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Abstract

In Chapter 1, I study an infinitely repeated moral hazard problem in which the principal
privately observes and publicly reports the agent's output, as in Fuchs (2007). The role of
the agent's private strategies, which depend on the history of his private efforts, is
examined in providing incentives for the principal to be truthful. | show that in order for
his effort history to work as an incentive device, the agent has to use a mixed strategy,
since otherwise his efforts are predictable by the principal and thus, in effect, public
information. However, hiding the agent's efforts from the principal incurs a non-
negligible efficiency loss, which may, or may not be justified by the efficiency gain from
the use of the agent's private strategies. Moreover, the agent's optimal strategy is shown
to be consistent with empirical studies on how employees respond to subjective
performance evaluations.

In Chapter 2, we studies an equilibrium model of the labor market with moral hazard in
which jobs are dynamic contracts, job separations are terminations of optimal dynamic
contracts, and terminations are used as an incentive device. Transitions from
unemployment to new jobs are modeled as a process of matching and bargaining. Non-
employed workers make consumption and saving decisions as in a typical growth model,
but they must also decide whether or not to participate in the labor market. The
equilibrium of the model is characterized. We then calibrate the model to the U.S. labor
market to study quantitatively worker turnover, compensation dynamics and distribution.
We show that the model can generate equilibrium wage dispersions similar to that in the

data. Hornstein, Krusell and Violante (2006) argue that standard search matching models
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can generate only a very small differential between the average wage and the lowest wage

paid in the labor market.
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1 Repeated Moral Hazard with Private Evaluation: Why the
Agent’s Mixed Strategies Matter

1.1 Introduction

Subjective performance measures are widely used in practice, as observed by Prender-
gast (1999). For instance, the quality of an analyst’s research report is subjectively
evaluated by his supervisor. Subjective evaluations are essentially private, therefore
non-verifiable by outsiders. Consequently, employers have incentives to underreport
performance measures in order to save on wages. In addition, employees may regard
performance evaluations as either being fair or not.

Adams (1963) was among the first to suggest that when an employer’s evaluation
of an employee’s performance does not match the employee’s own evaluation, the
employee regards it as being unfair and exerts less effort in the future. The link
between perceived fairness and subsequent performance is confirmed empirically by
Ball, Trevino and Sims (1994). Moreover, Greenberg (1986) shows that an employee
is more likely to regard a positive evaluation as being fair than a negative one.

In short, an employee’s performance depends on the perceived fairness of his prior
performance evaluation by an employer, which in turn depends on how he evaluates his
own prior performance. Because the employee’s self-evaluation is essentially private,
it is natural to model this via private strategies.

However, in the standard repeated principal-agent problem, the agent’s output is
publicly observable to both parties. As a result, no efficiency is lost if we restrict the
agent to public strategies, which only depend on the public history of outputs. This
is true no matter whether the agent’s output is verifiable by outsiders, as in Spear
and Srivastava (1987), or not, as in Baker, Gibbons and Murphy (1994)[1].

When the agent’s output is not publicly observable, each party may have private
information about it. By assuming that each party receives a private signal about
the agent’s output, Macleod (2003) studies optimal static contracting with variable
degrees of signal correlation. He shows that as long as the agent’s signal is informative
about the principal’s, the agent can use it to provide incentives for the principal to be
truthful. Specifically, the principal is punished for evaluating the agent’s performance
as being unsatisfactory, if the agent evaluates his own performance otherwise.

I extend Macleod (2003) to the dynamic environment in which the principal pri-
vately observes and publicly reports the agent’s output, as in Levin (2003) and Fuchs
(2007). Both parties are risk neutral such that total payoff is used to measure ef-

ficiency. This is a repeated game with private monitoring which lacks a recursive

[1]See Levin (2003) for more details.
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representation, as in Abreu, Pearce and Stacchetti (1991) for repeated games with
public monitoring[2]. The agent’s private information is the history of his efforts and
the principal’s private information is the history of true outputs. The agent’s self-
evaluation is defined directly as his effort, instead of the private signal received as in
Macleod (2003).

I first show that if the agent uses a pure strategy as in Fuchs (2007), his efforts are
predictable by the principal and thus, in effect, public information. Therefore, again,
no efficiency is lost if we restrict the agent to public strategies, when it comes to weak
perfect Bayesian equilibria, as defined in Mas-colell, Whinston and Green (1995). To
see this, first notice that the principal perfectly predicts what the agent’s effort is in
the first period, as specified by the agent’s pure strategy. And, the agent’s effort in
the second period is predicted as a deterministic function of the reported output and
the agent’s effort in the first period, and so on. Hence, the principal’s belief about the
agent’s effort history is degenerate, and independent of the history of true outputs.
Moreover, because the principal’s belief is independent of the history of true outputs,
she reports truthfully only if she is indifferent between reporting the low and high
outputs|3].

When it comes to sequential equilibria as considered in this paper, the agent’s
strategies are most likely to be private. The reason is that different private effort
histories of the agent generate different beliefs, therefore different optimal continuation
strategies. However, given that the agent uses a pure strategy, the set of allocations
attainable by sequential equilibria is shown to be the same as the set of allocations
attainable by weak perfect Bayesian equilibria in which the agent is restricted to
public strategies.

To summarize, the agent’s use of mixed strategies is necessary for his prior efforts
to be private, therefore potentially effective in providing incentives for the principal.
Moreover, I show that by using mixed strategies, the agent is able to provide stronger
incentives in the sense that the principal strictly prefers reporting truthfully.

I consider the optimal perfect public equilibrium as the benchmark case, which
have been partially characterized by Levin (2003) and Fuchs (2007) under the con-
straints such as, the principal reports truthfully, and the agent is indifferent between

shirking and exerting effort[4]. I solve for the optimal perfect public equilibrium ex-

[2]Even for repeated games with public monitoring, the recursive representation does not hold if
players use mixed strategies. Also, see Kandori (2002) for an excellent introduction on repeated
games with private monitoring.

[3]Because the principal’s belief about the agent’s effort history is independent of the history of
true outputs, truth-reporting basically requires her to take different actions given the same belief.
This is possible only if each action taken is optimal. Specifically, both reporting the low and high
outputs have to be optimal for the principal.

[4]The first constraint is imposed by both Levin (2003) and Fuchs (2007). In addition, the second
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plicitly without such constraints. Specifically, I generalize the method of Radner,
Myerson and Maskin (1986) to derive an upper bound on the maximum total payoff
attainable by perfect public equilibria. Then, the optimal perfect public equilibrium
attaining the upper bound is constructed, which consists of a static contract, a pure
strategy for the agent, and a non-truth-reporting strategy for the principal.

The optimal contract is static instead of dynamic, which generalizes the static
contract result of Levin (2003) without imposing the constraint that the principal
reports truthfully. Moreover, the agent’s optimal public strategy is pure instead of
mixed, therefore his efforts are predictable by the principal as argued above. Further-
more, the principal does not reveal the low output with probability one. As suggested
by Prendergast (1999), this phenomenon is well documented in empirical studies as
leniency bias, which implies that an supervisor tends to overstate an subordinate’s
performance. This reflects the fact that the low output occurs with positive probabil-
ity, even when the agent exerts effort. In other words, the low output is not a perfect
indicator for shirking.

Moreover, Abreu, Milgrom and Pearce (1991) show that it is optimal for the prin-
cipal to observe the agent’s outputs for more than one period in order to accumulate
more information, before rewarding or punishing the agent. Consequently, when the
principal delays reporting[5], it becomes difficult for the agent to provide incentives
for the principal to be truthful.

In order to focus on how the agent provides incentives for the principal, I also solve
for the optimal perfect public equilibrium, in which the principal reports the agent’s
output truthfully in each period. It is shown that the agent’s optimal public strategy
depends only on the reported output in the prior period, rather than the complete
history of reported outputs. Specifically, the agent exerts effort with probability one
if the reported output in the prior period is high, and with a probability less than one
otherwise. Moreover, it is shown that no efficiency is lost by requiring the principal
to report the agent’s output truthfully, as long as the discount factor is larger than
a critical value. Intuitively, given that the principal has incentives to report the
low output in order to save on compensations, the agent punishes the principal for
reporting it by exerting less effort in the next period.

With private strategies, the agent is able to further make the distinction between
the reported low output in a period when he shirked, and the reported low output in
a period when he exerted effort. Apparently, the latter is a better indicator that the

principal lied than the former. However, in order to provide incentives more effectively

one is imposed by Fuchs (2007).
[5]Even though the principal has to report in each period, the reporting delay can be achieved by
reporting a certain output regardless of the true output. See Section 3.3 for an example.
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for the principal by making the distinction as described above, the agent must hide
his efforts from the principal by shirking with positive probability. This is the basic
trade-off in this paper.

In order to address this trade-off, I consider a class of sequential equilibria in which
the agent’s strategy depends on the reported output and his effort in the prior period,
and the principal reports the agent’s output truthfully in each period. Consequently,
the agent’s strategy can be represented as a finite state automaton|[6], and so can the
principal’s. These are correlated sequential equilibria according to Phelan and Skrzy-
pacz (2008). Notice that the optimal perfect public equilibrium I solved previously
can be treated as a special case.

I show that there is only one static contract consistent with this class of sequential
equilibria[7]. Moreover, given this static contract and the principal’s truth-reporting
strategy, it can be shown that the agent is always indifferent between shirking and
exerting effort. Therefore, in order to construct an equilibrium, I need only make sure
that given the agent’s strategy, the principal has incentives to be truthful.

I first consider a subclass of sequential equilibria, in which the principal has in-
centives to report truthfully, regardless of her belief about whether the agent has
shirked or exerted effort. These are belief-free equilibria according to Ely, Horner and
Olszewski (2005). Within this subclass, the agent’s optimal strategy is shown to be
public, which implies that the agent’s effort in the prior period cannot work effectively
as an incentive device.

Then, given a belief-based equilibrium in which the principal’s incentives depend
non-trivially on her belief about whether the agent has shirked or exerted effort, it
is shown that the agent’s effort is always "private", in the sense that the principal is
unable to infer it with certainty under any circumstances. In addition, the agent’s
output always contains the "right" message, in the sense that there exists a fixed
threshold such that no matter what happened in the past, the low (high) output
makes the principal believe that the probability of the agent having exerted effort is
less (greater) than this threshold.

I further show that the agent’s strategy in the optimal belief-free (also public as
shown above) equilibrium, cannot be approximated by a sequence of his strategies in
belief-based equilibria[8]. The reason is that in the optimal belief-free equilibrium,
the principal is indifferent between reporting the low and high outputs, instead of
preferring strictly being truthful. Therefore, no matter how small the agent’s deviation

is from his strategy in the optimal belief-free equilibrium, the principal could lose

[6]Both the set of outputs and the set of efforts are finite in this paper.

[7]In the sense that there exists a sequentital equilibrium of this class with respect to the contract.

[8]The agent’s strategy is a point in the space [0, 1]* given two possible outputs and two possible
effort levels.
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incentives to be truthful[9].

Furthermore, I show that there exists € > 0 such that in any belief-based equilib-
rium, the principal cannot expect the agent to exert effort with a probability greater
than 1 — ¢ under any circumstances. On the contrary, in the optimal belief-free equi-
librium, upon reporting the high output in the prior period, the principal expects
the agent to exert effort with probability one. This is a non-negligible efficiency loss
associated with the need of hiding the agent’s efforts from the principal. Numerical
analysis shows that this efficiency loss may, or may not be justified by the efficiency
gain from using the agent’s effort in the prior period as an incentive device.

This paper is also related to the literature on the efficiency implications of pri-
vate strategies in repeated games with public monitoring[10]. T consider belief-based
equilibria in an infinitely repeated game, instead of belief-based equilibria in finitely
repeated games as in Mailath, Matthews and Sekiguchi (2002), or belief-free equilibria
in infinitely repeated games as in Kandori and Obara (2006).

Moreover, the agent’s optimal strategy is shown to be consistent with empirical
studies, e.g. Greenberg (1986), on how employees respond to subjective performance
evaluations. Specifically, conditional on the reported output being low in the prior
period, the agent would exert less effort if he exerted effort, other than shirked, in the
prior period.

The rest of the paper is organized as follows: Section 1.2 sets up the model. Section
1.3.1 solves for the optimal perfect public equilibria with and without imposing the
constraint that the principal reports truthfully. Section 1.3.2 characterizes correlated
sequential equilibria. In addition, an extension is considered in Section 1.3.3. Finally,

Section 1.4 concludes.

1.2 Setup

Time is indexed by t = 0,1, ---. There are an agent and a principal who are both risk
neutral. From time to time, I refer to the agent as he and the principal as she. The
principal has access to a project demanding the agent’s effort as input. Given the
agent’s effort in period ¢ denoted by e, € E := {0, 1}, his output in period ¢ denoted

by 0; € © :={0,,0y} with 0, < 0y is drawn from a time-invariant distribution

e — 0
w0y =0 | ) = q’? “ with0<g<p<l1. (1)
p,if e, =1

[9]See Mailath and Morris (2002) for more information on a related problem.
[10]For the agent’s point of view, the monitoring is public because he does not receive any private
signal.
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Shirking e; = 0 is costless, but exerting effort e; = 1 causes a fixed cost ¢ > 0 so that

¢(et>:{0,if e =0

c,ifetzl

is the agent’s cost function of effort. Assume
(1 =q)fr+q0uw < (1 —p)ir+piy —c (2)

which implies that the agent’s effort is productive. The agent maximizes

(1- D,

Zﬂtq(wt - (b(@t))]

and the principal maximizes

)

> B0 - wt)]

where 5 € (0,1) is the common discount factor, and w; € R is the principal’s transfer
to the agent in period ¢[11].

The agent’s effort is unobservable to the principal. Due to (1), the principal is
unable to infer with certainty whether the agent shirks or exerts effort from his output.
In addition, the agent’s output is privately observed by the principal.

In each period, the agent either shirks or exerts effort, then the principal reports
(truthfully or not) the output. Hence, the agent’s action set is £ and the principal’s
action set is ©2. The principal’s action (J,9') € ©2 implies that she reports ¥ ()
when the true output is 0, (0y).

At the beginning of period ¢, the history of reported outputs ¥ := (g, -+, ;1) €
©! is public information. Besides that, the agent has his private history of efforts
e' .= (eg, - -,e;,1) € E' and the principal has her private history of true outputs
0 .= (0y,---,0,_1) € ©f. Therefore, the agent’s complete history is (¢, e?) and the
principal’s complete history is (¢°, 6").

A contract is a mapping

w : tiLjo@t — R?

as a transfer schedule contingent on public histories. Any contract is enforceable by

a third party[12]. Denote the set of possible contracts by W. The agent’s behavioral

[11]If ws < 0, the transfer goes from the agent to the principal.
[12]Any contract I construct in this paper is self-enforcing. But it is easier to start with this
assumption.

www.manaraa.com



effort strategy is a mapping

e: U (6! x EY) — A(E)

t=0

and the principal’s behavioral report strategy is a mapping

r: U (0" x ©') — (A©)?[13].
Denote the set of the agent’s possible strategies by S4 and the set of the principal’s
possible strategies by ST. Hence, a strategy profile is denoted by s := (e,7) € S =
S4 x SP.

Denote w | ¥ € W as the continuation contract following public history o',
e | (¥, e') € S as the agent’s continuation strategy following his history (¢, e*)
and 7 | (¢%,0") € ST as the principal’s continuation strategy following her history
(¥',60"). Denote w[v*](1J;) as the transfer in period ¢ contingent on reported output
Y, following public history ¥, e[, '] (e;) as the probability of the agent with history
(¥, e?) exerting effort e,[14] in period ¢, and r[0*,6";0,](¥);) as the probability of the
principal with history (¢, ") reporting 1J; in period ¢ when observing true output 6.

Denote U4 (s,w) and UP (s, w) as the normalized expected discounted (NED there-
after) payoffs for the agent and the principal respectively given (continuation) strategy
profile s and (continuation) contract w.

Given strategy profile s, denote @[V, e'; s](6") € [0, 1] as the probability assigned
by the agent with history (¢, e!) to the principal having private history ' (or having
complete history (9,6")) and u[d", 6 s](e!) € [0,1] as the probability assigned by
the principal with history (¢*,6") to the agent having private history e’ (or having
complete history (9, e)). Apparently,

th o[, e 5](0") =1 and Z [0, 6" s](e') = 1.

Furthermore, at the beginning of period 0,
P9, €% 5](6°) = 1 and u[d°, 0% o] () = 1

where 1%, ® and 6° are empty sets[15]. The agent’s and principal’s beliefs evolve as

[13]Or equivalently, A(©?).

[14]Exerting effort 0 means shirking.

[15]In Section 3.2, I assume that at the beginning of peroid 0, Nature draws the initial states for
the agent and the principal respectively so that each party holds a non-degenerate belief about what
the other’s initial state is.
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follows,

plv' ey s](0)r[¥", 0" 04 (V)7 (0 | er)

D Pl €] @), 958) (9w B | €0)

P[0, e s](07) = (3)

plt", 0% s)(eel", '] (en)m (0 | er)
D a0 08| (@)eld" @] (@) (6, | &)

respectively. However, the denominator in (3) may be zero (not necessarily) off the

p[0" 0 s () =

(4)

equilibrium path because the full support assumption is not satisfied. For instance, if
the principal’s strategy is to report low output €, regardless of true output 6;, then
reported output ¥, = g as a public signal occurs with probability zero. If (3) is not

well-defined for some (9", e!*1), then I define

t

P[0 s (0 = [ [0 L er) ()

T7=0

instead. In addition, following (', e!*1), the agent’s belief is defined by (5) as
well. In words, as long as the agent detects that the principal has deviated from her
strategy r, his belief becomes independent of the principal’s reports thereafter. Given
any strategy profile s, u[9" 1, "1 s](e*1) is well-defined even off the equilibrium path
due to (1), which implies that the agent’s potential deviations are undetectable to the
principal. It can be shown that ((e,r), (¢, 1)) is consistent, as defined in Fudenberg
and Tirole (1991).

Definition 1.1 A strategy profile (e,r) is a sequential equilibrium (SE) with respect
to w if

e| (9 e € argmax{zetgo[ﬁt,et;s](ﬁt)UA((e',r | (0, 0%),w | ﬁt)} vt et,  (6)

e'esSA
t pnt t pt. t P t t / t t pt
P (0,0 € argmax {37 a0 ) (U (e | (9, ¢1), "), w | )} w0, ()
r'eSP €

while (@, 1) is defined by (3)-(5).

1.3 Analysis

The agent’s effort affects the likelihood of the principal observing low (high) output 6,
(0x) so that it can be used to infer whether the principal is being truthful or not. For
instance, when the principal reports low output 6, the agent should assign a higher
probability to the principal being truthful if he shirked, than if he exerted effort due to
I=g>vl=pwThereforepthe agent’s private history of efforts e is expected to play an
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active role in providing incentives for the principal to be truthful. However, when the
agent uses a pure strategy as in Fuchs (2007), a payoff-equivalence exists between a
sequential equilibrium and a weak perfect Bayesian equilibrium (WPBE)[16] in which
the agent is restricted to public strategies, as shown in Proposition 1.1. Thus, the
agent’s private history is not necessarily effective as an incentive device. The reason
is that when the agent uses a pure strategy, his private history is not really "private"

in the sense that the principal’s belief about it is degenerate.

Proposition 1.1 Suppose that the agent uses a pure strategy. Given contract w,
denote Vsp(w) as the set of SE payoff pairs, Viippp(w) as the set of WPBE payoff
pairs, and Vi3 ppp(w) as the set of payoff pairs attainable by WPBE in which the agent

18 restricted to public strategies. Then

Vsp(w) = VvlvaE(w) = VV%/PBE(w)'

Proof. See Appendix 1.5.1. =

I have Vsg(w) C Vil ppp(w) because SE is a refinement of WPBE and Vgg(w) 2
Vit ppp(w) if the full support assumption is satisfied, which implies that each party’s
potential deviations are undetectable to the other. However, that is not the case in
this paper so that I have to deal with beliefs off the equilibrium path with caution.

Notice that 6" has the full support on ©! regardless of the agent’s strategy due
to ¢,p € (0,1). So whether the principal’s history (1*,6") is on the equilibrium path
depends exclusively on her own strategy in the first ¢ periods. Given public history
V', if (9%, 0") V0" is off the equilibrium path, then (¥, ¢e) Vet is off the equilibrium
path too because otherwise there must exist 6’ such that (9*,0") is on the equilibrium
path. In this case, I can redefine the agent’s continuation strategy as shirking and
the principal’s continuation strategy as minimizing the NED transfer with respect to
w | ¥*[17]. This is a SE with respect to w | 9" which generates the minmax NED
payoffs for the agent and the principal respectively. Therefore, neither party has
incentives to deviate from his/her original strategy to put some weights on his/her
minmax payoff with respect to w | 9. Actually, the agent is unable to bring " back
on the equilibrium path because the principal’s strategy in the first ¢ periods is the
same. If (97, 0") is on the equilibrium path for some 6", the common argument applies
because beliefs are well defined by (3) and (4). So each party is able to change his/her

strategy off the equilibrium path without interfering the other’s incentives on/off the

[16]See Mas-colell, Whinston and Green (1995) for the formal definition of weak perfect Bayesian
equilibrium.

[17]Or simply, reporting low output 6, regardless of real output 0y if w | ¥ is static with w;, < wy.
See Definition 2 for the formal definition of static contract.
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equilibrium path. Recursively applying the procedure described from period 1 gives
a payoff-equivalent SE.

Regarding the second relation, it suffices to show Vi ppr(w) C Vi3 ppx(w). Notice
that the principal with history (9", ") on the equilibrium path[18] assigns probability

one to the agent having private history e’ defined recursively as eq = e()) and
€T+1 = e((/§07 .. -7/197_)7 (60’ .. .767_)) V’]' fr 0’ .. .7t — 2 (8)

where e is a deterministic function because the agent uses a pure strategy. Then
(9", ) Ve' # e is off the equilibrium path. So we can replace e | (0*,€') Vet # ¢t
with e | (9", ¢') because WPBE does not impose any restrictions on beliefs off the
equilibrium path[19]. Recursively applying the procedure described from period 1
gives a payoff-equivalent WPBE in which the agent is restricted to public strategies.

Therefore, even the agent’s strategy in a SE is most likely to depend on his pri-
vate history e! because different private histories give him different beliefs, therefore
different optimal continuation strategies. Proposition 1.1 suggests that the agent’s
private history of efforts is not effective in providing incentives for the principal to be
truthful. The reason is that when the agent uses a pure strategy, his private history
is not really "private" in the sense that the principal has a degenerate belief about it
as shown above. So the principal only cares about the agent’s continuation strategy
following the single private history she believes of the agent having. Furthermore,
because the principal’s belief is independent of the history of true outputs in (8), she
reports truthfully only if she is indeed indifferent between reporting low output 6,
and reporting high output fy as in Fuchs (2007). Moreover, I show in Section 3.2
that the agent’s use of mixed strategies is able to make the principal strictly prefer

reporting truthfully.

Proposition 1.2 Suppose that (e,r) is a SE with respect to w. Then, there exists a
payoff-equivalent SE (e',r') with respect to w' such that w'[9"](9; = 1) < w'[9](V; =
O) V',

Proof. See Appendix 1.5.2. =
By treating #;, and 65 as two public signals the principal has access to, Proposition
1.2 shows that without loss of generality, I can define either one as the one associated

with the bonus throughout the contract. Again, I have to be careful about the agent’s

[18]If (9, 0") V6" is off the equilibrium path, the same procedure as described above applies. Notice
that it is a public strategy for the agent to shirk under any circumstances.

[19]T can just assume that the agent with history (9°,&) Ve'! # e has the same belief on the
principal’s private history, as the agent with history (¢9°, et).

www.manaraa.com



11

beliefs off the equilibrium path defined by (5) instead of (3). Fortunately, (5) is robust
to the nominal change because it is independent of 9.

In Section 3.1, I solve for the optimal perfect public equilibria with and without
imposing the constraint that the principal reports truthfully, in which the agent’s

private history of efforts is not used as an incentive device.
1.3.1 Perfect Public Equilibria

Following Fudenberg, Levine and Maskin (1994), I say the agent’s strategy e is public
if it depends on public history ¥° but not on his private history e?, and the principal’s
strategy r is public if it depends on public history ¥ but not on her private history
0'. A perfect public equilibrium (PPE) is a SE in which both e and r are public.

Definition 1.2 A contract w is static if w[¥"](Y;) is independent of "

Given static contract w = (wr, wg) € R?, denote V (w) as the set of feasible payoff
pairs. Without loss of generality, assume w; < wg according to Proposition 1.2. The

agent’s minmax payoff is defined by

T

] e pl—p| |rgl—ryg| |wy
min max —ec
ref0,12ec{0,1} |1 — e gl —q| |1 1—1p wr,

and the principal’s minmax payoff is defined by

T
. e pl—p O rgl—rg| | —wg
min max +
ec[0,1]re{0,1}2 |1 — ¢ qgl—gq 0 rp 1 —rp —wy,

where e € [0, 1] is the probability of the agent exerting effort, and r = (rp,ry) € [0, 1]2
are the probabilities of the principal reporting high output 85 when true output 6,
is low and high respectively. If » = (0,1), then the principal reports truthfully.
Therefore, the minmax payoffs for the agent and the principal are w; and 6 — wy,

respectively. Denote
V*(w) = {(UA,U") € V(w) | U* > w and UY > 0 —wi}

as the set of individually rational payoff pairs. Moreover, U4 +U” is used to measure

efficiency because both parties are risk neutral.
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Define a mapping II : 28" — 28* a5

(

UL, Uy € co(X)[20], e € [0,1] and 7 € [0,1]? )
such that

UA =UA((e,r),w; U, Ug)

I(X) =< (U4, U") U” =U"((e,r),w;Ur,Up) (9)

e € argmaxUA((e',r),w; U, Uy)
e’€[0,1]
r € argmaxU® ((e, "), w;Ur, Ug)
\ 7”6[0,1]2 )

where

UA((Q,T)71U; UL7 UH)
T

e pl—p

1-— e] [q 1—¢q

UP((€7 ’I"), w; UL> UH)

! [pl—p ([(1—5)%] ) [ml—m] [—(1—ﬁ>wH+ﬂU5 )
ql—q

(1—-p)0c ~(1 = B)wr, + U]
so that II°(V(w)) is the set of PPE (with respect to w) payoff pairs according to
Abreu, Pearce and Stacchetti (1991).
I derive an upper bound on the total payoff attainable by PPE in Proposition 1.3,

—e(l—p)e

THl—TH (1—B)UJH+6U§
(1= Bwy + pUL

TLl—T’L

e
1—e¢

T‘Ll—T‘L

then prove that it is the least upper bound by constructing the optimal PPE which

attains it in Theorem 1.1.
Condition 1 (p —q)*(0g — 01) > (1 — q)c[21].

Proposition 1.3 Given a static contract w, denote
U(w) = max U + UF s.t. (U2, UP) € T®(V(w))

as the mazximum total payoff attainable by PPE with respect to static contract w.
Then,

B [ , for B € (O,Q(w))
U(w)

<f-— ligc, for B € [é(w),l)

p

[20]co(X) is the convex hull of X which implies that there exists a public randomization device.
However, it is not needed to construct the optimal PPE in Theorem 1.

[21]In Proposition 3 and Proposition 4, I prove that if this condition is violated, there does not exist
any PPEwithirespect torany contract in which the agent ever exerts effort.
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_ max {¢, (p — q)(wy —wr)}
D) = (e 0 — D)wm —wi)} + (0 — 020 —0) — (1 — e < 2

Proof. See Appendix 1.5.3. =

Given static contract w, the blue parallelogram in Figure 1.1a represents V' the
set of feasible payoff pairs. And the shadowed area represents I1°°(V) the set of PPE
(with respect to w) payoff pairs including (wy,, # —wy) because the agent shirks and the
principal reports low output 6, regardless of true output 6, is a Nash equilibrium in the
stage game. I generalize the method of Radner, Myerson and Maskin (1986) (RMM
thereafter) by considering the fact that any continuation payoff pair must Pareto
dominate the minmax payoff pair (wr,0 — wy). Hence, the upper bound derived is
not completely independent of the discount factor as in RMM. That is because the
minmax payoff pair imposes a bound on the feasible punishments, which is going to
bind if the discount factor becomes too small, or equivalently, the punishments needed

become too large.

AU P A Slope: ;
N (p' q)(QH - qL)
N 1Fp==-—-—-—————- 7‘ _________

Vs
/
/
/ b (w)
//
/
/
c yd
N (p- @%@y -q.)+qc ’
Shirking Zone
q- W
L{A Wy i
W, q u B-cqg-c 0 _c
p-q

Figure 1.1a and 1.1b

In Figure 1.1b, the shirking zone is located between the blue curve of 3(-) and
the horizontal axis where there does not exist any PPE with respect to any static

contract in which the agent ever exerts effort. That is the case if either the discount

p—q)2(0r—0r)+qc’
too large. As a _comparison, recall in the case of the agent’s output being publicly

or wy — wy, becomes

factor becomes too small, specifically less than (
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observable, the agent shirks if wy —wy, is less than — and exerts effort otherwise[22].
Therefore, larger wy — wy, higher incentives for the agent to exert effort. But in this
model, the agent’s incentives to exert effort depend on not only how large wgy —wy, is,
but also on how willing the principal is to be truthful. Unfortunately, the principal’s
willingness is negatively related to how large she can gain from lying which is also
Wy — W,

I construct the optimal PPE which attains the upper bound 6 — 11);_‘;0 for the largest

set of discount factor values -9)? (9;_0L) ot 1) in Theorem 1.1. The optimal PPE
features a pure strategy for the agent, and a non-truth-reporting strategy for the

principal.

Theorem 1.1 (The optimal static contract) Define static contract w*as wj =0 and
wi = B(p —q)(0@y — 01). Define an automaton with two states: a cooperation state
C in whiche=1,r, =1— %(pfq)Q(GHfHL)f(lfq)c7 rg = 1, and a defection state D
i which e =0, rp, = rg = 0. Let C be the initial state. The transition from C' to

D occurs if and only if low output 01 is reported. But C' is inaccessible to D which
implies that as far as D is reached, it prevails forever. Then, this is a PPE with respect
to w* which attains the total NED payoff 6 — ;%gc[%} for B €

(p—@)2(0r—0r)+qgc’ 1) )

Proof. See Appendix 1.5.4. =

The Cooperation State The Defection State

Figure 1.2

The defection state features the Nash equilibrium in the stage game. At the
cooperation state, the principal is indifferent between reporting low output 6, and
reporting high output 6. Hence, rp is chosen to be small enough so that the agent

has incentives to exert effort, but not too small so that the unnecessary punishments

2] The agent is indifferent between shirking and exerting effort if wy — wy, = pfq.

3]As p goes to 1 which implies that shirking is detectable when real output 6; is low, the first best
— ¢ is achieved.

2
2
9
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are triggered. As a result, the agent is also indifferent between shirking and exerting
effort.

The green dashed interval with slope in Figure 1.1b represents the

I S
(P—a)(0n—01)
optimal static contract characterized by wj, — wj. It is interesting to observe that

when the discount factor is just slightly larger than the agent exerts

(p*q)2(91379L)+qc’
effort even when wj;, — wj is strictly less than p%q. On the contrary, if the agent’s
output is publicly observable, the agent never exerts effort if wyg — wy < p%q. The
difference is that when the agent’s output is publicly observable, the agent’s expected
payoff from shirking is (1 — ¢)wy, + qwy guaranteed. But in this model, the principal
can punish the agent even further by reporting low output 6, regardless of true output
0; so that the agent’s expected payoff from shirking is wy, instead. In some sense, the
principal is able to fire the agent[24]. Therefore, as long as the relationship is still
valuable to the agent in the sense that wy — wy is not too small, or specifically
(1 —p)wr +pwy > wi[25], the agent has incentives to exert effort in order to stay in.

At the cooperation state, r;, € [0,1) and ry = 1 imply that high output 6, = 0y
is always rewarded, but low output 6, = 0, is not always punished. That is because
the role of reported low output ¢ = 0 is two fold: it differentiates the agent’s
output ex post in order to provide ex ante incentives. But it also serves as the
public signal upon which the agent and the principal can coordinate their future
actions, or specifically, their future mutual punishments as described at the defection
state. As far as the efficiency is concerned, it is not optimal to trigger the mutual
punishments more frequently than necessary in terms of providing incentives for the
agent to exert effort. Therefore, it is not surprising to observe that larger the discount
factor, larger the bias measured by r; because when the agent values his future
payoff more, a smaller probability of triggering the punishments is enough to provide
incentives for the agent. As suggested by Prendergast (1999), this phenomenon is well
documented in empirical studies as leniency bias, which implies that an supervisor
tends to overstate an subordinate’s performance.

This reflects the fact that the principal is unable to observe the agent’s effort
directly. Otherwise, there is no efficiency loss of threatening to punish the agent
as severely as possible because the punishments will not be mistakenly triggered.
Abreu, Milgrom and Pearce (1991) (AMP thereafter) further show that it is optimal
for the principal to observe the agent’s outputs for more than one period in order to
accumulate more information before rewarding or punishing the agent. For instance,

in the T-period review equilibrium replicated from Fuchs (2007) without referring

[24]This implies allowing the principal to be able to fire the agent explicitly in this model may not
be necessary.
[25]This requires wy — wy, > § which is apparently weaker than wy — wy, >

_¢c
p—q’
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to termination, the principal reports high output 85 regardless of true output 6, for
the first 7' — 1 periods[26]. Hence, the agent receives a signal informative about the
principal’s action for every T periods. And the principal has incentives to keep T
as large as possible (7' can go to infinity as the discount factor goes to one). This
illustrates an informational disadvantage for the agent in the sense that the principal
observes true output ¢, informative about the agent’s effort every period, but is able
to keep the agent from receiving information about her action frequently. In order
to focus on how the agent provides incentives for the principal, I impose the truth-
reporting constraint upon the principal. So the agent is the only party keeping private
information on the equilibrium path. This is also consistent with the common practice
of employee participation in the performance evaluation process by keeping employees
informed as documented in Cawley, Keeping and Levy (1998).

Also, notice that the agent uses a pure strategy in Theorem 1.1 so that his private
history of efforts is actually public, therefore not effective in providing incentives for
the principal to be truthful according to Proposition 1.1. That suggests that making it
private therefore potentially effective may impose restrictions on the agent’s strategies.
Unlike Macleod (2003) in which the agent’s self-evaluation, defined as a private signal
received, is private by assumption, keeping the agent’s self-evaluation defined as his
effort private may come with a efficiency loss.

Consider an example based on Theorem 1.1 to illustrate how the agent’s use of
mixed strategies is able to generate more information for the agent with a efficiency
loss. Notice the agent at state C' observes reported low (high) output ¥, = 01, (65)
with probability (1—p)(1—77) (p+(1—p)rr). This can be the result of the principal’s
strategy being (r7,1) as defined in Theorem 1.1 or (p + (1 — p)rp,p+ (1 — p)ry) in
which the principal reports high output 65 with probability p + (1 — p)r; regardless
of true output 6,. If it is the latter, the agent’s optimal strategy is to shirk instead.
Therefore, the agent has incentives to find out by shirking randomly. If shirking seems
not to affect the probability of the agent receiving reported high output 9J; = 0y, it is
more likely that the principal’s strategy is the latter so that the agent should shirk.

Proposition 1.4 Allowing dynamic contracting does not increase the maximum total
NED payoff attainable by PPE.

Proof. See Appendix 1.5.5. =
Proposition 1.4 generalizes the static contract result of Levin (2003) without im-

posing the constraint that the principal reports truthfully[27]. Tt turns out to be easier

[26]See Section 3.3 for details.
[27]But the role of dynamic contracting is unclear when it comes to SE with the agent’s mixed
strategies..See Fuchs (2007) for a static contract result with the agent’s pure strategies.
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to derive the set of PPE payoff pairs with respect to some dynamic contract directly,
instead of the set of PPE payoff pairs with respect to a certain dynamic contract. The
way to do that is to imagine that there exists a third player called contract generator,
for instance, besides the agent and the principal. The contract generator’s action set
is R2. And its strategy is a mapping
w : tiﬁo@t — R2

As a result, the set of PPE payoff pairs is characterized as an area between two parallel
lines because if (U4, UP) is in it, then any (U4, UP) with U4 + UF = UA 4+ U? is in
it too. All we have to do is to add a constant transfer without interfering incentives

for the agent and the principal.

Definition 1.3 The principal’s report strategy features truth-reporting if the principal

reports truthfully as long as no false reports have been made previously.

It is not necessary to be specific about the principal’s strategy off the equilibrium
path, because given the principal’s strategy on the equilibrium path as defined above,
the agent never assigns positive probability to the principal being off the equilibrium
path due to p,q € (0,1).

Lemma 1.1 Suppose that (e, r) is a SE with respect to static contract w = (0,wy).

If the principal’s report strateqy features truth-reporting, then wy =0 or p—t

Proof. See Appendix 1.5.6. =

The intuition is simple. If the principal’s strategy features truth-reporting, then
the agent expects to observe any public history with positive probability. So no
matter what the agent’s history is, he believes with certainty that the principal is on
the equilibrium path, therefore is going to be truthful in the future. Given that, if
wyy is strictly less (greater) than p—fq, then the agent has a strictly dominant strategy
of shirking (exerting effort). In either case, the principal does not have incentives
to report high output 6y as long as it is costly with wy > 0, because the agent’s
continuation strategy is independent of her report. For notational simplification, let
w** = <0, p%q) which is the only static contract I have to consider, when it comes to
SE in which the principal reports truthfully.

Because the efficiency is exclusively determined by the agent’s effort, it is equiva-

lent to focus on the NED probability of the agent exerting effort defined as

o0

Zﬁtet

t=0

e = (1 —B)Eo

s] € [0,1] (10)
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instead of the total NED payoff. For instance, the total NED payoff § — ;%Zc attainable

by the optimal PPE is equivalent to the NED probability of the agent exerting effort

(p—q)2(0m—0L)—(1—g)c
(P—a)[(p—aq)(0r—01)—C]

. Furthermore, define

Ja PPE (e, r) with respect to w**
C=<{ee0,1] such that (11)
(10) and r features truth-reporting

as the set of NED probabilities of the agent exerting effort in PPE with respect to

w** in which the principal’s strategy features truth-reporting.

Theorem 1.2 C is empty for § € (O, m> [28]. Otherwise,

qc (p—q)?Og —0r)— (1 —q)c
(P—lp—a)(O0un—0L) =" (p— ) — )0 —0r) — ]

Furthermore, there exist e;, and ey with e, < ey such that

C:

e(ﬁtJrl) _ )L if Uy =0p vttt
em, if Uy =0n

Proof. See Appendix 1.5.7. =

In the optimal perfect public equilibrium, I have

1
€L:1—— ¢

B(p—q)*0u—0r)

and ey = 1.

After observing true output 6, the principal with history (¥, ") has to decide
whether it is optimal to choose the NED payoff following ((¥,9; = 0),6"™") over the
one following ((9",9; = 01),0"™) by reporting high output 0 for the cost w¥ — w.
When it comes to PPE in which the agent uses public strategies, the history of
true outputs ™' can be ignored by the principal. I have a similar situation as in
Proposition 1.1 so that the principal has to be indifferent between reporting low
output #; and reporting high output 6. In some sense, the agent is supposed to
"reimburse" the principal for the cost wj — wj by promising to exert more effort
following reported high output 5. Because both the agent and the principal are risk
neutral, a first order Markov strategy as described in Theorem 1.2 can do the trick.
And, the agent’s tit-for-tat strategy as described above is consistent with empirical

studies, e.g. Greenberg (1986), which show that an employee is more likely to regard

[28] This requires (p — ¢)%(0x — 01,) > ¢ which is stronger than Condition 1. Otherwise, C is empty
regardless of the discount factor.

www.manaraa.com



19

a positive evaluation as being fair than a negative one.
As shown in Figure 1.3, requiring the principal to be truthful does not lower the

maximum NED probability of the agent exerting effort attainable, but it does increase

C C
O —0r)+qc p—q)*(On—
the punishments needed are not too large to be feasible. This can be treated as a

the threshold on the discount factor value from R to ¢ 7y 50 that

direct efficiency loss from requiring the principal to reveal her private information to

the agent.

4 The NED Probability of the Agent Exerting Effort

i

(p- 9*@, - 9.)- @- gc
(p- 9*@. - 9.)- (p- g)c

qc
(p- A*@y - 9.)- (p- d)c

[of C 1
(p- 9)’@y -a)+ac (p- A)*@y -9.)

Figure 1.3

In Section 3.2 below, I deviate from the benchmark in Theorem 1.2 by assuming
that the agent’s strategy is private, which depends on the reported output and his
effort in the prior period. In this environment, the necessary conditions are char-
acterized under which the agent’s effort in the prior period is effective in providing
incentives for the principal to be truthful. Then, I identify analytically and mea-
sure numerically the potential efficiency loss and gain. Moreover, the agent’s optimal

strategy is characterized.
1.3.2 Correlated Sequential Equilibria

In this section, I consider private equilibria in which each player’s strategy can depend
on one’s private information, in addition to the public information. Following Phelan
and Skrzypacz (2008), I confine my attention to a specific type of private equilib-
rium, called correlated sequential equilibrium, in which each player’s strategy can be
represented as a finite state automaton, and the initial states are drawn from a joint
distribution at the beginning of the game.

Specifically, I assume that the probability of the agent exerting effort in period
t + 1 is determined by his history in period ¢, or equivalently, reported output 1,

and-his-effort-e-Henee; the agent’s strategy can be represented as an automaton

www.manaraa.com



20

consisting of a set of states
r=0ex~r£={L,0),(L,1),(H0),(H,1)},

an effort function
e:I' = [0,1],

where e(vy) is the probability of the agent exerting effort at state v € T', and a

transition function 7 : I' X © x E — I" defined as

T(V? 197 6) = (ﬁa 6),

which implies that the agent’s state switches to (¢,€) in period ¢ + 1 if and only if
his history in period ¢ is (¥, €), regardless of his state in period t. For notational
simplicity, I refer to e(7y) as e, thereafter.

In addition, the principal reports the agent’s output truthfully in each period.
Therefore, the principal’s strategy can be represented as an automaton consisting of

a set of states

A=0={L H,

a report function 7 : A X © — © defined as
r(A, 0) = 0]29],

and a transition function ¢ : A X © x © — A defined as
s\ 9,0) =1,

which implies that the principal’s state switches to 1) in period ¢ + 1 if and only if she
reports ¥ in period t, regardless of her state in period t. Notice that the principal’s
strategy is static in the sense that the report function is independent of her state.
Therefore, the certain automaton representation is chosen for technical reasons, which
is in no way unique.

At the beginning of period 0, Nature draws the initial states for the agent and

principal respectively according to a joint distribution,

(£,0) (L,1) (H,0) (H,1)
L\ pro Pra 0 0
H 0 0 P Pra

[29] This implies that the principal always reports truthfully even off the equilibrium path.
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which is common knowledge. Assume p; o+ py; # 0 and py o+ pgry # 0. The joint
distribution does not have the full support, which is consistent with the fact that, in
period ¢t + 1, the principal at state A assigns probability zero to the agent being at
state (\',0) and (\';1) with A" # X. The reason is that the principal is at state A in
period t + 1 if and only if she reported A in period ¢, which implies that the agent’s
history in period ¢ (or equivalently, the agent’s state in period t + 1) is either (A, 0)
or (A 1).

The optimal perfect public equilibrium in Theorem 1.2 can be replicated by letting

1 c
ero=¢€r1=1——
RO B(p—q)?Ou—0r)

and ego =ep; =1

Pro=Pr1=Puo=0and py, =1.

According to Lemma 1, without loss of generality, the contract is defined as w** =

’ p—q
above, the agent is always indifferent between shirking and exerting effort. As a

<0 . ) Given contract w** and the principal’s truth-reporting strategy as defined

result, any effort function e : I' — [0, 1] is optimal for the agent. Therefore, I focus
on the following question: given the agent’s effort function e, does the principal have
incentives to be truthful? If the answer is positive, I say that e supports truth-
reporting.

I start with defining how the principal’s beliefs evolve. Because the agent’s contin-
uation strategy is exclusively determined by his state, the principal’s relevant belief is
about the agent’s state v € T', instead of the agent’s private history e' € E'. Specifi-
cally, the principal’s belief at state A € A is about whether the agent is at state (), 0)
or (A, 1), or equivalently, whether the agent has exerted effort in previous period (if
there is one).

If the principal at state A assigns probability x € [0, 1] to the agent being at state
(A, 1) in period ¢, she expects the agent to exert effort with probability

823 0) = (1 — x)exg + zers € [0,1] (12)

before observing true output 6;. However, after observing true output 6; to be low

and high, the principal assigns probabilities

) ez M)~ p)
Ho b= - g e <7 )
) e(z; Mp
e = g vt © .

to.the agent having exerted effort in period ¢ respectively. Notice that (13) and (14)
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are well-defined due to ¢,p € (0,1).
For all A € A, denote N(X\) C [0, 1] as the set of possible probabilities assigned by
the principal at state A to the agent being at state (A, 1), before observing the true

Px,1
Px,0tPx 1
initial state Ay € A and history (9", #"™") for the principal such that

output in current period. Hence, 2z € N() if and only if © = , or there exist

19t _ )\ a,nd T = Z M[}\O;ﬁt—i_l,et—i_l](@t—i_l),

ettlcEt+l with e;=1

which imply that if the principal starts with Ao, then following ("1, 6'*!), she is at
state A in period t + 1, and assigns probability x to the agent having exerted effort in
period t, or equivalently, being at state (A, 1) in period ¢ + 1.
Following Phelan and Skrzypacz (2008), I construct N(\) by defining N;(\) recur-
sively with
N()\) = EONt(A) VA €A (15)

as follows: if the principal is at state A in period 0, then she assigns probability
PA1l_ to the agent being at state (A, 1) such that

Pr,0tPA 1
Pl
Ng(\) =< —Z2—— 5. 16
o) {PA,0+P,\,1} (16)

Furthermore, N;; () is defined recursively as

Ner1(A) = Z(N(L), Ne(H); A)
I\ € A and (9,0) € ©2
=qz€l0,1] such that (17)
Y=MXand x = F(2/,0; \') for some 2’ € N;(\')

www.manharaa.com




23

where ¥ : 2001 x 2001 5 A — 2001 s a mapping. The idea is illustrated in Figure 1.4,

1 rL,0+rL,1 1
No(L) — e —
1 ST 1
1 \\ ‘\\ 1
1 A ~~. B 1
Nl(L)!Nl(H) : : C . /D >
N 1
1 \\\ ,/ 1
1 SN 1
NO(H) 4 | >
1 1
0 Ma 1
rH,l?l-'-rH,l
Figure 1.4

in which Ny (L) = Ny(H) = {4, B,C, D}. It is no coincidence to have Ny (L) = Ny (H),
which will be generalized for ¢ + 1 by (a) in Proposition 1.8. The idea is that the
principal’s belief about whether the agent has shirked or exerted effort in period 0
is independent of reported output 1y, because it occurs after the agent makes his
effort decision. However, the principal’s state in period 1 is exclusively determined

by vy. For instance, if the principal’s initial state is L, then she assigns probability

A=F (pL,z i;m 00 =L; L) to the agent having exerted effort, after observing true
output 0y to be low. Then, A € Ny(L) if 99 = L and A € Ny(H) if 9 = H. The
difference is that A € Nj(L) is a belief on the equilibrium path, while A € N;(H) is
a belief off the equilibrium path because the principal misreported.

Furthermore, for all 7 € I', denote e, € [0, 1] as the NED probability of the agent
exerting effort, given the agent’s continuation strategy at state v and the principal’s
truth-reporting strategy. Hence, given that the agent’s starting state is v, e, measures
how much effort (on average) the principal expects the agent to exert in the future

by reporting truthfully. Formally,
e=(1-0B)e+ pZe (18)

where

e=(eroent emo em1)’

e=(eLoeL1 enp eH,l)T
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and
(1—ero)(1—q) ero(l—p) (1—ero)q erop
g— |A—ee)d—q) eral—p) (1—era)q erap
(1—eno)(1—q) emo(l—p) (1 —eno)q emop
(1—em1)(1—q) egi(1—p) (1 —em1)q emip

is the transition matrix. By algebra, I have

_ e =B e
N 1-(61-60) 1-5(61—60) 7 1-(61—60)

VyeTl (19)

€y

€0
’ 1—(e1—eoq)
1-8
1-pB(e1—eo)
measures how much the agent’s starting state matters, which goes to zero as the

where eg = (1 — q)ero + qemo and e; = (1 — p)er 1 + per1[30]. In addition

is the long term average independent of the agent’s starting state, and

discount factor goes to one.

Lemma 1.2 An effort function e : I' — [0, 1] supports truth-reporting if and only if
for all A € A and x € N()\),

(1—F(x,L;N)(eno—ero) + F(x,LyN)(eg1 —er1) <y (20)
(1 — F(I, H, )\))(eH70 — eL,O) + F(I, H, )\)(GHJ — eL71) Z Yy (21)
where
1-0 c

STE - lo—a)a—60)—d o431
Proof. See Appendix 1.5.8. =
According to Theorem 12.2.2 in Mailath and Samuelson (2006), the one-shot devia-
tion principal applies. So, (20) and (21) are basically no profitable one-shot deviations
conditions for the principal, given that the true output is low and high respectively.
Given that the agent has shirked (exerted effort), the principal is able to increase
(on average) the probability of the agent exerting effort in the future by ey —erp
(em1 —er 1), if she reports the high output for the cost zﬁz' However, the principal
does not know for sure whether the agent has shirked or exerted effort. Instead,
she assigns probability F'(x; L; \) (F(x; H; X)) to the agent having exerted effort after
observing the true output to be low (high). Therefore, the left hand side of (20) ((21))
is how much more effort (on average) the principal expects the agent to exert in the

future by reporting the high output in current period, given that the true output

[30]On the equilibrium path, eg (e1) is the expected probability of the agent exerting effort, given
that the agent shirks (exerts effort) in previous period.

[31]Apparently, the left hand sides of (20) and (21) are between 0 and 1. Therefore, y € [0, 1] which
implies 3 >

T T T
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is low (high). It is profitable to report the high output if and only if the expected

increase, on the probability of the agent exerting effort in the future, is greater than

y.

exl)

0 qF d- qF

p-(p-a)F (@- p+(p- g)F

Figure 1.5

If the principal perfectly predicts what the agent is going to do beforehand (e(z; \) =
0 or 1), then no matter what the true output turns out to be, she will not update
her prior belief due to ¢,p € (0,1)[32]. This is what happens when the agent uses a
pure strategy as in Fuchs (2007) according to Proposition 1.1. But if the agent uses
a mixed strategy as in this paper, the true output carries useful information for the
principal to infer whether the agent has shirked or exerted effort. As shown in Figure
1.5, F(z; L; \) and F(z; H; \) are not equal for e(x; \) € (0,1).

Moreover, the principal is always less (more) convinced of the agent having exerted
effort after observing the true output to be low (high), because F'(x; L; \) (F(x; H; \))
is below (above) the 45 degree line. Furthermore, the convexity of F'(x; L; A) and the
concavity of F'(x; H; A) in €(x; ) imply that the principal relies more heavily on the
true output in current period to infer whether the agent has shirked or exerted effort,
when her history (combined with the agent’s strategy) tells her less about what the
agent is going to do beforehand, in the sense that e(x;\) is away from 0 and 1.
Therefore, the distribution of €(x; \) on [0, 1] across the principal’s possible histories

measures how private the agent’s efforts are to the principal.

Proposition 1.5 Suppose that e is an effort function supporting truth-reporting.

[32]If p = 1 and the principal believes with certainty that the agent is going to exert effort beforehand,
then she knows she'was'wrong when the true output turns out to be low.
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Then,

ero —ero < em1—er1 and e < eq.

Proof. See Appendix 1.5.9. =

Intuitively, in order to have incentives to be truthful, the principal must be con-
vinced of being in the situation where it is in her best interest to be truthful. Because
the principal is less (more) convinced of the agent having exerted effort after observ-
ing the true output to be low (high), she must prefer reporting the low (high) output
when the agent has shirked (exerted effort). Hence, I have

ego—€ero <y <egi1—eri. (22)

Then, Proposition 1.5 follows (19) immediately, which predicts that an employee who
has exerted more effort is more sensitive to what one’s performance evaluation turns
out to be. Moreover, e, ; < ep; is consistent with empirical studies such as Greenberg
(1986), who shows that an employee is more likely to regard a positive evaluation as
being fair than a negative one.

In order to further characterize the set of the principal’s beliefs, N(\), and conduct
the efficiency analysis, I have to be specific about the starting condition p. Formally, I
define p = p, where p' = (PLo PL1 PO ijl)T is the stationary distribution defined
by

p' =p'L. (23)

In words, Nature starts the game in the way like it has been going on forever. By

algebra, I have

(0 -qgd—e) (A—-pleo gl —e) peg
p_<1—(€1—60) 1—(61—60)1—(61—60)1—(61—60))

which implies that p'e = p'e = ﬁ Hence, the agent’s effort functions are
ranked by ﬁ Intuitively, ﬁ is the unconditional probability of the agent
exerting effort after the game has been going on for many periods, independent of the
agent’s initial state.

Proposition 1.6 below explores the possibility of providing incentives more effi-
ciently (in terms of ﬁ attainable) for the principal to be truthful, without
having to deal with the principal’s beliefs explicitly. But the answer is negative.

Following Ely, Horner and Olszewski (2005), I say effort function e supporting
truth-reporting is belief-free if given e, the principal has incentives to be truthful
regardless of her belief. Hence, when I call effort function e belief-free, it does not

refer to that the agent’s strategy is belief-free given the principal’s truth-reporting
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strategy, which is true according to Lemma 1. Instead, I refer to that given e, the
principal’s truth-reporting strategy is belief-free.

Suppose the principal believes with certainty of the agent having shirked. Then
she reports truthfully if and only if ey — ero = y due to (20) and (21). Suppose
the principal believes with certainty of the agent having exerted effort. Then she
reports truthfully if and only if ey — ez 1 = y due to (20) and (21). So e supporting
truth-reporting is belief-free if and only if

€go —€rLo=Y=¢€eg1—€er1

which does not necessarily imply that e; o = ez 1 and ey = eq,1 as in perfect public

equilibria.

Proposition 1.6 Suppose that e* is the optimal belief-free effort function supporting
truth-reporting. Then,
1 c

* _ * _ * _ * .
€L’0—€L,1—1—— and €H’0—6H’1 —1

B(p—q)?*O0n—0r)

for 8 € | Gapmany 1)

Proof. See Appendix 1.5.10. m

Notice that e* is identical to the optimal perfect public equilibrium in Theorem
1.2, but with the different measure for the NED probability of the agent exerting
effort

[33] (24)

which is smaller due to the different starting conditions. Specifically, the implicit
starting condition in Theorem 1.2 is (0 0 z 1 — )" for some x € [0,1], which is
different from p* in which the agent’s initial state can be (L,0) and (L, 1). In order
to conduct the meaningful efficiency analysis, I still use (24) to measure the NED
probability of the agent exerting effort for e*[34]. More importantly, Proposition 1.6
suggests that in order to provide incentives more efficiently for the principal to be
truthful, I have to consider belief-based effort functions supporting truth-reporting
with ey —er o < ey1 — er 1 according to Proposition 1.5.

For a belief-based effort function e supporting truth-reporting, (20) and (21) can

[33]As the discount factor goes to one, the difference disappears.
[34]The starting condition does not affect the principal’s incentives in belief-free equilibria, but it
does in belief-based equilibria I will consider later.
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be rewritten as
F(z,L;\) <F < F(z,H;\) VA € A and = € N(\) (25)

with
y— (eH,o - eL,O)

F =
(eH,1 - eL,1) - (eH,o - eL,o)

(26)

due to egg —ero < eg1 —er;. That implies that whenever the principal observes
the true output to be low (high), she assigns a probability lower (higher) than the
threshold value F to the agent having exerted effort. Notice that if the principal is at
state A, and assigns probability = to the agent being at state (A, 1), then

F(z, Ly M) <e(x; M) < Fz, H; A).

Hence, (25) basically requires that the separation to be uniform across the principal’s
possible histories. Or, in words, no matter what happened in the past, the agent’s
output sends the "right" message for the principal about whether the agent has shirked
or exerted effort. I show that the uniform separation property as described above
imposes a restriction on the agent’s effort functions, which causes a non-negligible
efficiency loss.

I first show in Proposition 1.7 below that the optimal belief-free effort function e*

cannot be approximated by a sequence of belief-based effort functions.

Proposition 1.7 There exists € > 0 such that no belief-based effort function support-
ing truth-reporting belongs to the e-neighborhood of e* in the space [0, 1]*.

Proof. Appendix 1.5.11. =

By treating each effort function as a point in the space [0,1]*, Proposition 1.7
suggests that e* is isolated from the set of belief-based effort functions supporting
truth-reporting. As argued above, for each belief-based effort function supporting
truth-reporting, there exists a threshold such that whenever the principal observes the
true output to be low (high), she is convinced of the agent having exerted effort for
a probability less (greater) than that threshold. But given e*, the principal at state
H Dbelieves with certainty of the agent having exerted effort, regardless of the true

output because ej; o = ej;; = 1. At the same time, the principal at state L believes of
62,op _ 62,11’

Lolaterop  (1=ef y)ater 1p
after observing the true output to be high. Proposition 1.7 follows by realizing that

the agent having exerted effort for probability i < 1 even

F'is a continuous function.
Therefore, e* can not be approximated by a sequence of belief-based effort func-

tionsssupportingtruthsreporting. A related question considered by Mailath and Mor-
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ris (2002) is that under what conditions, a perfect public equilibrium in a repeated
game with public monitoring is a sequential equilibrium in an arbitrarily closed re-
peated game with private monitoring[35]. They require each player to strictly prefer
one’s action in the perfect public equilibrium than alternatives. Hence, as long as
the disturbance introduced is uniformly small enough, each player has incentives to
stick to one’s strategy in the perfect public equilibrium. Proposition 1.7 addresses a
different question which is that given the same repeated game with both public and
private monitoring, whether the optimal belief-free effort function (it happens to be
public) can be approximated by a sequence of belief-based effort functions supporting
truth-reporting. Notice that given e*, the principal is indifferent between reporting
the low and high outputs such that the principal’s truth-reporting strategy is not
robust to even an arbitrarily small disturbance.

Proposition 1.7 also has an important implication on the effectiveness of numerical
algorithms. Notice the Borel measure of the set of belief-free effort functions support-
ing truth-reporting is zero because ey o —ero = y = ey — e 1, which implies that
the set is two-dimensional in the four-dimensional space [0, 1]*. Therefore, e*, the po-
tential optimal effort function supporting truth-reporting, can not be approximated
by some common numerical algorithms. For instance, consider a common numerical
algorithm as follows: let the interval [0, 1] be discretized as A = { %, %, ce % where
N > 1 is an integer. For each e € A%, calculate N()\) by (16) and (17)[36]. Then I
check the principal’s incentives by (20) and (21). If e supports truth-reporting, calcu-

late 7 As N goes to infinity, I expect the result generated by this numerical

e
T—(e1—e
algorit}(lrln t(:) converge to the optimal effort function supporting truth-reporting. But
if e* is optimal, which happens frequently in my computation, it is impossible to get
close to e* no matter how large N becomes.

Now I start to identify the efficiency loss associated with belief-based effort func-

tions. Given F € [0, 1], I have

qF (1-qF

elaih) € p—(p—-qF (1-p)+((p—qF

=QF)VYre Aand z € N(\) (27)

by (25), which implies that the principal expects the agent to exert effort in current

9F __ and less than ( (L—q)F

period with a probability greater than o DF [ E

under any

[35]In the sense that the probability of both players receiving the same private signal is arbitrarily
close to one.

[36]1t is feasible because we just have to iterate on the two extreme points as shown by Phelan and
Skrzypacz (2008).
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circumstances. Therefore,
(1—F(x,0;)))ego+ F(x,0;N)egy € Q(F) YA € A, x € N(\) and 9,6 € O[37]

which implies that the principal expects the agent to exert effort (on average) in
the future for a probability bounded by Q(F'), regardless of her history, the reported
output and the true output. The reason is that by (17), F(z,0; \) € N(¢J) such that
the principal expects the agent to exert effort for probability

(1= F(x,0;))ego + F(z,0; Neyy € Q(F).

due to (27). This is also true in the following periods. However, (20) and (21) require

(1—g)F B qF
V<ys (I-p)+@-—qF p—(p—qF

or equivalently,

-l —(—QyF’+@—q)2p -1y —1F+p1l—-py<0. (28

Otherwise, the principal does not have incentives to report the high output under any

circumstances. Furthermore, (28) implies F € [E, F] with

-2 —-Dy—1—/lp—a? 2 —Dy— 12 —4p(L —p)(p—q)[1 — (0 — Qyly
2(p— )1 = (p — @)y

—(p—)Cr—Dy—1++p— )2 — Dy — 12 —4p(1 —p)(p— q)[1 — (0 — Qyly
20—l = (p — @)yl

as F and F respectively where

(p—q)’[(2p— 1)y — 1> —4p(1 — p)(p — 9)[1 — (p — q)yly > 0[38]. (29)

The idea can be clearly illustrated in Figure 1.5. As F goes to 1, Q(F) becomes
smaller due to the convexity of F'(x, L; \) and the concavity of F'(x, H;\) in €(z; ).
So the potential impact of the principal’s reported output becomes smaller on the
NED probability of the agent exerting effort in the future, as measured by the length
of Q(F). At some point, it becomes too small to be able to compensate the cost of
reporting the high output for the principal.

(1-q)F

As a result, either eyo or ey; must be less than T oaF < 1, otherwise

[37]It does not necessarily imply e, € Q(F) V7.
[38]Otherwisepthererexistsmo) belief-based effort function supporting truth-reporting.
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— . (1—q)F . . . .
é(x; H) > T Va € [0,1] which contradicts (27). This features an efficiency

loss when compared to e* with e}, = ej;; = 1. To illustrate how large it can be,

consider an example with ¢ = 0.3, p = 0.7, 0, =0, 0y =8, ¢ =1 and § = 0.85.
(1-gF _ - ol

R, 0.94 which implies that the agent has to lower

the probability of exerting effort at either state (H,0) or state (H,1) by at least 6

percents, which turns out to be a quiet underestimate when it comes to computation.

By calculation, I have

Proposition 1.8 Suppose p = p. Then,

(a) Nep1(L) = Nepa (H) = Niyy;

(b) inf N(L) = inf N(H) = inftlet =z and supN(L) = supN(H) = sup tlet =
z;

(c) in Lemma 2, it suffices to check (20) and (21) VA € A and z € {z,T}.

Proof. See Appendix 1.5.12. =

(a) does not requires p = p. It follows the fact that given the principal’s history
(9, 9", the principal’s belief is determined by (', 6") while her state in period
t + 1 is determined by 6;. And (b) follows (a) and the fact that the principal’s initial
belief pmp i;l)M € Ny(A) will not be the extreme point due to p = p. The agent’s effort
is more private, if x is more away from 0 and T is more away from 1. Finally, (c)
follows the convexity of F'(z, L; \) and the concavity of F'(z, H;\) in &(x; \).

Theorem 1.3 shows that hiding the agent’s efforts from the principal by mixed

strategies incurs a non-negligible efficiency loss.

Theorem 1.3 There exists € > 0 such that if e is a belief-based effort function sup-
porting truth-reporting, then the principal expects the agent to exert effort for a prob-
ability less than 1 — € regardless of her history. In addition,

n<x<T<1—n for somen > 0.
Furthermore, if e is strictly more efficient than e€*, then
€ro > €er1-

Proof. See Appendix 1.5.13. =
The first result follows by setting ¢ = 1 —

—U=0F _ o shown above. It is a
(1-p)+(p—q)F

non-negligible efficiency loss in the sense that given the agent’s optimal belief-free
strategy, the principal expects the agent to exert effort with probability one if the
reported output is high in the prior period. However, given any belief-based strategy
for the agent, the principal can never expect the agent to exert effort for a probability

greatersthansl==emunderany circumstances.
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In addition, n < z < ¥ < 1 — n implies that the agent’s effort has to be private
enough in the sense that the principal is unable to infer it with certainty under any
circumstances. Otherwise, there exist a initial state and a sequence of one-period
histories {(9,60;)}:°,, along which the principal is going to be convinced at some
point, or eventually with certainty of the agent having shirked or exerted effort.

If ero < er1, the sequence of the principal’s beliefs along history {(¢; = L,0; =
L)}2, is monotonic and convergent. In other words, no matter what the principal’s
initial belief zq is, she will be convinced eventually of the agent having exerted effort for
probability .., as shown in Figure 1.6a for the case g > r. And if eyo < ep 1, the
sequence of the principal’s beliefs along history {(¢, = H,0; = H)}?°, is monotonic

and convergent too, as shown in Figure 1.6b for the case xg < 2.

F(x,H;H)
G

e(x L) (cH)

H,0 —

I

X

VY><

0 Xy X, — X —— X, 1 0 %o

> X, Xy 1

v
X

Figure 1.6a and 1.6b

Furthermore, if e;, o = 0, the principal is going to be convinced eventually with
certainty of the agent having shirked due to z = 0, and if eg; = 1, the principal
is going to be convinced eventually with certainty otherwise due to z,, = 1. No
matter the principal is convinced with certainty of one way or another, she reports
truthfully only if she is indeed indifferent between reporting the low and high outputs
as shown before. That is why it is important for the agent to keep his effort private
under any circumstances, because the extreme beliefs across the principal’s possible
histories, x and T, determine the principal’s incentives to be truthful according to (c)
in Proposition 1.8.

To summarize, in a belief-based effort function supporting truth-reporting, the

agent has to avoid punishing (rewarding) the principal to the full extent by shirking
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(exerting effort) with certainty, as he does in the optimal belief-free (public) effort
function. The reason is that by shirking (exerting effort) with more certainty, the
agent makes his effort more predictable by the principal, therefore less useful in pro-
viding incentives for the principal to be truthful.

Furthermore, Theorem 1.3 shows that the agent responds to the reported low
output more positively with er o > ey, 1, if he shirked. This is consistent with empir-
ical studies such as Greenberg who shows that an employee regards a performance
evaluation match his self-evaluation as being fair, and exerts more effort in the future.

Proposition 1.9 below is devoted to measure how private the agent’s effort is by

calculating x and 7, given his effort function.

Proposition 1.9 Suppose that e is an effort function with
€ro > €L, ero < emgo and egp —ero < eg1 — €L 1.

Then, (a) x = F(T,L;L) andT = F(z, H; H) if ego > em1;
(b) x=F(@,L;L) andT = F(T,H;H) ifepgp < em.

Proof. See Appendix 1.5.14. m

The only restrictive assumption is ez o < ep o, because ey o > e 1 is necessary for
belief-based effort functions supporting truth-reporting to be strictly more efficient
than e* according to Theorem 1.3, and ey — ero < ey — er1 follows Proposition
1.5. Moreover, e, o < eq o simply implies that no matter what the principal’s belief is,

she expects the agent to exert more effort following the reported high output because
e(z;L) =epo+ (en1 —erno)r <emo+ (em1 —emo)r =€(x; L) Vo € [0,1]

where e, 1 —ep o < em1—epnyp is implied by ego—epo < ey —er 1. It makes sense for
three reasons: first, the agent has to compensate the principal for reporting the high
output in general because it is costly for the principal; second, it is consistent with
empirical studies such as Greenberg (1986) who shows that an employee is more likely
to regard a positive evaluation as being fair than a negative one; third, it is a robust

feature of the optimal effort function supporting truth-reporting in my numerical
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analysis.
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Figure 1.7a and 1.7b

The case (a) in Proposition 1.9 is illustrated in Figure 1.7a. After observing the
true output to be low, the principal assigns a probability ranging from F(Z, L; L) to
F(z, L; H) to the agent having exerted effort. And after observing the true output to
be high, the principal assigns a probability ranging from F(Z, H; L) to F(z, H; H) to
the agent having exerted effort. Therefore, e supports truth-reporting if

F(z,L;: H) <F < F(z,H; L).

Suppose that the principal’s belief in period 0 is xy, which belongs to [z, 7] due
to p = p. What is the history along which the principal is able to get more informa-
tion about the agent’s effort as fast as possible, or equivalent, the principal’s belief

converges to x or T as fast as possible? The answer is
{(’1915 = L,Ht = H), (1%4_1 = H, 9t+1 = L)} fort = 0, 2, .

which features an oscillation off the equilibrium path.

The case (b) in Proposition 1.9 is illustrated in Figure 1.7b. After observing the
true output to be low, the principal assigns a probability ranging from F(Z, L; L) to
F (7, L; H) to the agent having exerted effort. And after observing the true output to
be high, the principal assigns a probability ranging from F(Z, H; L) to F(Z, H; H) to
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the agent having exerted effort. Therefore, e supports truth-reporting if
Fz,L;H)<F < F(z,H;L).

Suppose that the principal’s belief in period 0 is xy, which belongs to [z, 7] due
to p = p. What is the history along which the principal is able to get more informa-
tion about the agent’s effort as fast as possible, or equivalent, the principal’s belief

converges to x or T as fast as possible? The answer is
{(0e = H,0, = H)}}Z,

which features a monotonic convergence on the equilibrium path. However, in order
to reach x, I should add {(L, H), (L, L)} at the end of a very long sequence of (H, H).

Therefore, in some sense, effort function e as in the case (a) reveal more information
to the principal who is engaging on misreporting. That is not consistent with our
goal of providing incentives more efficiently for the principal to be truthful. Lemma
3 provides a partial result about why effort function e, as in the case (a), is not likely
to be optimal. But the argument here provides an intuitive explanation.

Define

Q(F) = {x €[0,1] |3\ € A and 2’ € N()\) such that x = F(2/,6; \)} C[0,1] V8 € ©
(30)
as the set of possible probabilities assigned by the principal to the agent having exerted
effort, after observing the true output to be 6. Notice that Q(#) serves as a bridge
between the agent and the principal in the sense that it is determined by the agent’s
strategy, and at the same time, it determines whether the principal has incentives to
be truthful.
Apparently, (25) suggests that Q(L) is below and separable from Q(H) in the
space [0, 1]. Theorem 1.4 further shows that the distance between Q(L) and Q(H) is

zero in the optimal belief-based effort function.
Theorem 1.4 Suppose that e™ is the optimal belief-based effort function supporting
truth-reporting. If ezjo < €E70 and et is strictly more efficient than e*, then

supQt (L) = F" =inf Q" (H).

Proof. See Appendix 1.5.15. =
It suffices to prove F(x*, L; H) = Ft = F(Z7, H; L) in case (a) and F(z*,L; H) =
F* = F(T',H;L) in case (b). The distance between Q* (L) and Q*(H) measures

howswell theragentrissable to keep his effort private. The reason is that the principal
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relies heavily on the output in the current period to infer the agent’s effort, only
because the agent has been successfully keeping the principal from inferring too much
from her history (along with the agent’s strategy) about what the agent is going to do
in the current period. Therefore, sup Q1 (L) < inf QT (H) implies that the agent keeps
his effort too private to be necessary in terms of providing incentives for the principal
to be truthful. Because keeping the agent’s effort private involves the efficiency loss,
it is not optimal to overdo it. Specifically, if sup Q" (L) < inf Q*(H), the agent is able
to exert effort with a slightly larger probability at each state, while still keeping his
effort private enough in terms of providing incentives for the principal to be truthful.

Effort functions as case (b) have all the features consistent with empirical studies
on how employees respond to subjective performance evaluations. So Lemma 3 tries
to shed some light on why it is likely to be optimal, by showing that eg’o > 631 is
likely to bind.

Lemma 1.3 Suppose e} , < €50, €50 = €41 and e is strictly more efficient than

*

e*. Then, if p(1 — q)* > ¢*(1 — p)[39], one of the following statements must be true:

(a) 62,0 = 6}-},0; (b) eJLr,l =0; (c) lerI,o = 62,1'

Proof. See Appendix 1.5.16. =

Finally, I try to measure numerically the efficiency outcome associated with the
agent’s belief-based effort functions. Given ¢ = 0.01, 8, = 0, g = 6, ¢ = 2 and
£ = 0.65, I have

€ro | €01 | €ho | €1 | pTTet | p*Te* | Productive | (a) or (b)
=.78 | .113 | .108 | .976 | .976 | .361 430 NO (b)
p=.80 | .190 | .117 | .980 | .981 | .508 532 NO (b)
= .82 .249 | .156 | .982 | .988 | .613 617 NO (b)
p=.841 .340 | .139 | 988 | .988 | .701 .688 YES (b)
p— .86 | 421 | 141 | .990 | 990 | 768 | .750 |  YES (b)
p=88 | 500|147 | 992 | 992 | 822 | 802 | YES (b)

[39]1t can be easily satisfied with ¢ < § < p.
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the NED Probability of the Agent Exerting Effort

Figure 1.8

in which the blue solid line represents p* "e*t and the red dashed line represents p* " e*.

Given ¢, if p becomes larger, the agent’s effort becomes more informative about the
true output observed by the principal. Hence, the potential efficiency gain is larger as
well by using the agent’s effort to provide incentives for the principal to be truthful.
Also, F(z, L; \) and F(x, H; \) become further away from the 45 degree line, as shown
in Figure 1.5, because the true output is more informative for the principal about the
agent’s effort. Therefore, F can be potentially closer to 1 so that the potential loss
from hiding the agent’s effort from the principal becomes smaller, as measured by
1— %. Both factors contribute to what is shown in Figure 1.8.

I make two assumptions in this section: the agent’s strategy depends on the one-
period history, and the principal reports truthfully even off the equilibrium path. In

next section, I try to relax them.
1.3.3 Sequential Equilibria

In this section, I consider sequential equilibria in which the principal reports truthfully
on the equilibrium path, without imposing any constraints on the agent’s strategies.
The contract is w** according to Lemma 1. Therefore, the principal’s belief in period
t has the support E*, which grows over time. However, the agent’s belief is simple
in the sense that he always assigns probability one to the principal being on the
equilibrium path, therefore being going to be truthful in the future. Hence, the
principal’s strategy is public and static in the agent’s point of view even though
she may report untruthfully off the equilibrium path. By Definition 1, the agent’s

continuation strategy.following any possible history (¢, e?) is the best response to
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the principal’s same truth-reporting strategy. By mixing the agent’s continuation
strategy following (0", e!) with probability u[, 6" = ¥"](e?) assigned by the principal
on the equilibrium path, a new SE with respect to w** featuring truth-reporting can be
constructed. The reason is that the principal with history (9*,6" = ") has incentives
to be truthful when he believes of the agent using continuation strategy e | (¢J°, ?)
with probability p[¥, 0" = 9¥'](e) Ve!. Given that, a partial recursive structure is able
to be established so that a lower and an upper bound on the efficiency attainable are
derived in Proposition 1.10.

Define a mapping ¥ : 2001 — 2[0:1] 55

U(X) = {a; € [0,1] ‘EIe,eL70,eL71,eH,0,eH71 € [0,1] such that (32)-(36). } (31)

where -
(I—e)(l—gq) €L
—(1—Be e(1—p) er1
p==ferp| o (32)
ep €H 1
(1—¢e)(1—gq) e(1-p)

)(eH,o —epg) + ( )(eH71 —ep1) <y

(I-e)1—q)+e(l—p l—e)(l—q)+e(l—p

33
(1(—1@_)%(%0 —epo) + U_;ﬁ(em —er1) >y (34)
T T T are e S @9
ﬁ%em + u_;ﬁem € co(X) (36)

V5 e (p_q)2(9H_9£)+[1_(p_q)]C, 1> (the set is chosen so that y € [0, 1]). Proposition 1.10
shows that the mapping W is able to generate a lower and an upper bound on NED
probability of the agent exerting effort attainable by SE with respect to w** in which
the principal reports truthfully.

Proposition 1.10 Suppose that (e,r) is a SE with respect to w** in which the prin-

cipal’s strategy features truth-reporting. Then,

Zﬁtet

t=0

(1 - pB)Eqg s| € ([0, 1]).

Proof. See Appendix Q. m

Theoretically, the same logic applies in any continuation game. And the estimation
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is able to become more and more precise. However, it is not practical. For instance, if
I consider a continuation game starting from period 2, there are 16 instead of 4 NED
probabilities of the agent exerting effort consistent with the number of the agent’s

possible two-period histories.

Report the low (high)
Output with the probability

; d(1-d)
Islow in
)T +10KT
Report the high output
No low output h eport the high outpu
been reported
Report the high output

Otherwi

Report the low output

Figure 1.9

Furthermore, I replicate the T-period review equilibrium in Fuchs (2007) without
referring to termination as follows: let the agent’s strategy be to exert effort in period
t if and only if no low output has been reported before[40], and the principal’s review
strategy be illustrated in Figure 1.9 below where £k = 1,2, - - - and T is the length of

review phase. Then this is a SE with respect to w* if

BT —p)"p— )1 = 8Y) c
1-p"1-0(1=p")]1-8) ~ (p—a)(0r—01)—c

[41]. (37)

Notice that only one high output out of 7" outputs is enough for the principal to
report the high output with probability one in period T'. Consequently, the agent off
the equilibrium path has stronger incentives to exert effort because the probability
of him having no high output so far is higher. For the same reason, the agent on
the equilibrium path has weakest incentives to exert effort in period 7. Hence, it
suffices to check the incentive compatibility constraint for the agent in period 7" who

has exerted effort for the first 7' — 1 periods as shown in (37).

[40] The agent’s strategy is pure and public.
[41]The optimal PPE in Theorem 1 is a special case with 7= 1 and the minimum § solving (37).
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Given ¢ = 0.33, p=0.67, 0, = —4, 0y =8, ¢ =2 and € [0.63,0.99], I have

the NED Probability of the Agent Exerting Effort

Figure 1.10

in which the red line represents the efficiency attainable by the T-period review equi-
librium, and the blue lines represent the lower and upper bound on the efficiency
attainable by SE in which the principal reports truthfully. The comparison is in-
teresting because in the T-period review equilibrium, the principal is the only party
keeping private information on the equilibrium path, while the agent is the only party
keeping private information on the equilibrium path in SE in which the principal
reports truthfully.

It seems that it is optimal for the principal to keep private information on the

equilibrium path than the agent.

1.4 Conclusion

I have studied an infinitely repeated principal-agent problem in which the principal
privately observes and publicly reports the agent’s output. The role of the agent’s
private strategies, which depend on the history of his private efforts, is examined
in providing incentives for the principal to be truthful. T show that there is a non-
negligible efficiency loss associated with the use of the agent’s private history as an
incentive device. This efficiency loss may, or may not be justified by the efficiency
gain. Moreover, the agent’s optimal strategy is shown to be consistent with empirical

studies on how employees respond to subjective performance evaluations.
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1.5 Appendix
1.5.1 Proof of Proposition 1.1

I have Vsp(w) C Vil ppp(w) because SE is a refinement of WPBE and Vi), ppp(w) 2
V2 ppe(w). So it suffices to prove Vsg(w) 2 Vit ppp(w) and Vi) pgp(w) C ViE ppe(w).
Notice Vsg(w) 2 Vil pgp(w) follows immediately if the full support assumption is
satisfied. But unfortunately, that is not the case in this model.

Suppose (e,r) is a WPBE with respect to w in which the agent’s strategy is
pure. Notice #' has the full support regardless of the agent’s strategy due to q,p €
(0,1). Therefore, whether the principal’s history (¥, ") is on the equilibrium path is
exclusively determined by her own strategy in the first ¢ periods.

(1) By (4), given a public history 9, the principal with any private history 6" as-
signs the probability one to the agent having the private history e’ defined recursively

as eg = e(()) and
€r41 = 6((190, t '7197')7 (607 o '767)) VT = 07 o '7t —2

where e is a deterministic function because the agent uses pure strategy. Therefore,
the agent’s any possible history (9',e") with & # e’ is not in the support of the
principal’s belief at (¥, 6") V6.

(i) Assume (¥',0") V6" is off the equilibrium path. Therefore, (¥, e?) Vet is off
the equilibrium path too because otherwise there exists §° such that (¢9°,6") is on the
equilibrium path. Let the agent shirks and the principal NED the expected transfer
following 9" which form a SE with respect to w | 9". And it generates the minmax
NED payoffs for both parties. As a result, the agent’s optimal strategy does not
change because (0, 6") V6" is always off the equilibrium path given the principal’s
same strategy in the first ¢ periods. And the principal’s optimal strategy does not
change either because she does not have incentives to put some weights on her minmax
NED payoff in w | 9*.

(ii) Assume (9", 6") is on the equilibrium path for §' € o' coeo.

Then the agent’s belief at (9, ') Ve' # ¢! is defined by (3) with the same support
©'. So first replace the agent’s continuation strategy following (', e) Vet # et given
the belief defined by (3). Then I replace the principal’s continuation strategy following
(9%, 0") Vo' ¢ ©' with the one following (¥, 6") Vo' € ©'. Notice the replacement
proposed here does not guarantee the principal’s continuation strategy following 9" is
the same regardless of §' because e may not be a singleton set.

Recursively applying (i) or (ii) from the beginning gives a payoff-equivalent SE

with respect to w in which the agent’s strategy is pure.
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(2) Replace the agent’s continuation strategy following (", e") Ve! # e! with the
one following (¢°,€') because WPBE does not impose any restrictions on beliefs off
the equilibrium path. Recursively applying (i) or the replacement proposed here from
the beginning gives a payoff-equivalent WPBE with respect to w in which the agent’s
strategy is pure and public.

1.5.2 Proof of Proposition 1.2

Assume w[¥'](9; = 01) > w[¥'](¥; = Op) for some 9",

Throughout the proof, I denote ¥, the reported output in period ¢, by 6; and 0,
for i,j € {L, H} with i # j. For notational simplification, I denote (¥*,6;) by (6;)
and (9',0;) by ().

Define the contract w’ by altering the continuation contract w | 9" as follows,

w'[0](0;) = w[d'](6;) and w' [ 0;) = w | (6;)

and the strategy profile s’ = (¢/,7') by altering the continuation strategies e | (9", ef)

and r | (", 6") as follows,
'[9, e'](e;) = e[, e'](e;) and €' | ((0;),e") =e| ((8;),¢€") for Ve

r[9°, 0% 0,)(0;) = r[9",0%0,](0;) and ' | ((6;),0") =r | ({6;),6") for V&',

while keeping anything else unchanged. In words, given the public history 1, the
transfer in period ¢, as well as the continuation contract starting at period ¢ + 1,
contingent on the reported output 6.(6y) in the contract w’ are the same with the
ones contingent on the reported output 6(6) in the contract w. In period ¢ following
the public history ', the agent’s strategy doesn’t change, but the principal reports
01(0y) whenever he is supposed to report 0y(f;) according to r. After that, the
continuation strategies are chosen from s by treating the reported output 0 (6y) as
O (6r).
I try to show (¢, 7’) is a SE with respect to w’. It suffices to show

Pl{B:) e S(0) = p[(0;) , € s)(07)

pll0:) 07 8')(eT) = wl(6;) , 075 5] ()

which are both true even when the agent’s belief is defined by (5), therefore indepen-
dent of the history of reported outputs.
That completes the proof.
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1.5.3 Proof of Proposition 1.3

Define a function B : [, +00) — R as
B(z) = max U4 + U” s.t. (U4, UP) e T(A(x)) (38)

where A(z) = {(UA,U") | UA > wy,,UP > 0 —wy and UA4+UP < 2}. T show U(w) <
B>(0 — ¢) as follows: notice I'*(V(w)) C V*(w) C A(f —
follows the fact (wp, —wy) is the minmax payoff pair and the second relation follows
the fact f — ¢ is the maximum total payoff. Therefore, I have I (V (w)) C I'(A(0 —c¢))
because I" is monotonic therefore U(w) < B(f—c) < 6 —c. By induction, a decreasing

sequence {B™(0 —c) > U(w)}::(]

bound (not necessarily the least upper bound) on U(w).

¢) where the first relation

can be constructed with B®( — ¢) as an upper

Lemma 1.4 (a) If (p — q)*(0g — 01) > (1 —q)c,

Bx+ (1 —p)0 , for x € [Q,Q—l—ﬁ(lp;fq)max{c, (p—q)(wH—wL)}>
B(z) = ;
Bz—l—(l—ﬁ)(?—;%q),for x2Q+6(1p;i)max{c,(p—q)(wH—wL)}

q

() If (p — @)*(0u — 0) < (1 — q)c, B(x) = Bz + (1 — 3)8, for x € [0, +00).

Proof. Rewrite the optimization problem as follows,

.
1- 1-05)6 1— Ufi + Uf
max € p p ( ﬁ) H + TH TH 6( Ij—i_ H) —6(1—ﬁ)C
erULUn |1 —e ql—gq (1-p)0, rp 1—rp | | BUR +UP)
subject to
e € argmaxU*(¢/,r | w; Up, Ug) (39)
e’€[0,1]
r € argmaxU” (e,r' | w; Ur, Ug) (40)
r'e[0,1]2
UL, Uy € A(x) (41)

I proceed by considering two auxiliary optimization problems: one with the addi-
tional constraint e = 0 and one with the additional constraint e > 0. Therefore, B(x)
can be calculated by comparing the results from these two complementary optimiza-
tion problems.

(1) e=0.

It’s straightforward to show By(z) = (1 — 8)8 + Bz for Ui + UF = Uj} + U} = x;

(2) e > 0.
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First notice e > 0 only if

ur P - %(w;] —wp) (42)

(rir =) (p = @l = B)(wyr — wi) + B(Uz — UR)] = (1 = B)e. (43)

(42) holds because otherwise the principal reports the low/high output regardless of
the true output so that the agent does not have incentives to exert effort. (43) is
derived from (39).

Therefore, I proceed by assuming x — 6 > %(w m — wr,) because, otherwise, (42)

can not hold. Without loss of generality, I assume

Uf:Q—wL andngﬁ—wL—F%(wH—wL) (44)

max {Uj + UL, U + Uj} = = (45)

(i) If U + UL = x, T have

B

which implies (1 — 8)(wy — wy) + B(Uf — Uf) € [0, B(x — 0)]. Therefore, ry > 7y,
according to (43) which implies

1—
U}A}:x— (Q—wL—F—B(wH—wL)) and Ufe [wp,x — (0 —wp)]

1-5 c— 1_5(wH—wL).

1-7 1-p -
~ Bp—a) 5

c— (wyg —wp)

ZBo—atn ) B

Uy — UL

The first equality always holds since otherwise U;! can be increased without changing
e, rp and rgy resulting in a greater value of the objective function. So I can rewrite

the optimization problem as follows,

e T pl—p (]_—ﬂ)HH rgl —ry ﬂl‘
crurneo] L _6] [ql _q] ([(1 —ﬁ)eL] " [TL 1—m] [@U]) e

subject to
1-p
cel0,z—0
Blp—a)(rm — 1) | |
where
1-p
y = r — C.

Blp—a)(ru —rL)
The constraint set is non-empty if and only if z > 0 + ﬁ(lp;_ﬁq)c. As a result, the

maximum value is (1 — 3)(6 — ;%Zc) + Bz fore =ry =1and r; =0.
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(ii) If U + UF = x, I have

Ui € [w,;,x— <Q—wL—|— %(w;;—wﬂ)] and U = — (0 — wy)

which implies (1 — 8)(wy — wy) + B(UsH — Uf) € [(1 — B)(wyg — wy) — B(x — 9),0].
Therefore, py < p; according to (43) which implies
1-p 1-p 1-p 1-p

c— (wg —wp) < — c— (wyg —wp).

SB@—@WH—U) 5 B(p—q) 5

Uy —Us

The first equality always holds since otherwise Uj can be increased without changing
e, rp and rgy resulting in a greater value of the objective function. So I can rewrite

the optimization problem as follows,

e 1"[p1-p] ([0=p0x] [ral—ra][8y
crurnco] L _J [ql _q] (!(1 —ﬁ)9L] ’ !TL 1—m] lﬁx]> e

subject to

where
=x+ 1-5 c
Y Blp—aq)re —rr)

The constraint set is non-empty if and only if x > 0 + ﬁg;_ﬁq)c + %(wH —wr). As a

result, the maximum value is (1 — ) (_ — ;%gc) + Bx fore=r; =1and rg = 0.

Hence, I conclude Bsy(z) = (1 — f3) (é - ]13%30) +Brifz >0+ ﬂ(lp_fq)c'

Therefore,

max{By(x), By(x)} , if = > 0+ 5-2sc

By (x) , if otherwise

The result follows by algebra. m
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Figure 1.11

The function B(z) is illustrated in the figure above. Therefore, as long as B(x) > «
for z = 0 + ﬁ(lg_ﬁq) max {c, (p — q)(wy —wr)}, BX(0 —¢c) = 0 — ;%Zc. Otherwise,
B*(0 —c)=40.

This completes the proof.

1.5.4 Proof of Theorem 1.1

Let U'(j) for i € {A, P} and j € {C, D} denote the player i’s NED payoff at state j.
Apparently, I have U4(D) = w} and UP(D) = § — w}. Furthermore,

UAC) = (1= B)(@ = ¢) + BpUHC) + (1 = p)((1 = r)UH(D) + rLUA(C))]

UR(C) = (1= 5)(0 =) + BpUT(C) + (1 = p)((1 = r)UT(D) +r,UT(C))]

where w = pwy; + (1 — p)[(1 — rp)w} + rpwy]. By algebra, I have

1—B)(@—c)+ p(1—p)(1—r)wr
1—-08p— 5(1 —P)TL

UA(C) _ (

P (1=8)0 —w) + B(1 = p)(1 =) (8 — wy)
vHe) = 1—pp—B(1—prr
so that

UA(C) +UP(C) _ (1 _B)(a_c) +ﬂ(1 —p)(l _TL)Q zg_ 1 —q

1—pp—p(l—pry P—q

C
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as claimed.
The incentive compatibility at state D is straightforward. At state C', given the
principal’s strategy of reporting truthfully, the agent’s NED payoff of shirking and

exerting effort are
(1= B)w + BlgU(C) + (1 = @) (1 = r)UA(D) +r,UH(C))]

(1= B)@ —c) + BlpU™(C) + (1 = p)((L = r,)UY(D) + r LU (C))]

respectively which are equal by algebra where w = qui; + (1 — ¢)[(1 — rp)w} +rrwj].
So it’s optimal for the agent to exert effort at State C'. Also in state C, given the
agent’s strategy of exerting effort, the expected utilities for the principal to report the

low output and the high output (regardless of the true output) are
~(1 = Bywy, + BUT(D) and — (1 — B)wy; + BUT(C)

respectively which are equal by algebra. So it’s optimal for the principal to report

truthfully at state C'. And g € |:(p—q)2(9;—o9L)+qc7 1) guarantees r, € [0, 1].

This completes the proof.
1.5.5 Proof of Proposition 1.4
For = € [0, +00), Ai(z) = {(UA,UF) | § < UA+ UP < z}. And define a mapping

I1; : 28" — 2R% ag

(

UL, Uy € co(X), w e R% e €[0,1] and r € [0,1]2 )

such that
UA =UA((e,r) | w; Up,Upg)
I(X) = ¢ (UA,U") Ur =UF((e,r) | w;Ur,Ug)
e € argmaxUA((e/,r) | w; Uy, Ug)

e’'€[0,1]

r € argmaxU” ((e,r') | w; U, Ug)
L r'e[0,1]2 )

Now, the set of the feasible payoff pairs V' is defined as
V={UMU") |0 <U*+U" <0}

because the payoffs are transferable between the agent and the principal. Therefore,
there exists = € [0, — c] such that

oI (V) = {(UAUP) |9 < UA + UP < )
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which implies that I can iterate on z instead of the whole set. By applying the

procedure in the proof of Proposition 1.3, I have

9 , for f € (0’ (pfq)2(91§79L)+qC>

0 _ 1=a c
0 p—q> for 5 € |:(P*(1)2(9H*9L)+q0’1)

That completes the proof.
1.5.6 Proof of Lemma 1.1

The case of wy = 0 is trivial so that I proceed by assuming wy > 0.

Notice, given any history (9", e), the agent believes that the history of the true
outputs 0" is consistent with the history of the reported outputs 9" due to p, q € (0,1)
which implies the principal’s potential deviations are undetectable. That in turn
implies that the agent believes of the principal being going to report truthfully in the
future. Therefore, the agent’s strictly dominant strategy is shirking if wy < p%q and
exerting effort if wy > zﬁz' In either case, the principal does not have incentives to
report the high output as long as wy > 0 because the agent’s continuation strategy

is independent of the principal’s report. A contradiction.
1.5.7 Proof of Theorem 1.2

By definition, there exists a PPE (e, ) with respect to w** Ve € C such that r features
truth-reporting and

(46)

where

egz(l—ﬁ)El S,{ﬁozﬁ} e CW e 0.

iﬁt_let

t=1

Regardless of the true output, the principal’s NED payoft following the reported low
output and the reported high output are

Bler(t — pwiy) + (1 —er)(@ — qui7)]
—(1 = Bywi + Blen (9 — pwiy) + (1 —en)(d — quiy)]
respectively which imply

1 —
ey —er = 6 ¢ Ey>0 (47)

B (p—q)lp—a)On—0) -

www.manaraa.com



49

because, otherwise, the principal strictly prefers reporting the low output or reporting
the high output.
By substituting ey in (46) by (47), I have

e=(1—B)e+ Ber+ Blep+ (1 —e)qly

which implies that given e, the maximum e; denoted by € is achieved by e = 0.

Therefore,

_ 1
€L = e —qy

B

as illustrated in the following figure,

e

qac ]
(p- 9l(p- 9@, -9,)-

Figure 1.12

qc
p=9)[(p—9)(0r—0r)—c
By substituting ey, in (46) by (47), I have

Hence, I conclude e > ( ] Otherwise, ey, drops below zero eventually.

e=(1—p)e+Pey —Ple(l—p)+(1—e)(l—q)y

which implies that given e, the minimum ey denoted by e; is achieved by e = 1.

Therefore,
1-p
y _——_—
5

Otherwise, ey rises above one eventually.

gH=%e+<l—p>

(p—q)2(6r—0L)—(1—q)c
(P—)llp—q) (@ —0r)—c]"

which implies e <

www.manharaa.com




20

Therefore,

qc (p—q)*(0y —01) — (1 — q)c —lo®
L (P—a)lp—9)O0x —0r) = (p—p—0)(Ou —0r) — ] =lee

if (p —q)?(0g — 0r) > c. Otherwise, C is empty. Notice, if 3 < —aea—a the
interval above is not large enough to make (47) hold. So I proceed by assuming
otherwise.

In order to complete the proof, it suffices to show there exists a PPE with respect
to w** Ve € [e, €| such that r features truth-reporting and (46). I solve for e = e, €
while leaving the rest for the readers as follows: fore =e, e, =0ift=1orv;,_ ;1 =L
%m otherwise; for e = €, ¢, = 1if t = 1 or ¥,_1 = H and
%m otherwise.

1.5.8 Proof of Lemma 1.2

and e; =

etzl—

According to Proposition 12.2.2 by Mailath and Samuelson (2006), it suffices to prove
(20) and (21) are no profitable one-shot deviations conditions. Notice in general, this
game does not satisfy full support assumption which is required by Proposition 12.2.2.
Fortunately, it will not be a problem for the case under consideration in which the
principal reports truthfully so that (3) is well-defined everywhere.

If the agent is at state v € ', then the principal’s NED payoff from following the

equilibrium truth-reporting strategy is

c c
kyzl—e [1—q9L+q(9H——)}+e [1—p(9L+p<9H— ):|
(MN=0-e)|(1-9q) p— v |(1=p) p—

Given A € A and z € N(A), if the true output is low, then the principal assigns
the probability F'(x, L; \) to the agent having exerted effort. Hence, the principal’s
NED payoft from reporting the high output instead in current period but reporting
truthfully thereafter is

(1= ) (=) + 8101 = Fla. LiNK(H.0) + Flao, Li V(1)

which is supposed to be lower than the principal’s NED payoff from following the

equilibrium truth-reporting strategy
BI( = Fla, L; \)K(L, 0) + F(z, L; V(L 1)].

This gives (20). A similar argument gives (21).
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1.5.9 Proof of Proposition 1.5
By algebra, I conclude the belief-updating function F': [0,1] x © x A — [0, 1] has the

following properties:
(a) 0 < F(x, L;\) <e(x;\) < F(z, H;\) < 1 for e(x; \) € (0,1);
(b) F(z,L;\) =¢€(x;\) = F(x, H; \) for e(z; \) =0 or 1;
(¢) F(x,L;\) and F(x, H; \) are monotone and continuous in z;
(d) F(x,L;\) is convex in z and F'(x, H; \) is concave in z.
VA€ A and = € N(V),

(F(z,H;\) — F(x,L;\)[(eg1 —er1) — (emo —ero)] >0

following (20) and (21). Remember F(z, H;\) > F(x, L; \) YA € A and x € N(A) by
(a) and (b).

Suppose there exist A and x € N(A) such that F(x, H;\) > F(x,L;\). Then
ego —ero < eg1 — ery. Furthermore, if y < eyo — ero, (20) does not hold. If
y >ep1 —erq, (21) does not hold. So the result follows.

Suppose F(z, H;\) = F(z,L; \) VA € A and € N(X). This implies &(z; ) = 0
or 1 YA € A and z € N(A) by (a) and (b). If there exist A € A and x € N(\) such
that e(x;\) = 0, then F(x,L;\) = F(z,H;\) = 0 which implies egg —ero = y
by (20) and (21). If there exist A € A and = € N(\) such that e(z; \) = 1, then
F(z,L;\) = F(z, H; \) = 1 which implies ey 1 —er ; = y by (20) and (21). Therefore,
ego—ero =Yy =eyi1—erife(z;\) =0 forsome A € A and z € N(\) and e(x; \) =1
for some A\ € A and z € N(\). This leaves us two cases: (1) suppose é(z; A\) =0V € A
and z € N(\). If e(z;A\) =0 for A € A and x € Ny()\), then F(x,0; ) =0 € Nyyq(L)
and N;1(H) by (17). Hence, e(F(x,0;\); L) = e(F(x,0;\); H) = 0 which implies
ero = emo = 0, and in turn ey — er o = 0. This contradicts (20) and (21) given
y > 0; (2) suppose e(z;A) = 1 VA € A and z € N(\). A similar contradiction is
reached.

This completes the proof.
1.5.10 Proof of Proposition 1.6

Following Ely, Horner and Olszewski (2005), I say the effort function e support-
ing truth-reporting is belief-free if the principal has appropriate incentive to report
truthfully even when she believes with certainty of the agent having either shirked
or exerted effort. Suppose the principal believes of the agent having shirked. She
reports truthfully if and only if ey o — e, = y due to (20) and (21). Suppose the
principal believes of the agent having exerted effort. She reports truthfully if and only
if ey —er1 =y due to (20) and (21). So I conclude the effort function e supporting
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truth-reporting is belief-free if and only if ey —er o =y = ey — ez 1. Hence,

* €o
e* €  argmax _—
€L,0,eL,1,€H,0,€H,1 1-— (61 - 60)

subject to
LD (eno— ero) = (48)
1_ ﬁ(€1 — 60) H,0 Lo) =Y
1-p
_ - 49
1= 5(61 — eo)(eﬂ,1 6L,1) Yy ( )
ero, ern1, emos em1 € [0,1]. (50)

By (48) and (49), I have e}, — €} o = €}, — e, > 0. Notice either e}, or ej;,
must be one. Otherwise, ¢’ with e/ = e, +min{l — e} 4,1 — e}y, } Vy € I satisfies
(48)-(50) and is strictly more efficient than e*. A contradiction.

Case 1: Suppose ep, = 1.

Assume ey ; < 1 which implies there exists ¢ > 0 such that ¢’ = (e}, €7, +¢
€0 €31 + )" satisty (50) with

1-p : 1-p

eyo—er )= ey —er ) > .
1_5(611_66)(}1,0 L,O) 1_5(6’1_66)(H’1 L,1) Y

Furthermore, there exists 7 > 0 such that e” = (e} o+ €}, + 1 €}y €))7 satisfies
(48)-(50) which is strictly more efficient than e*. A contradiction. So I conclude
ez = 1 and the result follows.

Case 2: Suppose ej;; = 1.

Let z = ey — er o so that I can rewrite the optimization problem as follows,

* * * CH0 — (1 - Q)Z }
€7170,€10 — € € arg max
{ H,00 €H,0 L,O} enod { 1—[(p—q)z+ (1 —eno)]

subject to -5
[ PR o) oy
€H0,6HO — 2 € [O, 1] (52)
From (51), I have
— d —q)*(0y — 0
(p—q)z+ (1 — epo) = % - % with ZZ’O _ =9 (CH L5y,
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Inserting it into the objective function gives

1—(1—p)z— [% -~ “gf”}

_ |1 _ (a-p)z
1 [ﬁ By ]

which is increasing in z. Hence, it is optimal to have e}; , = 1 and 2* = Em'
The result follows immediately.

This completes the proof.
1.5.11 Proof of Proposition 1.7

Since et < e%, =1, I have
L H 9

erp _ ey (1 —p)

(1—ep)g+epp (1—ep)(1—q)+ep(1-p)

which implies that there exists ¢ > 0 such that for any decision function e € B.(e*),

| (€L +e)p
P L) s s e+ @ v op
(e5; —e)(1—p) z, L;
T (i)t ey i —p) = L)

Va € [0, 1]. Therefore, for any e € B.(e*), there does not exist F such that Q(L) and
Q(H) can be separated. The result follows.

1.5.12 Proof of Proposition 1.8

I first show Ny (L) C N,(H) Vt > 1. Suppose z € N;(L) which implies that I\ € A and
(L,0) € ©% such that F(2’,0;\") for some 2’ € N;(\'). So for ' € A and (H, 0) € 62,
I have ¢(\', H,0) = H and z = F(2',0; \) for 2/ € Ny()\') which implies z € N,(H).
Therefore, N;(L) C N;(H). A similar argument establishes N;(H) C N;(L). The
result follows.

Therefore, it suffices to prove inf N; < ﬁ <supN; VA € T. By (??), I have

pL,O = (]‘ - q) ZWEF(l - e’Y)p'y and pL,l = (1 _p) Z’YEF 6707
and in turn

Pr1 B (1-p) Z'yEF €yPy

Prot Pra (1—-4q) Zyer(l - ev)pw + (1 —p) Z'yel" €yPy

Ol Ll Zyl_ﬂbl
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which implies # goes between
(1—p) nye{(L,O),(L,l)} P~ _F ( Pr I: L)
(1—-4q) nye{(L,O),(L,l)}(l - 67)P7 +(1—-p) nye{(L,O),(Lyl)} €vPy Pro+ PL,17 ’

and

(1-p) Z'ye{(H,O),(H,l)} € Py
(1—-4q) Z’ye{(H,O):(H,l)}(l - e'y)p'y +(1—p) Z’VG{(H:O)»(HJ)} CrPy

—F <—pH’1 ,L;H) .
Pro T PH1

PH, 1
PHOTPH1"

(b) (Sufficiency) Suppose (20) and (21) are satisfied VA € A and x € {z,T}. Then,
VA € A and z =tz + (1 — t)T for some ¢ € [0, 1],

A similar argument applies for

(1 - F(x,L;\)(ego —ero) + F(x,L;\)(eg1 —er)

= (ego —erp) + F(z, L; N)[(eg1 —er1) — (emo — ero)]

(emo —ero) + [tF(z, L; \) + (1 — t)F(T, L; M)][(en1 —er1) — (emo — ero)]
Yy

IN

IN

where the first inequality follows the facts (1) ego—ero < em1—er1; (2) F(x, L; \)

is convex in . And

(1—F(x,H;\)(ego—ero) + F(x,H;\)(eg1 —er1)

(emo —erpo) + F(z, H; N)[(eg1 —er1) — (emo —erp)]

(eH,O — eL70) + [tF(Q, H, )\) + (]_ — t)F(f, H, A)][(eH,l — eL71) — (eHyo — eL’O)]
Y

v

v

where the first inequality follows the facts (1) ey —ero < ey —er1 by Lemma 9;
(2) F(x, H;\) is concave in z.

(Necessarily) By definition of z, there exists a sequence {xn SV Nt} such that
z = lim z, and z,, satisfies (20) and (21). Therefore, by taking n to 00 nI_éonclude x
satisfies (20) and (21) as well since F'(x,0;\) is continuous in z. A similar argument
applies for 7.

This completes the proof.
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1.5.13 Proof of Theorem 1.3

(a) The existence of ¢ > 0 such that either ey < 1 —¢ or eg; < 1 — ¢ has been
proven in the paper.

(b) Suppose = 0. Since x = inf U Nt, there exists a sequence {mn € Uth}oo
such that lim x, = 0. By (17), there ex1st 0, € O, \, € A and 2/, € Ny (\,) Tor
some t,, Z%ﬂgach that z,, = F(2},,0,; \,). Then lim F(z!,,6,; \,) = 0 which implies
eno —ero = y by (20) and (21). Since the effort function is belief-based, I have
er1 — er1 # y which implies F'(x,0;\) =0V0 € ©, A € A and € N(\) by (20) and
(21), or equivalently, F = 0 by (26). A contradiction with F > 0.

Suppose T = 1. Since T = = sup, U Nt, there exists a sequence {xn SIS Nt}oo
such that lim z, = 1. By (17), there exist 0, € ©, A\, € A and 2], € Nt (An) "Tor
some t,, Z%Hsuch that x, = F(2],0,; \). Then lim F(2!,,6,;\,) = 1 which implies
ey1 —ep1 = y by (20) and (21). Since the effort function is belief-based, I have
ero— ero # y which implies F'(x,0;\) =170 € ©, A € A and = € N(\) by (20) and
(21), or equivalently, F = 1 by (26). A contradiction with F < 1.

Since F € [F,F], I conclude n < 2 < T < 1 — 5 for some i > 0. I will come back
to prove the second inequality holds strictly in the end.

PrLa P

Suppose er o = 0. If e; = 1, then PLotri = Protens = 1 which implies 7 = 1. A

contradiction. So I proceed by assuming e; < 1 which implies

PrL,1 PH1
, <1
ProtPrL1’ PuotPH1
Consider the principal has the initial state L followed by the history {(L, L), (L, L), ---}
which implies the principal always observes the true output to be low then reports
truthfully. Define zy = # < 1 and x4y = F(xy, L; L). Hence, {z:}°, is a
decreasing sequence because x;1 = F(zy,L; L) < e(xy; L) < x, where the second

inequality follows the fact er o = 0. Without loss of generality, assume ez, ; > 0 which
implies 0 < x4 < ¢ if 2y > 0. Therefore, tlimxt = 0 which implies z = 0. A

contradiction.

PrL.1 _ Pr.1
PrLotPL1  PHoTPHA
contradiction. So I proceed by assuming eq > 0 which implies

= 0 which implies x = 0. A
pL,,(:iy;L,l’ pH,Zi;H,l >0
Consider the principal has the initial state H followed by the history {(H, H), (H, H), --
-} which implies the principal always observes the true output to be high then reports
truthfully. Define zq = #’;HJ > 0 and x4 = F(zy, H; H). Hence, {x,}°, is an
increasing sequence because x;.1 = F(x;, H; H) > €(xy; H) > x; where the second

Suppose eg1 = 1. If eg = 0, then

inequality follows the fact ey ; = 1. Without loss of generality, assume ey < 1 which
implies 1 > xy.1 > x; if x; < 1. Furthermore, tlim 2y = 1 which implies 7 = 1. A

contradiction.

- .. . Pr1 _ PH,1 : (17p)80 —
Suppose x = T. This implies PLotPiy = Protema and equivalently =)0+ p)es —

m. The equality holds only if ey = 0 which implies ey = 0 or e; = 1 which
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implies ey; = 1. A contradiction

(c) Consider an auxiliary optimization problem by imposing ey o < ey, ; as follows

€o
max —_—
€1,0,€L,1,€H,0,€H,1 1-— (61 — 60)

subject to

1 -0 (erro—ernpo) < (53)

1_ 5(61 — 60) H,0 Lo) Y

1-p

_ > 54
1_ 5(61 — eO)(€H,1 €L,1) ZY ( )
ero < €ri (55)
€r,0,€r,1,€H,0,€H,1 € [0, 1]. (56)

Step 1: ey = 1.

I have ey1 > er1 > ero where the first inequality follows (54) and the second
follows (55). Furthermore, (53) and (54) imply ey 1 —er1 > exo—ero. So I conclude
ey > emo- Hence, if ey < 1, ¢ with e/ = e, + (1 — ep1) Vy € I satisfies (53)-(56)
which is strictly more efficient.

Step 2: eo=enpo<epi10reryg=-er1 < eqp.

If eg < e, then € = (eg er1 eg e 1) satisfies (53)-(56) and is as efficient as e. If
eg > er 1, then € = (ep e % en1) satisfies (53)-(56) and is as efficient as
e. Hence, without loss of generality, I focus on these two cases thereafter.

Step 3: Suppose er g =eno =eg < e .

Notice (53) is satisfied automatically. Rewrite the optimization problem as follows,

max

(=)
eoer |1 — [(1 - p)eL,l +p— 60]

subject to
L0 (1—ern) (57)
—e
1-B[(1—-ples +p— e L =¥
e < er (58)
€, eL,l S [0, 1] (59)

Since the left hand side of (57) is decreasing in ey, ;, then (58) must bind. Hence, I

have

1 (1 — ﬁ)(l — €L71) deo

o} By deL,l

<0.

eo=(1—plep1+p— [— — with

ol Lalu Zyl_ﬂbl

www.manharaa.com




o7

Inserting it into the objective function gives

1— 1—e
(1= P+ - [}~ 008
1_ [; B (1—B)(1—eL,1>]
B By

which is decreasing in ey, ;. Hence, (57) must bind which degenerates into the case
considered in Step 4.
Step 4: Suppose e g =er1 =er < emp.

Rewrite the optimization problem as follows,

{ (1 —q)er +qempo }
max
eveno |1 —[p— qemo — (p — q)ez]

subject to ;
1—
1—Blp—qeno— (p— qer] (ero—ew) <y (60)
1-p B
1 —Blp—qewo— (p— q)er] (1-e)zy (61)
er < €H0 (62
er,eHno € [0, 1]. (63

)
)
Notice (1) the left hand side of (60) is increasing in ey and decreasing in er; (2)
the left hand side of (61) is decreasing in both ey and e;. Furthermore, e, =
%m and eg o = 1 make both (60) and (61) bind. So I conclude (61) binds,
but (60) does not. Hence,

1 (1-p)1—e)

d@L
_ —(p— = _ — ith
P —(g€Hp (p Q)eL 3 By Wl dero

<0.

Inserting it into the objective function gives

p+(1—pley — |4 — =)

|1 (-B)(d—er)
1 [5 By ]

which is decreasing in e;,. Then it is optimal to have e;, = %m and efo = 1.
So I conclude that there does not exist a decision function supporting truth-

reporting which features ey, o < ey ; and is strictly more efficient than e*.

This completes the proof.
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1.5.14 Proof of Proposition 1.9

By Proposition 1.8, I have

JAeAand €06
Nyy1 = ﬁ(Nt) =(¢xc(0,1] such that Vvt > 1.
x = F(a',0; \) for some 2’ € Ny

Given Ny(L) and Ny(H) are singletons, Nj is finite because both A and © are finite.
By induction, I conclude N; is finite for ¢ > 1. Let 2, = min N, and 7; = maxN; for
t > 1. I have

2, =min F(z,0;\) s.t. v € {2, },0 € ©and A € A (64)

Ty = max F(x,0; \) s.t. € {z,,T;}, 0 € © and X € A (65)

because F'(x,6; \) is monotone in z. By definition, there exist A € A and # € © such

that 2, = F (=221 6. \). Given z, < —21 _ < 7, as shown in Proposition 1.8,
= Pr0tTPx1 = PxotPx1

either F'(x,,0;\) or F (Z1,0; \) must be less than z; because F(x,0;\) is monotone

in x. Hence, z, < z;. Similarly, there exist A € A and § € O such that 7; =

Px1 . P = . iy :
F : f: ). Given z, < —21— < 77 as shown in Proposition 1.8, either
ProtPr1’ ) =1 = pyotoa1 — 1 p ’

F(z4,0;\) or F'(7y,0; \) must be greater than Z; because F(z,8;\) is monotone in

x. Hence, Ty > T;. By induction, I conclude {z,}?°; is a decreasing sequence with

limz, = x and {7, }{2, is an increasing sequence with tlim T, =T.

t—oo —00

By taking ¢ to oo in (64) and (65), I have
z =min F(x,0;\) s.t. x € {z,7},0 € © and A € A

T=max F(x,0;\) st. v € {z,T},0 € © and A € A

because F'(z,0; \) is continuous in z. Furthermore, given F'(x, L; \) < F(x, H; \), the
results follow.

I have
e(z;L) =epo+ (en1—erno)r <emo+ (em1 —emo)r =¢(x; H) Vo € [0,1]

because e o < epo and er1 —ero < em1 — eno implied by exo —ero < em1 —er1.
Hence,
F(z,0;L) < F(z,0; H) Vo € [0,1] and 0 € ©.

which implies
z =min F(x,L; L)s.t.x € {z,7}
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T =max F(x,H; H)s.t.x € {z,T}.

Furthermore, since e > ey and < T, I have €é(x; L) > (7; L) which implies
F(z,L;L)> F(z,L;L). Sox = F(z,L; L). (a) If ey < ey, thene(x; H) <e(T; H)
which implies F(z, H; H) < F(z,H;H). SoT = F(zZ,H; H); (b) If ey > ep 1, then
e(x; H) > e(7; H) which implies F(z, H;H) > F(z,H;H). SoT = F(z,H; H).

1.5.15 Proof of Theorem 1.4

der “h et + S et +
I proceed by considering one case with ef; < e, and one case with ez 4 > €5 ;.

) + +
Case 1: Suppose ey, < ep,. Hence,

€0
et € arg max { _ }
€L,0,€L,1,€H,0,€H,1 1- (61 - 60)

subject to
(1—F(x,L;\)(emo—ero)+ F(z,L; \)(eg1—ep1) <y VA e Aand z € {z,7} (66)

(1—F(z,H;\)(ego—ero)+F(x,H;\)(eg1—er1) >y VA € Aand z € {z,T} (67

€ro = €eri 68
ero < éemyo 69
ero < €m1 70

€Ho —€ro < ep1—er 71

(67)
(68)
(69)
(70)
(71)
(72)

ero, er1, emo, et € [0,1] 72

where {z, T} solve

T=F(z H;H). (74)

Notice (66) and (67) are no profitable one-shot deviations conditions as usual, (68)
follows Theorem 1.3, (69) follows e} o < ef;o, (70) is imposed by assumption and
(71) follows Proposition 1.5. Furthermore, given (68)-(71), (73) and (74) follow (b)
in Proposition 1.9.

Step 1: Since e' is strictly more efficient than the optimal belief-free decision

function e*, (71) does not bind which implies (66) and (67) can be rewritten as

F(z,L;\) <F < F(x,H;\) YA € A and = € {z,T}. (75)
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Furthermore, I have
F(z,L;H) > F(z,L; H) > F(z, L; L) > F(T, L; L)

F(z, H;L) < F(z,H;L) < F(z,H;H) < F(z,H; H)

by (??)-(71) and z < Z. So (75) can be further simplified as
F(z,L;H) <F < F(z,H; L). (76)

Notice Theorem 1.4 follows if both constraints in (76) bind.

Step 2: F(z*,L; H) =F".

Ishow > .- dé((izL) e 0 which implies } . dF(dEf;L) e 0 because F(z, H; L)
is strictly increasing in €(7; L).

Therefore, a contradiction can constructed if F(z+,L; H) < F* < F(z*,H; L) as
follows: there exists ¢ > 0 such that ¢’ with ¢/ = e¥ 4+ ¢ Vy € T satisfies (68)-(72)

because e} | < et <ef, <efy <1 by (68)-(70). Additionally,
L1 SCLo=C€ho =y

F(@,L;H) <F =F* < F(z*, H;L) < F(z', H; L)

which implies e’ supports truth-reporting and is strictly more efficient than e™.
Rewrite (73) and (74) as

(p = @)o(®; L)e(@; H) + qe(#: L) + (qero — pera)o(@ H) —qero =0 (77)

(p— q)(&(x; H))® + [(qemo — pena) + qle(T; H) — gepo = 0. (78)

Totally differentiating (77) and (78) gives

ey
A de(z; L) |  |q(1 —e(; H))pe(T; H) 0 0 der (79)
de(z; H)| 0 0 q(1—e@ H))pe(T; H)| |demo
_d6H71_
where
4 |Pme@H) +a  (p—q)e@ L)+ (gero —pera)
0 2(p — @)e(z; H) + (qemo — pen) +4q
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Let depo = dep 1 = depo = deyy = e > 0. By (79), I have

4| €@ L) | _ e —e@ H)) +pe(z H) | (80)
de(z; H) q(1 —e(z; H)) + pe(z; H)
which implies
Ay — A
de(®; L)|,. = ———la(1 — e(m; H)) + pe(z; H)]e
A1 As ot
Furthermore,
Anlys =@ —qe@ s H)+¢>0
(=t + + (=t quI;’,O
An|+ =2(p — @)@ H) + (gefro — peggy) + 0= (p— @)e(@™; H) + m >0
by (78) and
Agg — A 4

=2(p — q)e(T; H) + (qefz o — vefry) +q — (p — @)e(@; L) — (gef o — pef ;)
>(p—qe@ H) + (qufrI,o - plerI,l) +q— (quLr,o - peJLr,l)
+
4€p o

= ﬁ - (quLr,o - peZ,l)

?

> Q(BE,O - 320) +p€£1 >0
where the first inequality follows
e@N L) =epot(ef, —ero)T" <epot (e —efo)T =@ H)

because €7, < ey by (69) and ef, — e} < ej; — €}y, by the fact e is belief-
based and T+ € (0,1) by Proposition 11, the second equality follows (78), the second
inequality follows e(T+; H) < 1, the last inequality follows (69).

So de(z;L)|,+ > 0 for depg = der1 = deyo = deyy = € > 0 which implies
» m‘a > 0.

YEL  dey
Step 3: If F* < F(z*, H; L), then e};y = e};; which will be considered in Case
2 below.
dF _ 1-p dF de(z;H)  1—p de(z;H) _
I'show 7= — = demn | 0 0 (by algebra) and Sdera T 0 demy |0 < 0. There

fore, a contradiction can be constructed if F* < F(z*, H;L) and ej;, < e}, as

follows: there exists € > 0 such that e = (ej-;o €11 € e el — %e) satisfies

(68)-(72) because (68) does not bind at e* by Proposition 11 and (71) does not bind
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at e™ by assumption. Additionally,
F@ L;H) < F@",L;H) =F* <F < F(@,H; L)

which implies ¢’ supports truth-reporting and is as efficient as et because e, = ej and

¢} = el by construction. But since both constraints have been relaxed, a strictly more

efficient decision function supporting truth-reporting can be constructed accordingly.
Let depo = depo =0, de,y =€ and deg; = —%5 for e > 0. By (79), I have

4| €@ L)] _ l pe(@; H) ] ] )
de(z; H) —(1—p)e(x; H)
which implies -
de@ )|, — _11)16(3” B <o

because Asj,|,+ > 0 as proven in Step 2.

. + +
Case 2: Suppose ey, > ey . Hence,

€o
et € arg max { _ }
€L,0,€L,1,€H,0,€H,1 1- (61 - 60)

subject to

(1—F(z,L; \))(emo—ero)+ F(x,L;N)(eg1—er1) <y VA€ Aand z € {z,7} (82)

€ro = €r1

(83)

(84)

ero < €mp (85)
€H0 = €H,1 (86)

€Ho —€rLo < ém1—er1 (87)
ero,ern1,emos em1 € [0,1] (88)

where {z,T} solve
T=F(z,H;H). (90)

Notice (82) and (83) are no profitable one-shot deviations conditions as usual, (84)

follows Theorem 1.3, (85) follows e} o < e}, (86) is imposed by assumption and
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(87) follows Proposition 1.5. Furthermore, given (84)-(87), (89) and (90) follow (a)
in Proposition 1.9.
Step 1: Since e is strictly more efficient than the optimal belief-free decision

function e*, (87) does not bind which implies (82) and (83) can be rewritten as
F(z,L;\) <F < F(x,H; \) VA € A and = € {z,T}. (91)
Furthermore, I have
F(z,L;H) > F(z, L; L) and F(z, L; H) > F(z, L: H) > F(z, L; L)

F(#, H,L)< F(z,H;H) and F(z,H;L) < F(z,H;L) < F(z,H; H)

by (84)-(87) and z < . So (91) can be further simplified as
F(z,L;H) <F < F(z, H; L). (92)

Notice Proposition 13 follows if both constraints in (92) bind.

Step 2: F(az",L;H) =F*.

Ishow > dééff) e 0 which implies » . dF(dff;L) L 0 because F(z, H; L)
is strictly increasing in €(7; L). Therefore, a contradiction can be constructed if

F(z™,L;H) < F* as follows: there exists ¢ > 0 such that ¢ with ¢/ = e +¢
Vy € I satisfies (84)-(88). (Here, I implicitly assume ef;, < 1. Otherwise, I have

- - I (ot ot + ot ‘i
ey = 1> €5, sothat ¢ = (e] o ep, +¢ € ey, +¢) for some e > 0 works similarly

de(z:L) | de(z:L .
because I can show -4 4 —4F < 0 and €@ | e@L)| - g which are left for
der 1 dem,1 |+ der 1 dem1 |+

the readers.) Additionzﬂly,
F(z',L;H) <F =F* < F(", H,L) < (7, H; L)

which implies ¢’ supports truth-reporting and is strictly more efficient than e™.
Rewrite (89) and (90) as

(p— q)e(z; L)e(z; H) + qe(m; L) + (gero — perq)e(z; H) —gepo =0 (93)

—(p—q)e(T; L)e(x; H)+[(1—q)emo—(1—plema|e(T; L)+(1—q)é(z; H)—(1—q)emo = 0.
(94)
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Totally differentiating (93) and (94) gives

deL,O
4 | 2e(@; L)] _ [(J(l —e(z; H)) pe(z; H) 0 0 ] der,
de(z; H) 0 0 (1—q)(1—e(m;L)) (1 —p)e(T; L)| |demo
deH,l
(95)

where

A= (p—q)e(z; H) +q (p = q)e(T; L) + (ger0 — peL,l)]
—(p—qelz; H) +[(1 —q)emo — (1 —plems] —(p—q)e(@ L)+ (1—q)

Let deL,O = deL,l = deH,O = d€H71 =e>0. By (95), I have

4| ®@L) ] _ [ (¢ = yelas H) + %6)
de(a; H) —(p— @& L)+ (1 —q)
which implies
de(@; L)| .+
_ [ —ge@ L) + (1 - g)lllp - 9)e(z; H) + g — (p — )o@ L) — (qero = pera)]
1A]] i

where the numerator evaluated at e™ is strictly positive given e(z*; L) < e(z™; H) so
that it suffices to show ||Al||_+ > 0. Furthermore, I have

Antl s Arzlos s Aalor >0, Agi] .+ >0, Ayl > Asg|+ and Agl > Ao+

so that HAH’e_,_ = A11|e+ A22’e+ — A12‘6+ A21|e+ > 0.
Step 3: Ft = F(z", H; L).
— de(z;H —p de(z; H
I show dgf,l - % dgg’l L+ > 0 (by algebra) and d(ch,l) - %dﬁT,l) , <0 There-
fore, a contradiction can be constructed if F* < F(z*, H; L) as follows: there exists
€ > 0 such that ¢ = (ejio €f1+E€ehg el — %5) satisfies (68)-(72) because (84)
and (87) do not bind at e*. Additionally,

F(z/,L;H) < F(z",L;H) =F* <F < F(7,H; L)

which implies ¢’ supports truth-reporting and is as efficient as e* because e, = ej and

e} = e] by construction. But since both constraints have been relaxed, a strictly more

efficient decision function supporting truth-reporting can be constructed accordingly.
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Let dep o = depo =0, depy = ¢ and deyy = —+L¢ for € > 0. By (95), I have

de(z; L e(x: H
A >H i) ] o)
de(z; H) ——r-e(w; L)
which implies
pe(z; H)A +(l_p)2éf;LA
et ), = DA T,
et

Since Ajq|,+ >0,

Aot
=—(p— e H)+ (1 = q)efrg — (1 =plegry > —(p — @)e(@®; H) + (p — q)efrg > 0
by ejro > ej and ||All]+ > 0 as proven in Step 2, dé(z; H)|,+ < 0.
This completes the proof.
1.5.16 Proof of Lemma 1.3
Given F* € (0,1), I can solve for €(z"; L) and é(z*; L) as

qF*
—(p—qF*++p

(1—qF"
(p—F*"+(1-p)

by F(z",L; H) = F" = F(z", H; L) as proved in Theorem 1.4. Taking F* e(Z"; L)
and €(z™; H) as given, let’s consider the set of the decision functions satisfying (93),
(94) and

e(zh L) = and e(z"; H) =

Yy — (eH,o - eL,o)

=F".
(eH,1 - eL,1) - (eH,o - eL,o)

Notice each decision function in this set supports truth-reporting if it satisfies (84)-

(88) as well. Rewriting these three equations gives

€r1
A €H0 zBeL,0+C’

€H.1
where

—pe(z*t; H) 0 0
A= 0 —(1-q)1—-2@"L) —(1-pleE’L)
—B=ply+ 1 =B)F" Bgy—(1-B)(1—F") —Bpy — (1 - B)F"
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q(1 —e(z*; H))
B = 0
—Bl—=qy+(1-p5)1—-F*)]

—lg+p(1—q)e(@"; L) +q(1 —ple(zt; H)
C=|p(1-qe@;L)—[(1-q) +q(l—ple(z®;H)

-y

By algebra, I have
dep _a(1-p)A-F*)
der, 0 p(1—q)F+
deno | _ p-1p — | _a(=p) Ba(1—p)’y(1—F*)+8p(1—q)>yF " +(1-B)(p—¢) 1 -F")F*
der o p(1—q) B (1—-q)y(1=F)+8¢*(1—p)yF++(1-6)(p—q)(1-F+)F+
derr 1-F+ Bq(1-p)?y(1-FN)+Bp(1—q)*yFT+(1-8) (p—g) 1—FH)F
der o F+ Bp2(1-q)y(1-F+)+B¢2(1—p)yF+4+(1-8)(p—¢)(1-F+)F+

which implies

deL 1 deH 1
— <0, < 0 and = > 0.
deL,O deL,o €L,0

deH,o

Furthermore, let dey g =€ > 0, I have

d€0
_1-F A - ¢ A —pPly + 1= Hp—g)lp(l —a)* —¢*(1 —p)IF"_
p(1 =q) Bp*(1 = @)y(1 = F*) + G¢*(1 = p)yF* + (1 = f)(p — ¢)(1 — FH)F*

d€1
C1=F* 3’1 —¢° = (1L =p’ly+ (1 = B)(p — 9[pP*(A — q) — q(1 — p)’|(1 = FF)

p(1—q)  Bp*(1 —qy(l —FF) + B¢*(1 = p)yFt + (1 - B)(p — ¢)(1 — FH)F+

where dey = (1 — ¢q)der o + gdepno and de; = (1 — p)der 1 + pdep,. Hence,

deg deq

> (0 and

> 0.
deL,O deL,o

Therefore, a contradiction can be constructed if none of these three statements is
true as follows: there exists € > 0 such that ¢’ with e; = ej + dd%gos Vv € I" supports
truth-reporting and is strictly more efficient than et because e, > e and €} > e .

This completes the proof.
1.5.17 Proof of Proposition 1.10

It suffices to prove that given any SE with respect to w** in which the principal’s

strategy features truth-reporting, there exist e,ero,er1,emo,€m1 € [0, 1] such that
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(32)-(34) and

(1-e)d—q) - e(1—p) .
(= —a)+e=—p) "7 A=) +ell-p)"""
(=g | .
(1—e€)g+ep Ho + (1—e)g+ep H,1

are the NED probabilities of the agent exerting effort in some SE with respect to w**
in which the principal’s strategy features truth-reporting.

Suppose (e,r) is a SE with respect to w** with the principal’s truth-reporting.
Define

e =e(0)
e, = (1—-p)E, Zﬁt_let s,y] Yy
t=1

where e, is the NED probability of the agent at state v at the beginning of period 1
exerting effort so that (32) is satisfied trivially and (33)-(34) are satisfied as the no

profitable one-shot deviations conditions in period 0. Further define the agent’s effort

strategy ¢’ as a mixed strategy with e | (L,0) for the probability (1—e$(_16—0;§i_egzl—p)
. en(l— .
and e | (L,1) for the probability (1760)(10;)20(171)). I show (¢, | (L,L)) is a SE

with respect to w** in which r | (L, L) features truth-reporting. r | (L, L) features
truth-reporting because (L, L) is still on the equilibrium path. No matter what the
agent’s history is, he assigns the probability one to the principal being at state (L, L)
therefore having the continuation strategy r | (L, L). That implies given r | (L, L),
both e | (L,0) and e | (L,1) show sequential rationality by Definition 1. So does

¢ as the mixed strategy. And given the principal’s history (L, L), she assigns the
(1—e0)(1—q)

—e0)(1—g)+eo(1-p)

continuation strategy e | (L,0). That implies given ¢, r | (L, L) shows sequential

probability i to the agent being at state (L,0) therefore having the

rationality too by Definition 1. Therefore, the result follows.
A similar argument shows (¢”,r | (H, H)) is a SE with respect to w** in which e”
is a mixed strategy with e | (H,0) for the probability (1965)% and e | (H,1) for the

probability (1_eeoq and r | (H, H) features truth-reporting.

0)q+eop
So, I have
(1 - B)Eo

s| € wl0,1] C [0,1]

o
Zﬁtet
t=0

for any SE (e, r) with respect to w** with the principal’s truth-reporting. Proposition

10 follows by applying the logic above recursively. Notice the mapping ¥ is monotonic
so that ¥ (][0, 1]) is well-defined.
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2 Equilibrium Matching and Termination

by Cheng Wang and Youzhi Yang

2.1 Introduction

In an equilibrium model of the labor market with moral hazard, we combine the
theory of search and matching and the theory of dynamic contracting. Jobs are
dynamic contracts. Equilibrium job separations are terminations of optimal dynamic
contracts. Transitions from unemployment to new jobs are modelled as a process of
matching and bargaining, as in Mortensen and Pissarides (1994). Matched workers
and firms bargain over the values of the optimal contract to each party, and then
the dynamics of the optimal contract will take them to a state of termination. Non-
employed workers make consumption and saving decisions as in a typical growth
model, but they must also decide whether or not to participate in the labor market.
Firms enter freely into the market to endogenously determine the number of jobs in
the economy.

The standard Mortensen-Pissarides equilibrium matching model of the labor mar-
ket is built around two key assumptions: a matching and bargaining process sets the
worker and firm pair up for an employment relationship, and a dynamic but exoge-
nous process of match productivity then provides an engine for job separation. An
important extension of the standard equilibrium matching model is Moscarini (2005),
who puts the model of Jovanovic (1979) into the Mortensen-Pissarides framework to
model separation as a process of learning about the productivity of the match, and
allows the match to be dissolved once the perceived match productivity is sufficiently
low.

We take a dynamic contract point of view to modelling equilibrium job separation
in the Mortensen-Pissarides model. Workers and firms enter an optimal dynamic
contract upon a match, and job separation is then modelled as the termination of
the dynamic contract. In our environment of moral hazard, termination is used as
an incentive device to induce worker efforts, and as a way of minimizing the cost of
worker compensation. Workers that produce a sequence of bad outputs become too
poor to motivate, and workers who produce a sequence of good outputs become too
expensive to compensate and motivate, as in Spear and Wang (2005) and Sannikov
(2008)[42]. Following a termination, workers are free to go back to the labor market

to seek new matches, or choose to stay temporarily or permanently out of the labor

[42]Sannikov (2008) studies a continuous-time version of the dynamic principal-agent problem with
optimal termination. He also establishes the result that optimal replacement occurs when the agent’s
continuation value is either too low or too high. He then analyzes how optimal termination depends
on the parameters of the contracting environment, including for example the relative time preferences
of the principal and the agent.
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market. This generates equilibrium flows between employment and unemployment,
flows from employment to not-in-the-labor-force, and flows from not-in-the-labor-force
to unemployment.

Thus job separation is a purely endogenous process in our model, motivated by
the dynamic provision of incentives and risk sharing. Workers and firms are homo-
geneous, and matches are identical: they operate the same production function in all
periods. Termination occurs not because the technology of the match has evolved to
be sufficiently poor as in Mortensen and Pissarides (1994), or it is found out to be
sufficiently bad as in Moscarini (2005). Termination occurs because the economic re-
lationship that evolved endogenously around the fixed match technology has become
too costly for the parties to maintain.

This strategy we take in modelling the dynamics in the labor market allows us
to determine endogenously and simultaneously the size and composition of all three
states of the labor market: employment, unemployment, and not-in-the-labor-force,
as well as the flows into and out of not-in-the-labor force. This is important, not only
for the explanation of the economy’s aggregate labor supply, but also necessary for
providing a more coherent and complete view of the stocks and flows of the labor mar-
ket. Labor market data, especially that in the recently available Current Population
Survey, show significant flows of workers among all three states of the labor market,
as documented in several recent researches including Fallick and Fleischman (2004),
Nagypal (2005), Shimer (2005b). Yet most existing models in the search-matching
literature of the labor market focus on the interaction between employment and un-
employment (e.g., Mortensen and Pissarides (1997), Shimer (2005), Moscarini (2005),
Nagypal (2005)), without modelling explicitly the state of not-in-the-labor-force and
hence the size of the labor market. Sun-Bin Kim (2001) and Moscarini (2003) are
exceptions. In both papers though, an additional source of worker heterogeneity is
introduced into the Mortensen-Pissarises framework in order to generate flows into
retirement. In Moscarini (2003) for example, the productivity of a match depends
on a match specific variable, as well as a non-match-specific variable that captures
the ability of the worker. The values of both variables are learned during a match,
workers whose non-match-specific variable is learned to be sufficiently low choose to
withdraw from the labor market.

Wang (2005) also models endogenous labor force participation, but without adding
a second source of information friction or worker heterogeneity in addition to the one
that motivates layoffs and unemployment. He considers a labor market with moral
hazard and shows that, if one allows dynamic contracts to be optimally terminated in
that environment, then terminations are of two types: involuntary layoffs and perma-

nent retirements. In that paper, unemployment and non-participation are motivated
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by the same information friction, moral hazard, in a clean model environment with
homogeneous workers and matches. Workers who have a sequence of low outputs
become too costly to motivate and are laid off; workers who have performed well and
are promised a sufficiently high expected utility become too expensive to motivate
and compensate, they then retire permanently from the labor force.

Our approach to modelling the state of non-participation builds on Wang (2005)
but adds an important new dimension: non-employed workers are allowed to make
optimal consumption-saving decisions, and their decision on labor force participation
is based on the amount of assets they hold. We show that a non-employed worker
who holds a sufficiently small amount of assets will stay in the labor force after
termination: their value outside the labor market is too low. We also show that a
non-employed worker with a sufficiently large amount of saving will choose to quit
the labor force permanently: their opportunity cost of re-entering the labor market is
too high. In the quantitative version of our model that is calibrated to the U.S. data,
there are non-employed workers whose level of wealth is neither sufficiently low to
justify immediate returning back to the labor market, nor sufficiently high to justify
staying permanently out of the labor market. These workers choose to quit the labor
force temporarily, dissave, and eventually go back to the labor market once their
assets are reduced to a sufficiently low level to make them profitable for the firms
to employ. Thus our model generates not only flows into not-in-the-labor-force from
employment, but also flows out of not-in-the-labor-force. Wang (2005) does not have
equilibrium flows from non-participation to the labor force, neither does it explicitly
model matching and bargaining in the labor market as we do in this paper.

That non-employed workers are allowed to save also distinguishes our model from
the existing search-matching models. Most existing search-matching models of the
labor market, including Mortensen and Pissarides (1994), do not allow workers to
save. In those models, although employed workers are heterogeneous in the wages
they earn, unemployed workers are homogeneous since they all hold zero amounts of
assets. In our model, there is an equilibrium ergodic distribution of non-employed
workers who differ in the amount of assets they hold. These workers make different
consumption and saving decisions, and different decisions on labor force participation.
While this endogenous wealth heterogeneity among non-employed workers gives rise
to considerable technical complexities, it is essential to our model’s being able to
generate dynamics from not-in-the-labor-force to unemployment.

An important assumption in the Mortensen-Passarides model is that workers and
firms cannot commit to long-term relationships, and wages are bargained sequentially
upon realization of the current match productivity. In our model, firms can fully

commit to any long-term contract, although workers are allowed to quit an ongoing
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employment relationship if it offers a value lower than the workers’ outside alternative.
Bargaining occurs only once, before the employment relationship begins, and is over
the total values of the optimal contract to the parties. Wages are state contingent
compensation payments to the worker that are dictated by the optimal structure of
the optimal contract, not bargained repeatedly each period.

One could allow firms and workers to enter dynamic contracts and let bargaining
take place only once also in Mortensen and Pissarides (1994). Without private infor-
mation or other types of frictions though, perfect consumption smoothing would imply
a constant wage over the worker’s tenure at the firm. This in turn would imply a wage
distribution that is essentially identical to the exogenous distribution of the random
match productivity. The assumption of repeated wage bargaining, although help-
ful for generating an ergodic wage distribution in Mortensen and Pissarides (1994),
implies that wages are not sufficiently rigid for the model to match business cycle
movements in the data (Hall (2005), Shimer (2005)). Rudanko (2007) models long-
term wage contracts with limited commitment in a search-matching model of the
labor market to produce the observed wage rigidity/volatility. Obviously, our model
offers a potential alternative for accounting for the observed wage rigidity/volatility
that is based on an optimal trade off between consumption smoothing and incentives.

In an important recent study, Hornstein, Krusell and Violante (2006) argue that
standard equilibrium search-matching models can generate only a very small, 3.6%,
differential between the average and the lowest wages paid in the U.S. labor market,
and the observed Mm ratio—the ratio between the average wage and lowest wage paid—
is at least twenty times larger than what the model observes. As the paper explains,
“The short unemployment durations, as in the U.S. data, reveal that agents in the
model do not find it worthwhile to wait because frictional wage inequality is tiny. The
message of search theory is that ‘good things come to those who wait”, so if the wait
is short, it must be that good things are not likely to happen.” (page 9.) The paper
further shows that the extensions of the standard search and matching models can
only modestly improve their performance on accounting for the observed Mm ratio.

Our model is capable of generating much larger wage dispersions than the existing
equilibrium search and matching models. In a quantitative version of our model
that is calibrated to the U.S. data, the computed Mm ratio is 24.5, similar to what
Hornstein, Krusell and Violante observe in the U.S. data. The reason our model is
better in accounting for the observed wage dispersion is clear. In our model, wage
dispersion is driven by the provision of intertemporal incentives and intertemporal
risk sharing. Wages of homogenous workers who start with the same initial expected
utility fan out over time as their outputs follow a stochastic process. In our model,

workers who produce a.sequence of high outputs will see their wages increase over time,
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and workers that produce a sequence of low outputs will see their wages decrease over
time. This effect of the dynamic contracting on distribution was first discussed in
Green (1987) and Atkeson and Lucas (1991). In this paper, the same mechanism is
put to work in an equilibrium search/matching framework.

The model is presented in the next section. In Sections 2.3 and 2.4 we formulate
and analyze a stationary equilibrium of the model. We then calibrate the model to
the U.S. economy in Section 2.5 to study the structure of the equilibrium dynamic
contract, the stocks and flows of the labor market, and worker compensation dynamics.

Section 2.6 concludes the paper.

2.2 Setup

Let time be denoted ¢ = 1,2,- - - The model economy has one consumption good,
and is populated by one unit of homogeneous workers. Workers survive into the next
period with a constant probability A € (0,1). At the beginning of each period, 1 — A
units of workers are born so the measure of workers in each period is constant at one.

Workers that are born in period 7(> 1) have the following preferences:
ETZ(/BA)t_T[u(Ct) — ¢(ar)],
t=T1

where § € (0,1) is the worker’s discount factor, u : R, — R denotes the worker’s
utility function, ¢; his consumption; ¢ : {0} J[a,a] — R, where @ > a > 0, denotes
the worker’s disutility function, a; his effort. We make the following assumptions
on u and ¢: u(-) is bounded, continuous, differentiable, and strictly concave; ¢(-) is
continuously differentiable, and strictly convex on [a,a].

The model economy is also populated with a large measure of identical firms.
Firms maximize expected discounted profits, and they discount future profits using a
constant discount factor 1/(1 + r), where r > 0 denotes the interest rate firms face.
In any given period, some firms are in the market, the rest not. Firms are allowed to
freely enter or exit the market and so the measure of the firms that are in the market,
v, is an endogenous variable. Firms in the market must be matched with a worker in
order to produce. A matched pair of firm and worker creates a job.

In any given period, the total measure of matches formed in the labor market is

equal to

M4,y —ng),

where 7, is the measure of the unemployed workers (non-employed and actively look-
ing for a job) in the labor market, and 7y is the measure of the workers that are

currently employed when the labor market opens, and hence v — 7 is the measure of
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vacant (recruiting) firms in the labor market. Throughout the paper, we assume the

matching function is such that

0< M(na,y—ng) <min{n,,y—ng},

so there is always a positive measure of workers and firms that are not matched.

A firm that fails to find a match could either exit the market or to operate as a
vacant firm in the remainder of the period, waiting for the labor market to open next
period. We follow the literature to assume that a vacant firm must incur a fixed cost
co(> 0) in order to stay open to job applications.

The matched firm and worker Nash bargain over a dynamic employment contract.
This dynamic contract specifies a history contingent rule for compensating and ter-
minating the worker. Once they agree on a specific contract, this contract cannot be
renegotiated in any future periods.

Production then takes place immediately after a contract is agreed on. In each
period, the employed worker produces a random output 6 € {6y, - - -, 0,,} with proba-
bilities {7 (a),- - -, m,(a)}, where a € A = [a,a] is the worker’s effort, m; : A — (0, 1),
and A C R, is the set of possible effort levels. For all a € A, let 0(a) = Y, m;(a)f;.
Assume 8 (a) = oo.

The model’s information structure is the same as that in the standard model of
moral hazard. Specifically, the worker’s effort is not observable to the firm, but the
output he produces is publicly observable and verifiable. Other parameters of the
model are common knowledge to all agents in the model.

There is a risk free asset in the model: for each unit of the good invested in
this asset, it returns (1 + r) units of consumption next period. To avoid introducing
additional information asymmetry, we assume that all investments in this asset are
public information and transferable between workers and firms. Workers also have
access to a competitive insurance market where one unit of consumption in the current
period can be exchanged for 1/A units of consumption in the next period conditional
on the worker’s survival in the next period.

As part of the model’s physical environment, we make four assumptions about
the contracts that are feasible between the worker and the firm. First, contracts are
subject to a non-negativity constraint that requires that compensation to the worker
be non-negative. Second, once the worker and the firm agree on a contract, they
can commit to not renegotiating the continuations of the contract in all future dates.
Third, firms can fully commit to the terms of a long-term contract, whereas workers’
commitment to a long-term contract is limited: workers are free to leave an ongoing

long-term contract anytime there is a better outside value. Forth, severance payments
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must be made in lump-sum amounts to the worker immediately upon termination.
Once an employment relationship is terminated, no further interactions between the

firm and the worker are feasible.

2.3 Equilibrium

In this section, we formulate the economy’s stationary equilibrium. We first describe
the economy’s aggregate state variables. We then describe the optimization problems
that workers and firms face, taking the aggregate states as given. Finally, we require
that the aggregate states and individual optimization be consistent with each other,

and that the firms in the market be making zero profits.
2.3.1 The aggregate states

At the beginning of each period, the state of the economy is characterized by the

following aggregate state variables

Y= {(SA7ILLA777A)7 (Slaﬂlan]>7 (Xa ,LLEJYE)KY}

Here, v is the measure of firms in the market. The scalar n, € (1 — A, 1) is the
measure of the non-employed workers who are actively looking for employment. These
workers are distributed over the set S4 C R, according to the distribution function
fy :Sa — [0,1], where S, is the set of possible amounts of assets these workers hold.
The scalar n; € (1 — A, 1) is the measure of the non-employed workers who do not
participate in the labor force. These workers are distributed over the set S; C R
according to the distribution function p; : Sy — [0, 1], where S; is the set of possible
amounts of assets these workers hold. The scalar 1 € (0, 1) denotes the the measure
of workers that are employed at the beginning of a period. Finally, the employed

workers are distributed over

u(0) — ¢(a) u(oc) — ¢(0)

X=1"T"3A " 1-8A

) = [Vmim Vmax)7

the set of all possible expected utilities of the employed workers at the beginning of a
period, the distribution function being uy : X — [0, 1]. Clearly, n,4, n7; and 5 must
satisfy

Nep+na+n =1
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2.3.2 Optimization

Conditional on ¥, an optimal solution to the firm’s and the worker’s optimization

problems is a duple

V), aV )[Cz(V) ViV)iL,V e
(

V),Ved
v(s),s € R+, m(s),s € Sa,Vi(s),s € Ry

where the variables in ¢ are defined through (i)-(v) in the following.

(i) The tuple {Q(V),a(V), [c;(V),Vi(V)]iL,,V € ®} is the dynamic contract for
the currently employed worker. Here we follow Green (1987) and Spear and Srivastava
(1987) to use the worker’s beginning of period expected utility as a state variable to
summarize the worker’s history at the firm. The set ® C X is the state space. This
is the set of all expected utilities of the employed worker that can be delivered by
a (sub-game perfect) feasible and incentive compatible contract. Note that ¢ is an
endogenous variable of the model. Then, for all V' € ®, a(V') denotes the worker’s
recommended effort in the current period, (V') denotes the set of worker’s output
realizations in which the worker is retained, and outside which the worker is termi-
nated. Finally, ¢;(V) and V;(V') are, respectively, the worker’s current compensation
(consumption) and next period utility if his current output is 6;.

(ii) For all V € &, U(V) € R denotes the value of a firm who currently employs
a worker with expected utility V. U € R is the value of a vacant firm: a firm that is
free to hire a new worker at the beginning of a period, before the market opens.

(iii) The set S4 C R, denotes the set of assets of the non-employed workers who
choose to participate in the current labor market, and the set S; = R, /S denotes
the set of assets of the non-employed workers who do not participate in the current
labor market. Note that a non-employed worker could choose to stay out of the labor
market for a number of periods and then re-enter. The scalars 1, and 7n; denote,
respectively, the numbers of the non-employed workers that belong to the sets S4 and
St, respectively. We have 1, +n; = ny. Finally, u, : S4 — [0,1] and u; : S; — [0, 1],
respectively, are the distributions of the non-employed workers who are in the labor
market and those who are not.

(iv) For any given s € R, v(s) € R denotes the maximized value of the beginning-
of-period (before the labor market opens) expected utility of an non-employed worker
with assets s; V,(s) denotes the ex-post expected utility of this worker conditional on
his not being matched with a firm (either he chose not to participate in the market
(s € Sr), or he went to the market (s € S4) but failed to find a match); Finally, V,,,(s)

denotes the bargained expected utility of the worker conditional on (a) he chose to
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go to the market (i.e., s € S4) and (b) he is matched with a firm.

Let A denote the fraction of the vacant firms to obtain a match in the period:

\ = My —ng)
T NEe

(98)

Let p denote the fraction of unemployed workers to transition to employment (ratio

of hiring out of the pool of the unemployed):

M _
)= (14,7 = 1) (99)
Na

The restriction we put on the matching function M in Section 2 ensures 0 < A, p < 1.

Definition 2.1 We say that o is an optimal solution to the firm and the worker’s
optimization problem, conditional upon a given set of the market’s states ¥ and the
implied \ and p, if it satisfies the following conditions (1) to (IV).

Condition (I)

U = )\/S (U(V(8)) + 8)dpia(s) + (1 — A)l—JerU — ¢ (100)

Condition (II) For allV € O,

A —
)= ity B0 =t 77 @ = 00)
+> mi(a) {0 —ci+ U(V-)} L- A7 (101)
pres ! S ’ 1+7r
subject to (102)-(106) where
V=Y m(a)[u(c;) + AV} — ¢(a) (102)
i=1
a = argmax ( 3 mi(a)[u(c;) + BAV;] — ¢(a’)) (103)
a’€A \i=1
Qce, (104)
¢ >0, Vi (105)
V,ed, VieQ (106)
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Ve v(R,), Vi € Q (107)

Vi > v(0), Vi (108)

where the function v : R, — R, its inverse v, which is to be shown to exist later in
the paper, and the value of v(0), will be given in Condition (IV);

Condition (III) The set ® of all expected utilities for an employed worker that can be
generated by a feasible and incentive compatible contract is the largest self-generating
set of the mapping B : 2% — 2% defined by: V&' C X,

B(®') ={V € X|3{Q, a,c;, V;} s.t. (102) — (105), (107), (108), and V; € &' Vi € Q}.
(109)
Condition (IV) The non-employed-worker’s problem about whether to enter the labor

market and the related values are described by

1 —
Sy = {s ER, IV € d,V >V,(s) such that U(V) + s > 1+7°U}’ (110)
S;=R,\S4 (111)
where
1+r
Va(s) = max {u(c) —¢(0) + pAv < X (s — c))} Vs € [0, +00), (112)
1 _ w
Vin(s) = arg max _ (U(V) +s— U) (V—Vn(s)%, Vs € Sy
VED, V>V, (5),U(V)+s—1U>0 1+7r
(113)
Vin 1L—p)Va(s), 1 S
Vs e Ry, v(s) = pVm(s) + (1 = p)Va(s) zfs €24 (114)
Va(s) ,if s €5

Conditions (I)-(IV) formulate a set of Bellman equations for the values of the firms
and the workers, along with the optimal strategies.

Condition (I) gives the value of a vacant firm at the beginning of a period. With
probability A this vacant firm is matched with an unemployed worker with assets s
who is drawn randomly from the distribution 4. Once matched, the worker gives
his assets s to the firm, and the firm gives the worker an employment contract that
promises the worker expected utility V;,(s). This V;,(s) is the solution to the Nash
bargaining problem to be formulated in equation (113).

Implicitly in equation (4) is the assumption that assets are freely transferable be-

tweenthe- workerandthefirm. Suppose assets are not freely transferable. Suppose for
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example assets could not be transferred at all between the worker and the firm. Then
an additional state variable will be needed for recursively formulating the dynamic
contract. We leave this possibility for future work.

Condition (II) gives the optimal dynamic contract between an employed worker
and the firm, along with the value of the firm as a function of the worker’s expected
utility. In equation (5), v='(V;) is the cost to the firm of letting the worker leave the
firm with a promised utility equal to V;. Here v~! is the inverse of the worker’s value
function v which, in turn, is defined in equation (18). That is, in order to guarantee
that the worker obtains a level of expected utility equal to V;, the firm must make
a severance payment to the worker in the amount v~1(V;). Note that at this stage,
it is not clear whether the inverse function v~!, and the function V,, in equation (4)
are well defined. In the next section, we will show that the function v is indeed well
defined, continuous, and strictly increasing over its domain R, and hence its inverse
exists and is monotonic. We will also show that V/,(s) is well defined for each s € S4.

Since each worker dies with probability (1 — A), the firm faces in each period a
constant probability of (1 — A) to become vacant next period.

Constraint (6) is promise-keeping. Constraint (7) is incentive compatibility. Equa-
tion (8) says that the contract can terminate in any chosen subset of the worker’s
outputs. Equation (9) requires the worker’s compensation to be non-negative: the
limited liability constraint.

Constraints (106) and (107) require that the expected utility V; promised to the
worker be feasible. Specifically, if the worker is retained, then the promised utility
must be achievable by a sub-game perfect feasible and incentive compatible contract;
if the worker is terminated, then the expected utility the worker receives must be
supportable by a feasible severance payment s.

Equation (12) is a self-enforcing constraint. Under this constraint, the worker will
not have an incentive to leave the contract in all ex post states of the world. This
constraint is not needed if we assume full commitment.

Condition (III) provides a Bellman equation for the state space of the dynamic
contract. This follows Abreu, Pearce and Stachetti (1990) and Wang (1997).

Equation (14) defines the set of non-employed workers that are in the market, S4.
The condition it imposes on all s € S4 say that, in order for a non-employed worker
to be willing to participate in the labor force, there must exist a feasible and incentive
compatible contract to make the worker and the firm both better off should they form
a match.

Equation (16) describes the optimization problem for the non-employed worker
who is not matched with a firm, either he was in the market but failed to form a

match, or _he chose not _to participate in the labor market. The problem for this
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worker, which is the same as that for the consumer in a typical growth model, is one
of finding the optimal consumption and saving scheme.

Equation (17) lays out the problem of Nash bargaining between a worker and a
firm who are matched. The parameter w € (0, 1) is the exogenously given bargaining
weight for the firm. Since in each period each firm and each worker can find at most
one match, U/(1 +r) is the firm’s reservation utility, and V;,(s) is the worker’s. The
bargaining game here thus involves choosing a level of the expected utility V' in the
set @ of attainable expected utilities to give to the worker, and this expected utility
exceeds the worker’s reservation utility, makes the firm better off than its reservation
utility, and maximizes the Nash product of surpluses.

Note that implicit in Equation (17) is the assumption that (a) the Nash bargaining
problem has a solution and (b) the solution is unique. Proposition 2.2 in the next
section will verify that this assumption is satisfied.

Finally, equation (18) describes the non-employed worker’s decision about whether
or not to participate in the current labor market. Note that since the worker does
not incur any costs being in the labor market, we make the assumption that workers
choose to participate in the labor market if and only if they could with a match
that offers an expected utility that is higher than V,(s). Workers who have a zero
probability to be hired will voluntarily stay out of the labor market.

2.3.3 Equilibrium

Definition 2.2 A stationary equilibrium of the model is a tuple {3, \, p, o} that sat-
isfies the following conditions:

(i) A and p are given by (98) and (99).

(i) Conditional on X, p and X\, o solves the worker and the firm’s optimization
problems that are defined by Conditions (I1)-(IV) in Definition 1.

(111) 3 is generated by o and is stationary.

(iv) Free entry of firms into the market ensures
U=0.

2.4 Analysis

In this section, we analyze the Bellman equations in Definition 1 that jointly charac-
terize the worker and the firm’s optimization problems. We begin with a set of useful

observations. Observe first that

Vin(s) > v(s) > V,(s), Vs € Sa. (115)
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This holds because the definitions of S4 and V,,(s) imply V;,.(s) > V,,(s) and that

v(s) is a convex combination of V,,,(s) and V,,(s) for all s € S4. Notice next that
Va(0) = u(0) — ¢(a) + BA(0).

Notice also that
U(O) 2 Vmin'

This holds because the non-employed worker with s = 0 can always choose to stay

out of the labor market permanently to obtain V,,;,. Notice therefore
v(0) > V,(0) = u(0) — ¢(a) + BAV(0) > Vipin. (116)

Assumption 1 u(occ) — u(0) > BA[¢(a) — ¢(0)].

This assumption is not difficult to satisfy. A sufficient condition for it to hold is
u(o0) — ¢(a) > u(0) — ¢(0). That is, the worker is better off working and having an
infinite amount of consumption than not working and not consuming. But we need

Assumption 1 to show that the set ¢ is an interval.

Proposition 2.1 & = |V,(0), “(io_)—gz@> '

Remember V,,(0) = u(0) — ¢(a) + SAv(0) is the expected utility of a worker who
is not matched with a firm and has zero assets.

Assumption 2 The value function U : & — R is continuous and concave.

This assumption is reasonable, for the continuity and concavity of U could always
be obtained through randomization over employment contracts if necessary. See Athey
and Bagwell (2001).

Notice that U(V) — —oo as V' — [u(oc0) — ¢(0)]/(1 — BA). This holds because,
independent of the contract used, the expected profits of a firm are bounded from

above while the cost of delivering V' to the worker goes to infinity as V' goes to

[u(00) — #(0)]/(1 — BA). With this and Assumption 1, let
V= max{V’ : Ve argmaxU(V)} :
Ved

This V* exists, is unique, and has the following interpretation: If the firm is free to
offer any expected utility from ® to a newly hired worker with assets s = 0, V* is the
starting expected utility to promise to the worker at which the firm can achieve its
maximum value, U(V*).

Notice that V* may not be equal to the bargained expected utility V;,,(0), although
itrdoesralwayssholdthatsl/ * < V,,,(0). Suppose V* > V,,,(0). Then by letting V,,(0) =
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V* the worker is strictly better off and the firm is weakly better off. Notice next that
since V* is taken from the set ®, and from Proposition 2.1 V,,(0) is the minimum
element in @, it holds automatically that V* > V,,(0). Moreover, with the assumption
that 9,(0) = 00, this inequality must hold strictly, that is,

V* > V,(0).

In other words, the firm would start a new worker that has zero assets with an
expected utility that is strictly greater than his reservation expected utility. To see
this, suppose V., = V,,(0). Then the optimal contract entails that the worker’s effort
is the minimum a and his compensation is 0, for otherwise his expected utility would
strictly exceed V,,(0). But this is not optimal given ¢'(a) < 8 (0) = oo.

We now proceed to provide an analysis of the non-employed worker’s problem that
is defined by Condition (V) in Definition 1. If analysis will be partial, in the sense
that we will take the vacant firm’s value U and the non-vacant firm’s value function
U(-) as given and seek to characterize the value functions v(-), V,,(+), and V,,(-).

Notice that the function v(-) plays a central role in defining the firm and worker’s
optimization problems. First, v(-) provides a link between the firm’s optimization
problem [equations (4)-(13)] and the worker’s problem [equations (14)-(18)]. Second,
as we will show, if v(-) is well defined and continuous, then the worker’s other value
functions V,,(-) and V,,,(-) are also well defined and continuous. Given this, the strategy
of our analysis is to formulate the function v(-) as a fixed point of a contraction
mapping on a space of bounded and continuous function, and then use the contraction
mapping theorem to obtain that v(-) is uniquely defined and continuous|43].
Assumption 3 There exists a feasible and incentive compatible one-period contract
oo that offers the worker expected utility V5 > u(0) — ¢(0) and the firm expected
profit II(V5) > 0.

Proposition 2.2 Given the vacant firm’s value U and non-vacant firm’s value func-
tion U(V),V € ®, the following holds for the non-employed worker. (i) The non-
employed worker’s value function v(-) is well defined, continuous, and strictly in-
creasing in Ry. (ii) The non-matched worker’s value function V,(-) is well defined,
continuous, and strictly increasing on R ; (iii) The matched worker’s value function

Vi is well defined, continuous, and weakly increasing on Sa;

[43]A full analysis of the firm and worker’s optimization problem (as defined in Definition 1) would
require characterizing the value functions U, U(+) and v(-) simultaneously in a unified fixed point
argument. A difficulty is that the function U(-) is not bounded so the contraction mapping theorem
could not be applied for the proof of existence.
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We also have
v(Ry) = [0(0), Vinaz)-

With this, and given (116), we have

[0(0), Vinaa) € @,

and we can rewrite constraints (106)-(108) as
Vi € [v(0), Vinaz)-

This leads to
Proposition 2.3 With the optimal contract, i € Q0 if and if U(V;) > U — v=1(Vj)

This result is intuitive, it says that the worker is retained if the value of retention
is greater than the value of termination. Notice that since in equilibrium U = 0, the
above proposition permits the firm to retain a worker that has a negative value to the

firm, as long as the value of terminating him is even lower.

Proposition 2.4 Suppose a newly-terminated worker with expected utility V' goes
back to the labor market immediately [i.e., v~ (V) € S4]. Then either U > 0, or there
exists V' € ® such that V! >V and U(V') > U(V).

Given that U(V) is concave, in equilibrium with U = 0, in order for a worker
to go back to the labor market immediately after termination, his expected utility
must be sufficiently low, lower than V*. In other words, a newly terminated worker
is unemployed if he is terminated from the left hand side of the firm’s value function.
Worker who are terminated from the right hand side of the firm’s value function will
stay out of the labor force for at least one period.

Consider the set of the promised expected utilities of the worker upon which the
worker is retained. Then for each V' in this set, consider the amount of assets v=*(V)

the worker would receive if the worker were terminated. Let

Q= {v ' W)V € [0(0), Vinaz), UV) >T —v 1 (V)}.
Next, let

Qu= (v (V)|V € [0(0),Va), U(V) <T — v Y(V)},

Qe=doit(V)|V € [V, Vi), U(V) < T — v~ 1 (V)}.
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Each element in €04 (€;) is a level of assets that corresponds to a level of utility V'
at which the worker is terminated from the left (right) hand side of the firm’s value
function. The following proposition establishes the connection between the firm’s
decision about when to terminate the worker and the worker’s decision about when

to enter the labor market.
Proposition 2.5 In equilibrium it holds that S, = QA U Q and Sr= ﬁl.

Proposition 2.6 There exists s > 0 such that [0,5] C Sa. Moreover, if a = 0, then
0,071 (V*)] C Sa.

So a non-employer worker must be unemployed if he is sufficiently poor. This is

intuitive, for his value of staying out of the labor force is lower given his small s.

Assumption 3 There exists VV such that the following inequality holds for all V > V.

0= (1= BAU <u'[(1 = BAW +d(a)] —u'[(1 = BAV].

Assumption 3 is easily satisfied. Notice that since u(-) is concave, u~!(-) is convex,
and u[(1 — BA)V + ¢(a)] — u[(1 — BA)V] is increasing in V.

Proposition 2.7 Under Assumption 3, the set Q is bounded. Or equivalently, there
exists V. > v(0) such that for allV >V, UV) < U —v (V).

This proposition says that a worker cannot be employed with a level of expected
utility that is sufficiently high: he would have been terminated. In fact, by Proposition
2.8, a non-employed worker with a sufficiently high V' will choose not to be in the
labor market.

Among workers that choose not to participate in the labor force currently, there
are those who have chosen to quit the labor force permanently, and those who are just
temporarily out of the labor force. Our next proposition shows that non-employed
workers who are rich enough, with a large enough s, will choose to retire permanently

from the labor market.

1
147"

employed worker will choose to stay out of the labor force permanently if s > s*.

Proposition 2.8 Assume § = Then there exists s* < oo such that the non-

We therefore have the following expression for a part of the function v(-):

o(s) = u(+£s) — ¢(0)
- 1-BA

, Vs > s*.
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2.5 Quantitative Analysis

In this section, we calibrate our model to the U.S. data, analyze it numerically, and
show that our model could do a better job accounting for the observed wage dispersion

than standard search/matching models.
2.5.1 Parameterization and Calibration

We set the time period to be one month. We set the discount rate to be r = 0.00417
to obtain an annual interest rate of 5%. We then set the worker’s discount factor to
be f=1/(1+7r). We set A =0.99815 so the worker’s expected lifetime is 45 years.

We set the worker’s utility function to be

u(c) = pa) = log(py + pic) — a*,
where p, is normalized to 1 and p; > 0.

We set n = 2 so output can be low () or high (f3). We assume
m1(a) = exp(—ta), ma(a) =1 —exp(—va), Ya > 0,

where ) > 0. We follow the literature to assume a Cobb-Douglas matching function
so that

Mg,y —ng) = cons(y —ng)'

The above parameterization leaves us with the following parameters for the cali-

bration of the model:

017 627 P15 ¢7 o, Co, -

We target a measure of unemployed workers equal to 0.0342, a measure of employed
workers equal to 0.6336, and a measure of those not in the labor force equal to 0.3320.
These values are derived from The Current Population Survey (CPS) which provides
monthly time series data on employment, unemployment and not-in-the-labor-force,
for the period between January 1994 and December 2003. These target measures
imply an unemployment rate of 5.12%, and a labor force participation rate of 66.78%.

We target a job finding probability of 28.3%, following Fallick and Fleischman
(2004). We follow the literature to set @ = 0.6. The literature reports a value of
a between 0.5 and 0.7 (Blanchard and Diamond (1989), Petrongolo and Pissarides
(2001)).

Davis, Faberman and Haltiwanger (2007) reports a job opening rate of 3.4% for the
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period from December 2000 to January 2005[44]. Using this information, we choose
the value of o to generate a job finding probability (fraction of the unemployed to

flow into employment) of 28.3%:

(e 1-06 _ . (0.034x0.6336 =06 0983
U 0 0.0342 ‘

which gives us ay = 0.3405. In addition, given that

~v — employment

job opening rate = employment
we obtain v = 1.034 x 0.6338 = 0.6551.

We follow Shimer (2005) to set w = 0.4 (Hosios 1990). We could alternatively set
w = 0.5 without significantly change the calibration outcome.

We are now left with five free parameters 61, 0, 9, p;, co, and we choose their values
to target 6 (essentially 5) measures of the U.S. data: the measures of employment
(E), unemployment (U), non-participation (N); the rate of flow from employment
to unemployment, the job finding probability (rate of flow from unemployment to
employment), and the job opening rate (vacancies as a fraction of employment).

The following table gives the values of the parameters chosen.

Parameter | Value
0, —0.5000
05 2.5000
Y 0.6386
P1 1.2771
Co 0.0096

The following table compares the calibrated model with data.

Variable Data | Model

fraction of employment 0.6336 | 0.6317
fraction of unemployment 0.0342 | 0.0350
fraction of not in the labor force | 0.3320 | 0.3333

job opening rate 3.4% | 3.7%
E to U probability 1.3% | 1.26%
U to E probability 28.3% | 29.1%

The model does a good job matching the targets. Note that conditional on em-

[44] Theirmmeasurerissbasedyon the Job Openings and Labor Turnover Survey (JOLTS).
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ployment, which is an independent target to match, the job opening rate essentially
measures the stock of vacancies in the economy.

The U.S. data shows a large flow from unemployment to not-in-the-labor-force,
reflecting the movements of discouraged workers, and the movements from unemploy-
ment to education. Our model lacks a channel for the flow from unemployment to
NLF.

The U.S. data also shows a significant flow of workers from not-in-the-labor-force
to employment. This reflects the fact that, in practice, firms search not only among
workers that are unemployed, but also among workers that are not in the labor force.
This mechanism is missing in our model. In the model, workers must be actively
looking for jobs before being matched with a firm.

Finally, notice that the flows from employment to unemployment and from em-
ployment to not-in-the-labor-force are much smaller in the model than in the data.
These are not surprising. In the data, a large fraction of the transitions from em-
ployment to not in the labor force are due to life-cycle reasons, or younger workers
quitting the labor force to obtain higher education. These are not in our model. In
the data, the flow from not in the labor force to unemployment reflects perhaps the
movements of the previously discouraged workers and the young workers who enter

the labor market after finishing education.
2.5.2 Equilibrium

Figure 1 depicts the firm’s net gains from retaining (rather than terminating) the
worker as a function of the worker’s expected utility. In order to deliver a given level
of expected utility V' to the worker, the firm’s net profits are U (V) if it retains the
worker and U — v~(V) if it terminates the worker, and in equilibrium U = 0. The
value of the difference is shown in Figure 1. Obviously, termination is optimal if and
only the value of V' is sufficiently small or sufficiently large.

Figure 2 depicts the law of motion for the employed worker’s expected utility as
a function of his current output. The worker’s expected utility is higher (lower) next
period if his current is higher (lower) this period.

Figure 4 shows the (deterministic) law of motion for the worker’s assets: s;11 — s;
as a function of s;. There is critical asset level above which the non-employed worker
chooses not to enter the labor market. For sufficiently high asset levels, there is not
a non-negative Nash surplus between the worker and the firm.

The stationary distributions of employed workers and non-employed workers (un-
employed plus not-in-in-the-labor-force) are shown in Figures 5 and 6, respectively.
There is clearly a significant amount of welfare dispersion among the employed work-

ers.
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At each point in time, looking forward each employed worker faces a stochastic
number of periods over which to remain employed. Figure 8 depicts the distribution
of the duration of the current job for a worker with four different level of starting
expected utilities. Obviously, the worker who has an expected utility that is neither
too low nor too higher will longer on this current job on average.

In equilibrium, a worker who leaves his job with an expected utility above the
upper bound of the retention interval will not go back to the labor market immediately,
a worker who leaves his job with an expected utility below the lower bound of the
retention interval will go back to labor market right away. Hence, the former consists
of the employment to not-in-the-labor-force transition, and the latter consists of the
employment to unemployment transition.

Furthermore, each worker is born without any saving. As a result, his first job is
characterized by a contract delivering relatively low expected utility. It takes time for
him to establish a good record, and in turn be promised a relatively high expected
utility.

Figure 9 is based on simulation and shows that the probability to transition from
employment to unemployment decreases with the age of the worker, while the prob-
ability to transition from employment to not-in-the-labor-force is increasing with the

age of the worker. These are consistent with findings in Nagypal (2005)[45].
2.5.3 Wage Dispersion

Hornstein, Krusell and Violante (2006) show that standard search matching models
can generate only a very small, 3.6%, differential between the average wage and the
lowest wage paid in the labor market, whereas the observed Mm ratio-the ratio be-
tween the average wage and lowest wage paid— is at least twenty times larger than
what the model observes. Hornstein, Krusell and Violante further show that the ex-
tensions to the standard search and matching models can only modestly improve their
performance on accounting for the observed Mm ratio. As HKV argue, the logic of
the search/matching model implies that a higher wage dispersion is associated with
longer unemployment durations or a smaller probability of finding employment for
the unemployed. Given that unemployment durations are typically short in the data,
wage dispersion cannot be large in the model[46].

This logic of the search/matching model does not apply in our model. In our

model, wage dispersion is driven by the provision of intertemporal incentives and

[45]In Nagypal (2005), the probability to transition from employment to not-in-the-labor-force for
younger workers is unusually high which might be explained by the higher education admission.
[46]As the paper explains, “The short unemployment durations, as in the U.S. data, reveal that
agents in the model do not find it worthwhile to wait because frictional wage inequality is tiny. The
message of search theory is that “good things come to those who wait”, so if the wait is short, it
mustybesthatygoodsthingssaresnot likely to happen.” (page 9.)
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risk sharing. Wages of homogenous workers who start with the same initial expected
utility fan out over time as their outputs follow a stochastic process. In our model,
workers who produce a high output not only receive a higher wage in the current
period, but also will see their future utilities and wages increased. Likewise, and
workers that produce a low outputs will receive lower wages in the current period and
in the future[47].

Our model is capable of generating much larger wage dispersions than standard
search and matching models do. In the version of the model that is calibrated to the
U.S. data, the computed average wage is 0.4071, and the lowest wage paid is 0.0166,
and the Mm ratio is 24.5, similar to what Hornstein, Krusell and Violante observe in
the U.S. data.

Suppose we use the average wage of the workers in the lowest wage percentile as
the minimum wage in the calculation, then the computed Mm ratio is 13.89. Even if
we use the average wage of the workers in the 5th wage percentile as the minimum
wage in the calculation, the computed Mm ratio is 5.32, much larger than what the
search/matching models permit. Note that our model generates the same job finding
probability for the unemployed, and hence the same average unemployment duration,

as the calibrated search/matching models do.

2.6 Conclusion

In this paper, we have studied an equilibrium model of the labor market which mod-
ifies the Mortensen-Pissarides framework by taking a dynamic contract approach to
jobs and job separation. The dynamic contract is motivated by a standard infor-
mation friction: moral hazard. Optimal terminations of dynamic contracts generate
equilibrium worker flows from employment to unemployment and to not-in-the-labor-
force. Matching and bargaining bring unemployed workers to employment. As in the
data, in the model average wages increase with worker tenure, and on average workers
who have stayed longer with the firm face lower layoff probabilities. Our model offers
an important advantage over standard search and matching models: we have shown
quantitatively that our model generates wage dispersions that are similar to those
observed in the data while standard search-matching models cannot.

Our model has a number of possible extensions among which perhaps the most
important and challenging is to add aggregate uncertainties to our currently stationary
environment. As discussed in the introduction of the paper, existing search-matching
models have not been able to account for the observed pattern of wage dynamics

over the business cycle. Our model offers a natural and promising alternative, given

[47)The effect of the dynamic contracting on distribution was first discussed in Green (1987) and
Atkeson and Lucas (1991).
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that the structure of compensation is designed to achieve efficient intertemporal risk

sharing in our model.
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2.7 Appendix
2.7.1 Proof of Proposition 2.1

Let ' denote the set on the right side of the equation we need to show to hold.

We first show ® C @'. There does not exist V' € ® such that V' < u(0) — ¢(a) +
BAv(0), since the worker can always choose to exert the lowest effort a regardless of
the contract offered, and he is guaranteed expected utility v(0) next period. It is also
obvious that there exists no V' € ® such that V' > u(o0) — ¢(a) + SAViax-

Next, we show @’ is self-generating and hence ' C .

For all V € @ with V < (1 + BA)[u(o0) — ¢(a)] + (BA)* Viax (< u(o0) — ¢(a) +
BAV ez ), let

QV) =06, a(V) =g, c;(V) = z(V), and Vi(V) = y(V)
where z(V) € Ry and y(V') € [v(0), u(c0) — (@) + BAVimax) C @’ are chosen to satisfy
V =u(z(V)) — ¢(a) + BAY(V).

Obviously, such (Q(V),a(V),c;(V), Vi(V)) is feasible, satisfies (6)-(9), (11), (12), and
Vi(V) € Q(V) Vi € Q(V), and therefore generates V.
Next, for all V € @ with V' > (1 4+ SA)[u(00) — ¢(a)] + (BA)*Vinax, let

V) =0, a(V) = a, ci(V) = z(V) and Vi(V) = v(s(V))
where z(V), s(V) € R, are chosen to satisfy
V =u(z(V)) — ¢(a) + fAv(s(V)).
We now show that this is feasible to do. Observe first that
u(0) = ¢(a) + BAViax < (14 BA)[u(00) = ¢(a)] + (BA)*Vinax.
This is directly implied by Assumption 1. Let
e = [(1+BA)[u(o0) — d(a)] + (BA)*Vinax] — [u(0) — ¢(a) + BAVina] > 0.

Now for a fixed V' € [(1 + BA)[u(c0) — ¢(a)] + (BA)?Viax, u(o0) — ¢(a) + BAVmazl,
let s(V) = Vipax — 0.5 % €. Since u(-) is continuous, we can then choose z(V) > 0

so that the above equation is satisfied. Last, it is easy to see that the so chosen
(Q(V),G(V),CAV),V;(V)) satisfies (6)_(9)> (11)7 (12)7 and V;(V) € Q(V) Vi € Q(V)7
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and therefore generates V. The proposition is proved.
2.7.2 Proof of Proposition 2.2

For any s € Sy, if v(s) is well defined, then the solution to the bargaining problem
(113) exists and is unique.

We assume that he value function U : & — R is continuous and concave. This
assumption is reasonable, for the continuity and concavity of U could always be
obtained through randomization over employment contracts if necessary. See Athey
and Bagwell (2001).

Let s € S4. We show that the solution to the following optimization problem

exists and is unique:
maxO(V) s.t. Ve®d V>V,(s), UV)+s—8U >0

where

OWV)=(UWV) +s—BU)(V — V,(s),

We first prove existence. Notice first that the constraint V' € ® is not binding. To
show this, notice V,,(s) > V,,(0), then use the observation

Va(0) = u(0) — ¢(0) + SAv(0).

Notice next that since U(V) — —o0 as V' — Vj4s, the constraint V' > V,,(s) can
be replaced by V,,(s) <V < M for some sufficiently large M.

Since U(V') is continuous, we have that the constraint set, which can now be
written as {V € R: V,(s) <V < M, U(V)+s— U > 0}, is closed and bounded,
and hence compact. Since the objective function O(V) is continuous, a solution exists.

We now prove uniqueness. This takes 5 steps.

(i) Notice first that V' is not optimal if V' < V*, where V* is defined in equation
(??). To show this, suppose V' € V*. Then V' = V + € could make both the firm and
the worker strictly better off, for a positive but sufficiently small €; a contradiction.

(ii) Notice next that since U(V') is concave by Assumption 2, U(V) and hence
U(V) + s — BU are strictly decreasing over [V* ,v(00)/(1 — BA)). Since s € Su
requires U(V*) + s — U > 0, the equation U(V) + s — BU = 0 has a unique solution.
Denote it V/(s). This allows us to rewrite the constraint U(V) + s > U as

V < V(s).
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(iii) Notice next then
Ve{VeR: V,(s)<V' <M, UV')+s—BU >0}

if and only if
Vi(s) <V < V(s),

where it must hold that V,,(s) < V(s) since the feasibility set cannot be empty. Now
suppose V,,(s) = V (s). Then of course there is a unique solution that maximizes O (V).
In the following we show that the solution to the bargaining problem is unique also
in the case V,(s) < V(s).

(iv) So suppose V,(s) < V(s). Notice first that a solution must satisfy either
V =V,(s)or V="V(s),or O'(V)=0.

Notice that V' = V,,(s) cannot be optimal, because V' = V,,(s) + € with € positive
but sufficiently small can attain O(V’) > 0 = O(V). (Note it doesn’t matter whether
Va(s) > V* or otherwise.)

Notice that ¥V = V(s) cannot be optimal either, because V' = V,,(s) — ¢ with ¢
positive but sufficiently small can attain O(V’) > 0= O(V).

Therefore, any solution V' must satisfy O'(V) = 0, or

V—Vis)  1-w
UV)+s—p80 w

~U'(V)

(v) Observe first that in order to have a solution, it must hold that U’(V) < 0,
otherwise the left hand side of the equation is non-positive while the right hand
side is strictly positive. Thus, we need only consider the set of Vs over which the
value function U(V) is strictly decreasing. Given that U(V') is concave, this in turn
implies that the left hand side is strictly increasing in V' over the set of V's that could
potentially solve the problem. It then follows that there at most one V' = V,,(s).

To conclude the proof of the lemma, note that we have proved (ii) under the
assumption that the value function U is differentiable. A proof that does not rely on
the differentiability of U is available upon request.

Under Assumption 2, 0 € S4.

Suppose 0 € S4. That is, suppose 0 € S;. Then v(0) = V,,(0) = Vi = “(?)__B(Z(O).
Now consider the following contract: it is o for the first period, and then the worker

is given s = 0 to leave the firm. This contract delivers an expected utility equal to
Vo + BAv(0) to the worker. Clearly Vy + SAv(0) > V,(0) and Vg + SAv(0) € ®. This
contract gives an expected profit equal to II1(Vg) + 8U to firm. Now U (V,+ SAv(0)) >
II(Vy) + BU > BU. So s =0 € S4. A contraction.

Suppesethefunctionw is well defined and continuous. Then (i) V,, is a well defined,
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continuous, and strictly increasing function on R, ; (ii) V;, is well defined, continuous,
and increasing on S4; and (iii) v is strictly increasing on R,

Let v be well defined and continuous. Let sy > s; > 0.

(i) That V,,(s) is well defined and continuous is because the objective function is
continuous the constraint correspondence is compact. Use then the theorem of the
maximum. To show that V,,(s) is strictly increasing in s, notice that with sq, the
worker can always choose to have strictly more consumption in the current period
while setting his future assets equal to that with s;.

(ii) We show that the function V;,(s) is also continuous. This is the case because:
(a) The objective function in (113) is continuous in V. (b) Given U(V) — —o0 as
V' — Ve, there is some M > 0 sufficiently large such that for each s € Sy, the
constraint V' > V,(s) can be replaced by V,,(s) <V < M. This implies a constraint
correspondence that is compact valued and continuous. (c¢) Apply the theorem of the
maximum.

We next show that V;, is an increasing function. Observe first that given U'(V) < 0
at the optimal V', and V,,(s) is increasing in s, the left hand side of (??) is strictly
decreasing in s. Remember we have already shown that the left hand side of (77?) is
increasing in V. So V,,,(s) must be increasing in s.

(iii) If s1, 50 € Sa or s1, 59 € St, then v(sg) > v(s;) follows directly right from (i)
and (ii). Suppose s; € Sy but s € S4. Then

v(s2) = pVm(s2) + (1 = p)Va(s2) = Vi(s2) = Va(s1) = v(s1).
Suppose s; € Sy but sy € S;. Suppose v(s;) > v(sz). Then
PVin(s1) + (1 = p)Va(s1) = Va(s2),
which in turn implies V;,,(s1) > V,,(s2). This contradicts s; € Sy since
U(Vin(s1)) + 52 — BU > U(Vin(s1)) + 51 — BU > 0.

Finally, since p < 1, v is strictly increasing on R, . This proves the lemma.

With the above lemmas, we now proceed to prove the proposition.

1. Let (Y, d) denote the space of all bounded and continuous functions f : R, — X
under the sup norm, denoted d. (Note that boundedness is needed for R, is not
compact.) Y is a complete normed vector space.

2. Define a mapping I as follows:
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PV (s) + (1= p)Va(s),if s € Sy

Vo eY and s € Ry, I'(v)(s) = { Vo (s) ifse S
n ) I

subject to (110)-(113).

Notice that given Lemma 6, the function I'(v) is well defined for all v € Y.

3. We show that I' maps from Y to Y, that is, I' : Y — Y. We must show that I"
preserves boundedness and continuity. That [" preserves boundedness is obvious. We
now show that I' preserves continuity. Let v € Y.

(3a) From Lemma 5, we know that the function V,,(s) is continuous and strictly
increasing on R ;. We also know that the function V;,(s) is continuous and increasing
on Sy.

(3b) Observe that Sy is an open set in R, and hence Sy is closed. To show this,
let s € S;. Since 0 € S by Lemma 4, we have s > 0. This implies U(V) +s—8U < 0
for all V' € ® such that V' > V,(s). Given the continuity of U and V,,, there exists
e > 0 such that (s —e,s +¢) C 5.

(3c) Since St € Ry is open, it can be written as an union of disjoint open intervals
in R,.

(3d) Observe next that [0, (V;,)"1(V*)] € S4. This is because : 3U < U(V*) by
equation (22), the value function U (V) is concave by Assumption 2, and the function
V,.(s) is continuous and strictly increasing by Lemma 5.

(3e) With (3c) and (3d), there exists a vector {by, a;,b;, i = 1,2,...,m} C R, such
that

Sa = [0, bo] U (ig[ai, bi])

where
(V) H(VH) <bg<ay <by < < ap < by,

and the values of m and b,, may be infinity.

(3f) Clearly, I'(v) is continuous on R*\{bg, a1, b1, - -, am, b }. So, T'(v) is contin-
uous on R if and only if V,,,(s) = V,(s) for s € {by, a1,b1, - -, am, b}

Suppose V,,,(b;) > V,,(b;) > V* for i € {0,1,---,m}, Since V,, is continuous, there
exists € > 0 such that [b;, b; + £) C Sy, a contradiction.

Suppose V,,(a;) > Vy(a;) > V* fori € {1,---,m}. since V,(a;) > V*, U is strictly
decreasing for V' > V*. This implies that U(V,,(a;)) +a; — BU > 0. There exists ¢ > 0
such that (a; — ¢, a;] € S, which is a contradiction.

We have proved that the function I'(v) is continuous.

4. We show that the mapping I' is a contraction. Since the underlying space is a
normed vector space of bounded and continuous functions, we need only verify that

the Blackwell sufficient conditions are satisfied.
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(Monotonicity) Let v1,v9 € Y and v1 > v5. We must show that I'(vy)(s) > IT'(v2)(s)
for all s € R,.

Let S, S5, VI Vi (i = 1,2) denote the sets S4 and Sp and the functions V,, and
V,, induced by v; through (110)-(113). Notice first that V! > V2.

(i) Suppose s € S} N S%. Then the property of the CES objective function guar-
antees that V! (s) > V2(s), and hence T'(v!)(s) > T'(v?)(s).

(ii) Suppose s € S} N S%. We need only show V!(s) > V2(s), which holds, for
otherwise s € S}.

(iii) Suppose s € St N S?. In this case T'(v!)(s) = V1(s) > VZ(s) = T'(v?)(s).

(iv) Suppose s € S% N S%. In this case, V1 (s) > V1(s) > V?2(s), implying s € S,
a contradiction. So s € S} N S7 cannot be the case.

We therefore have shown that the mapping I' is monotonic.

(Discounting) Let vy,v € Y and let v3 = v; + a for any a > 0. We show that
T'(v?)(s) < T(v')(s) + fAa for all s € R,.

Observe first that V2(s) = V.1(s) + BAa for all s € R,.

Consider first the case s € S} N S%. The desired result in the case holds trivially
if the maximized Nash product is zero. In the following, we consider the case where
the maximized Nash product is strictly positive.

Let : —
1—wUV(s)+s—pU .
- - . , 1 =1,2,
w  Vils) = Vi(s)

¥ =

where ¢, for i = 1,2 is the slope of the value function U(V) at optimum, i.e., at
V =Vi(s).
Given the concavity of U and the differentiability of indifference curve, U has to

be under the following straight lines
filx) = ¢i(x = Vi, (5)) + U(V(s)), i = 1,2
Suppose V2(s) > V.1(s) + SAa. Then p; < p, < 0. Therefore,

U(Vin(5)) < fil(Vin(s) = U(V(5) > f2(V,,(5)),

a contradiction. So, we conclude that V2(s) < Vl(s) + BAa.

The cases s € S} — 5%, s € 5% — 5%, and the case s ¢ S} U S? are straightforward
to analyze and are left for the reader. This proves that the mapping I' has the
discounting property and hence we have shown that I' is a contraction.

5. By the contraction mapping theorem then, v € Y and is the unique fixed point

of I'. So v is continuous and the proposition is proved.
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2.7.3 Proof of Proposition 2.3

Suppose i € Q but U(V;) < U —v~(V;), then move i from © to €’ while not changing
the values of a, ¢; and V;. The modified contract would remain feasible, but the firm’s
value is strictly increased. On the other hand, suppose U(V;) > U —v~1(V;) but i ¢ Q.

Then move 7 from Q' to  to increase the firm’s value. The proposition is proven.
2.7.4 Proof of Proposition 2.4

That the worker is terminated with expected utility V' implies
UV)<U—vHV).

Now this worker would go immediately to the market to look for a new match if and
only if
3V’ > V(v (V) such that U(V") +v (V) > gU.

But this implies the existence of V,,(v™!(V')) and it holds that V,,(v"1(V)) > V. Let
V' =V, (v™1(V)). Then
UV +v (V) > BU.
Suppose U = 0. Hence, U(V’) > U(V). The proposition is proven.
2.7.5 Proof of Proposition 2.5

We first show that with the equilibrium contract where U = 0, it holds that
Q C Sa.

This is easy to show. For each v=2(V) € Q, we have (i) V € [0(0), Viaa) C ®;
(i) V = v Y(V)) > Vo(v™1(V)); and (iii) U(V) + v~ 1(V) > 0. So v~ }(V) € Sa.
Remark: The fact that U = 0 is important for part (iii) of the proof.

Next, we show
Q4 C Sa.

To show this, let s =0 and V =V, € ®. Clearly, V, > V,,(0) and U(V,) + 0 > U by
(23). Remark: the equilibrium condition U = 0 is not needed in the proof here.
Last, with the equilibrium contract with U = 0, it holds that

Q; C S,

This is a corollary of Proposition 2.4 which says that if s € Q then s ¢ S4 and hence

s € S;. The proposition is proven.
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2.7.6 Proof of Proposition 2.6
We prove the first part of the proposition by way of contradiction. Suppose otherwise.
Then there exists a strictly monotonic sequence {s,} such that s, € S; for all ¢, and
sq — 0 as ¢ — oo.
Next we show that it must hold that V,,(s,) — 0 as ¢ — oo. Since s, € S; Vg,
v(sq) = Vi(s,) = max {u(c) — ¢(0) + SAV[(1 +7)(s, — ¢)/Al}.

0<c<sq

Let ¢ — 0 on both sides of the above equation to obtain
u(0) — ¢(0) + BAv(0) = v(0)

or

0(0) = [u(0) — ¢(0)]/(1+ BA) = 0.

So V,.(sq) — v(0) =0 as ¢ — oo.

Now for each ¢ and s,, consider the following contract for the unemployed worker
with assets s,. The worker is employed for one period. For the period the worker
is employed, his compensation is determined by oy. The worker is then terminated
with assets s. So the worker’s utility under this contract is Hy + SAv(s,). For ¢ large
enough, it must then hold that

Ho + BAv(sg) = (1 = BA)Va(sq) + FAVL(sq) = Valsq)-

This holds because (a) s, € Sy s0 v(s,) = Vi(sq); (b) Hp > 0; and (c) V,,(s,) — 0 as
q — 0.

Finally, notice that for ¢ large enough, it holds that
II(Hy) + s, — BAs, + BU > BU.

Thus we have shown s, € Sy for ¢ large enough. A contradiction. This proves the
first part of the proposition.
We now prove the second part of the proposition. We know that 0 € S4. Let

s, = min{s € Sr}. Given that v(-) is continuous, it must hold that
Vi(ss) = pVin(si) + (1 — pVy(s4),

or
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It then must hold that
U(Viu(5,)) + 5, = BU = 0..

Let f(s) = U(V,(0)) + s for all s > 0. Observe first that
f(0) = U(V,(0)) +0=U(V*) >0,

where V* > V,,(0). Observe next that over the interval [0,v"1(V*)], f(s) is strictly
monotone increasing in s, for V,(s) is strictly increasing in s at all s and U(V) is
strictly increasing in V' over the interval [V},(0), V*]. Therefore a solution (??) cannot

exist over the interval [0,v~!(V*)]. That is
5. > v (V).

This proves the proposition.
2.7.7 Proof of Proposition 2.7

We need only show that there exists V' > v(0) such that
UV)<U—v V), VW > V.

In turn, we need only show that there exist functions U(-) and C(-) such that for V
sufficiently large, it holds that

UV)<UWV)<UT—-CV)<TU—v V).

We now construct the functions U(-) and C(-). First, set for each V' > v(0),

o) = L2V

C(V) is the cost to the firm of terminating a worker who is not to participate in the
labor market in the rest of his life, so it must hold that C'(V) > v=!(V) for all V.

Next, for each V' > v(0), define U (V) as follows. Imagine a firm who currently
employs a worker with expected utility V' at the beginning of a period. Suppose this
worker is not subject to moral hazard. That is, when this worker is employed by
the firm, his efforts are perfectly observable to the firm so the the firm can make
the worker’s compensation contingent on the worker’s efforts. With his worker, the
optimal termination strategy for the firm is to either never terminate the worker until
he dies, or terminate him after one period.

Consider first the case where the worker is never terminated. In this case, the
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worker is given a constant compensation say ¢ and he is asked to make a constant

effort say a, where ¢ and a satisfy

u(c) — d(a)
V=93

Since a > a,
c>u (1 - BA)V + ¢(a)).

In this case then the value of the firm is less than or equal to

Ul(v) = 0 —u” ((11__66AA)V + ¢(Q)) ]

Consider next the case in which the worker is terminated after one period. Con-
sider the best possible scenario for the firm where, after termination, the worker is
employed every period by some other firm which gives the worker all the surplus of
the match so the worker’s current employer can incur the least possible cost of ter-
mination. Suppose this translates into a constant compensation of ¢ with a constant
level of effort a, > a > 0 for the worker after termination. Now let a; denote optimal
effort in the first period. Let ¢; denote the optimal compensation for the worker in the
first period, and ¢y the optimal compensation in each period after the termination.
Then

Vi=u(cr) = dlar) + [ucz +¢) — ¢(an)].

1- BA

To minimize cost, the firm sets ¢; = ¢y 4+ ¢, and hence

u(cy +¢)
1—BA

V + éar) + P(ax) =

1—-BA

and so

e = u (1 = BAYV + élar) + BAG(a,)] — .

The value of the firm in this case is therefore equal to

0—(ca+7e)— : f%Acz
g M= BAV + o)) + BAG(a)] @
1—3A
5. BA _ uT[(1-BAYV +6(a)]
=T 1 8A T
EUQ(V) (117)

A

Let U (V). =max{U(V), Us(V)} for all V. Tt is easy to see that Uy (V) > Us(V),
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A

so U(V) = Uy (V). Therefore equation (??) holds if and only if

G- (1= BAV +6(a)) _pr_ w (1= BA)
1-BA = 1-8A

or
0—(1=BA)T <u'[(1=BAWV +¢(a)] —u'[(1 - BAV].
This proves the proposition.

2.7.8 Proof of Proposition 2.8

Let 5 = max,eg, s, which is well defined since Sy4 is compact. Consider the optimiza-

tion problem faced by a non-employed worker with asset s > 3,

max (11‘_’;: fu(e) — 6(0)] + k:%(s’))

¢>0,t€{1,2,--}U{o0},s’

subject to
11—k
T % ct+kls=s
s e Sa

Wherek:6A2%<1.

Note that if ¢ = oo, then k' = 0, and the choice of s’ is not relevant. Note that
it is optimal to make consumption constant across the periods before reentering the
labor market with asset s’ € S at the period ¢t + 1. The case t = oo is the case where
the worker consumes the annuity of his/her asset every period and never comes back
to the labor market.

For the purpose of this proof, we can replace the constraint ¢ € {1,2,---} U {o0}
in the optimization problem above by t € R, U {oco}. Observe next that it is optimal
to have s’ =3, by the definition of the function v(-).

Let the first derivative of the objective function with respect to ¢ be denoted

H(s,t),

o uliZ=E(s — k5] —0(0)  _ s—5 ,1—k -~
H(3>t):_k1nk( i - _U(S)_l—ktu[l—kt(s_ks)]>

=—k'InkF(s,t).

Notice first that —k'Ink > 0 for all ¢ € R,. Notice next that F(s,t) a strictly

decreasing in ¢ since its partial derivative with respect to ¢ is

(1 =Kk Ink(s —E)Qu,, ( 1—k

1= ) 1_kt(s—kt§)) <0
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and goes to

L(s,5) = = 1’“)_3]]6_ 20) _ 5) = (s = 5)[(1 = k)]

as t goes to infinity. Last, observe that

u(o0) — ¢(0)

F(s,0) = %

The above observations imply that ¢ = co is optimal if and only if L(s,s) > 0.
So consider the function L. Observe first that
_ u[(1—k)s] — ¢(0)

L(s5,5) = Tk —(3) <0,

where the inequality follows from the definition of the function v(-). Next, notice
Li(s,5) = —(1 — k)(s —s)u"[(1 — k)s] > 0.

Third, notice
lim L(s,5) = Vipax — v(3) > 0

which holds because lim (s — 3)u/[(1 — k)s] = 0 given u(-) is bounded.
With the above observations, we conclude that L(s) > 0 if and only if s > s*
where s* solves

L(s*,35) =0,

and s* > 5. The proposition is proved.
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