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1. Introduction

The committee problem is a prime example of strategic information aggregation. The
committee decision is public, affecting the payoff of each committee member; the in-
formation for the decision is dispersed in the committee and is private to committee
members; and committee members have conflicting interests in some states and com-
mon interests in others.! As a mechanism design problem, the absence of side transfers
in the committee problem means that costly delay naturally emerges as a tool to provide
incentives to elicit private information from committee members, much as in the imple-
mentation literature where a universally bad outcome or a sufficiently large penalty can
be useful toward implementing desirable social choice rules when agents have complete
information about one another’s preferences (Moore and Repullo 1990; Dutta and Sen
1991). However, it may not be credible to impose a lengthy delay which is costly ex post,

unless there is strong commitment power.

This paper takes a limited commitment approach to mechanism design in committee
problems.? Specifically we assume that the committee can commit to self-imposing a de-
lay penalty and not renegotiating it away immediately upon a disagreement, but there is
an upper bound on the expected length of delay that the committee can commit to. That
is, the committee can commit to “wasting” every member a small amount of value or
time, but not too much, and the upper bound on the expected delay reflects the commit-
ment power. A sufficiently tight bound on delay implies that the Pareto efficient decision
cannot be reached immediately, and that delay will occur in equilibrium. In this case,
because private information is not fully revealed, there is room for further information
aggregation after committee members have incurred the delay cost. This gives rise to dy-
namic delay mechanisms in which committee members can make the collective decision
in a number of rounds, punctuated by a sequence of delays between successive rounds,
and with each delay uniformly bounded from above due to the limited commitment prob-
lem. We ask: Should there be a sequence of maximum delays between successive rounds?
Does delay work better if it is front-loaded or back-loaded? Do deadlines for agreements

arise endogenously as an optimal arrangement?

We present the underlying committee decision problem in this paper in the context
of a symmetric two-member recruiting committee problem for an academic department.

The two members have different research fields, and must choose between two candi-

1See Li, Rosen and Suen (2001) for an example and Li and Suen (2009) for a literature review.
2See Bester and Strausz (2001), Skreta (2006), and Kolotilin, Li and Li (2013) for other models of limited
commitment.



dates, each specializing in one of the two research fields. In a “common-interest” state,
with one high quality candidate and one low quality candidate, both committee members
prefer the high quality one, regardless of their own research fields or the candidates’. In
a “contflict” state, with both candidates having the same high quality or both low quality,
each committee member naturally prefers the candidate of his own research field. Com-
plicating the recruiting decision, however, is that due to their own research expertise,
each member can ascertain the quality of the candidate of his own field (his “own” can-
didate), but not that of the “other” candidate. In particular, a committee member whose
own candidate is of low quality will not go along with the other candidate unless he is
optimistic that the latter has high quality. Indeed, if his belief about the quality of the
other candidate is sufficiently pessimistic, there is no incentive compatible mechanism
that Pareto-dominates choosing between the candidates by a coin flip. This is a stark
illustration of the difficulties of efficient information aggregation—the members would
have agreed to make the same choice in a common interest state had they been able to
share their information. Although highly stylized, our model of recruiting committees
thus captures the difficulties of reaching a mutually preferred collective decision when

preference-driven disagreement is confounded with information-driven disagreement.>

Introducing a collective punishment for disagreements may improve the committee
decision, when otherwise the best is a random decision. In the absence of side trans-
fers, naturally this punishment is delay in making the decision, modeled as an additive
disutility to each committee member that is proportional to its magnitude or length. The
threat of delay motivates a committee member whose own candidate has a low quality to
“concede” even though he is not optimistic about the quality of the other candidate. Un-
derstanding how to use delay to improve the committee decision requires us to impose
more structure on both the preferences and information of the two types of committee
members, the “high type” who knows his own candidate has high quality, and the “low
type” who has a low-quality candidate. We assume that the high type has a stronger rel-
ative preference for his own candidate (a greater payoff difference) than the low type for
the same belief about the quality of the other candidate, and that the high type is initially
less optimistic about the quality of the other candidate (a higher initial belief that the other
candidate’s quality is low) than the low type. These two assumptions together constitute
a single crossing property in our model, ensuring that the high type has a stronger incen-

tive to “persist” with his own candidate than the low type does in any delay mechanism.

3Such difficulties are also present when competing firms choose to adopt a common industry standard,
or when separated spouses decide on child custody.



In Section 2 we formally model a “delay mechanism” as an extensive-form game of
potentially infinitely many rounds of simultaneous voting for one of the two candidates.
In each round the decision is made according to the agreement if both members vote for
the same candidate or through a coin flip if both concede, or postponed to the next round
after delay if both persist. There may or may not be a terminal round, and if there is one,
the decision is made through a coin flip after the last delay. The objective of this paper
is to provide the complete characterization of the “optimal” delay mechanism, which
maximizes the ex ante symmetric payoff of the two members (before they know their
type), subject to a limited commitment constraint. We take a reduced-form approach to
modeling this constraint and assume that delay in each round of the mechanism must not

exceed an exogenous upper bound.

The dynamic game induced by a delay mechanism resembles a war of attrition with
incomplete information and interdependent values.* Thanks to the single crossing prop-
erty, in any equilibrium of this game, the high type always persists with his own candi-
date, so long as the low type weakly prefers persisting to conceding. As the game con-
tinues with the low type randomizing between persisting and conceding, both the low
type and the high type become increasingly optimistic about the quality of the other can-
didate, while the latter stays less optimistic than the former. This characterization means
that finding an equilibrium involves jointly solving for the sequences of actions, beliefs
and payoff values of the low type only. For an arbitrary sequence of delays, however,
such an approach is not manageable and does not yield any particular insights. In this
paper, we introduce a “localized variations method” to study the design of an optimal
delay mechanism. Consider changing the delay at some round t. We study its effect by
adjusting the delay in round t — 1, through the introduction an extra round if necessary,
in such a way that keeps the equilibrium payoff of the low type for round t — 1 fixed, and
simultaneously adjusting the delay in round t + 1, also through the introduction of an
extra round if necessary, in such a way that keeps the continuation payoff of the low type
after round t 4 1 constant. Since the effects of these variations are confined to a narrow
window, there is no need to compute the entire sequences of actions, beliefs, and payoffs.
It turns out that just by employing this localized variations method, we can arrive at an

essentially complete characterization of optimal delay mechanisms.

The main result of this paper is a characterization of all delay mechanisms that have

a symmetric perfect Bayesian equilibrium with the maximum ex ante expected payoff

4See also Hendricks, Weiss and Wilson (1988), Cramton (1992), Abreu and Gul (2000), and Deneckere
and Liang (2006).



to each member. Such optimal delay mechanisms have interesting properties that we
highlight in Section 3.2 and establish separately in Section 4. First, any optimal delay
mechanism is effectively finite. If the low types make some concession in an infinite
number of rounds, the gain from information aggregation would be too small relative
to the delay cost after sufficiently many rounds of concession. If the low types exit (by
conceding with probability one) and the high types remain for infinitely many rounds,
the high types would be playing a pure war of attrition, which is worse than a coin flip.
Second, we show that an equilibrium of an optimal delay mechanism necessarily induces
the low type to concede with probability one at the deadline. This implies that the deci-
sion reached by the committee is always Pareto efficient in equilibrium as the high type
always persists with his candidate with probability one. Moreover, in any optimal mech-
anism in which the low type makes concessions in at least two rounds, he enters the
deadline round with a belief that is just sufficient to induce him to concede with probabil-
ity one. In other words, it is not optimal to have the low type make more concessions than
is necessary for reaching the Pareto efficient decision at the deadline. Third, we show that
an optimal delay mechanism induces a “start-and-stop” pattern of making concessions
by the low type. At the first round, the low type starts by adopting a mixed strategy with
the maximum feasible probability of conceding to his fellow member; thus, the incen-
tives for concessions are front-loaded. If the committee fails to reach an agreement, the
low type would make no concession in the next round or next few rounds. After one or
more rounds of no concession, the low type starts making the maximum feasible conces-
sion again, and would stop making any concession for one or more rounds upon failure
to reach an agreement. Thus the equilibrium play under the optimal delay mechanism
alternates between maximum concession and no concession.” To achieve this “start-and-
stop” pattern of equilibrium play, the length of delay between successive rounds cannot
be constant throughout. Instead, the expected delay cost is equal to the limited commit-
ment bound in rounds when members are making maximum concessions, and is strictly

lower than the bound in rounds when they are not making concessions.

In an earlier paper (Damiano, Li and Suen 2012), we show that introducing delay in
committee decision-making can result in efficient information aggregation and ex ante
welfare gain among committee members. That paper adopts a continuous time model

with a simpler payoff structure and only one conflict state (there is no state with two

5A round of no concession following each round of maximal concession may be interpreted as tempo-
rary “cooling off” in a negotiation process. For negotiation practitioners, such cooling off is often seen as
necessary to keep disruptive emotions in check and avoid break-downs, and sometimes as a useful negotia-
tion tactic (see, for example, Adler, Rosen and Silverstein, 1998) . Our characterization of the start-and-stop
feature of optimal delay mechanism provides an alternative explanation.



high types). We show in Section 5.3 that as the uniform upper bound on delay goes to
zero, optimal delay mechanisms characterized here converge to the optimal deadline in
the continuous-delay model of Damiano, Li and Suen (2012). While our previous paper
explicitly solves a class of war of attrition games and performs comparative statics of the
ex ante welfare with respect to the deadline, the present paper achieves a more ambitious
goal of characterizing the optimal dynamic mechanisms.

The model of costly delay adopted in this paper is akin to “money-burning.” The
analytical advantage of the model is that the cost of postponing a decision by a fixed
length of time is independent of the decision and the underlying state. Section 6.1 briefly
addresses the robustness issue of modeling costly delay through discounting. The as-
sumption of limited commitment is translated into a lower bound on the discount factor
between two consecutive rounds. With additional assumptions on the preferences, we
are able to show that the start-and-stop dynamics of optimal delay mechanisms remains

intact under discounting.

Our analysis implicitly assumes that a mechanism can commit to an arbitrarily long
sequence of delays, as long as each delay in this sequence is within the upper bound on
expected delay. Section 6.2 explores the implications of mechanisms which can credibly
commit to delay sequences of up to () rounds (where Q) is fixed and the delay at each
round is still required to be within the cap). We introduce the concept of “()-redesign
proof” mechanisms. Although an optimal mechanism we identify in our main result
can involve T rounds, we show that the equilibrium ex ante payoff can be achieved by a
redesign proof mechanism as long as the length of delay sequences that can be committed
to is at least (), where () can be considerably smaller than T. This result follows because
inducing the start-and-stop cycles of an optimal dynamic mechanism requires only the

ability to commit to delay sequences of length 2.

2. Model

2.1. A simple committee problem
Consider the following symmetric joint decision problem. There are two members, and
two alternatives. Each member has a different “favorite” alternative.

Each member is initially either a low type, 8 = L, or a high type, 8§ = H. The type
information is private and unverifiable. Denote the initial belief that his opponent is low
type as 7y; for a low type member, and as y; for a high type member.

Assumption 1. (NEGATIVE CORRELATION) 1 < 1.
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The implied common prior beliefs for each of the four possible states are given by the
following table:

L H
L Y1 (1=
1-71+m 1—71+m

H A=y A=71)(A—p1)
1=y1+m 1—71+m

Assumption 1 amounts to a strictly negative correlation between the types of the two
members. In the recruiting example, if committee members know only that at most one
of the two candidates is of high quality, then a high type knows that his opponent must
be a low type. More generally, as long as the two alternatives are drawn independently
without replacement from a finite pool of alternatives (in which some are of high quality

and some are of low quality), this will induce a negative correlation that we need.®

Denote as 7Tyy the payoff from choosing his favorite alternative to the member of type
6 when his opponent’s type is 6, and 7yy as his payoff from choosing his opponent’s
favorite. We assume that: (i) each member strictly prefers his opponent’s favorite alter-
native when his own type’s low and his opponent’s type is high, and otherwise prefers
his own favorite (strictly except when both types are high); and (ii) each member has a
stronger incentive to choose his favorite alternative when his own type is high than when
it is low, for the same type of his opponent (strictly when his own type is H and weakly

when it is L). These assumptions can be combined as follows:

Assumption 2. (CONFLICTS AND COMMON INTERESTS) Tyy — 7ty => 0 > TTry — Ty,
and Ty, — Ty, > 7L — Ty > 0.

The states LL and HH are conflict states, where each member prefers his own favorite
alternative (strictly in the former case and weakly in the latter); while the states LH and
HL are common-interest states, where both members strictly prefer the favorite alterna-
tive of the high type member. To simplify notation, for all 0, 0’ = L, H, we define

(TToer — TTggr)-

N —

1.
$oor = 5(”99/ + TTogr); Ay =

When the opponent’s type is €', the payoff for type 6 from a coin flip is ¢gg/, and the payoff

difference for type 6 between getting his favorite alternative and a coin flip is Agy.

6If instead types are independent, the delay mechanisms characterized by our main result remain opti-
mal, but there are optimal delay mechanisms that do not have all the characterized features. Specifically,
under independence all optimal delay mechanisms satisfy Propositions 1, 2 (if we strengthen Assumption
(2) by assuming that Ay, > Arp) and 3, but necessarily Propositions 4 and 5.
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The above payoff assumptions are natural if we interpret a high type as one whose
favorite alternative is of high quality and a low type likewise low quality, and the payoff
to a member from a given alternative is the sum of its quality and a private benefit when
it is his own favorite. Then, as in the recruiting committee example in the introduction,
a common-interest state represents a situation where the quality difference is sufficient to
overcome the private benefit so the low type member is willing to go along with his op-
ponent’s favorite alternative, and a conflict state is such that there is no quality difference
so each member prefers his own favorite.

Assumptions 1 and 2 play two roles in our analysis. First, they are used to establish
an equilibrium property that type H has stronger incentives than type L to persist with
his own favorite alternative. Second, they are used to prove an optimality property that

type H benefits whenever type L is induced by a greater delay to make concessions.

The unique symmetric first-best outcome in this problem is to choose the favorite alter-
native of the member if his type is high and his opponent’s type is low, and otherwise flip
a coin. In the absence of side transfers, there is a mechanism that achieves this outcome
as an equilibrium if

—ALH
<qo=-__~LH
n=7 AL — ALH

Consider a voting game where each member chooses between the two alternatives, with
the agreed alternative implemented immediately and any disagreement leading to a fair
coin flip between the two alternatives. We say that a member persists if he votes for his
favorite alternative, and that he concedes if he votes for his opponent’s favorite alternative.
It is a dominant strategy for type H to vote for his favorite alternative, regardless of his
belief y1; about the type of his opponent. We let x; represent the probability that a low
type persists. For any x; of the opponent low type, it is optimal for type L to concede, as

Y1 (i + (1 =x1)prr) + (1 =)y > 711 (e + (1 —x1)7n) + (1 — 71)Prn,

with strict inequality if 1 < ys.

In contrast, if 1 > 7, the unique equilibrium in the above voting game has both type
L and type H voting for their favorite alternatives. The decision is always made by a coin
flip in equilibrium, despite the presence of a mutually preferred alternative in the two
common interest states. In fact, there is no symmetric, incentive-compatible mechanism

that Pareto-dominates flipping a coin.” Our model provides a stark environment that

’Consider any symmetric mechanism where each alternative is implemented with probability 1 in states
LL and HH, and let g be the common probability that type H's favorite alternative is implemented in states
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illustrates the severe restrictions on efficient information aggregation in committees when

side transfers are not allowed. Throughout the paper, we assume that y; > 7.
2.2. Second-best delay mechanism

As suggested in our previous work (Damiano, Li and Suen 2012), delay in making de-
cisions can improve information aggregation and ex ante welfare in the absence of side
transfers. We model delay by an additive payoff loss to the members. Properly employed
by a mechanism designer, delay helps improve information aggregation by “punishing”
type L when he acts like the high type.

Imagine we modify the voting game in Section 2.1 by adding delay: when both mem-
bers vote for their favorite alternatives, a delay ¢; is imposed on the members before the
decision is made by flipping a coin. We refer to this game as a one-round delay mechanism,
and claim that the uniquely optimal one-round delay mechanism is §; such that type L
concedes with probability one in equilibrium, and is indifferent between conceding and

persisting.

For any given 71 > <4, assuming that type H persists with probability one and type
L persists with some probability x; € [0, 1], we have the following indifference condition
of type L between persisting and conceding:

Uy =71 (x1 (=01 +¢rr) + (1 —x1)7r) + (1 —71) (=1 + ¢prr)
=m (e + (1= x1)¢rL) + (1 — 1) -

By Assumptions 1 and 2, the indifference condition of type L implies that type H strictly

prefers persisting to conceding;:

Vi =p1(x1 (=61 +¢uL) + (1 —x1)7THr) + (1 — p1) (=61 + Pun)
>y (g + (1 —x1)¢mr) + (1 — p1)Tyy,

confirming that it is an equilibrium for type H to persist with probability one and type L

LH and HL. The incentive condition for type L to truthfully reveal his type is

1oL+ 1 —7) gy + (1 =)L) > (g + (1 —q)mp) + (1 —71)¢LH-

Since 1 > 7+, the above condition requires g < % Thus, the best that can be achieved by a symmetric,

incentive compatible mechanism when y; > v, is setting g = %, which is the same as flipping a coin.



to persist with probability x;. The average payoff to each member is

_ H1 1—m
W, = U, + V. 1
1 1—71+m ! 1—y1+m @

As 47 increases, the payoff from persisting for the low type shifts down so the indifference
condition implies a smaller value of x;. A smaller x; raises U; because A;; > 0. For the
high type, it is straightforward to verify (see Lemma 2 below) that

Y1V1i = with + yip1 (T — tor — x1(Age — Arr)) + (1 — 711)d1
+71(1 = p1)punr — (1 — 1) p1PLH-

Because a higher J; lowers x; and raises Uy, the above equation implies that a higher ¢; in-
creases V7. We conclude that the lowest 1 such that x; = 0 maximizes Wj: if we increase
the delay ¢; further, type L would strictly prefer to concede, but this would raise the pay-
off loss to type H without changing the decision. The equilibrium outcome of this optimal
one-round delay mechanism is that the Pareto efficient decision is reached with minimum
delay. Both type L and type H obtain their respective highest possible symmetric decision
payoffs, while type H incurs the necessary payoff loss when encountering another type
H. We refer to this outcome as the second-best.

2.3. Limited commitment

Using delay to improve information aggregation in committees is both natural and, as a
mechanism, simple to implement. However, as a form of collective punishment, some
degree of commitment is needed. For initial beliefs y; just above ., the required delay
41 to achieve the second-best is small. As <y; increases, however, achieving the second
best outcome requires an ever larger delay; as <y approaches 1, the required ¢; would
have to be arbitrarily large, which presents a serious credibility issue. We model limited
commitment by assuming there is an upper bound A > 0 on the delay ¢ that can be
credibly imposed on the committee when both committee members vote for their favorite
alternatives.

Assumption 3. (BOUNDED EXPECTED DELAY) d < A.

The above assumption is weak. Since committee members are risk-neutral, all we
require is that the delay committed ex ante in any mechanism is not always enforced ex
post. The idea is that longer delays are more costly, so the committee members have
more incentive to renegotiate it away. We sidestep the issue of modeling renegotiation



explicitly by taking the maximum expected delay A as a primitive. This is admittedly a
crude way of modeling the constraint on commitment power, but it nonetheless captures
the essential idea that destruction of value is unlikely to be credible unless the amount

involved is small relative to the decision at stake.
2.4. Dynamic delay mechanisms

Given an upper-bound A on the expected cost of delay, the second-best outcome becomes
unachievable for initial beliefs 7y; of type L that are too high. From the indifference con-

dition, we find that the second-best outcome is achievable if and only if

—ALg+A
AL — AL+ A

1 <9'=

Clearly, we have ¥* > 7,. Throughout the main part of our analysis, we assume y; > ¢*
so that the second best outcome is not achievable in a one-round delay mechanism. For
71 just above 7*, the optimal one-round mechanism is to set the expected delay J; to the
upper-bound A, so as to maximize concession by the low type.8 As 7 increases, however,
type L votes for his favorite alternative with a greater probability, which leads to a greater
payoff loss due to delay, and for sufficiently high <1, the benefit of inducing type L to vote
for the opponent’s favorite alternative is outweighed by the payoff loss due to delay. The

best one-round mechanism is the trivial one with §; = 0, equivalent to a coin flip.

Can the committee do better by committing ex ante to repeated delays when they
disagree? Imagine that we modify the one-round mechanism by replacing coin flip after
delay with a continuation one-round mechanism with some delay 6, < A. Suppose that
in this two-round delay mechanism we can choose J; such that type L obtains a continuation
payoff in the second round which is exactly equal to the coin-flip payoff, but is obtained
through equilibrium randomization with probability x, < 1 of voting for his ex ante
favorite. Then, it remains an equilibrium for type L to vote for his favorite alternative
in the first round with the same probability x; as in the original one-round mechanism.
As both x; and the continuation payoff remain unchanged in the modified mechanism,
the equilibrium payoff to type L is the same as in the one-round mechanism. However,
because a smaller x; benefits type H more than it benefits the low type, whenever type L
is indifferent between a continuation round with x; < 1 and J; > 0 and a coin flip with
xp = land d; = 0, type H is strictly better off with the former than with the latter. Thus,
this two-round mechanism delivers the same payoff to type L as in the original one-round

8This is formally proved in Section 5.1.
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mechanism but improves the payoff of the high type.

That a two-round mechanism can improve a one-round mechanism motivates us to
consider general dynamic delay mechanisms. Formally, a delay mechanism is a multi-
round voting game where in each round ¢ < T, with T infinite or finite, conditional on the
game not having ended, each member chooses between voting for his favorite alternative
(persisting) and voting against it (conceding). If the two votes agree, the agreed alterna-
tive is implemented immediately and the game ends. If both members concede (we call
this a reverse disagreement), the decision is made by a coin flip without delay. If both per-
sist (regular disagreement), the expected delay cost d; € (0, A] is imposed; the game moves
on to the next round if t < T, or ends with a coin flip if t = T. Since the game has no
discounting, for the game to be well-defined in the case of T = co, we need to specify the
payoff if both members always vote for their own favorite alternative; for simplicity we
assume that the payoff is strictly lower than the minimum of implementing any decision
across states. We often represent a delay mechanism by the corresponding sequence of
delays, (1,62, ...,0T).

Given the initial beliefs 1 and 1, and given the upper-bound on delay A, we say
that a delay mechanism, together with a symmetric perfect Bayesian equilibrium in the
extensive-form game defined by the mechanism, is optimal if there is no delay mechanism
with a symmetric perfect Bayesian equilibrium that gives a strictly higher ex ante payoff
(1) to each member. This definition of optimality allows for multiple symmetric perfect

Bayesian equilibria in a given delay mechanism.’

3. Results

3.1. Preliminary analysis

Fix a delay mechanism (dy, . .., d1), where T can be finite or infinite. Denote as x; the equi-
librium probability that type L persists in round ¢, and as y; the equilibrium probability
that type H persists. Let v be the equilibrium belief of type L, and y; be the belief of type
H, that his opponent is of type L at the beginning of round t. Given the initial belief 7,
and p1, whenever applicable the beliefs 7y; and i in subsequent rounds are derived from

Bayes’ rule:
YiXt UtXt

yexe + (1 — %)yt; Pt = pexe + (1 —pe)ye

9The main restriction we impose is symmetry. Generally there are asymmetric equilibria in which only
one type H member concedes with a positive probability. Our approach is to impose symmetry and estab-
lish (in Section 4.1) that type H persists with probability one in any equilibrium of an optimal mechanism.
This is a more natural approach given the underlying committee problem.

Yi+1 =

11



Next, we denote as U; and respectively V; the equilibrium expected payoff of type L and
type H at the beginning of round t. We have

Ur = i + (1= 71)Us g, Vi=wVir + (1 —p)Vin,
where U, g is the equilibrium payoff of type L against a type § = L, H opponent, with
analogous expressions of V; 9. When T is finite, we have U119 = ¢rg and V1119 = ¢Ppp
tor 8 = L, H. In equilibrium, U; is given by the following recursive formula

e (e (=0 + Uppr,n) + (1 —xe)7wr) + (1 — 1) (We(=0¢ + Uppr,m) + (1 —ye)7Tem)  if x>0,
e (xempp + (1= x)pre) + (1 =) (e + (1 — y)prm) if xy < 1.

In the above, the top expression is the expected payoff from persisting and the bottom
expression is the expected payoff from conceding, with the two equated if x; € (0,1).
Similarly, V; is given by

pe (x¢ (=0t + Vigap) + (1 —xe)7wrr) + (1 — pe) (ye(=0¢ + Vigrm) + (1 —ye)7wyn) ifye >0,
pe (xemyp + (U= x)pur) + (1 —pe) (ertpy + (1= ye)pun) ify: <1.

Finally, the ex ante payoff W of each member, before they learn their types, is given by

(1). An optimal delay mechanism maximizes Wj.

Given a delay mechanism (é1,...,07), an equilibrium of the induced game can be
characterized by a sequence { (¢, x¢, Us), (pt, yt, Vi) thl that satisfies the evolutions of the
beliefs and the recursive conditions of the equilibrium values. The “boundary conditions”
are provided by the initial beliefs y; and y; and, if T is finite, by the payoffs from coin
flips in the event that both members persist in the last round T. Although it is possible
to solve for the equilibrium for some particular delay mechanism (such as one with con-
stant delay), characterizing all equilibria for any given mechanism is neither feasible nor
insightful. We introduce a “localized variations method” to derive necessary conditions
for an equilibrium induced by an optimal delay mechanism. This method is most useful
in our context because the following screening result shows that in any equilibrium type
H strictly prefers persisting to conceding so long as type L weakly does so. The key is
that type H could always mimic type L’s equilibrium strategy in the continuation after
persisting in round ¢.

Lemma 1. (SCREENING) Suppose that «y; < py. Then, x; > 0 implies y; = 1.

12



Proof. For a fixed type 6 = H, L of his opponent, let V1 g be the continuation payoff of
type H from mimicking type L’s equilibrium strategy after persisting in round ¢. Since
xt > 0, type L weakly prefers persisting:

e (x¢ (=0 + U, — mrpp) + (L —x)Arn) = (T—¢) (v (6 + tpg — U, 1) — (1 —yi)ALn) -

If y; = 1, we are already done; otherwise, the right-hand-side of the above expression is
strictly positive because U;1qg < 7r;y and Apg < 0. Since ¢ < ¢, we can replace 7y; in
the above inequality with y; to get

pe (¢ (=0r + Uppr,r — 7tpp) + (T —xe)Arn) > (T—pe) (ye(6r + gy — Uprr,m) — (1 —yi)ALn) -

Against each type 0, by construction type L and type H have the same expected pay-
off loss from delay and the same total probability that their favorite alternative is imple-
mented. It then follows from Assumption 2 that U; 19 — 7119 < Viy 19 — 7Ty for 6 = H, L.
Since Apg > Apg for each 6 by Assumption 2, we have

e (xe( =0+ Vierr — ) + (1= x0)Ane) > (L= pe) (ve(8 + Ty — Virn) — (1= y1)Aun)
implying that type H strictly prefers persisting to conceding, and thus y; = 1. n

The above result means that we can focus our equilibrium analysis on the incentives
of type L alone, at least until type L concedes. Given Assumption 1, if x; > 0, then by the
above lemma we have y; = 1. Bayes’ rule then implies that 7, < 2, so now y, = 1 if
x2 > 0. This continues until the game ends in some round # for type L when he concedes
with probability one. Thereafter we have 4y = y; = O forallt > n + 1.

Our localized variations method requires us to study the changes to the payoffs to
both type L and type H when we vary a delay mechanism locally. The following lemma
provides a link between the equilibrium payoffs of the two types.

Lemma 2. (LINKAGE) Suppose that xr > 0 for t =t,...,t". Then,

T=t

t t

YeVe = pely + yepe (H xt(VyjrL — Upsr) + <1 -11 xr) (TThL — ﬁLL))
= T=t
t/

+ (=) ) 0+ 7t (1 = ) Vg — (1= v uelp 1,11 ()

T=t
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Proof. Since x; > Ofort =+t,..., t', we can write U; as the payoff from persisting with
probability one from f through to #/, followed by the equilibrium strategy from #' + 1
onwards. By the Screening Lemma, we have yr = 1 for t = ¢,...,t, and thus U; is

t t t T t/
Yt <H XUy, + (1 -11 xr) TL— Y, Hxi5r> + (1 =) (- Y o+ Ut/+1,H> :
=t =t

T=t =t T=t

Similarly, V; is given by

t t T t
Ht (H xcVyir + (1 - er> TTHL — Z er5r> + (1 — pe) <_ Z or + Vt’+1,H> .
T=t T=t T=t i=t T=t
Multiplying V; by 7+ and U; by y, and taking the difference, we obtain (2). n

To illustrate how the Linkage Lemma can be fruitfully used, consider a delay mech-
anism, (é1,...,07), with an equilibrium of the induced game given by the sequence,
{(vz, %7, Uz), (Bz, Yy, Vo) }_;. Suppose we change this delay mechanism in such a way
that dr remains the same as in the original mechanism for T < t and T > . Further,
suppose we choose a new subsequence of delays (¢, ...,dy) (by inserting extra rounds if
necessary) in such a way that “total persistence” between rounds ¢ and #/, ]_[i/:t X, is the
same as in the original mechanism and U; is also the same as in the original mechanism.
Then the equilibrium play of the low type prior to round ¢ is unchanged by this localized
variation of the original mechanism because U; is held fixed. The equilibrium play of the
low type after round #' is also unchanged, because 7,1 is determined by 7; and total
persistence HtT/:t x¢, which are not affected the this localized variation. As a result, the
only way such a localized variation can affect V; is through the term Ztr/:t dr in equation
(2). If “total delay” between rounds t and t/, ch/:t éz, under such a localized variation is
higher than that in the original mechanism, then the value of V; will also be higher under
the localized variation. Because the equilibrium play prior to round t is not affected by
the localized variation, this implies that V; would increase while U; would remain un-
changed. In the ensuing analysis, we employ this and other types of localized variations
to avoid constructing the entire equilibrium sequence, and use the Linkage Lemma to

study the effect of these localized variations on V; and Uj.

The third and last ingredient in our localized variations method is a tight upper bound
on how much concession in equilibrium in a given round ¢ that type L with belief ; can
make. The following lemma requires y; > A/(ArL + A), so that the bound we derive on
x; is strictly positive. This condition is satisfied if y; > ™.
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Lemma 3. (MAXIMAL CONCESSION) Suppose that vy > A/(App +A) and yr = yppq = 1
for somet < T. Then,

YiArr — (1 —71)A

YA — (1 —71)A
; > T(y;) = .

ALL

X 2 x(m) =
Proof. Given y; = 1, type L weakly prefers conceding to persisting if

e (xemrpp — (L= x)Arn) + (1 —ve)mpyg > (yexe + 1 —94) (=0 + Up).

In round t + 1, type L can always concede. Given that y;1 = 1, we thus have

Upyr > ver (o + (U= x01)ALn) + (1= ve01) T

The above reaches the minimum when x;,1 = 1. With this bound on U; 1 and the bound

on ¢;, applying Bayes’ rule shows that type L weakly prefers conceding to persisting if
(vexe +1—=7)A > 7e(1 = x) AL

From the above we then obtain x; > x(<:), which is positive if 9+ > A/(ArL + A). Since
Yt41 is increasing in x;, using Bayes’ rule with x; = x(¢) gives y¢+1 > I'(74). [ ]

We say that round t < T is active if x; € (0,1). The above lemma leads to the fol-
lowing useful definition: we say that there is 1o slack in an active round ¢ if ; = A and
Upr1 = vi017tr 1 + (1 — v441) T - When there is no slack, the “static” incentive in round ¢
for truth-telling for type L is maximized, as regular disagreement is punished by the max-
imum credible expected delay cost A. Furthermore, the “dynamic” incentive in round ¢ is
also maximized, as the continuation payoff U; is minimized. The latter occurs in equi-
librium if, after regular disagreement in round t, type L persists with probability one in
round ¢ 4 1 but is indifferent between conceding and persisting. Therefore minimizing
the continuation payoff for type L requires no concession in the following round. A dy-
namic delay mechanism with maximal concession in some round ¢ necessarily results in

this kind of “start-and-stop” behavior.

Maximal concession, or equivalently no slack, is suggestive of how to increase conces-
sion in a localized variation of an equilibrium of a given delay mechanism. In an active
round ¢, if §; < A, we can raise ¢; to induce another equilibrium with a lower equilibrium
xe. If 6y = Abut Upq > i1 + (1 — 441) Ty, we can achieve the same outcome by
inserting a round s with delay J; between t and ¢t + 1. For Js small, it is an equilibrium for
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type L to persist with probability one, with x; = 1. But this will make it more costly for
type L to persist in round t and can thus induce another equilibrium with a lower x;. We
then ensure that this new equilibrium differs from the original one only locally around ¢
with additional adjustments to the mechanism, so that we can apply the Linkage Lemma
to evaluate the effects on the payoffs.

When there is maximal concession, the evolution of the belief of type L is pinned down

by the Maximal Concession Lemma. For any fixed 1 € (7*,1), denote as n* the smallest

et 8

integer n satisfying

ALL “1l-m
Then, n* is the least number of active rounds for the belief to reach from 7 to 4* or
below. A tighter commitment bound A requires more active rounds for the initial degree
of conflict y; to reach the level +*, when the second-best can be achieved. Define the
“residue” 77 such that

n*—1 *
(/\LL+A> 11—y @

Arr 1l
By definition, 7 € (1, (Arr + A)/Arr], and (3) holds as an equality if = (AL + A)/Arr.

The Maximal Concession Lemma implies that an active round with no slack is nec-
essarily followed by an inactive round, where type L persists with probability one. Since
x; = 1 in an inactive round ¢, it is irrelevant how the total delay in the inactive rounds
between two consecutive active rounds are divided into rounds.!® Although how we
number the rounds in any dynamic delay mechanism has a degree of arbitrariness, we
denote the active rounds in a mechanism consecutively as (1) < ... < (i) < ...;s0t = (i)
is the i-th active round in the mechanism. If the number of active rounds is finite in a de-
lay mechanism, say some 7, then following the last active round (1) and possibly inactive
rounds, there must be either a deadline round after which the game is ended with a coin
flip, or an exiting round at which type L concedes with probability one before the game
ends.!! We denote the deadline round or the exiting round as round [n + 1]. Finally, for
convenience, for any active round (i), we denote as o(;) the sum of delay J;) in round (i)
and the total delay in all subsequent inactive rounds before the next active round (i + 1)
or the exiting or deadline round [i + 1], and refer to it as the effective delay of round (7).

19In particular, any positive total delay can be divided into infinitely many inactive rounds with a geo-
metric series. As a result, an equilibrium in an infinite mechanism with T = co can be outcome-equivalent
to another equilibrium in a finite mechanism.

1Otherwise type H also persists with probability one after round (1) by the Screening Lemma. This
cannot be an equilibrium because by assumption the payoff to either type from not implementing any
decision is strictly lower than the payoff from making any decision immediately.
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3.2. Main result

The main result is the following theorem on optimal delay mechanisms. It is restated and

proved in Section 5 after the characterization results of Propositions 1 to 5 in Section 4.

Theorem. Forany py € [v*, 1], there exist two boundary functions g(p1) and g(u1) satisfying
v < 8(m1) < g(p1) < pa, such that
(a) for y1 € (7v*,8(1)), the optimal delay mechanism is one round, where 6(1) = A;

(b) for v1 € [g(p1), min{g(u1), T=1(7v*)}), any optimal delay mechanism has a single active

round (1) with no slack and a deadline round [2], in which o1y = y1(ALL + A), and
O = min{T(y1)ALL/ (1 =T (1)) + Arm, 0}

(c) for y1 € [T=Y(y*),g(u1)), any optimal delay mechanism has n* — 1 active rounds with no
slack, one active round (j) with slack for some j such that 2 < j < n*, and a deadline round
[n* + 1], and is payoff-equivalent to one where j = n*, with o(;y = A+ A LA/ (A+ ALL)
foreachi=1,...,n" =2, 0041y = A+ (1 —1)ArL/7, Oln) = (n —1+9*)ArL, and
O 41 = B

(d) for v1 € [§(p1), p1), the optimal delay mechanism is a coin flip, where 61y = 0.

Figure 1 depicts the four regions for which each of the four cases in Theorem applies,
assuming that A is sufficiently small.!? The two boundary functions ¢(y;) and g(u1) are
shown in the figure in red and blue respectively, and their exact characterizations are
given in Propositions 6 and 7 in Section 5. One-round delay mechanism with maximum
expected delay A is optimal when 7 is close to ¢* (Case (a) in Theorem), while at the
other end, a coin flip without delay when 7 is close to 1 (Case (d)). A dynamic delay
mechanism (Case (b) and Case (c)) is optimal so long as the initial degree of conflict 7y is
intermediate, that is, between g(y1) and g(p1). Case (b) has a single active round before
the deadline round, while Case (c) has at least two active rounds; which case applies
depends on whether it takes one or more rounds of maximum concession by the low type
for the belief to reach * starting from the initial belief -, that is, whether 7, is below or
above I'"1(y*).

In either Case (b) or Case (c), optimal dynamic delay mechanisms induce intuitive
properties of equilibrium play, which highlight the logic of using delays dynamically to
facilitate strategic information aggregation in our committee problem. The most interest-
ing properties are:

12When A is sufficiently large, (1) lies entirely to the left of 71 = I'"!(7*) so Case (c) does not apply; in
the intermediate case, §(i1) crosses y; = I'"1(7*) from the left. See Proposition 7 for the details.
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Figure 1. Regions (a), (b), (c) and (d) refer to the four respective cases in the space of initial beliefs for which
Theorem applies.

(i) Any optimal dynamic delay mechanism has a finite number of active rounds, with
a deadline round.

(ii) Any optimal dynamic delay mechanism induces efficient deadline concession, with
type L conceding and type H persisting with probability one, and if there are at
least two active rounds, the belief of type L in the deadline round is equal to y*.

(iii) Any optimal dynamic delay mechanism induces start-and-stop by type L in that,
except for a single round which cannot be the first one, in all active rounds type L
makes maximal concession and then no concessions in following inactive rounds.

Property (i) gives the sense that an optimal mechanism must have a finite deadline.
We show in Section 4.1 that not only there is a finite number of active rounds, but also the
last active round is followed by a deadline round, instead of an exiting round in which
the low type exits while the high type stays. It is not optimal to have two type H members
play a “pure” war-of-attrition, where an immediate coin flip is Pareto efficient after type
L has already exited the game. The mechanism is thus also finite for type H.

Property (ii) implies that type L makes an efficient deadline concession. Since type H
persists throughout the game, the choice between the two alternatives is always Pareto
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efficient. We show in Section 4.2 that any optimal delay mechanism induces a belief of
type L in the deadline round that is less than or equal to v*. Intuitively dynamic delay
mechanisms work by driving down type L’s belief that the state is a conflict state. In-
ducing a deadline belief greater than ¢* would imply that type L does not concede with
probability one in the deadline round. As a result the Pareto efficient decision could not
be achieved at the end, which cannot be optimal because adding more active rounds for
type L to have an opportunity to concede would improve the payoff of type H. This is
the logic we have hinted at in Section 2.2: when 7 is sufficiently above 7*, a dynamic
delay mechanism with efficient deadline concession (Case (b) of Theorem) dominates a
one-round mechanism with maximum feasible expected delay A (Case (a)). But driving
down type L’s belief through delay is costly. It does not pay to induce a deadline belief too
much below y*. When n* > 2 (Case (c)), we show in Section 4.4 that the deadline belief
must be exactly equal to 7*. A lower deadline belief would imply that type L would con-
cede in the deadline round even if in the deadline round the limited commitment bound
is slack, and so the delays before the deadline can be reduced while still guaranteeing the
Pareto efficient decision at the end.

Property (iii) is perhaps the most interesting insight of this paper. It holds for any
optimal dynamic delay mechanism, but start-and-stop cycles appear only in Case (c) of
Theorem, as there need to be at least two active rounds. This property will be established
in Section 4.5 below. We show that type L needs to make concessions in a way so that the
belief reaches v* as quickly as possible, that is, with the least number of active rounds;
otherwise, it is possible at some point of the mechanism to increase the total delay locally,
and use the Linkage Lemma to increase the payoff to type H without affecting the payoff
to type L. Thus, except for a single active round where there is slack to prevent the belief
of type L from going down below 7*, in each active round type L must make maximum
concession. As we have explained in the Maximum Concession Lemma, this requires si-
multaneously maximizing the immediate delay in an active round and minimizing the
continuation payoff after a disagreement. The latter yields the start-and-stop property
that, except for a single round, all active rounds in which type L concedes with positive
probability are followed by inactive rounds in which type L concedes with zero probabil-
ity. We show in Section 4.3 that the single active round with slack must not be the first
round; that is, dynamic incentives to make maximum concessions are front-loaded.

Figure 2 gives an illustration of the start-and-stop feature in Case (c) of Theorem,
where n* = 5. As shown in Section 4.5, it is payoff-irrelevant where we put the single ac-
tive round with slack, except that it cannot be the first one, so we have made it the last ac-
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Figure 2. An example of an optimal delay mechanism with start-and-stop cycles in rounds 1 to 9, followed
by a deadline round at round 13.

tive round (round 9 in the figure) before the deadline round. Each of the first three active
rounds has no slack, and as stated in Case (c), the effective delay is A + A A/ (Arp + A).
Note that no slack does not mean that ¢ is set equal to the upper bound in each round
during this phase. Instead, we have §(;) = A, followed by one or more inactive rounds ¢
between successive active rounds with §; < A. The fourth active round (round 7 in the
figure) also has no slack. However, because it is followed by an active round with slack
(round 9), the effective delay associated with the fourth active round is lower than that
for the earlier three active rounds. Finally, for the active round with slack, the effective
delay given in Case (c) is (# — 1+ 7*)Arr, which may or may not exceed A, but since
(1 —1)Arr < A, we can always set the immediate delay to (7 — 1)Ar; and allocate the
rest of the effective delay evenly across additional inactive rounds subject to the bound
A. The resulting sequence of thirteen rounds of delays is shown in the top panel of Figure
2, where the first eight rounds consist of four cycles of the maximal delay equal to the
limited commitment bound and a delay strictly within the bound, followed by the single
active round with slack and three inactive rounds and finally the deadline round. The
corresponding sequence of x; for t = 1,...,13, is shown in the bottom panel of Figure 2.
There are four start-and-stop cycles, with the probability of persistence decreasing over

the “start” round of the cycles.
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4., Characterization

4.1. Finite deadline

Any delay mechanism has a finite number of active rounds. This means that any mecha-
nism is effectively finite for type L, as the last active round is followed by either a deadline
round or an exiting round. The reason is that, if a mechanism has an infinite number of
active rounds, then by the Screening Lemma, y; = 1 for all t. Since by assumption never
implementing any alternative gives a payoff that is strictly lower than implementing any

alternative to any member in any state, this cannot be an equilibrium.

If a mechanism has a finite number, say n, of active rounds followed by an exiting
round in which type L fully concedes before the game ends, then two members of type
H play a “pure” war of attrition after type L has exited. This follows because x,, ) = 0
implies that y, 1] > 0.3 We show that this cannot be optimal, because the Pareto efficient
decision for two type H members is a coin flip. The argument is based on a contradiction,
and is particularly intuitive when y,,q] = 1. We truncate the game after round [n + 1]
and replace the continuation with a coin flip. The equilibrium payoff Uy, for type
L from conceding is unchanged, as long as type H still persists with probability one.
The deviation payoff for type L from persisting in round [n + 1] is decreased: in the
original continuation after the deviation in round [n + 1] it is a dominant strategy for
type L to concede to type H, with a payoff strictly higher than the coin-flip payoff, as type
H persists with a strictly positive probability after round [n + 1]. As a result, it remains an
equilibrium for type L to play in the same way as in the original equilibrium. On the other
hand, truncating the game after round [n + 1] increases the continuation payoff of type
H, because in the original continuation after round [n + 1], type H’s maximum symmetric

payoff from playing against each other is the same as flipping a coin.!*

Proposition 1. Any optimal delay mechanism has a finite number of active rounds and a deadline
round, and the low type does not fully concede before the deadline.

4.2, Efficient deadline concession

Our next characterization result is that in any optimal dynamic mechanism type L must
concede in the deadline round with probability one. That is, if a delay mechanism has n
active rounds with n > 1 and is optimal, then not only round [ + 1] is the deadline round

131¢ Yin+1) = Xuy1) = 0, type H would strictly prefer persisting to conceding regardless of 6,1 or p[,,1 1]
in round [n + 1], which is a contradiction.
4The proofs of all propositions in Section 4 are relegated to the appendix.
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due to Proposition 1, but also x[,,, 1) = 0. Further, since the proof of Proposition 1 applies
without change to rule out x|, ;) = 0 and y|,, ;1) < 1in the deadline round,!® the deadline
outcome is Pareto efficient. Thus, we have the result of efficient deadline concession.

Proposition 2 below establishes the efficient deadline concession result using a local-
ized variations method. Suppose that x[,,, 1) > 0. We insert an auxiliary round s between
the last active round (n) and the deadline round [n + 1], and construct an equilibrium
with x; € (0,1) so that type L concedes a little more after round (7). This would increase
the continuation payoff of type L at round (n). In order to avoid having to characterize
the equilibrium before and after the modification, we insert another round between ()
and s with delay equal to the increase in Uj,. Then, setting t = (1) and t' = [n+1] in
equation (2) of the Linkage Lemma, we have

[n+1] [n+1]
Yo Vin) = HamUom = Yooty [T 2e(AaL = Av) + (V(n) —’Y<n>) ), Jr+ constant.
T=(n) T=(n)

Since Ay > App under Assumption 2, and since () < yi(,) by Assumption 1 and the
[n+1]
T=(n) O

) Xt Because the

Screening Lemma, V|, is increased as the modifications increase the total delay }_
1]
n
equilibrium play before round (n) is unaffected by this localized variation, an induction

after round (n) and simultaneously reduce the total persistence ]—[L";(

argument establishes that an increase in V(n) implies an increase in V;, while U; remains

unchanged. Thus ex ante welfare increases with this localized variation.

Proposition 2. Any optimal delay mechanism with at least two rounds has efficient deadline

concession.
4.3. Front-loading

In any optimal mechanism, round 1 is active. Our next result shows that incentives for
type L to concede in an optimal delay mechanism with at least two rounds are front-loaded,

in that round 1 is not only active but also induces maximal concession by type L.

There are two cases. In the first case, which is more involved and uses a localized vari-
ations construction, there are n > 2 active rounds before the deadline round. Suppose that
there is slack in the first round. In the modified mechanism, the effective delay in the first
round is raised to lower the probability of persistence x;. Simultaneously, the effective
delay in the second active round is reduced to increase the probability of persistence x )

151n the proof we truncate the game by replacing round [ + 1] with a coin flip. It does not matter whether
round [n + 1] is an exiting round or a deadline round.
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to keep the belief after the first two active rounds constant. Lowering x; improves the
expected payoff U; of type L in round 1, but there is no previous round for which we can
increase the effective delay to compensate for the improvement. Nonetheless, we localize
the changes to the equilibrium by keeping unchanged the continuation payoff U,). This
allows us to use the following version of the Linkage Lemma:

1V =ml + (Vl — ’)/1) ((71 + (7(2)> -+ constant.

We show that the positive effect on V; through the increase in U; outweighs the negative

effect through the decrease in 0,). With 07 also increased, the overall effect is positive.
Proposition 3. Any optimal mechanism with at least two rounds has no slack in the first round.

4.4. Efficient deadline belief

Proposition 2 implies that the deadline belief of type L cannot exceed <*, which is the
highest belief to induce type L to concede with probability one in the deadline round. We
now establish that an optimal delay mechanism with n > 2 active rounds has an efficient
deadline belief, in that the deadline belief -y, ] is exactly y*. Type L is not induced to

concede more than necessary to achieve a Pareto efficient decision in the deadline round.

Our contradiction argument starts with 7y, 1) < 7", and modifies the delay mecha-
nism so that type L concedes less in the last active round (1) before [n + 1]. We do so by
increasing the belief of type L in round [#n + 1] as much as possible without causing it to
go above ¥, so that type L will still concede with probability one in the deadline round.
Although we are not making infinitesimal changes to the mechanism, the key is still local-
izing the changes to the original equilibrium by keeping unchanged the expected payoff
to type L throughout the modification, so we can evaluate the payoff impact on type H
alone.!® This is done by reducing the effective delay in round (), which results in a
decrease of the expected payoff to type L, and neutralizing this change by reducing the
delay in the penultimate active round (1 — 1), so that the expected payoff U,_,) to type

L is unaffected. This is why we require there are at least two active rounds.!”

16For infinitesimal changes to the original mechanism, the argument in the proof of Proposition 4 is in-
sufficient for us to increase type H'’s equilibrium payoff in the penultimate round (n — 1) without changing
type L’s payoff.

7In an optimal delay mechanism, we can indeed have a single active round before [1n + 1] and thus
Vint1 < v*; this is Case (b) in Theorem.
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The version of the Linkage Lemma we use is:

[n+1]—-1 [n+1]—-1
Yn-1)Vin-1) = Fa-1)Um-1) T Yn-1)H(n-1) I(—[ ) XtALL + <V(n71) - ’)’(n71)> (Z, ) o7
T=(n— T=(n—

+Yn-1) (1 — y(n,1)> Viny1],H1 T constant,

where we have sett = (n — 1) and t' = [n + 1] — 1 in equation (2), and used the eval-
uations Uy 11 = ¢, Uy g = mpy and Vp 11 = Ty because type L concedes with
probability one in round [n + 1]. For any fixed beliefs y(,_;) and ji(,_1) in our local mod-
ifications, the positive effect on the payoff V(,,_;) to type H in round (1 — 1) comes from

the increase in the total persistence H[T”:(E:ll) x¢ before the deadline round, and the neg-

[Tni(g__ll) 0¢r. We show that the

positive effect dominates the negative effect, and therefore V(,,_) is increased.

ative effect comes from the decrease in the total delay )

Proposition 4. Any optimal delay mechanism with at least two active rounds has an efficient
deadline belief.

4.5. Start-and-stop

For any optimal delay mechanism with at least two active rounds, our results so far have
established the game ends for both type H and type L simultaneously in the deadline
round, with type L conceding with probability one and type H persisting with probabil-
ity one, and with the efficient deadline belief y* for type L. Before the deadline round,
type L may concede with positive probabilities while type H always persists. We now
characterize the dynamics of concessions made by type L.

We first establish the key start-and-stop property of optimal delay mechanisms with
at least two active rounds. We show that a mechanism with slack in two consecutive
active rounds, say round (i) and round (i 4+ 1), cannot be optimal. This is because the
presence of slack in (i) and (i + 1) means that it is possible, by appropriately changing
the effective delays, to change the probabilities of persistence x(;) and x(;, 1) of type L in
the two rounds in any direction we want. In the localized variations argument used to
prove Proposition 5 below, we modify the effective delays in both rounds while main-
taining total persistence x(;x(;,1) constant. From repeated applications of Bayes’ rule,
this guarantees that the belief after the regular disagreement in round (i + 1), and hence
the continuation equilibrium, is left unchanged. Finally, an appropriate change in the
effective delay in round (i — 1) keeps the continuation payoff after a regular disagree-

ment in that round constant; this is possible because, by Proposition 3, we can assume
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that round (i) is not the first active round. As a result, the original equilibrium remains
unchanged in the modified mechanism before round (i) and after round (i + 1). Setting
t=(i—1)and# = (i+1) in (2) in the Linkage Lemma, we have

(i+1)
Hi-nyVi-y = vi-nyUi-n + (:”(i—l) - 7(1—1)) Y. 0r+ constant.
T=(i—1)
Since y(;_1) < p(i—1) by Assumption 1 and the Screening Lemma, we have the desired

contradiction if we show that the total delay from round (i — 1) to (i 4+ 1) is increased.

One can think of this localized variations exercise as choosing 7 ;1) to maximize the
total delay, while holding fixed ;) and y(;12) (as well as the continuation payoff in round

(i —1)). From the Maximal Concession Lemma, the feasible set for 7(; 1) is

[max {’y(i+2), F(’y(i))} ,min {fy(i), F_l(’Y(z‘+2)) H .

In the proof of Proposition 5, we show that the total delay is a strictly convex function of
Y(i+1)- When there is slack in both round (i) and round (i + 1), the belief 7(; 1) is in the

interior of the feasible set, implying that the mechanism is not optimal.

Proposition 5 below establishes that which one of two consecutive active rounds is
given the slack is payoff-irrelevant (so long as the slack is not given to the first round). As
a result, there can be at most one active round with slack.!® By the Maximal Concession
Lemma, the probability of concession by type L is maximized in active rounds without
slack. The efficient deadline belief " is reached in the least possible number of active
rounds. Moreover, after each round (i) with no slack and maximal concession, type L
makes no concession, with x(;y ;1 = 1. After that, in the next active round (i + 1), they will
make the maximal concession again provided there is no slack in round (i + 1), followed
by no concession. Proposition 5 thus shows that equilibrium play exhibits a start-and-

stop pattern, alternating between maximal concession and no concession.

Proposition 5. Any optimal delay mechanism with at least two active rounds has at most one
active round with slack.

I81f there are two active rounds with slack, we can always rearrange the active rounds to create two
consecutive rounds with slack. From our earlier result the rearranged mechanism cannot be optimal, but
since the rearrangement does not affect the payoffs U; and Vj, the original mechanism cannot be optimal.
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5. Optimal Delay Mechanisms

5.1. The four candidate mechanisms

By Proposition 1, only four types of mechanisms can be possibly optimal, corresponding
to the four cases in Theorem. We first use the characterization results of the previous

section to construct the candidate optimal mechanism for each case.
Case (a): One-round mechanism.

A one-round delay mechanism can be optimal only if type L is indifferent between
persisting and conceding. As we raise 1, the indifference condition of type L implies that
x1 decreases, and thus Uj increases. By the Linkage Lemma, V; increases as U; increases
and x; decreases. Thus, for any y; > ¥, itis optimal to set 6; = A, with resulting payoffs:

ul(”) =y + (1 —y)my +71(1—x1)ALr,
Vfa) = m 7L + (1 — p1)pun — paxiAnr — (v +1—p1)d; )

where

A — (1 —7) (A +4)
X1 =
114
We need x1 < 1. This is equivalent to y1 < (—Arg +A)/ (AL — Ary).

. 6)

Case (b): A dynamic mechanism with a single active round.

By Proposition 1, the deadline round is [2]. Proposition 2 requires type L to concede
with probability one in round [2], so this case is valid only if y; < T~!(7*), or n* = 1. By
Proposition 3, we have x; = x(71) and 75 = I'(71). Since there is no slack in round 1
and type L concedes with probability one in round [2],

o1 = A+ AL = 11(AL +A). 7)

We have the following optimized expected payoffs:

) ALLA
Ul( ) = 1+ (1 —7)my + )\Lfﬁ’
V1(b) = m7aL + (1 — p1)pun — 1AL + (11— 11)8 — (1 — p1)dpp; ®)
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where 0y = 0if 71 < T7'(74), and is otherwise given by

I'(71)

o) = 1T r(%)ALL + ALm. 9)

Case (c): A dynamic mechanism with at least two active rounds.

In this case, since the deadline belief must be 7* by Proposition 4, and since there
can be at most one round with slack by Proposition 5, there are exactly n* active rounds
in an optimal mechanism and n* > 2. Unless the “residue” # defined in (4) happens
to be (ArL + A)/ArL, there are n* — 1 rounds with no slack, and one round with slack.
Denote the round with slack as j. By Proposition 3, we have j > 2; by Proposition 5, it is

payoff-irrelevant which of the other values that j takes. We assume below that j = n*.

Foreachi =1,...,n" —2, we have §;y = A. In round (i + 1), the equilibrium belief
of type L is 7(;11) = I'(7(;)), and the probability of persisting is x(;,1) = x(7¥(i+1))- The
condition that there is no slack in round (7) requires the low type to be indifferent between

persisting and conceding when the opponent is playing x(;),1 = 1 inround (i) + 1:

(i+1)—1

Uiyp1 = — T:%+15T + Y1) <ELL + (1 - X(’Y(z‘+1))) ALL) + (1 - ’Y(z‘+1)> Ty

= Y(i+1)ZLL T (1 - ’Y(i+1)) TTLH-

Thus, the total delay between (i) and (i + 1) is constant, given by

(i+1)-1 A A
Y e =Y (1 - x(vipn) ) ML = . (10)
T=(i)+1 T ( (+D) ) AL+ A

The penultimate active round (n* — 1) has no slack, so again é(,-_1) = A, and

(n7)—1
Z (ST = ’Y(n*) (1 — X(n*)> )\LL-

T=(n*-1)+1

Since ¥ (,+)+1 = 7", and since (1 — ")/ (1 — 7)) = 17, we obtain:

1— (1=
X(n*) = <,y(n*r));; )> 17;
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and thus the effective delay in round (n* — 1) + 1 is given by

(n*)-1 _
2 5y = M (11)
T=(n*—1)+1 U

In the last active round (n*), there is generally slack. We have already found x,)
above, and by construction the belief after a regular disagreement would become *. To
find the effective delay in round (n*), we use U}« 1] = 7*¢rL + (1 — 7")7ry, and the
indifference condition in round (n*) to obtain:

[n*+1]-1

Yy (L =7")A "
Y Ge= ;_7( | == (- 14+ )AwL (12)
f(n*) n*

Finally, in the deadline round [n* + 1], given 7,14 = 7", choosing 6}« ,1) = A in-
duces x|« 1) = 0, which always ends the game with the Pareto efficient decision.

The optimized expected payoffs are given by:

AL A
U =y + (1= y1)mpy + ALLLL+ = (13)
[ *+1]
() _ M1 () m—m (=),
1% +u (g — 70 § 5+ (1— B it A S 27
1 ’rl w1 (7T — 7o) + ,h - 11)PHH - PLH

where we have used the Maximal Concession Lemma to compute LI(C), which takes the
(b) (¢)

same form as U, ', and the Linkage Lemma for V; . The total delay is given by

I +1] ALLA (7 —1)A
5, = A L) (A u) 149" + A, (14
Z t= )( +/\LL+A + A+ 7 +(n + 9" )AL + (14)

Case (d): Flipping a coin.

The payoffs for the two types are:

U1(d) = m¢r + (1 —71)¢pLu; V1(d) = P + (1 — 1) Pun- (15)
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5.2. Optimal delay mechanisms

Now we complete the derivation of optimal delay mechanisms given in Theorem by com-
paring the ex ante payoff W for the four cases derived above. The proof involves straight-
forward calculations given the payoff expressions of (5) to (15).

Case (a) applies when 7 is sufficiently close to 7*, so that the benefit from a dynamic
delay mechanism given in Case (b) does not justify the additional cost of delay relative to
a static delay mechanism. At the other end, when 7 is sufficiently to close to 1, the benefit
from a Pareto efficient decision through a delay mechanism given in Case (b) or Case (c)
is overwhelmed by the cost of delay incurred, so the coin flip of Case (d) is optimal. Away
from 1 = p1 = 1, either Case (b) or Case (c) dominates Case (d) if v; < g(p1), depending
on whether y; < I'"1(9*) or not. The boundary g(11) between Case (a) and Case (b) is
decreasing in pj (for p; > u), while the bounda;y 3(p1) between Case (b) or Case (c)
and Case (d) is increasing in_ptl ; see Figure 1. Thus, for given <y, due to Assumption 1,
a greater y makes it more likely that dynamic mechanisms (Case (b) and Case (c)) are
optimal. This is intuitive, because a higher belief j; of type H that his opponent is of type
L makes it less likely that the former is playing a pure war-of-attrition game with another

type H, in which case there is no benefit to delaying the decision.'

Proposition 6. There exist y and y satisfying v* < p < u < 1; g(u1) satisfying g(u1) = m
forur € [v*, pl, §' (1) < Ofor uy € (p, 1] and g(1) > ~*; and g(u1) satisfying g(p1) = 1
for uy € [v*, 1], 3 (u1) > 0 for uy € (1,1 and g(1) < 1, such that optimal delay mechanisms
are given by Case (a) of Theorem if v1 < g(p1), by Case (b) if y1 € [g(p1),8(p1)] and n* =1,
by Case (c) if y1 € [g(u1),g(p1)] and n* > 2, and by Case (d) if y1 € (3(u1), p1)-

Between the two cases of dynamic delay mechanisms, Case (b) and Case (c) in The-
orem, which case applies depends only on whether or not it takes a single active round
without slack or more rounds to bring down <1 to ¢* or below. From the definition of n*
in equation (3), this is equivalent to whether y; < T'~1(7*) or not. Therefore, for a fixed
belief 11 of type H, there are beliefs 7y; of type L to which Case (c) applies if and only if
I~1(9*) < g(pu1). Since start-and-stop cycles are the unique feature of Case (c) in Theo-

rem, we want to know under what conditions they are part of an optimal mechanism.

The following proposition shows that the boundary functions, in particular g(y1), in-
creases with A. There is a critical value A, such that for all A < A, we have 7 > I'~1(*).
Since ' (p1) > 0 for yy > 7, there are initial beliefs y; of type L for which the dynamic

9The proofs of Proposition 6 and Proposition 7 involve straightforward calculations and are provided in
an online appendix.
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mechanism of Case (c) dominates Case (d) for all j1; > -y, and is optimal. In other words,
if the bound A on delay per-round is sufficiently tight, there are committee problems with
the initial belief 1 of type L between I'"!(v*) and % such that start-and-stop cycles will
always be present regardless of the initial belief 1 of type H. This is the case shown
in Figure 1, where the boundary function g(1) above the 45-degree line lies entirely to
the right of the vertical line of y; = I'"!(y*). At the other end, there is a critical value
A, such that g(1) < T~1(9*) for all A > A. Since g'(¢1) > 0 for y; > 7%, the dynamic
mechanism of Case (c), whenever it is applicable with v; > T'~1(7*), is dominated by the
coin flip of Case (d). The boundary function g(y1) lies entirely to the left of the vertical
line of 91 = I'"!(7*), and optimal delay mechanisms will not have start-and-stop cycles
regardless of the beliefs 1 and 4. For intermediate values of A, the boundary g(u4) cuts
through the vertical line, so there are initial beliefs 7 of type L for which the dynamic

mechanism of Case (c) is optimal for y; close to 1 but not for y close to 7.

Proposition 7. The boundary functions g(yu1) and g(u1) strictly increase in A for yy > p and
for uy > 7, respectively. Moreover, there exist A and A, satisfying 0 < A < A, such that
E2T ) ifA<ATE<THy") <g(1)ifA<A<Aandg(1) <T'(y*)if A> A

5.3. Continuous-time limit

We have seen in Section 2.1 that in the absence of costly delay, there is no incentive com-
patible mechanism that Pareto dominates a coin flip in our committee model for suffi-
ciently high initial beliefs of type L. That is, if the uniform upper bound A on expected
delay is identically zero, flipping a coin is the only symmetric incentive compatible out-
come if 71 > 74. On the other hand, our Theorem applies so long as A > 0. The set
of incentive compatible outcomes is discontinuous at A = 0. We now examine which

features of optimal mechanisms disappear, and which ones persist.

As A becomes arbitrarily small, a one-round mechanism or a dynamic mechanism
with a single active round loses bite. In the limit, only Case (c) and Case (d) of Theorem
are relevant. This limit has the natural interpretation of a continuous-time model, with
cumulative delay as “time.” Each start-and-stop cycle in Case (c), starting at some instant
t with belief () of type L, consists of an interval of time of length A, where type L makes
the maximal concession of 1 — x(7y(t)), and an interval of length A; A/ (AL + A), where
type L makes no concession. As A goes to 0, the average rate of concession over the cycle
by type L, is given by

1—x(r(®) 1

li = .
AIE}JA—F)\LLA/(/\LL—FA) 2’)/(t))LLL
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The evolution of belief y(t) of type L over the cycle in the limit satisfies:

im L) =) 1-1()
A0 AN+ AN/ (A + A) 201

In the limit, the start-and-stop cycles are “smoothed out.” At any instant t, with belief
v(t), type L concedes at a flow rate of 1/(2y(f)Arr), with () satisfying a differential

equation given by
1—7(t)
2/\LL .

1) =

As A converges to zero, the second-best belief y* converges to the first-best belief ..
The total number of rounds it takes for 1 to go down to . goes to infinity, but from the

definition of n* (equation 3), we have

. % 1— 74
ilg})%z A =2Ar1log (1 _’;1) .
The above is the total length of the start-and-stop cycles, or equivalently, the exact time it
takes for 71 to reach 7y, so that the Pareto efficient decision can be made. The limit of the
total delay (14) is

L& 1— .
ilinmgét = A1z (210g (1 _’h> +’y*) ,

1

which is the optimal deadline in the continuous-time limit of A going to zero. This is
the same result as in Damiano, Li and Suen (2012), after adjusting for the special payoff
structure used in that paper.

6. Extensions

6.1. Discounting

We have assumed that the cost of delay is explicit and additive. The alternative to this
money-burning model of costly delay is discounting. There is a constant discount rate 7,
and an upper bound A on the length of time between two adjacent rounds. The implied

lower bound on the discount factor is B = ¢~ "2,

A critical component of our analysis of the money-burning model is Lemma 1, which
establishes that the high type has a greater incentive to persist than the low type. Under
money burning, the payoff loss resulting from any length of delay is the same for the two

types, and more importantly, is independent of future decisions. So by imitating the low
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type the high type guarantees the same payoff loss from delay and the same decisions in
terms of probability of getting his favorite, and Lemma 1 follows from Assumption 1 and
Assumption 2. These two assumptions are no longer sufficient under discounting. For
the imitation argument to work under discounting, we need additionally that the high
type’s payoff is less than or equal to the low type’s from implementing the opponent’s
favorite decision regardless of the latter’s type. More precisely, we need

Tle < T (16)

for each 8§ = H, L. This is a cross-type assumption on the payoffs, instead of one on the

payoff differences as the current Assumption 2.

The first-best outcome in the simple committee problem given in Section 2.1 of course
remains the same when we switch from money-burning to discounting. For the second-
best, further assumptions on preferences can be used to establish that when the low type’s
belief is above the first best, it is optimal to minimize the discount factor, and thus maxi-
mize delay, subject to the low type being indifferent between persisting and conceding. In
additional to Assumption 1 and Assumption 2, it is sufficient if the payoff ratio of the sum
of payoffs from implementing one’s favorite and implementing the opponent’s favorite
when the opponent type switches from high to low is smaller for the high type than for
the low type.?’ More precisely, we need

PHH < PLH (17)
¢uL ~ Prr’

Under this condition, we can show that the payoff difference between persisting and
conceding for the high type is decreasing in the discount factor whenever the low type is
indifferent (as a greater discount factor is countered by a greater probability of persisting).
Since the payoff from conceding for the high type is decreasing in the discount factor as
greater delay increases the probability of concession by the low type, and since the high
type strictly prefer to persist, we have the result that the second-best outcome is reached
by choosing the minimum discount factor so that the low type concedes with probability

one but is indifferent between conceding and persisting.

Lemma 3 goes through with a different formula for the maximum concession prob-
ability as a function of the current belief of the low type. The counterpart of x(7), the

20We also assume that the decision payoffs 7gg: and 7y are strictly positive for all 6,6’ = L, H.
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lowest probability of persistence when the current belief of the low type is 1, is

YALL — (1= B)(1 — vy
Ye(Arp + (1 —=B)mpp)

xs(7) =

and the counterpart of I'(y), the lowest continuation belief of the low type after one round

of maximal concession is

AL —(1=B)(1—7)my
AL — (1 =B)(A =) (g — )

It remains true that maximizing concession by the low type at a given round requires no

Ip(y) =

slack—the discount factor is minimized between this round and the next round, and in
the next round the low type is indifferent between persisting and conceding but chooses
persisting with probability one.

Lemma 2 has to be modified under discounting. In the model of money-burning, the
payoffs of the high type and the low type are linked through a sufficient statistic which is
the sum of delays. Under discounting, the sequence of discount factors interacts with the
sequence of persisting probabilities; the sufficient statistic linking the payoffs turns out
be the product of the discount factors. Suppose that x; > 0 for T = ¢,...,t. Since Lemma
1 holds, yr = 1. By repeatedly using the payoff from persisting, we obtain the following
formula for the payoff of the low type at the beginning of round t:

=t H ,Brxr

+ ’)’tDt TTLL,

where
Dt/ Z H ﬁTxT 1 - xT/)
=t 1=
is the total discounted probability of receiving concessions from a low-type opponent
from round t through to round t'. The corresponding formula for type H is

= Mt H ﬁrxr + 1D} Ty
The counterpart of Lemma 2 is
u 2 Uy Vy
= ]’[fsfx ( e ) (18)
TTTLL P‘t7THL T=t TY+17TLL My +17THL
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Thus, if in a localized variations exercise we fix the starting belief ; and the ending belief
Yv+1, hence the total persistence HtT/:t x¢, and fix the associated payoffs U; and Uy 1,
the payoff of the high type V; varies one-to-one with the the product of discount factors
[T~ .

With the above modifications, we can show that our characterization results in The-
orem are qualitatively robust to discounting. Instead of redoing all the results here, we
select the most interesting one, namely start-and-stop cycles, and show that it continues
to hold under discounting. As in the proof of Proposition 5, we establish that there cannot
be two consecutive active rounds (i) and (i + 1) with slack by a contradiction argument.
When there is slack in both round (i) and round (i + 1), the belief 7(;4) is in the interior
of a feasible set, when we hold as fixed ;) and y(;;,). Additionally, we fix 7(;_y), and
hence x(;_) through Bayes’ rule and U;_;) through the low type’s indifference between
persisting and conceding in round (i — 1), and we also fix the low type’s continuation pay-
off U ;7). Applying (18) to round (i — 1) to (i + 1), we have that V{;_;) is quasi-convex
in 7(j41), and thus having slacks in both round (i) and round (i + 1) is sub-optimal, if

B(i—1)B(i)B(i+1) is quasi-concave in 7y (;; 1), and if

Uit - Viit2)
Y(i+2)TTLL  H(i+2)TTHL

In the proof of the following result, we use backward induction, together with the two
additional preference assumptions (16) and (17), to establish the above inequality. The
quasi-concavity of B(;_1)B(;)B(i+1) In Y(i41) is shown to follow from the low type’s in-
difference conditions in the active rounds (i — 1), (i) and (i + 1) in our local variations
exercise. Using the above characterization of maximal concession under discounting, we
also establish a corresponding payoff-equivalence result: the value of f(;_1)B(;)B(i+1) asa
function of 7(; 1), and hence the value of V(;_;), is the same at the two corners of the fea-
sibility set, namely, ;1) = I's(7(;)) and y(i41) = Fgl (7Y(i+2))- The proof of the following
counterpart of Proposition 5 under discounting is relegated to the online appendix.

Proposition 8. Suppose that (16) and (17) hold. If an optimal delay mechanism under discount-
ing has at least two active rounds, then there is slack in at most one active round.

6.2. Redesign-proof

The form of limited commitment in this paper has to do with Assumption 3, namely that
the amount of delay after each regular disagreement is at most equal to some A > 0. The
commitment is however unlimited in terms of the number of rounds. In this subsection,
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we impose another form of limit to the commitment power: the number of rounds of de-
lays is at most equal to some () > 1. We imagine that an opportunity for redesign occurs
after the last round of committed delays has been imposed (if there is no commitment
to ending the game with a coin flip). However, we do not model explicitly “renegoti-
ation” between the two committee members over the continuation sequences of delay.
Instead, we take a reduced-form approach and require the optimal delay mechanism to
be redesign-proof after () rounds. The analysis in this subsection can be seen as a robust-

ness exercise with respect to the optimal delay mechanism characterized in Theorem.

We assume that the fixed length () of delay sequences that can be committed to is at
least 1, and allow () to be arbitrarily large. The assumption that (2 > 1 amounts to the
minimum commitment power required for single-round delay mechanisms; the case of
() = oo corresponds to the maximum commitment power underlining Theorem. We say
that a correspondence M(, from a pair of initial beliefs to a set of ex ante average payoffs is
“Q-redesign proof,” if for any (-1, 1) and for any m; € Mq(7y1, #1): (i) there is a finite?!
sequence of delays {5,;}?21 satisfying 0 < 6y < Aforeacht =1,..., T, with an equilibrium
<{(’)’t, ut), (Uy, Vt)}tlel; (xt, yt)}tT:1> of the delay game ((7y1, t1); {6:}_;) with deadline

round T such that
H1 1—m

my = U +
L R PP,

and (ii) there is an increasing sequence of integers {k;}/_, with kg = 0, k; — k;_1 < Q for
eachi=1,...,I,and 0 < T — k; < (), such that
Hii+1 1= Y11

My 1 < Uk, 41+
* 1= Y1 + i - Yki+1 T Pk+1

ki+1

foralli=1,...,Iand forall my_ 1 € M (Y41, fk+1)-

Part (i) of the definition ensures that there is an equilibrium that achieves the requisite
average payoff mj for the initial beliefs (1, u1). Part (ii) applies a total of I tests to ensure
that this equilibrium is robust against redesign along the path when the maximum length
of delay sequences that can be committed to is (). Each test compares the equilibrium
average continuation payoff with all other equilibria at the same continuation beliefs that
are themselves robust against redesign. This feature of self-reference is why our defini-
tion applies to the correspondence M, rather than an individual payoff m; € Mq (1, 1)
for some initial beliefs (1, #1). Nonetheless, because in any equilibrium the beliefs de-

?IWe assume that T is finite for simplicity of the definition. Using the same truncation argument as in
Proposition 1, we can show that in characterizing Mq (1, #1) (defined below) for any Q) and any (1, 1),
it is without loss to restrict to delay games with a finite deadline round.
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crease along the path, part (ii) of the definition is recursive in the sense that for each
i = 1,...,1, the continuation equilibrium ({(’yt,yt), (Ut,W)}tTjéH; {(xt,yt)}tT:kiH) is
also robust against redesign.

For any (1, #1), the set M (7y1, #1) is non-empty. This is because the definition allows
delay games with a deadline round T < () in part (i) and I = 0 in part (ii) for any equi-
librium of such a delay game, making the requirement for the equilibrium to be robust
against redesign vacuous. We can then define a mapping M, from a pair of initial beliefs

to an ex ante average payoff as the “optimal ()-redesign proof” payoff function if

Mq(v1,11) = max Mg (1, 1)

for any (1, pt1). For any finite Q and any (71, #1),if m € M (7y1, p1) thenm € My (1, p1)
for all Q' sufficiently large, because for any equilibrium that achieves m in part (i) of the

definition we can set () > T and choose I = 0 in part (ii). As a result,

Ma (71, 11) < Meo(71,11), (19)

where Mo (71, 1) is achieved by the optimal delay mechanism given by Theorem.

Combining the upper-bound given by (19) with the recursive structure of tests in part
(ii) of the definition of ()-redesign proof, we have the following algorithm for showing
that the optimal delay mechanisms in Theorem are robust in the sense that the same ex
ante average payoffs are achievable when the number of rounds of delays that can be
credibly committed to is at most a relatively small number ). For any fixed initial beliefs
(71, #1), we find the smallest number (), which may depend on (y1, y#1), such that there is
a delay game ((71, #1); {6¢}]_;) with an equilibrium ({ (v, i), (Ue, Vi) S {3, yt)}thl)
and an increasing sequence of integers {ki}fzo with kg = 0, k; — k;_1 < Q) for each
i=1,...,,and 0 < T — k; < (), satistying

‘uki-l—l uk + 1- ’Yki-f—l
1- rYki—Fl + ka—l s 1- ’)/ki-‘rl + I’lki-f—l

Vk,‘+1 = MOO (()/k,‘+1/ .uk,‘Jrl) (20)

foralli = 0,...,I. The above conditions (20) imply that the equilibrium passes each test
for robustness against redesign (for i = 1,...,I), and that it achieves the upper-bound
(19) on the ex ante average payoff (for i = 0). By definition, the function M is optimal
(Y'-redesign proof for any () greater than or equal to the maximum number () found
across all (7y1, #1). We now apply the algorithm by dividing initial beliefs (y1, yt1) into the
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same four cases as in Theorem. Let w* be the smallest integer w such that

wA > Y ALL.

For initial beliefs that fall into Cases (a) and (d) of Theorem, the optimal delay mech-
anism involves a single round. This mechanism is clearly optimal 1-redesign proof. Only
the minimum commitment with regard to the number of rounds is needed when 7 is
sufficiently low or high.

For initial beliefs that fall into Case (b) of Theorem, the optimal delay mechanism con-
structed in Section 5.1 is dynamic. It has a single active round with no slack and a deadline
round T = [2]. Since the effective delay o7 in round 1 satisfies (7), and since vy < 77,
we can implement this equilibrium using a delay mechanism with w* + 2 rounds, where
0 =A70=(0p—A)/w" <Aforeacht=2,...,w*+ 1, and 4+, is given by (9). This
equilibrium then satisfies conditions (20) with I = 1 and k; = w™ + 1, because the single
test occurs at the deadline round with efficient concession by type L, and because (19)
holds. It follows that the equilibrium is optimal (w* 4 1)-redesign proof. By the defini-
tion v*, if Ap g is close to 0 then w™ is equal to 1, so the requirement for commitment with
regards to the number of rounds is not overly stringent. Nonetheless, we require at least
2 rounds of commitment because the optimal delay mechanism in this case is dynamic.
Having no slack in the first round means that after a regular disagreement and the max-
imum delay A, an effective delay of up to w*A is incurred when there is no concession
by type L. Part or the whole of this effective delay would be “redesigned away” if there

were no commitment all the way to the beginning of the deadline round.

For Case (c) of Theorem, in the equilibrium constructed in Section 5.1, for n* > 2 given
by (3), the first n* — 1 active rounds have no slack, round n* generally has slack, and
T = [n* + 1]. We can implement this equilibrium with 2n* 4+ w™* rounds, where ;1 = A
and Jy; < Ais given by (10) for each t = 1,...,n* — 2, corresponding to the t-th start-
and-stop cycle; dpy+—3 = A and dpy+—2 < A is given by (11), corresponding to (n* — 1)-
th start-and-stop cycle; &y« 1 = (7 —1)Arr < A and 6 = y*Arp/w* < A for each
t =2n*,...,2n* + w* — 1 so that Z?gj;f’jl_ 154 is given by (12) and corresponds to the last
active round with slack; and finally dp,+1+ = A, corresponding to the deadline round.
Let the sequence of integersbe k; = 2ifori =1,...,n* —2and k,«_1 = 2n* + w* — 1, with
I = n* — 1. The length of the test is 2 for the first n* — 3 tests, w* + 3 for the (n* — 2)-th
test, and 1 for the last test. By construction, the continuation equilibrium at the last test

is 1-redesign proof (because of efficient deadline concession by type L); the continuation
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beliefs at the beginning of each of first n* — 2 tests fall into Case (c) of Theorem and the
corresponding equilibrium is optimal (w* + 3)-redesign proof. All conditions (20) are
satisfied, and so the mechanism constructed above is optimal (w* + 3)-redesign proof.

Compared to Case (b) above, we require 2 more rounds of commitment. This reason
is that n* > 2 in Case (c) means that there is generally one active round with slack in any
optimal delay mechanism.?? By Proposition 3, the active round with slack cannot be the
tirst round, but this also implies that it may not be the first round in any test for redesign
proof-ness. In the above construction, the length of (n* — 2)-th test is w* + 3, which
includes not only the last active round without slack (round 2n* — 3 and round 2n* — 2)
but also the one with slack (round 2n* — 1 through to round 2n* + w* — 1). Imagine
that we add one test at the end of round 2n* — 2, and attempt to show the continuation
equilibrium is (w* + 1)-redesign proof. Since 72,1 is equal to y(,«_1), which as given
in the construction of the optimal delay mechanism in Section 5.1 lies between ¢* and
I'~!(9*) and therefore belongs to either Case (a) or Case (b) analyzed above, the highest
continuation average payoff is given by either (5) or (8), and can be achieved with an
(w* 4 1)-redesign proof equilibrium. Since round 2n* — 1 has slack, By Proposition 3, the
continuation equilibrium average payoff W,,«_; falls short of the highest continuation
payoff that is implementable with an (w* + 1)-redesign proof mechanism. Therefore, the
equilibrium we have constructed fails the test for (w* 4 1)-redesign proof.

The definition of ()-redesign proof we have come up with has a recursive structure
that is similar to the characterization of subgame perfect equilibrium payoffs in repeated
games (Abreu, Pearce and Stacchetti, 1990). Instead of discounting, the recursive struc-
ture we have is based on the evolution of the beliefs. For () = 1, our definition is also
related to the literature on the “ratchet effect” in dynamic contracts (Freixas, Guesnerie
and Tirole, 1985; Laffont and Tirole, 1988). The complete characterization of ()-redesign
proof payoffs for any fixed (2 > 1 in the committee-decision making and related contexts
is beyond the scope of the present paper. We leave it to future research.

22When the initial belief y; is such that 7 = (Ar; + A)/A, all active rounds have no slack, and the above
mechanism is (w* + 1)-redesign proof.
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7. Appendix

7.1. Proof of Proposition 1

First, suppose that there is an equilibrium with an infinite number of active rounds. Then,
x¢ > 0 for all t. By Lemma 1, y; = 1 for all t£. In any such mechanism -; decreases in ¢.
Since it is bounded from below by 0, y; converges and persisting for all ¢ is optimal for
type L. If the limit of -y, is strictly positive, Bayes’ rule implies limy_.o [ 17" x¢ can be
made arbitrarily close to 1 by taking T sufficiently large. However, in round 7, always
persisting results in no alternative being implemented with probability close to 1 and
yields a payoff to type H strictly lower than the payoff from implementing any alterna-
tive, contradicting the equilibrium condition. If ; converges to zero instead, then for ¢
large enough the expected payoff to type L from conceding is close to the highest possible
payoff of T ;;, while the strategy of persisting from t onward leads to no alternative being
implemented with probability close to 1, again a contradiction.

Next, suppose that there is a finite number, say 7, of active rounds followed by an
exiting round [n + 1]. Since type L weakly prefers conceding to persisting in round [ + 1],

Yn+1Pre + (1 - ’r[n+1]) (y[H—l}ELH + (1 - y[n+1]> <PLH)
2 Yin+1)7TLL T (1 - 7[n+1]> <y[t+1} (—5[n+1] + U) + (1 - }/[n+1]) ﬁLH) ,
where U is type L’s continuation payoff after deviating to persisting in round [ + 1].
Since round [n + 1] is the exiting round for type L, and since type L can always concede
with probability one in the round after [ + 1], we have U > ¢ . By the definition of 7*,
the above implies that 7, ] < 7*. Since 71 > 7" by assumption, we have n > 1. We

have already made the truncation argument for the case of y}, 1] = 1 in the text, so we

now assume ¥/[,;1) < 1. There are two cases.
Case (0): v(n) > 7+

From the indifference condition of type L in round (1), we have

(Yo% + 1= 7)) 0 = Yo dee + (1= 7 ) (1= Ypusay) Az

Since () > 7+ and Y|, 1) > 0, there exists &(,,) € (0, 0(,,)) such that

<7(n)x(n) +1- ’Y(n)> Tn) = Ym)ALL + <1 - 7@)) ALH-
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Now, we reduce the effective delay in round () to &, and replace the exiting round
[n + 1] with a coin flip. Then, in the modified mechanism, assuming that §,,) = 1, the
above equation implies that it is an equilibrium for type L to persist in round (n) with
the same probability x(,), with the same payoff U, as in the original equilibrium. By
Lemma 1, it remains an equilibrium for type H to persist in round (1), so indeed we have
Yy = 1. Since y(,) = 1and yp,1q] € (0,1), the expected payoff V{, to type H in the
original equilibrium, from persisting in round () and conceding in round [n + 1], is

Hn) <x(n) (—U(n) + <PHL) +(1- x(n))ﬁHL) + (1 =) <—(7(n) + ¢HH — y[n+1]7\HH) :

This is strictly less than what type H gets in the modified mechanism, given by
Vo = Hny (%o (=0 +0m) + (1= 200)) ) + (1= i) (—00) + 9110) -

Case (ii): v(n) < 7+

We can modify the delay mechanism by reducing the delay oy, in round (1) to 0, with
¥(n) = 0, and truncating the game afterwards. The expected payoff to type L in round ()
increases as a result, and we can neutralize the change by adding to the effective delay in
round (n — 1). We omit the the computations as they are similar to case (i).

7.2. Proof of Proposition 2

Fix a delay mechanism with a finite number n of active rounds and a deadline round
[n+1], with n > 1. Suppose that xf, 1] > 0. By Lemma 1, we have y, ;) = 1. For now,
we assume that either round (n) has slack, or (n) +1 = [n +1].

Case (i): Type L strictly prefers to persist in round [n + 1].

First, we add an auxiliary round s between (1) and (n) + 1, with delay
[n+1]—1

0s = Upy 1) — <’Y[n+1}ELL + (1 - ’Y[n+1}> ELH) - Z ot,
t=(n)+1

and subtract &5 from §(n). We claim that this is feasible because ;s < (5(n). To see this, we
write the indifference condition of type L in round (n) as

Y(n) <x(n) <—<7(n) + U[n+1},L> + <1 - x(n)> ﬁLL) + <1 - 7@)) (-U(n) + U[n+1},H>
= Y(n) (x(n)ELL + (1 - x(n)) <PLL> + (1 - ’Y(n)> usy=y
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where Uj, ) = =041 + ¢rr and Up g = —0[u41) + ¢ry. Since App > Apg by
Assumption 2, we have Up, 1)1 — Upq1,y > 7y — g For fixed 7y(,), both the left-
hand side and the right-hand side are decreasing in x ), but the left-hand side decreases
faster. For x(,) € (0,1) to be an equilibrium, the left-hand side must be strictly less than
the right-hand side at x,,) = 1:

Vo (=0 + W) + (1= 7) (000 + Uppsaar) < v+ (1= 700) e

Since x(,) € (0,1) implies () > Y[,41), and since Up, 1)1 — Upyy1),n > Tpp — Tpp, the
above inequality implies:

Tn+1] <_‘7(n) + u[n+1},L> + (1 - 'Y[n+1]> (‘U(n) + u[n—|—1],H> < Yn+1)ZLL + (1 - ’Y[n+1}> TrH-

On the other hand, by construction, we have

Vn+1] <_‘TS + u[n+1],L> - (1 - 'Y[n+1}> (“TS + u[n+1},H) = Yn+1) 2L+ (1 - ’Y[n+1]) TLH-

Thus, 05 < T(n)s which equivalent to Js < (5 (If there is no slack in round (1), we have
0 = 0 and 6(,) = A.) It remains an equ111br1um for type L to play the same strategy
up to round (n), and then persist with probability one in round s, followed by persisting
in round (n) + 1 to [n + 1]. Moreover, by construction, type L is indifferent between
persisting and conceding in round s, with ys = [, 1]

Second, we marginally increase ds, which is feasible because J; < 5(n) < A initially,
and construct a new continuation equilibrium for fixed -y,, with probability x; marginally
lower than one. We claim that it is possible for type L to remain indifferent between
persisting and conceding in round s, so a lower x; means a higher Us, obtained from
conceding. For any fixed <[, 1] in the original mechanism, since type L strictly prefers to
persist in round (1) + 1 to [n + 1] — 1, the indifference condition of type L in round s is

t=(n)+1

[n+1]-1
V1] (xs ((55 — Y %t Uy — ELL) + (1 —xs) (7L — 4’LL))

[n+1]-1

:<1—’Y[n+1> O+ Y, O —Upsru+on
t=(n)+1
A marginal decrease in x; results a marginally lower deadline belief ¥, 1), but type L still

strictly prefers to persist in round () + 1 toround [n + 1]. Thus, U140 = —6}41) T PLL,
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and taking derivative of the indifference condition with respect to x5, we have

d§5 [i’l—‘rl]
<’Y[n+1}xs +1- ’)’[n+1]> dr. ] Os +t (Z):H o | <O0.
=(n

Third, we add to the delay in round (1) by the amount of the increase in U; (insert
another auxiliary round between (1) and s if s = 0 and é(,,) = A in the first step), so
that it remains an equilibrium for type L to play in the same way up to round (n) as in
the original mechanism, with the same belief v, after round (1) and the same expected

payoff. The desired contradiction then follows from the Linkage Lemma.
Case (ii): Type L is indifferent between persisting and conceding in round [n + 1].

We follow the same two steps as in case (i): first use the indifference condition of type
L in round (n) to show that d; < J(,), and then use the indifference condition in round
s to show dds/dxs < 0. We no longer have explicit expressions for U[,, 1), and U, 1] 1
instead, we must use the indifference condition of type L in round [n + 1]. Other than

this, the calculations are similar to case (i) and thus omitted.

Finally, if round (1) has no slack and there is at least one round, (1) + 1, before the
deadline round [n + 1], then the auxiliary round s is inserted after (n) 4+ 1. Since type
L is indifferent between persisting and conceding in round (1) + 1 with x(,,; = 1 and
hence ¥(,)41 = Y[n41), in the first step we have & = 6,1 If 6,41 < A, the second
step is feasible and the rest of the argument goes through without change. If instead
d(n)+1 = A, we insert another auxiliary round s" after s and in the second step we increase

dy marginally from zero. The rest of the argument goes through again.
7.3. Proof of Proposition 3

Case (i): There are n > 2 active rounds.

Suppose that there is slack in round 1. Using the payoff from concession in round (2),

we can write the indifference condition in round 1 for type L as

T (1 - xlx(2)> Are = (1 =71+ mx1)or.

For fixed 771 and x1x(5), we have

doy _’Y% (1 - xlx(2)> AL o
dxq (1 =1+ 71%1)? '
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Lowering x; thus requires raising 7. Since there is slack in round 1, raising o7 is feasible.

Similarly, the indifference condition in round (2) can be written as
TXIALL + Y1X1X ()AL = <1 -m+ ’lelx(z)) <(7(z) - U(z)) + 7L+ (1= 1)y
For fixed 71, x1x(3), and U(,), we have

dogy) TALL

= > 0.
dri1  1—71+mxixp)

Lowering x; thus requires reducing 0(,). Since () > 0 in the original mechanism, this
step is also feasible. The effect on the payoff to type L is

diy

e R .
dy MALL <0

Thus, lowering x1, while holding x1x () constant, increases the payoff to type L.

By Lemma 2, the effect of a change in x;, while holding x1x(,) constant, on the payoff
of type H is given by:

dvi _ mdlh | p1i—m (d(fl dU(Z)) p1—r1doy H1—m
e e s S + = -+ ML,
dy;  71dx 26! dy;  dx 71 dx M T T1X1X(2) t

which is strictly negative. Hence, both type H and type L are better off.
Case (ii): There is a single active round before deadline round [2].

By Proposition 2, we have X[ = 0 and V2] < 9*. Itis straightforward to use the indif-
ference condition for type L to show that U; is maximized when x; is minimized. Given
that x5 = 0, it is optimal to set d)) such that type L is indifferent between conceding and
persisting at x5 = 0. This gives an expression for J5, which we can then use to derive

an expression for V; and show that it is maximized when x; is minimized.
7.4. Proof of Proposition 4

Fix a delay mechanism with an equilibrium where type L concedes in deadline round
[n + 1] at deadline belief 7, ] < 7*. Denote the last two active rounds before [ + 1] as
(n—1) and (n). We modify the original mechanism by decreasing the delay in round (n).
From type L’s indifference condition in round (1), for the same belief 7y (,), this would
result in a marginally greater probability of persistence %(,,). Since type L’s payoff from
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conceding decreases as ¥, increases, the equilibrium payoff CI(n) in round (n) becomes
lower. As a result, it is possible to reduce the delay in round (n — 1) to neutralize the in-
crease in type L’s payoff in round (n), keeping the equilibrium play of type L unchanged
up to round (1 — 1), with the same x(,,_1) and hence the same ;). Furthermore, for the
same (), type L’s belief entering round [n + 1] increases as ¥,y increases. So long as the
new belief 4, 1] < 7", we can raise the delay in round [n + 1] to make it an equilibrium

for type L to concede with probability one. By Lemma 2, we have

Vin-1) — Vin)
H(n—1)

1 1

= X(n-1) (55(”) — X(n)) AL+ (’Y(n_1) — ]/l(n_1)) (5'(,771) —O(n—1) T 0n) — (n))

1 -
+ —1 Vi -V .
(Pl(n—n ) ( (n+1],H [n+1},H>

To evaluate the above equation, we express the changes in x,,), 0(,,_1), 0y, and V[, ;1) gy in

terms of ¥/, 1], while keeping U, _1), 7(,—1) and x(,,_1), and hence 7 (,,), at their respective
original equilibrium values.

By Bayes’ rule, the increase in x(,,) is given by

oy L= [ Y+ Vs
(m) =5 m) Yoy \1=Fms1 1= Yt

For fixed belief y(,,), the decrease in type L’s equilibrium payoff in round (n) is

Uy = Uy = =) (’%) - x(n)) ALL:

To keep U(,_1) unchanged with the same x,,_;), we reduce the effective delay in (n — 1):

~ g . Vn+1] Vn41]
O(n-1) = O(n-1) = u(”) B U(Tl) - (1 - 7(11)) (1 =~ - > ALL

Y+ =Yy

By construction, ¥, ) = 0, with

a[n+1] = Y+ PLL + (1 — ’?[n+1]> Ty

Using the above expression and Bayes’ rule, we can write the indifference condition for

type L in round (n) as



Thus, the decrease in the effective delay in round (n) is

. Yin+1] = Vn+1]
On) = 0m) = — Y ALL-
O R (O s

Finally, since in round [n + 1] type L weakly prefers conceding to persisting under the
original mechanism, if we make type L indifferent under the new mechanism, the increase
in the delay in round [n + 1] is

< Vit Vot
Oln+1] = O] < (1 A - ’Y[n+1]> ALL

Thus, the decrease in the payoff to type H against H in round [n + 1] is

) - N ,7[n+1] Yin+1]
V[n+1],H — V[n—HLH = - (5[71—1—1] - 5["4-1]) = = (1 — '7[714—1] B 1-— ')’[n—f—l]) AL

Adding up the terms in (V(,,_1) — V(;,_1)) / p(n—1) that depend on p(,_;), we have

Oln-1) = T(u—1) + ) = T(n) + 041 = O]

_ 1 ! o,
<1 N ﬁnﬂ]) (1 - 'Y[n+1]> T=vm) | 1=7m) LL-

If y(ny < 7", weset p,1) = ¥(n); in this case, the above change in the sum of the delays

from round (n — 1) to [n + 1] is clearly positive. If instead (,,) > 7", we set ¥}, 11) = 7%
in this case, the change in the total delay has the same sign as

<1 - ’r(n)> —(1—=9%) (1 - 7[n+1]> > (1 - ’Y(n)> —(1=9") (1 - T(’W))) >0,

where the first inequality follows from 7y, 11) > I'(7(y)), and the second from the defi-
nitions of 7* and I'. Since y(,_1) < p(,—1) by Assumption 1 and Lemma 1, evaluating
the three terms in (V(n,l) — V1)) /tn-1) at Bu—1) = Y(n—1), and thus discarding the
second term, we have

V - _Vn— 1- n 1- n— Nn n
(n—1) (n—1) > (x(nl) 7( ) o ’)/( 1)) ( ’Y[ +1] ’)/[ +1] }) /\LL

H(n-1) Y (n) Y(n-1) 1= Ay 1= Yo

The right-hand side is zero by Bayes’ rule, implying that \7(”,1) > Vin-1)-
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7.5. Proof of Proposition 5

We first show that no optimal delay mechanism can have two consecutive active rounds
with slack. Using the indifference condition in round (i) and applying Bayes’ rule we
have

UU)::WU)<1——xﬁyWiH)>A __(7@)—‘7@+@> (1_'7U+U>

v T () (i)

Similarly, for fixed 7(;) and (1), using the indifference condition in round (i + 1) and
applying Bayes’ rule repeatedly we have

Ci+) = T Tt + Ugiz) — 1

I =764

Finally, to keep 7(;) fixed, we need to adjust ¢(;_;) to make sure that the continuation

value U(;) — 0(;_1) is held constant. This implies that

V(i+1) (1 - ’Y(z’))

O(i—1) = —Y(@i)¥@)ALL + constant = — Arr + constant.

I =764
Summing up the three terms, we obtain
(i+1) , 1 — 1 —
Z o = 1 — Y+2) 1 Y1) + Y(i+2) ALl + constant.
_E) Y(i+2) -0  1=76

This is a strictly convex function of 7(;;1). If there is slack in both (i) and (i + 1), then

7Y(i+1) 18 in the interior of the feasible set. As a result, it is possible to increase the total

delay }, Z+ 1) Ot from (i — 1) through to (i + 1), without changing either the total prob-

ability H 1) Xt that type L persists or his payoff U(;_;). By Lemma 2, this cannot be
optimal.

Evaluating the above expression of the total delay Z (i 1) or at y(ip1) = =r! (Y(i12)),
with no slack in round (i + 1), and at 7,1y = T(7(;)), with no slack in round (i), we
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obtain the same value of
() AL+ A n =612 Arr

o =
t:%) R ST

-+ constant.

By Lemma 2, it is payoff-equivalent whether to give the slack to round (i) or (i +1). It

follows that there can be at most one active round with slack.
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Online Appendix to “Optimal Delay in Committees”

A. Proof of Proposition 6

We compare the payoffs in the four cases of Theorem.
Case (a) vs. Case (b)

(i) Suppose 11 € [v*, T~ (7+)]. Note that T~ (y.) < (=Apg +A)/(=Apg + Arr). Thus,
in Case (a) we have x; < 1 from (6). In Case (b) we have J;) = 0 from (9). Using the
payoff formulas (5) and (8), we have

AL+ A
V1(a) - V1(b) = —p1x1AgL — (pax1 + 1= p1) A+ AL — (g1 — 11)A.

U{“) — u%b) = ’)’1(1 — xl)ALL —

At y1 = 7*, we have x; = 0. Then,

A
Arp >0,
/\LL+A> LL

Vi v — —(1—y")A+ A > 0.

u@ — g - (7* B

Therefore, Wl(a) > Wl(b) aty; = " for all ;.

At71 =T71(7.), we have x; = x(71). Therefore U{”) = U}". Furthermore,
Vl(”) _ V1( = —pxiAgr — pixiA+ A — (1 —71)A
=x1 (—mAgL — A+ 1AL +4A)) <0.

Thus, Wl(“) < Wl(b) at y; = T 1(7.) forall py > 1.

Using (1) for the average payoff, we take the derivative of (1 — y1 + 1) (Wl(”) — Wl(b))
with respect to 77 to get

p1(1—x)Arr + pxiAar + (pixr +1 = pu) A+ (1 =29)A e + (T =1 + 1 — 11)A
dx
— (A + p1(1 = y1)AmL + (1 —71)A) _d’yi

When Wl(“) = Wl(b), we can substitute out (p1x1 +1 — p11)A. Also, using the expression (6)

for x1 in Case (a), we can substitute out dx; /d7y;. The derivative at the point Wl(a) = Wl(b)



can be written as

2! #1 A
1—x1)A 1—71)AL — A 1—71)A
7( xp)ArL+ (1 —71)ALL T— AL+ A e+ (1=m)

1
1-— 1-— —Arg + A
- &)\LL‘f"ul( 2,)/1)/\HL+‘L[1( Z’Yl)A LH
T T T A
2 (1=7) (AL +A)(ALL +8) — 1A},
= A 1-— A A
T, L 1AL+ M)A + (1 =7) (AL +4)
1-— —Arg+ A
(g, M) gy ) DA A
T T A

AT —At+Am
= - + (1 - AL +A) — (Apr +A)————= | <0.
This shows that Wl(a) — Wl(b) is single-crossing in 1 from above.

The derivative of (1 — 1 + p1) <W1(ﬂ) _ Wl(b)) with respect to 1 is

A

— A — (1 — x1Agr — (1 — x1A.
N A (1 —y1)x1Agr — (1 —71)x

Y1(1 —x1)ArL —

Evaluated at the point where Wl(a) = Wl(b), the above expression is equal to

1_— _
(1—71) <x1 + yl) A—(1- 'Yl)ﬁ)\LL + (1 - 'Yl)uA —(1=71)x1A
H1 H1 H
1—m
Ui

(71ArL — (1= 71)A) <0,

where the last inequality follows because x (1) > 0. Thus, Wl(”) - Wl(b) is single-crossing
in yq from above.

The above results imply that there exist a value u € (v*,T~!(7.)) and a function
g(p1) € (7", T 1 (7+)) defined for all yy € (7%1], with g(m1) = w1 for py € (7%, 1) and
g'(#1) < 0for py € [p,1], such that Wl(”) > Wl(b) if y1 € [7v",g(p1)], and the opposite
inequality holds if v, € (g(yl),min {T7 (), yl}] :

(ii) Suppose that y; € (I !(7+), min{T~1(v*), (—Arg +A)/ (AL — Arg)}]. In this re-
gion, for Case (a) we have x1 > x (1) from (6). Furthermore, for Case (b) we have o >0
from (9). From the payoff formulas (5) and (8),

Ufa) - Ufb) = 711(x(71) —x1)ArL <O0.
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Furthermore,

Vl(a) _ Vl(b) = —mx1AuL — A+ mAe — (1= 71)8 + (1 — p1)dpy
< —mxidL — mxabd+mA — (1 —71)A+ (1= p1)dp
= —mxrr — (mAe — (L —=71) (A +8)) + AL — (1 —m)A

+ (1 =) (13—17176(71))\LL + )\LH)

= —mxAL — (1= 7y)Aee + (1= 71) = (1 — 1)) (J—l,nx(%)/\u + )\LH>

= (x(7) —x1)mArL — (g1 — ’)’1)5[2} < 0.

Therefore, Wl(a) < Wl(b) for all y; and p; in this region.
Case (b) vs. Case (d)

(i) Suppose v € ['y*, T_l('y*)}. For Case (b) we have 5[2} = 0 from (9). From the payoff
formulas (8) and (15), we have

ALLA
AL+ A

— Ul(d) = —mArL — (1= 71)ALe +

The above is decreasing in 7; and is equal to 0 at y; = I'~1(+.). Thus, Ufb) > Ul(d) for all
11 € (7%, T7(7+)). Furthermore,

b)

Vl( - Vl(d) = mAur — 1AL+ (1 —71)A >0,

because p1 > 1 and Agyp > App. We conclude Wl(b) > Wl(d) for all 7y1, p1 in this region.

(ii) Suppose 71 € (I7!(74), T (7*)]. For Case (b) we have &5 > 0 from (9). From the

payoff formulas (8) and (15), we have U{b) — de) is the same as given in (i) above, while

b _ Vl(d) = mAnL — A + (11— 11)A

(T )

v

Thus, we have

_ (b) _wld)\ _ _ 1 _
(1 =91+ u1) <W1 144 ) 1A — (1 71)/\LH+ALL+A)\LL+V1(1 Y1)AHL

—71(1 = y)AL + (1 —71) (1 — 1) A. (A1)
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d)

The above expression is decreasing in 71 and increasing in 1. This means Wl(b) - Wl( is

single-crossing from above in y; and from below in .

Case (c) vs. Case (d)

Case (c) is relevant only for y; > I'"1(9*). Using (13) and (15), we have

c 1-—
(1—=71+m) (W1( ) — W1(d)> = p1(r1 —1—x(7))AL — w/\w +pu1(1 = 71)Anr

(1— ’Yl)riﬂl - 71) [n*i” .
1

_|_

(A.2)

The derivative of (1 — ;1 + yl)(Wl(C) - Wl(d)) with respect to yq is

[n*+1]

1-—
(71 —1—=x(71))ALL — n g+ (1= 71)Ame

Evaluated at the point W( ) = Wl( ), the above is equal to

. [n*+1]
L n Z or >0
H1 t=1

Thus, Wl(c) — Wl(d) is single-crossing in 1 from below.

Multiply the expression for (1 — 1 + 1) (Wl(c) — Wl(d)) by 1 and taking derivative
with respect to 71, we obtain

[n*+1]
m((2y1 =2) AL+ A+ (1=29)Au) — A —m+pm—m) ), &

d [n*41]
A=) L %)
t=1

Evaluating the above at Wl(c) = Wl(d), we can eliminate y1(1 — y1)Agr, and from (14) we

a (Il <1 ) dy (1 )ALL
o) = (5 +1) Al = (=4 .
d'n(; t) 7 Hdy ~\y ) 1oy

We can therefore rewrite the derivative of y1(1 — 1 + yl)(Wl(C) - Wl(d)) with respect to

can get
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Y1 as

m, = 1
—u1(1=x(r1))AL —payi (A — Ar) + aALH o Y. &+ (m—m) (E + 17) ALL-
=1

From the indifference condition of type L in round 1 and the payoff formula (13) for Ul(c),

since the total delay Zgi;r 1 Jt is greater than the expected delay when type L plays against
another type L, we have
[ +1]
Y. &>+ x(n)Ae+ (1 —1)Aca
t=1

Thus, the derivative of y1(1 — y1 + u1) (Wl(c) - Wl(d) ) with respect to -y is less than

— 1 (AnL —Arr) — (M(l = x(r1) + (p1 =)@+ x(n)) = (1 — ')’1);7 ;; 1) ALr

2
H1 H1—7
+(—=-—(1-— A
<71 " ( ’71)) LH

=—my1 (AL — Arr) — (7/‘1;7 +271(1 - 71)) ALL + (P‘l +7 - 7%) Arg < 0.

We conclude that the derivative of v (1 — 71 + ptl)(Wl(C) - Wl(d)) with respect to 1 is
negative when Wl(c) = Wl(d). That is, Wl(c) — Wl(d) is single-crossing in 1 from above.

Case (b) or Case (c) vs. Case (d)
Evaluating (A.1), at y; = I"}(7*) and u; = 1, we find that Wl(b) < Wl(d) if and only if

Iy ) (AL +A) > App. (A.3)

Aty = 1, we have the right-hand side of (A.1) is equal to

—mAr — (1 —y1)ALg + A+ 711 —91)Aur — 711 (1 — 1) ALL.

A
AL+ A

The above expression is concave in 1 and is non-negative at y; = ['"!(-y,). Furthermore,

it is positive at y; = I'"!(y*) if and only if

Arr +

A
T1(7%) < Agr- (A.4)



Evaluating (A.2), at y; = y; = 1wehave Wl(c) < Wl(d). Aty = IT'~1(9*), by continuity

we have Wl(c) = Wl(b).

Since both Wl(c) - Wl(d) and Wl(b) - Wl(d) are single-crossing from above in < and from
below in j11, we have the following: there exist a value 7 € (I !(7),1) and a function
g(u1) defined for all uy € (y*,1], with (1) = pq for all uy € (v*, 7], g (¢1) > 0 for all
11 € (#,1] and g(1) < 1, such that Wl(b) > Wl(d) for y1 € [ys,min {I1(7*),5(p1)}) and

d 1wy = b d _ . "1
Wi > Wi for g1 € [T7(1"),8(m)); Wi < Wi for 1 € [gn), min {T(4°), pr})
and Wl(c) < Wl(d) for y1 € (max {T'(7*),g(u1)}, p1). Furthermore, # > I'"1(y*) if and
only if (A.4) holds, and g(1) > I'"}(9*) if and only if (A.3) holds.
B. Proof of Proposition 7
Recall that g(y1) is defined by Wl(a) - Wl(b)

Proposition 6 that the left-hand-side of this equation is decreasing in 7y; when it crosses

= 0. We have already shown in the proof of

zero. It is straightforward to verify that dx(vy1)/dA > dx;/dA, where x; in Case (a) is
given by (6). Since Ul(”) — Ul(b) = 71(x(71) — x1)ALL, we have Ul(a) — Uib) is increasing in

A. Furthermore, taking derivatives of Vl(a) — Vl(b) with respect to A, we obtain

dx
—141(/\HL+A)d—A1—V1x—(1—’Yl)
YA, + (1 —71)ALH AL — (1 —71) (AL + A)
— iy (Agr 4+ A - —(1-
u1(AnL ) A H1 A ( Y1)
A 1— Arg A 1-— —
:Vl’h re+ (1 —71)ArH HL+( 71)(# — 1) >0

TA A T

Hence, Wl(a) — Wl(b) is increasing in A. The implicit function theorem then implies that the
boundary g (1) shifts to the right when A increases.

Next, we consider g(11), which is defined by the condition that Wl(b) — Wl(d) = 0 for
11 < T7H9*), or Wl(c) — Wl(d) = 0 for 97 > I'"!(7*). We have already shown in the
proof of Proposition 6 that the left-hand-side of either equation is single-crossing in -1
from above. Furthermore, since raising A relaxes the constraint of in the optimal delay
problem, a larger A increases Wl(b) and Wl(c) but does not affect Wl(d). By the implicit
function theorem, g(y1) also shifts to the right when A increases.

The critical values A and A are determined by (A.4) and (A.3) holding as equalities,
respectively. It is straightforward to verify 7 > T~ 1(y*) if A < A, 7 < T71(y*) < g(1) if
A<A<Aandg(1) <T1(y*)ifA > A.

vi



C. Proof of Proposition 8

First we show that in any delay mechanism,

U; < Vi
YTTLL  MTTHL

holds for any round t. We use backward induction on (18). Using similar arguments as
in Proposition 1, we can show that under discounting, there is a finite number of active
rounds and a deadline round, denoted as [n + 1], after which a coin flip follows. (We
no longer need the assumption that never implementing any alternative gives a payoff
that is strictly lower than implementing any alternative to any member in any state.) As
a result, under any delay mechanism, the equilibrium payoff of type L at any round ¢
can be obtained by persisting with probability one, from round t onward to either the
deadline round [n + 1] if x|, 1) > 0, or to the round [1 + 1] — 1 just before the deadline

round. There are thus two cases.

If xp, 1) > O, type L’s belief [, 5 after the deadline round [n + 1] is strictly positive,
and U[,,;5) and V|, 5 are both given by the coin-flip:

Upio) = Vg2l PrL + (1= Viug2) ) PLH,

and
Vint2) = Hins2)PHL + (1 — Bpng2)PHA-
We have

Upy 1] _ $LL (1 n L= Yo <PLH)

Vin+2)TLL  TTLL Vin+2)  PLL
>@ 1+1_‘u[”+2}¢LH
TTLL Hint2)  PLL

> 1 (1+@> <1+ 1 ~ Vin+2] ‘PHH)
2 TTLL Yin+2) PHL

1+ (Hﬂ)_l i T
Ty, Hin+2) PHL

where the first inequality follows from Assumption 1, the second from (17), the third from
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combining 7t;; > 7y from (16) with 0 < A < Ayr from Assumption 2.

If x[,,41) = O, the payoffs U}, 1) and V], ) are given by type L conceding with proba-
bility one:
Uit = YVinry®re + (1= Y1) T,
and
Ving1] = Hins7THL + (1= Ppug1) Bl PHA-

Since type L weakly prefers conceding to persisting in round [n + 1], we have

Upps1) 2 Ve oL + (1= Yuga) Busr PLa-

The rest of the argument then follows in the same way as in the case of x[, 1] > 0.

Next, we show that B;_1)B;)B(i+1) is strictly quasi-concave in y(;,q). For any f, we

have B
B = (1= ye)Ue = (vt — 7e41)TLL
(1= 9)Ui
Define B
R, = (L= yee)Ue — (vt — 741 7LL
(1 —ye1)Us
We have

Bi-1)Bi)Bi+1) = R(;)R(it1) X constant,
where the constant does not vary with ;) in the localized variation. Therefore, it

suffices to show that R ;R ;1) is quasi-concave in ;).

Writing U|;) in terms of the payoff from conceding,

Uiy = 714 (X(i)ELL +(1- x(i))¢LL> + <1 - ’Y(i)) T

and using the fact that dx(;)/dy(i11) = x()/ (7(i+1)(1 — Y(i+1))) (derived from Bayes’

rule), we obtain
dup (=)

dyisy (1= 734n)?
Similarly, writing U;; 1) in terms of the payoff from conceding, and using the fact that
dx(i+1)/d7(i+1) = _x(i+1)/(’)/(i+1)(1 - ’)’(iJrl))), we obtain

(A.5)

dUpiyy _ —Uan) +ou (A6)
dy (i) =764 ' .
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From (A.5) and (A.6), dlog(R;R(ix1))/dY(i+1) is equal to

1—7(i+1)/\ I=7(i11)
1—7 PLL T Ty T g
1 — v 40 )2 YO+ = U, L M) TV = ug
( 'Y(erl)) U(l) —1—7(1‘+1) LI (i) u(z+1) T—7612) TTLL (i+1)

Using (A.5) and (A.6) again, the derivative of the term in brackets above is

2 2
I =73 _ $LL n ALL
(1 _ 'Y(z’+l))2 u(i) . 7(1)—7(i+1)ﬁu u(i)

1= (i41)
2
1= 1=+
_ T N T e
oY) T2 = u,. !
Uiy 752 (i+1)

which is negative when dlog(R ;)R (i11))/dY(i+1) = 0. This shows that log(R(;Rj+1)) is
single-crossing from above, and therefore R ;)R ;1) is quasi-concave in 7y ;).

Finally, we show that the value of R;R(; 1), and hence the value of V|;_;), is the same
at v(iy1) = I'p(7()) and at 741y = Tgl(’y(i+2)). We use the superscript * to denote the
values of the relevant variables when 7,1y = I's(7;), and the superscript t to denote
their values when ;1) = T3 (vig2)-

By definition, if there is maximal concession in an active round ¢,

Uy = B (7exs(7e) +1—=71) QT (7)) + ¢ (1 — xB(1t)) 7oL,
where
Q(y) =y + (1 =)y

is the minimum continuation payoff given updated belief . Substituting the formulas

for xp(y) and T'p(7y) into the equation, we obtain

R, = B(vixs(rt) +1—7)Q(Is(t)) _ BArL
B(vixs(re) +1—=7)Q(Ts(71t)) +7¢(1 — xp(7e)) 7T BAL+ (1 - B)7wLL’
which is a constant. It follows that RE:.) = RJ(rl. +1)7 and therefore R?i)R’(‘l. +1) ~ RJ(ri)RJ(ri +1) is
proportional to RE“Z. )~ Rzri).
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The sign of RE:. +1) ~ RL) is the same as

(v) — ’erzel))(l = Y42 ) U1y = (Y1) = Vi) (1 — ’eriﬂ))uzri)-

Substituting LI(*Z. +1) and LIZLI.) using the payoff from concession, and upon simplifying this

is equal to

('Y(i) - ,Y-(ri+1))(1 - ’Yzﬂi+1))Q(’)’(i+2)) - ('sziﬂ) - 'V(z’+2))(1 - ')’(i))Q(')’ELiH))- (A7)

Finally, substituting 7(;, ;) = Ip(73;)) and

Vi Ar + (1= B)Q(Y(i42)

t o p=l(y, _
T =T (0602 = TR B0 )
into (A.7), we find that (A.7) is equal to zero, and therefore RZ‘I. )~ Rzri) =0.



