract for the low type

Take any connected penalty contract Ct =(T%, Wé‘ ,IL) that induces effort from the low type in each period z € {1,..., TL}.
We claim that the low type’s incentive constraint for effort binds at all periods if and only if I* =iL(TL), where iL(TL) is
defined as follows:

¢ —a)ELfAL ifr<TL,
1

- ifr=TL.
BrrAk

The proof of this claim is via three sub-steps; for the remainder of this step, since T is given and held fixed, we ease

i

(B.12)

notation by just writing 1" instead of iL(TL).
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Step 3a: First, we argue that with the above penalty sequence, the low type is indifferent between working and
shirking in each period € {1,...,T*} given that he has worked in all prior periods and will do in all subsequent periods
no matter his action at period #. In other words, we need to show that for all 7 {1, ...,TL}:

TL
S TR DR (BT e [ T S (B.13)
s=t+1
We prove that (5.13) is indeed satisfied for all # by induction. First, it is immediate from (B.12) that (5.13) holds for
t=TE. Next, for any 1 < TL, assume (5.13) holds for £+ 1. This is equivalent to

TL
Z §E (1 _)LL)S—(I+2) [(1 —AL)LL. —c} — _% _ixL+1~ (B.14)
s=1+2 Broidt

To show that (5.13) holds for ¢, it suffices to show that
TL
BT 48[ (1= 20Ty —e]+8(1=3E) 30 8D (1) TP [(1-ah) I —c] p=c.
s=t+42

Using (B-I4D, the above equality is equivalent to

—Bhak {I,L+5 (=257 =] +8(1-35) |:’3LCL lfﬂ} } —c,
t+1

which simplifies to

If=——— +8c+8(1-2") .
.Bx AL ﬂr+1)‘L
B (1-4%)

oL - - . L
Since B, = T (B.1J) is in turn equivalent to [, = —(1—4)
t

(B.15)

which is true by the definition of I in (BI2).

oy
Bk

Step 3b: Next, we show that given the sequence iL, it would be optimal for the low type to work in any period no
matter the prior history of effort. Consider first the last period, T%. No matter the history of prior effort, the current belief

is some ﬁ#L EE;L, hence —,B#L ALif‘ EB¢L ALYZL =c (where the equality is by definition), so that it is optimal to work in
T .
Now assume inductively that the assertion is true for period 74 1 < T, and consider period # < T after any history
of prior effort, with current belief ,B,L. Since we already showed that equation (5.13) holds, it follows from ,B,L zB,L that
TL
—BEAA T+ Y e (1) T (1= =] 2
s=t+1

and hence it is optimal for the agent to work in period 7.

Step 3c: Finally, we argue that any profile of penalties, I-, that makes the low type’s incentive constraint for effort
bind at every period ¢ € {1,..., T} must coincide with iL, given that the penalty contract must induce work from the low

. . . . . L5l . e
type in each period up to TZ. Again, we use induction. Since [71 is the unique penalty that makes the agent indifferent

53. To derive this equality, observe that under the hypotheses, the payoff for type L from working at ¢ is

L

—e+ (1=B) 1+ (1-7) i 6~ (I =)+ By { (=200 + i o (1=21) T [(1=28) T =] 1.
1

s=t+ s=t+1

while the payoff from shirking at time ¢ is
Tt Tt
F(1=80) Yoo (I =e)+Br ] Do o (1= ™ [(1=28) T —c]
s=t+1 s=t+1

Setting these payoffs from working and shirking equal to each other and manipulating terms yields (5.13).
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between working and shirking at period T given that he has worked in all prior periods, it follows that l%,_ =7§~L. Note
from Step 3b that it would remain optimal for the agent to work in period T* given any profile of effort in prior periods.
For the inductive step, pick some period # < T* and assume that in every period x € {¢, ..., T*}, the agent is indifferent
between working and shirking given that he has worked in all prior periods, and would also find it optimal to work at x
following any other profile of effort prior to x. Under these hypotheses, the indifference at period 7+ 1 implies that

TL
B N+ 30 e (1l TP (k) ] L = (B.16)
s=t+2

Given the inductive hypothesis, the incentive constraint for effort at period ¢ is

TL
SR SN S Ll VLS Rl [ VLS T/ |

s=t+1
which, when set to bind, can be written as
TL
B [ (1= —e] 8 (1=aF) 3 D (1 aky T (1 Ak ] = (B.17)
s=t+2
. —L
Substituting into (BT , using the fact that ,B,LJr1 =240 and performing some algebra shows that

T B U-M+1-F
<L - . N . . .
l,L =1[,. Moreover, by the reasoning in Step 3b, this also ensures that the agent would find it optimal to work in period ¢
for any other history of actions prior to period ¢.

B.4. Step 4: The critical contract is optimal

By Step 2, we can restrict attention in solving program to connected penalty contracts for the low type. For any
TL, Step 3 identified a particular sequence of penalties, iL(TL), ‘We now show that any connected penalty contract for the
low type that solves must have precisely this penalty structure.

The proof involves two sub-steps; throughout, we hold an arbitrary T* fixed and, to ease notation, drop the dependence

ofiL(-) on TE.

Step 4a: We first show that any connected penalty contract for the low type of length T that satisfies and has
ltL > 7,L in some period ¢ < T is not optimal. To prove this, consider any such connected penalty contract. Define

R L
t:max[t:thL and IF > 1, }

Observe that we must have 7 < T” because otherwise would be violated in period T . Furthermore, by definition
of 7, lf‘ SZ,L for all TX >r>17. We will prove that we can change the penalty structure by lowering Ig‘ and raising some
subsequent /- for s {f+1,...,T*} in a way that keeps type L’s incentives for effort unchanged, and yet increase the value
of the objective function (RP2).

Claim: There exists 7€ {?+ 1, .‘.,TL} such that at7 is slack and 17L < ZyL .

Proof: Suppose not, then for each TL>¢>1, either IE =ZtL, or lf‘ <7,L and binds. Then since whenever ltL <7,L,
binds by supposition, it must be that in all 7 > 7, @) binds (this follows from Step 3). But then at7 is violated

- L
since £ > 13 . ||
t

. - <L . A - . .
Claim: There exists € {t+1, ...,TL} such that l% <I; and for any t e {t—',— 1, ...,t}, 1| at ¢ is slack. In particular,
we can take 7 to be the first such period after 7.
Proof: Fix 7 in the previous claim. Note that (ICL) at 7+ 1 must be slack because otherwise (ICL) at 7 is violated by
L <L N - Lo .
I;L > [ and Step 3. There are two cases. (1) IEL+1 <[, y; then7+11is the 7 we want. (2) I?L+1 =1, |;in this case, since
. A . PR . - L . <L
is slack at 41, it must be that lEﬂi at 142 is slack (otherwise, the claim in Step 3 is violated); now if l;L+2 <l o, We are
IR - . . <L . A . ~
done because 742 is the ¢ we are looking for; if I;L+2 =1;,,, then we continue to 743 and so on until we reach # which we
know gives us a slack , 171‘ < l7L, and we are sure that is slack in all periods of this process before reaching 7. ||
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Now we shall show that we can slightly reduce I;L > Z;L and slightly increase l% < Z;L and meanwhile keep the incentives
for effort of type L satisfied for all periods. By the same reasoning as used in Step 2, the incentive constraint for effort in
period 7 (given that the agent will work in all subsequent periods no matter his behaviour at period #) can be written as

—BEE Y s (1) TV (1A =] = (B.18)
t>1
Observe that if we reduce I by A >0 and increase I by — A =——A ___ then the left-hand side
1 t 5t—1(1_;LL)’*(’+1)(1_)LL) 5r—r(|_)LL)’*’
of (BIX) does not change. Moreover, it follows that incentives for effort at ¢ <7 are also unchanged (see Step 2), and the
incentive condition at 7 will be satisfied if A is small enough because the original at 7 is slack.
Finally, we show that the modification above leads to a reduction of the rent of type H in (RP2), i.e. raises the value
of the objective. The rent is given by

Tt Tt
mopo § DS IE[(1=27) = (1=28) |- Doste[(1=2") T = (120 T . (B.19)
t=1 t=1

-
si=i(1-aL)™!

—— o=y - (-]

(1-2)

. N . "
Hence, the change in the rent from reducing l; by A and increasing [ by
10fod A — [(1 - -1 —AL)’} +

. (1=aH) N .
= uoﬁOB’Au [(1 -1 fo)”’] <0,

(1 _)LL)?—t

where the inequality is because 7> 7 and 1 —AH <1 —AL.

Step 4b: By Step 4a, we can restrict attention to penalty sequences I- such that I 57,L for all < T~. Now we show
that unless lL(~):iL(~), the value of the objective (RP2) can be improved while satisfying the incentive constraint for
effort, . Recall that by Step 4a, is satisfied in all periods =1, ..., TL whenever l,L :7{‘. Thus, ifl,L <7tL for any

period, we can replace I,L by 7{‘ without affecting the effort incentives for type L. Moreover, by doing this we reduce the
rent of type H, given by (B.19) above, and thus raise the value of (RP2).

B.5. Step 5: Generic uniqueness of the optimal contract for the low type

By Step 4, an optimal contract for the low type that solves program [RP2]| can be found by optimizing over T, i.e. the

length of connected penalty contracts with the penalty structure iL(TL). By Theoreml 7% <. In this step, we establish
generic uniqueness of the optimal contract for the low type. We proceed in two sub-steps.

. . . <L
Step 5a: First, we show that the optimal length T* of connected penalty contracts with the penalty structure I (T'%)
is generically unique. The portion of the objective (RP2) that involves T is

T Tt
V(TY) = (—po) | Bo D8 (1=25) "' (A —c) —(1 = ) D _5'c
t=1

t=1

Tt T
—noo{ 8T [ (1-2H) = (1=28) [= Yot (1=2H) T = (125 T 1 (B.20)
=1

=1

where we have used the desired penalty sequence. Note that by TheoremPI7~ < % in any optimal contract for the low type
and hence there is a finite number of maximizers of V (TL). It follows that if we perturb po locally, the set of maximizers
will not change. Now suppose that the maximizer of V(T*) is not unique. Without loss, pick any two maximizers TL
and TL. We must have V(fL )= V(?L) and (again by Theorem[) tb> max{TL,?L}. Without loss, assume TL > TL. Note
that the first term in square brackets in is social surplus from the low type and hence it is strictly increasing in 7%
for T <t~ Therefore, both the first and second terms in V(TL) must be larger than the first and second terms in V(TL)
respectively. But then it is immediate that perturbing 1t within an arbitrarily small neighborhood will change the ranking
of V(TL) and V(?L), which implies that the assumed multiplicity is non-generic.
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It follows that there is generically a unique T that maximizes V(T'); hereafter we denote this solution . In the
non-generic cases in which multiple maximizers exist, we select the largest one.

Step Sb: In Step 5a we showed that among connected penalty contracts, there is generically a unique contract for
type L that solves [RP2]. We now claim that there generically cannot be any other penalty contract for type L that solves
[RP20.. Suppose, to contradiction, that this is false: there is an optimal non-connected penalty contract CL = ('L, Wé,lL)
inwhich 1€ a*(CL). Let t° < max ' be the earliest lockout period in CF. Without loss, owing to genericity, we take § < 1.
Following the arguments of Step 2, in particular Remark [ the optimality of C* implies that there are two connected
penalty contracts that are also optimal: CL= (’fL WO ,/li) obtained from C& by applying Modification 1 of Step 2 as many
times as needed to eliminate all lockout periods, and CL= (TL W0 ,l ) obtained from C by applying Modification 2 of
Step 2 to shorten the contract by just ehmlnatmg all periods from #° on. Note that the modifications ensure that 1 € aL(CL)

and 1 eaL(CL ). But now, the fact that TL > TL contradicts the generic uniqueness of connected penalty contracts for the
low type that solve [[RP2].

B.6. Step 6: Back to the original program

‘We have shown so far that there is a solution to program in which the low type’s contract is a connected penalty
contract of length # <L and in which the penalty sequence is given by iL(?L). In terms of optimizing over the high type’s
contract, note that, as shown in TheoremBl we can take the solution as inducing the high type to work in each period up
to 1 and no longer: this follows from the fact that the portion of the objective in involving the high type’s contract
is social surplus from the high type.

Recall that solutions to produce solutions to [RPI]| by choosing W} to make {IRT) bind and WY to make
m bind, which can always be done. Accordingly, let EL :(fL,W(L)jL(fL)) be the connected penalty contract
where Wé is set to make (m) bind. Recall that [RPT]] differs from program [P] in that it imposes m rather
than @) We will argue that any solution to [RPI]| using éL satisfies @) and hence is also a solution to program
[PTll. As shown in Step 2 of the proof of TheoremP] contract EL can then be combined with a suitable onetime-penalty
contract for type H to produce a solution to the principal’s original program [F.

We show that given any connected penalty contract of length T <" with penalty sequence iL(TL), it would be
optimal for type H to work in every period 1,...,T%, no matter the history of prior effort. Fix any 7% <t* and write
iL EiL(TL). The argument is by induction. Consider the last period, 7. Since —B; ALZ; =c, it follows from the fact
that 1 > /- (hence E{J}\H > E,LAL for all r < ) that no matter the history of effort, — B;’L AH Z;L >c, i.e. regardless of the

history, type H will work in period T*. Now assume that it is optimal for type H to work in period f+1 <T* no matter
the history of effort, and consider period ¢ with belief 8. This inductive hypothesis implies that

T
—gH 2 7tL+1+ Z 8.?7(t+1)(17AH)5—“+2)[(17AH)Z£~7C] >c

s=t+2
or equivalently,
—(t+1 H\s—(t42) H\7L c -L
3 55D (1) [(1=27)1 ~c] < g —I (B.21)
s=t+2
Therefore, at period ¢ < TL:
TL
=BT 5[ (1=a) Ty = e 8 (1=2H) 37 80D (1=3H) =T (1) ]
s=142
- -L Cc =L
> ﬁ,HlHilt +5[(1AH)1;+1C}+5(1AH)<Mlr+1>}
t+1
HyH (7L m Bl'e HyH7L oL, L3k
= —ptii (l, —ac)+a(1—x )ELE — BT 5> —BOAMT +se=c,

t+1
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B (-2

TR T oy and the final equality uses the fact

where the first inequality uses (B2ZID, the second equality uses 877 | =

" o
that 7, =—%L%.
t

C. PROOF OF THEOREM 5

We assume throughout this Appendix that §=1. Without loss of optimality by Proposition [l we focus on menus
of penalty contracts. In this Appendix, we will introduce programs and constraints that have analogies with those
used in Appendix [B] for the case of /> L. Accordingly, we often use the same labels for equations as before, but
the reader should bear in mind that all references in this Appendix to such equations are to those defined in this
Appendix.

Outline. Since this is a long proof, let us outline the components. We begin in Step 1 by taking program from the
proof of TheoremPlfor the case of § = 1; we continue to call this program [PZ]. Note that a critical difference here relative
to the relaxed program in the proof of Theorem[Blis that the current program does not constrain what the high
type must do when taking the low type’s contract.

In Step 2, we show that there is an optimal penalty contract for type L that is connected. In Step 3, we develop three
lemmas pertaining to properties of the set &/ (CF) in any C* that is an optimal contract for type L. We then use these
lemmas in Step 4 to show that in solving [P2J], we can restrict attention to connected penalty contracts C- for type L such
that a’ (CL) includes a stopping strategy with the most work property, i.e. an action plan that involves consecutive work
for some number of periods followed by shirking thereafter, and where the number of work periods is larger than in any
action plan in &/ (CF). Building on the restriction to stopping strategies, we then show in Step 5 that there is always an
optimal contract for type L that is a onetime-penalty contract.

The last step, Step 6, is relegated to the Supplementary Appendix| For an arbitrary time T, this step first defines a
particular last-period penalty lIi‘L (T*") and an associated time T"X(T%) <T", and then establishes that if T* is the optimal
length of experimentation for type L, there is an optimal onetime-penalty contract for type L with penalty Z;L(TL) and
in which type H’s most-work optimal stopping strategy involves THX(T") periods of work. Hence, using I;L(TL) and
THL(TL), an optimal contract for type L that solves can be found by optimizing over the length T*. By Theorem 2]
the optimal length, ', isno larger than the first-best stopping time, r~.

C.1. Step 1: The principal’s program

By Step 1 and Step 2 in the proof of Theorem[l we work with the principal’s program [P2]]. Here we restate this program
given §=1:

oy Bo X | T1 (lfaf)»H) aﬁ()ﬂfc)f(lfﬁo) > afic

telf | serf terH

+U=po)ypo X | TT (1=25) | (A =e)=(1=po) X ¢
terl | sert terk
s<t—1

Bo 2| T (1=aa) =TT (1-25)

max rerl | serl serl (P2)
(cflec s=t S=!
CLsc
a
afleat ety | —po{ —Boc Y- aft| [T (1—afirf)— TT (1-15)
terk serk serk
s<t—1 s<t—1

+e Y (1-af™) | (1—Bo)+Bo T (1—2%)
terk serk
s<t—1

Information rent of type H
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subject to

leargmaxy Bo Y. | [] (1—aSAL) [(1—a,k1‘)l,]‘—a;c]+(l—,30) > (ltL—atc)+W(§ ,
(@) ere tell | serk terL

s<t—1

(Icky

a cargmax{ o 3 | T1 (1—asa®) |[(1—aid®) i —ac]+(1—Bo) ¥ (1 —ac)+ Wi
(a),cru tert SEI‘HI teTH
S<t—

act

As in the second step in the proof of TheoremP] the information rent of type H when he takes action plan a under type
L’s contract CL is given by R(CL,a) = U}l (Ct,a) — UL (CE,1), and R(CE,a) =R(CL,a’) whenevera,a’ € ! (CL). The
difference in information rents under contracts C* and C* and corresponding action plans @ and a is:

R(CE,3) —R(CF,a)= (U (CF,3) — U (CF,a)) — (UL (CE, 1) — UL (CE 1)). [(eh))

When the action plan does not change across contracts (i.e. a=a above), (CI) specializes to

R(Cta)—R(Cha)=p Y (F-11)| T[] (-ad)— T (1-25)]. (C2)

tert sel'L s<t selL s<t

C.2. Step 2: Connected contracts for the low type

We now claim that in program [PZ]], it is without loss to consider solutions in which the low type’s contract is a connected
penalty contract, i.e. solutions CZ in which I'l = {1,..., TL} for some TL.

To avoid trivialities, consider any optimal non-connected C* with ' . Let ¢° be the earliest lockout period in CL,
i.e.t°=min{t:r>0,r¢ 'L} Consider a modified penalty contract CL that removes the lockout period #° and shortens the
contract by one period as follows:

wL_wl TL ° ° Ly L (15 ifs<e°—1,
Wy =Wy, I'"={1,....1°=1}U{s:s>¢° and s+1el'"}, [= p

o if s>¢° and se L.

Given § =1, it is straightforward that it remains optimal for type L to work in every period in TL, and given any
optimal action plan for type H under the original contract, af’ € a*! (CL), the action plan

PPN aflt  ifs<ro—1,
=(ay L= ~
s Jsel aﬁfl ifs>° and seTL,
is optimal for type H under the modified contract, i.e. @'l e a!! (GL). Given no discounting, it is also immediate
that the surplus generated by type L is unchanged by the modification. It thus follows that the value of (B2) is
unchanged by the modification. This procedure can be applied iteratively to all lockout periods to produce a connected
contract.

C.3. Step 3: Optimal deviation action plans for the high type

By the previous steps, we can restrict our attention to connected penalty contracts CL:(TL,WOL,IL) that induce
effort from the low type in each period r€{1,...,T*}. We now describe properties of an optimal connected penalty
contract for the low type (Step 3a) and an optimal action plan for the high type when taking the low type’s contract
(Step 3b).

Step 3a: Consider an optimal connected penalty contract for type L, CE = (TL, W(f ,IL). The next two lemmas describe
properties of such a contract.
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Lemma 1. Suppose that Ct =(T", Wé‘,ll‘) is an optimal contract for type L. Then for any t=1,...,T", there exists an
optimal action plan a € a'! (CL) such that a;=1.

Proof Suppose to the contrary that for some 7 € {1, o, TE }, a, =0 for all acal! (CL). For any ¢ >0, define a contract
CL (8) =(Tt, W, 1*(e)) modified from CL=(T%, Wk, I%) as follows: (1) I (e) =1k —g; 2) IL_| (e)=1E_, +&(1—1F);
and (3) I,L (&)= l,L ift ¢ {r —1,7}. We derive a contradiction by showing that for small enough £ > 0, C (&) together with an
original optimal contract for type H, C, is feasible in and strictly improves the objective. Note that by construction,
(CE(e),CH) satisfy and (ICT). To evaluate how the objective changes when CL (¢) is used instead of CL, we thus
only need to consider the difference in the information rents associated with these contracts, R (CL (s)) —R (CL).

We first claim that e (CL (¢)) C e’ (CL) when ¢ is small enough. To see this, fix any a € (CL). Since the set of
action plans is discrete, the optimality of a implies that there is some 1> 0 such that U{)’ (CL,a) > U{)’ (CL,a/)—O—n for
any a’ ¢ al! (CL). Since Ué‘l (CL (e),a’ ) is continuous in ¢, it follows immediately that for all ¢ small enough and all
a' ¢a (CL): U (CE(e),a) > Uf (CE(s),a") +1. Thus, a’ ¢ & (CE(e)). It follows that a® (CE (e)) Caf (CF).

Next, for small enough ¢, take a € ot (CL (a)) caoll (CL). Since a, =0 by assumption, <2 implies

R(CE(e),a) —R(CE,a) =poe (1 —AL) ﬁ_[l(l —a 1) —(1 AL)"I} —Boe []L[u —a 1) —(1 ,\L)f}

s=1 s=1

T—1

== oe [ [ (1=an) <o.

s=1

Hence, C (¢) strictly improves the objective relative to CL. ||

Lemma 2. Suppose that Ct =(T", Wé,lL) is an optimal contract for type L and there is some T € {1,..., TL} such that
a;=1forallacal (CL). Then (ICY) binds at T.

Proof Recall from that al =1. Suppose to the contrary that is not binding at some 7 but a; =1 for all
acal (CL). For any & >0, define a contract C* (¢)=(T*, Wé,lL(s)) modified from CF = (7%, Wé,lL) as follows: (1)
lf (&)= lf +¢;(2) lf—l (&)= lg—l —& (1 7)LL); and (3) ltL (&)= ltL ift ¢ {t —1, t}. We derive a contradiction by showing that
for small enough & >0, C* (¢) together with an original optimal contract for type H, CH, is feasible in and strictly
improves the objective. Note that by construction is still satisfied under CL () att=1,....,.t—1,t+1, .., TE.
Moreover, since is slack at r under contract CL, it continues to be slack at t under CL(e) for & small
enough.

For small enough ¢, take any a € a” (CL(s)) Call (CL), where the subset inequality follows from the arguments in
the proof of Lemma[l] Recall that by assumption a, = 1. Using (C2)),

R(CE(s),a) —R(C*,a) =—fos (1—2) [T]—[l(l —ag ) —(1 —AL)”} +Poe |:1L[(1 —ag ) —(1 —AL)’}

s=1 s=1

e TT 1002 0-)

s=1

-1

=— (AH 7AL);3061_[ (1 *as)“H)

s=1

<0.

Hence, CE(e) strictly improves the objective relative to CL. ||

Step 3b: For any ac o/ (CL) and s <7, define
1 .
D(s,t,a) ;:Zlﬁ (1 —AH)Z":”"’”.
T=s§

The next lemma describes properties of any action plan a € (CL )

9T0Z ‘0S Jequeldss uo saleiql ASBAIUN BIGUWN0D Te /B10'S [euinolpuoxo pnisal//:dny woJj pepeojumod


http://restud.oxfordjournals.org/

1084 REVIEW OF ECONOMIC STUDIES

Lemma 3. Suppose aca’ (CL) and s <t.
(1) If D(s,t,a)>0and a;=1, then a;=1.
(2) If D(s,t,a) <0 and a; =0, then a; =0.
(3) If D(s,t,a2) =0, then a’euH(CL) where dy=a,, a,=ay, and d,. =a. if T #s,1.

Proof Consider the first case of D (s, ,a) > 0. Suppose to the contrary that for some optimal action plan a and two periods
s<t, we have D(s,t,a) >0 and a;=1 but a, =0. Consider an action plan a’ such that a’ and a agree except that a; =0
and a,=1. That is,

a=(on 1 e 0 ),
—— ——
period s period ¢

’

@ = (e, 0 e, 1)
—— ——
period s period ¢

Let UA (CL,a) be type H’s payoff evaluated at the beginning of period s. Then,
H (L H (L H o EN YT L H\ L= 419 HyH
U (Cha)—uf (Cha)=—plar" )y " 1 (1-a") ==t = gD (s, 1.0,

The intuition for this expression is as follows. Since action plans a and a’ have the same number of working periods,
the assumption of no discounting implies that neither the effort costs nor the penalty sequence matters for the difference
in utilities conditional on the bad state. Conditional on the good state, the effort costs again do not affect the difference
in utilities; however, the probability with which the agent receives I} for any t €{s,...,r—1} is “shifted up” in @’ as
compared to a.

Therefore, UH (CE,a) — U (CE,a’) <0if D(s,,a) > 0. But this contradicts the assumption that a is optimal; hence,
the claim in part (1) follows. The proof of part (2) is analogous.

Finally, consider part (3). The claim is trivial if a;=a,. If a;=1 and a, =0, then U (CL,a) — UH (CL,a’) =0 from
the argument above; hence, both a and a’ are optimal. The case of a;=0 and a, =1 is analogous. ||

C.4. Step 4: Stopping strategies for the high type

We use the following concepts to characterize the solution to [[P2]:

Definition 1. An action plan a is a stopping strategy (that stops at t) if there exists t > 1 such that a;=1 for s<t and
a;=0fors>t.

Definition 2. An optimal action plan for type 0 under contract C, a€a®(C), has the most-work property (or is a most-
work optimal strategy) if no other optimal action plan under the contract has more work periods; that is, for all a’ € &’ (C),
#{n:a, :1}2#{11:61:1:1}.

Step 3 described properties of optimal contracts for the low type and optimal action plans for the high type under
the low type’s contract. We now use these properties to show that in solving program [P2]], we can restrict attention to
connected penalty contracts for the low type CF =(T*, Wé,lL ) such that there is an optimal action plan for the high type
under the contract a € /! (CL) that is a stopping strategy with the most work property.

LetN= minaeay(cL) #{n:a,=0}. That is, among all action plans that are optimal for type H under contract C%, the
action plan in which type H works the largest number of periods involves type H shirking in N periods. Let Ay be the
set of optimal action plans that involve type H shirking in N periods. Let

Anix={acAy:a,=0forallt>T"—k},
i.e. any a €Ay ; contains a total of N shirking periods, (at least) k of which are in the tail.
Our goal is to establish the following:

N
forany k <N: Ay #0 = | J Avn#0. (C3)
n=k+1

In other words, whenever Ay contains an action plan that has k <N shirks in the tail, Ay must contain an action plan that
has at least k+ 1 shirks in the tail. By induction, this implies Ay y 7 @, which is equivalent to the existence of an optimal
action plan that is a stopping strategy with the most work property.
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Suppose to contradiction that is not true; i.e. there is some k <N such that Ay x # ¥ and yet UnN=k+1AN,n =0.
Then there exists
i=min{r:a€Ay i, a,=0,t <T*—k,ag=1 foreach s=t+1,...,T" —k}. (C4)
In words, 7 is the smallest shirking period preceding a working period such that there is an optimal action plan a €Ay x
with k+ 1 shirking periods from (including) 7. Now take 7o =7. For n=0, 1, ..., whenever {t rar=0,a€Ay ik, t < fn} #0,
define
fup1=min{t:a,=0,a€Ay 1 <ly,a;=1foreachs=r+1,....7,—1}. (C.5)
The sequence {?n} uniquely pins down an action profile @€ Ay k. In words, among all effort profiles in Ay x, @ has the
earliest n-th shirk for each n=1, ..., N. Note that a takes the following form:

period: toi+1 . Th—k  TL—k+1
a: 0 1 1 0

We will prove that UnN:kHAN,n #( (contradicting the hypothesis above) by showing that we can “move” the shirking
in period 7 of @ to the end. This is done via three lemmas.

Lemmad4. Suppose Ay i #V and U[nV:kHAN.n =0. Then IF =0 for any t=1+1,...,TE—k—1.

Proof We proceed by induction. Take any ¢ € {f-i—l,...,TL—k— 1} and assume that lf,‘:O fors=tr+1,...,TE—k—1.
We show that /£ =0.

Step 1: I£ > 0.
Proof of Step 1: Suppose not, i.e. Z,L <0. Then the fact that is satisfied at period 7+ 1 and the hypothesis that

IL <0 imply that is slack at period P9 Hence, by Lemma[]] there exists an action plan a’ € a! (CL ) such that a, =0.
Now, by the assumption that Z,L <0 together with the induction hypothesis, we obtain Y™ IF <Oforme{t,..., T —k—1}.

s=1"s

By Lemma[3 part (2), @, =0 for any s=¢,..., TX —k. Thus, a’ e (CL) is as follows:

period: P+l et ot e Thek—1 TPk TE—k+1
a 0 1 1 1 1 1 0
a’: 0 0 0 0

Claim I: There exists s* > T* —k such that a;* =1.

Proof: Suppose not. Then @, =0 for all s> 75—k (recall @y, _,=0). We claim this implies #{n:a,=0}>N. To

see this, note that #{n:aj, =0} >N by assumption. If #{n:a), =0} =N, then a’ €Ay, and since a’ contains k+ 1 shirking
periods in its tail, it follows thata’ € Ay x+1, contradicting the assumption that Ug:k 11AN n=0.Given that # {n a,= O} >

N and a;,=0 for s> TL —k, it follows that ﬂ;’L_k(a’) > ﬂ;’L_k@ and taking a/TL_k =1 is optimal, a contradiction. ||

Now let s* be the first such working period after T* — k. Then,

period: ioi+1 ot t+1 o TE—k—1 TE—k TL—k+1 . s
a: 0 1 1 1 1 1 0 0
a’: 0o 0 - 0 0 0 1

Applying parts (1) and (2) of Lemma[3to 2 and a’, we obtain Zj;’rlhklf =0. Now applying part (3) of Lemma[3 we
obtain that the agent is indifferent between a’ and a” where a” differs from a’ only by switching the actions in period

T™ —k and period s*. But since ZYT:L,_ k=1L <0, the optimality of a// =0,a;, , =1 contradicts part (2) of Lemma[3]

Step 2: IF <0.
Proof of Step 2: Assume to the contrary that lf‘ > (). We have two cases to consider.
Case I: llf"fk >0.

L s a
By the induction hypothesis and the assumption that /- > 0, we have ZST:f k i (1 —2H )Z”:’“a” > 0. Therefore, by
part (1) of Lemma[3l @y._,, ;= 1. But this contradicts the definition of a.
Case2: 1L, | <O.

54. This can be proved along very similar lines to part (2) of Lemma[3
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In this case, must be slack in period 7L —k (since it is satisfied in the next period and l%,‘ik <0). Hence by
LemmaPl there exists @ such that Gy._, =0.

period: o+l ot t+1 o TE—k—1 TL—k
1 1 1 1
0

= m)
=

Claim 2: d; =0 for any s> T% —k.
Proof': Suppose the claim is not true. Then define

r:=min{s:s>TL7k and"a}:l}.

This is shown in the following table:

period: toi+1 -t t4+1 o TE_k—1 TE—k . -1 1
a: 0 1 DR | 1 1 1 0 0
a: 0 0 1
Applying parts (1) and (2) of Lemma[lto @ and @ respectively, we obtain
T—1
L _
Do =0 (C.6)
But then, by the induction hypothesis and the assumption that ltL >0, we obtain
Tt —k—1 s @
> [ (1= pH)Zn=rn® (k)
s=t

Notice that @ =0 for s > T~ — k by definition. Hence, {C&) and {CZ) imply Y7~ - (1—2H# )Z":’*‘a” > 0. Now applying
part (1) of Lemma[3lto @, we reach the conclusion that @; =1, a contradiction. ||

Hence, we have established the claim that @; =0 for all s > TL —k, as depicted below:

period: o+l ot ot e TE—k—1 TE—k .. -1 1
a: 0 1 1 1 1 1 0 0
a: 0 0 0

Claim 3: #{n:d@,=0}=N+1 and ﬁfhk @) :ﬁ;’hk @).

Proof: By definition of N, #{n:a,=0}>N. If #{n:a,=0}=N, then @ contains k+ 1 shirking periods in its tail,
contradicting the assumption that Ay 41 =%. Moreover, if #{n:a,=0} >N +1, then /S;IL,/( @) > ﬁ;IL,k (@). But then
since arL_; =1, we should have @y._; =1, a contradiction. Therefore, it must be #{n:a, =0}=N+1. |

By Claim 3, we can choose @ such that @ differs from @ only in period 7" —k. This is shown in the following table:

period: i+l et ot e Th—k—1 TPk . -1 T
a: 0 1 e 1 1 1 1 0 0
3 o 1 e 1 1 1 0 . 0 0

But by assumption /- > 0, and by the induction hypothesis /- =0 for s=¢+1,...,T% —k— 1. Therefore,
TE—k—1 s -
3 (1=t g,
s=t

Applying part (1) of Lemma[3l we must conclude that a;._; =1, a contradiction. ||

Lemma 5. Suppose Ay x #% and | Jjy_;  \An.m=1. Then - =0.

Proof Step 1: lil‘ >0.

Proof of Step 1: To the contrary, suppose l{‘ <0. Lemma @l implies Zii’k’l IE(1-)H )anman <0. Then part (2)
of Lemma[limplies that @y._; =0, a contradiction.

Step 2: £ <0.
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Proof of Step 2: Suppose to the contrary that l;L > 0. Note that by Lemmal[I] there exists an action plan a’ € (CL)
such that a%: 1. Then since, by Lemmall I*=0 for t=7+1,...,7 —k—1, it follows from part (1) of Lemma [3 that
a; =1fors=i+1,...,T* —k. Hence, we obtain the following table:

period: t o+l o TE—k—1 Ti—k TL—k+1
a: 0 1 1 1 0
a’: 1 1 1 1

Claim: there exists 7 <7, such that a%: Oanday=1.

Proof: since #{t tay :O} >N=#{t:a,=0}, ag =1,a;=0, and @, =0 for all 7> TL —k, we have #{t:a; =0,t <?} >
#{t ‘4, =0,1< ?} . The claim follows immediately.

We can take 7 to be the largest period that satisfies the above claim. Hence @ and a’ are as follows:

period: T tot+1 . Th—k—1 TE—k  TE—k+1
a 1 0 1 1 1 0
a’: 0 1 1 1 1

There are two cases to consider.

Case 1: a; =a,, for each t=1+1,...,i—1.

Lemma [Blimplies that Z;% E(1-AA )Z;:7+1 “ =0 and the agent is indifferent between @ and @’ where @’ differs
from @ only in that the actions at periods 7 and 7 are switched. But this contradicts the definition of 7 (see ({C4)).

Case 2: Gy =0and a), =1 for some me {1+1,...,—1}.

First note that Case 1 and Case 2 are exhaustive because 7 is taken to be the largest period ¢ <7 such that @, =1 and
a,=0. Without loss, we take m to be the smallest possible. Hence @; =4, for each t=7+1,...,m—1. Thena and a’ are
as follows:

period: T - om ioi+1 o TE—k—1 TE—k TE—k+1
a 1 0 0 1 1 0
a’: 0 1 1 1 1 1

But again, by Lemma[3l we can switch the actions at periods 7 and m in @, contradicting the definition of @ (see (C23)).

Lemma 6. [fAy ;%0 then | )\ Ann #9.

Proof Suppose to the contrary that Uf:/:k_HAN,u ={. Then l,L =0 for t=1,...,TF —k—1, by LemmaH and Lemma B
Therefore, by part (3) of Lemma[3l we can switch@; with@y._ to obtaina’. However, since #{t a, = 0} =#{t:a,=0}=N,
it follows immediately that @’ € Ay. Since @, =0 for all r>T" —k—1, & € UN_\ 1 Avne |

C.5. Step 5: Onetime-penalty contracts for the low type

In Step 4, we showed that we can restrict attention in solving program [[P2]] to connected penalty contracts for the low
type CL =(T*, Wé,lL) such that there is an optimal action plan for the high type a € @ (CL) that is a stopping strategy
with the most work property. We now use this result to show that we can further restrict attention to onetime-penalty
L L L L
contracts for the low type, C*=(T" Wy ,lTL).
This result is proved via two lemmas.

Lemma 7. Let CL=(T%, Wé,lL) be an optimal contract for the low type with a most-work optimal stopping strategy
for the high type @& that stops at 1, i.e. i=max{te(l,...,TL}:@=1)}. For each t>1, there is an optimal action plan,
acall(CL), such that for any s, Gy =d, <= s ¢ {1,1}.

Proof Step 1: First, we show that the Lemma’s claim is true for some ¢>7 (rather than for all > 7). Suppose not, to
contradiction. Then Lemma[{limplies that

n
forany ne{i,i+1,....T" =1}, Y IF <0. (C8)
s=t

Hence, is slack at 7 (since it is satisfied in the next period and liL <0) and, by Lemmal[] there exists an optimal
action plan, a”, with a%’ =0.
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Claim I: ] =0 for all s> 7.
Proof: Suppose to contradiction that there exists T > 7 such that a// = 1. Take the smallest such . Then it follows from

-1
Lemma[lapplied to @ and a” that " /- =0, contradicting {C3). ||
s=1
Hence, we obtain that a =0 for all s >, and it follows from the optimality of @; = 1 and ag’ =0 thata” is a stopping
strategy that stops at -1

period: T e A T+l 42
a: 1 1 1 0 0
a’: 1 1 0 0 0

Next, note that by Lemmal[ll there is an optimal action plan, a’, with a’TL =1.

Claim 2: a.=1.

Proof: Suppose a;=0. Then by and Lemmal[3] a; , =0. But then again by (C3) and Lemma[3 4, ,=0,and
using induction we arrive at the conclusion that a/TL =0. Contradiction. ||
Since @, =1 and a; =1, by the most work property of @, there must exist a period m <1 such that a), =0. Take the

largest such period:

period: m  m+l o i—1 1 i+l 42 Tt
a: 1 1 1 1 0 0 0
a’: 1 1 1 0 0 0 0
a’ 0 1 1 1 1

"

i-1 s '
Applying Lemma[ltoa” and a’ yields > /& (1—AH )Z":m+1 “n = (. Hence, there exists an optimal action plan a” obtained
s=m

contradicts a/ﬁ’ '=0,dj =1, (T3, and Lemma[d

from a’ by switching a;, and a;. But then the optimality of a””

Step 2: We now prove the Lemma’s claim for 7+ 1. That is, we show that there exists an optimal action plan, call it

a1, such that for any s, 'ai“ =d; < s¢{1,7+1}. Suppose, to contradiction, that the claim is false. Then, by Lemma[3]
I;L <0. Using Step 1, there is some 7 > 7 that satisfies the Lemma’s claim; let a’ be the corresponding optimal action plan
(which is identical to @ in exactly all periods except from 7 and 7). Since by Lemma[Ilthere exists an optimal action plan,
call ita’, with "%H =1, LemmalBland ZEL <0 imply ag =1. By the most work property of @, there must exist a period m <7
such that a),, =0. Take the largest such period:

period: e om m+l . i=1 7 i+l o T T+l

a: 1 1 1 1 0 -0 0

a’: 1 1 1 0 0 1 0

a’: 0 1 1 1 1
Applying LemmaBlto a® and a’ yields Zf;}n E(1=2" )ZF’Y’Z’”“”;x =0. Hence, there exists an optimal action plan a”
obtained from a’ by switching a;, and a;. But then the optimality of a” contradicts a; =0, a;’H =1, l;L <0, and Lemma[3]

Step 3: Finally, we use induction to prove that the Lemma’s claim is true for any s> 7+ 1. (Note the claim is true for
#+1by Step 2.) Take any ¢+ 1€ {742,...,T"}. Assume the claim is true for s=7+2, ..., . We show that the claim is true
for r+1.

By Step 2 and the induction hypothesis, there exists an optimal action plan, a’, such that for any s, @ =ay <= s ¢ {7,1}.
We shall show that there exists an optimal action plan, '+, such that for any s, @'*! =@, <= s¢{7,7+1}. Suppose,
to contradiction, that the claim is false. Note that Step 2, the induction hypothesis, and Lemma Blimply /£ =0 for all
s=t,...,t— 1. It thus follows from Lemma[Bland the claim being false that l,L <0. By Lemma [ there exists an optimal
action plan, call it a’, with a; | =1. Then Lemma[3]and I£ <0 imply that @, =1.

Claim 3: a\,=1 for all s=1,...,t— 1.

Proof: Suppose to contradiction that a;* =0 for some s* € {?, ...,t—1}. Then since lﬁ =0 for all s=7,...,1—1, by
Lemmal[3] there exists an optimal action plan, a”, obtained from a’ by switching a/. and a;. But then the optimality of a”
contradicts a} =0, a;’H =1,1* <0, and Lemma[3 ||

Hence, we obtain a; =1 for all s=1,...,t+1, and by the most work property of @, there must exist a period m <1
such that a), =0. Take the largest such period:

period: m  m+1l - =1 1 i+l t t+1
a: 1 1 1 1 0 0 0
a': 1 1 1 0 0 1 0
a: 0 1 1 1 1 1 1
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i1 s ’
Applying Lemma [ to @' and a’ yields Y /X (1 —AH)Z“:"‘“H” =0. Since I£ =0 for all s=7,...,t—1, we obtain
s=m

t—1 s ’
Y E(1-AH )Z”:'”“a” =0. Hence, by Lemmal[3] there exists an optimal action plan a” obtained from a’ by switching
S=m

a}, and a}. But then the optimality of a” contradicts a =0, a/,; =1, I* <0, and Lemma[3l |

Lemma 8. If CL is an optimal contract for the low type with a most-work optimal stopping strategy for the high type,
then CL is a onetime-penalty contract.

Proof Fix CF per the Lemma’s assumptions. Let @ and 7 be as defined in the statement of Lemmal[Zl Then, it immediately
follows from Lemma[Zland Lemma[3] that llL =0forall te {?,?+ 1,....TL— 1}. We use induction to prove that l{“ =0 for
all 1 <1.

Assume ltL =0 for all re{m+1,m+2,...,TL —1} for m <f. We will show that l,Ln =0. First, l,Ln >0 is not possible

1 s ~
because then ) /£ (1 —f )Z“:"’+l “" >0 (by Lemma[land the inductive assumption), contradicting the optimality of @
s=m

and Lemma3l Second, we claim l,f, <0 is not possible. Suppose, to contradiction, that l,%, <0. Then (ICL) is slack at m
and, by Lemmall] there exists an optimal plan a” with a:n =0. Now by Lemma[3] Lemmal[7] and the inductive assumption,
a, =0 for all s >m. Hence, /SEH(a/) > /SEH@, and thus the optimality of @ implies that a’ is suboptimal at 7, a contradiction.
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