Available online at www.sciencedirect.com

. . GAMES and
ScienceDirect Economic

o et Behavior
ELSEVIE Games and Economic Behavior eee (eeee) eee—ocee

www.elsevier.com/locate/geb

Aggregation of expert opinions

Dino Gerardi **, Richard McLean ®, Andrew Postlewaite ¢

& Department of Economics, Yale University, USA
b Department of Economics, Rutgers University, USA
¢ Department of Economics, 3718 Locust Walk, University of Pennsylvania, Philadelphia, PA, 19104-6207, USA

Received 10 January 2007

Abstract

Conflicts of interest arise between a decision maker and agents who have information pertinent to the
problem because of differences in their preferences over outcomes. We investigate how the decision maker
can extract the information by distorting the decisions that will be taken. We show that only slight dis-
tortions will be necessary when agents’ signals are sufficiently accurate or when the number of informed
agents becomes large. We argue that the particular mechanisms analyzed are substantially less demanding
informationally than those typically employed in implementation and virtual implementation. Further, the
mechanisms are immune to manipulation by small groups of agents.
© 2008 Published by Elsevier Inc.

JEL classification: C72; D71; D82

1. Introduction

Consider the problem that an army officer faces in deciding whether or not to send his troops
into battle with the enemy. Optimally, his decision will depend on the size of the opposing forces.
If the enemy forces are not too strong, he will prefer to engage them, but if they are sufficiently
strong he prefers not. He does not know the strength of the enemy, but the various troops in the
area have some information regarding the enemy’s strength, albeit imperfect. The difficulty the
commanding officer faces is that the preferences of the individuals who possess the information
regarding whether or not to engage the enemy may be very different from his own preferences.
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Those with information may exaggerate the strength of the enemy in order to obtain additional
resources, or perhaps to avoid engagement entirely. In the extreme, the preferences of those with
information may be diametrically opposed to those of the decision maker. When this is the case,
those with the information necessary for informed decision making may have a dominant strategy
to misrepresent their information, precluding the possibility of nontrivial communication.

Even when there is a conflict between the preferences of the decision maker and the prefer-
ences of those who possess information, it may be possible to extract the information with more
sophisticated elicitation schemes. Suppose for example that those field officers who report to the
commander have highly accurate information regarding whether the enemy is strong or weak.
The commander may employ the following scheme. Ask each field officer whether he thinks
the enemy is strong or weak, and the action that that officer would most like taken. Then, with
probability 1 — ¢, the commander attacks if a majority of field officers report that the enemy is
“weak,” and does not attack if a majority reports that the enemy is “strong.” With probability ¢,
the commander instead chooses a field officer at random for scrutiny and determines whether his
assessment of the enemy strength is “consistent” with the other reports, that is, if the selected
officer’s report regarding enemy strength agrees with the assessment of a majority of all field
officers. If it does, the commander chooses the action that the field officer reported as his first
choice, and, if not, the commander chooses a random action.

Truthful reporting on the part of the field officers will be incentive compatible when the of-
ficers’ signals regarding whether the enemy is strong or weak are highly (but not necessarily
perfectly) accurate.! When the officers’ signals are highly accurate and others report truthfully,
each maximizes his chance of being in the majority by reporting truthfully, and thereby getting
his first choice should the commander randomly choose him for scrutiny. By misreporting that
the enemy is strong when in fact an officer has observed a “weak” enemy, an officer’s chances of
getting his first choice are reduced should he be scrutinized, but he may change the commander’s
decision in the event that the commander decides the action based on the majority report. How-
ever, the probability that any individual field officer will be pivotal goes to zero as the accuracy
of the field officers’ signals goes to 1. This type of mechanism exhibits an important feature:
the commanding officer does not need to know the field officers’ preferences which, if known,
might provide some information regarding the direction in which an officer might wish to skew
the decision.

The commander can thus extract the field officers’ information, but the elicitation of the infor-
mation comes at a cost. With probability ¢ the commander selects a field officer for scrutiny, and
if that officer’s announcement is consistent with the majority announcement the outcome will not
necessarily be the commander’s preferred choice.

The mechanism described above uses the correlation of the officers’ signals that naturally
arises from the fact that they are making assessments of the same attribute. We will formalize
the ideas in the example and provide sufficient conditions under which experts’ information can
be extracted through small distortions of the decision maker’s optimal rule. The basic idea can
be seen in the example; when signals are very accurate, no single agent is likely to change the
outcome by misreporting his information, hence, small “rewards” will be sufficient to induce
truthful announcements. We further show that one can use this basic idea to show that, when the
number of informed agents becomes large, one can extract the information at small cost even if

1 1t should be noted that there may be equilibria in which the informed agents do not report their information truthfully
in addition to the truthful reporting equilibrium. We discuss this in the last section.
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each agent’s information is not accurate. When the number of agents becomes large, the chance
that an agent will be pivotal in the decision becomes small even if the signals that agents receive
are of low accuracy. This is not enough to ensure that information can be extracted at low cost,
since giving each agent a small chance of being a “dictator” might involve a large deviation
from the decision maker’s optimal rule. Using techniques from McLean and Postlewaite (2002,
2006) we show, however, that an agent’s effect on the decision maker’s posterior goes to zero
faster than the number of agents goes to infinity. Consequently, as the number of agents becomes
increasingly large, the decision maker can correspondingly reduce the distortion associated with
the need to scrutinize agents while still inducing the agents to truthfully reveal their private
information.

We introduce the model in the next section, and present the results for the case of a finite
number of experts with accurate signals in Section 3. In Section 4 we analyze the case with
a large number of experts whose signals may not be accurate. In Section 5 we discuss some
extensions and further results. Section 6 contains the proofs.

1.1. Related literature

Our notion of implementation is a weak form of virtual Bayesian implementation (Abreu and
Matsushima, 1992; Matsushima, 1993; Duggan, 1997; Serrano and Vohra, 2005), but differs in
important ways. First, our focus is not on full implementation in the sense that we do not re-
quire that all equilibria implement a given social choice function. Second, in the literature on
virtual implementation, two social choice functions are close if they specify very similar out-
comes in every state of the world. This is a natural definition because the probability of every
state may be bounded away from zero. In this paper we consider environments in which the
probability of some states is vanishing. It is therefore reasonable to use a notion of approxima-
tion that requires that two functions are close with arbitrarily high probability. The differences
in the two approaches have important ramifications regarding the classes of functions that can
be implemented. To be virtually implementable a function must be incentive compatible and sat-
isfy some additional conditions such as measurability (Abreu and Matsushima, 1992), incentive
consistency (Duggan, 1997) or virtual monotonicity (Serrano and Vohra, 2005).% In contrast, our
notion of implementation does not require any of these conditions.

There is an extensive literature on information transmission between informed experts and
an uninformed decision maker. The classic reference is Crawford and Sobel (1982) who assume
that the decision maker faces a single expert. The literature has also analyzed the case of multiple
experts. Of course, if there are at least three experts and they are all perfectly informed (i.e., they
possess the same information) the problem of eliciting their information is trivial. The case in
which there are two perfectly informed experts has been analyzed by Gilligan and Krehbiel
(1989), Krishna and Morgan (2001), and Battaglini (2002).

Austen-Smith (1993) is the first paper to focus on imperfectly informed experts. Austen-Smith
assumes that the decision maker gets advice from two biased experts whose signals about the
state are conditionally independent. That paper compares two different communication struc-
tures: simultaneous reporting and sequential reporting. Battaglini (2004) extends the analysis to
the case in which the number of experts is arbitrary and both the state and the signals are multidi-
mensional. Battaglini exploits the fact that the experts’ preferences are different and commonly

2 In some cases, the environment has also to satisfy certain additional assumptions. For example, Matsushima (1993)
assumes that side payments are allowed.
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known and constructs an equilibrium in which every expert truthfully announces (a part of) his
signal. If the experts’ signals are very accurate or if the number of experts is sufficiently large,
the corresponding equilibrium outcome is close to the decision maker’s first best. In contrast to
Battaglini (2004), we do not impose any restriction on the experts’ preferences and, importantly,
they can be private information. Furthermore, we provide conditions under which any social
choice rule can be approximately implemented.

Wolinsky (2002) analyzes the problem of a decision maker who tries to elicit as much in-
formation as possible from a number of experts. The experts share the same preferences which
differ from those of the decision maker. The information structure in Wolinsky (2002) is sig-
nificantly different from ours. In particular, there is no state of the world and the experts’ types
are independently distributed. Wolinsky first assumes that the decision maker can commit to a
choice rule and characterizes the optimal mechanism. He then relaxes the assumption of perfect
commitment and shows that it is beneficial for the decision maker to divide the experts in small
groups and ask them to send joint reports.

In our paper, as well as in all the articles mentioned above, the experts are affected by the
decision maker’s choice. One strand of the literature has also studied the case in which the experts
are concerned with their reputation for being well informed. Ottaviani and Sgrensen (2006a,
2006b) consider a model in which the experts receive a noisy signal about the state of the world
and the quality of their information is unknown. Each expert’s reputation is updated on the basis
on their messages and the realized state. Ottaviani and Sgrensen show that the experts generally
do not reveal their information truthfully.

Our paper is also related to the recent literature on strategic voting. Feddersen and Pesendor-
fer (1987, 1988) consider two-candidate elections with privately informed voters. They show
that under non-unanimous voting rules, large elections fully aggregate the available information
in the sense that the winner is the candidate that would be chosen if all private information were
publicly available. This implies that under majority rule, for example, a social planner can im-
plement the outcome preferred by the majority of the voters. In contrast, our asymptotic results
show that if the planner has the ability to commit to a mechanism, then he can approximately
implement almost any social choice rule.

We postpone to Section 5 a discussion of the relationship of our results to the notion of infor-
mational size introduced in McLean and Postlewaite (2002).

2. The model
2.1. Information

We will consider a model with n > 3 experts. If r is a positive integer, let J. = {1,...,r}.
Experts are in possession of private information of two kinds. First, each expert observes a signal
that is correlated with the true but unobservable state of nature 6. The state can directly affect
his payoff but the signal does not. Second, each expert knows his own “personal characteristic”
which parametrizes his payoff function but has no effect on his beliefs regarding the state. More
formally, let ® = {6y, ..., 6,,} denote the finite set of states of nature, let S; denote the finite set
of possible signals that expert i can receive and let Q; denote the expert’s (not necessarily finite)
set of personal characteristics. The set of types of expert i in this setup is therefore S; x Q;.
Let §=81 x--- x Sy, and S_; = X S;. The product sets Q and Q_; are defined in a similar
fashion. Let Ax denote the set of probability measures on a set X. Let §, € Ax denote the Dirac
measure concentrated on x € X. Each probability measure P € Ay, ¢ is the distribution of an

Please cite this article in press as: D. Gerardi et al., Aggregation of expert opinions, Games Econ. Behav. (2008),
doi:10.1016/j.geb.2008.02.010




D. Gerardi et al. / Games and Economic Behavior eee (eeee) eee—eee 5

(n+ 1)-dimensional random vector (5 , §) taking values in ® x S whose dependence on P will be
suppressed. Let Af)_ ¢ denote the subset of Agys satisfying the following support conditions:

P(0)=Prob{6 =60} >0 foreacht € ®
and
P(s) =Prob{s; =s1,...,5, =s,} >0 foreachseS.

For each P € A*(;X gand s € S, let i(s) = Pg(-|s) denote the associated conditional probability
on ®.

In addition, we will make the following conditional independence assumption>: for each k €
{1,...,m} and each (s, ...,s,) €S,

Prob{5; =s1,....5 =5 | ] =6} = 1_[ P; (si16k)
iely
where
Pi(si|0k) = Prob{3; =s; | 6 = 6, }.

Let ACC)’X ¢ denote the measures in AF, ¢ satisfying the conditional independence assumption.
The probabilistic relationship between states, signals and characteristics will be defined by
a product probability measure P ® Pe A()xSxQ where P € A()><S and P e Ag. This is a

stochastic independence assumption: if P ® P is the distribution of a (2n + 1)-dimensional
random vector (6, §, ¢) taking values in ® x S x Q, then

Prob{0 = 0,51 =s1,....5 =Sy, 1. ....4x) €C} = P(0,5)P(C)

for each (0, s1,...,s,) € ® x S and each event C C Q.
2.2. The decision maker

In addition to the n experts, our model includes a decision maker, or social planner, who is
interested in choosing an action ¢ from a finite set of social alternatives A with |A| = N. The
behavior of the decision maker is described by a function

T:Ag — Ay,

Loosely speaking, we interpret the function 7 as a “reduced form” description of the decision
maker’s behavior: if the probability measure p € Ag represents the decision maker’s “beliefs”
regarding the state of nature, then the decision maker chooses an action from the set A according
to the probability measure 7 (-|p) € A 4. For example, suppose that (a, 6) — g(a, 0) is a function
describing the payoff to the decision maker if he takes action a and the state is 8. For each vector
of beliefs p € Ag, we could naturally define 7 (-|p) € A4 so that

0 € ,0)p(0).
7(alp) > 0= a € argmax ) _ g(a,0)p(0)

0ec®

3 The conditional independence assumption simplifies the presentation but our results will hold under more general
circumstances (see Section 5 for details).

Please cite this article in press as: D. Gerardi et al., Aggregation of expert opinions, Games Econ. Behav. (2008),
doi:10.1016/j.geb.2008.02.010




6 D. Gerardi et al. / Games and Economic Behavior eee (eeee) eee—eee

Other examples are clearly possible and our reduced form description can accommodate all of
these. In particular, suppose that the social choice is made by a committee of individuals with het-
erogeneous preferences. The committee elicits the information from the experts and then makes
a final decision using a certain voting rule. In this case, the function & represents the outcome of
the voting.

As we have described above, both s; and ¢; are the private information of expert i. The deci-
sion maker cannot observe the experts’ characteristics g; or their signals s;. Given the function r,
the decision maker would like to choose an action using the best available information regarding
the state 6. Since the decision maker himself receives no information regarding the state 6, he
must ask the experts to report their signals. If s € S is the experts’ reported signal profile, then
the measure /(s) = Pg(-|s) defines the decision maker’s updated beliefs and he will then choose
an action according to the probability measure 7 (-|h(s)).

2.3. The experts

The payoff of expert i depends on the action a chosen by the decision maker, the state of
nature 6 and the idiosyncratic parameter ¢;. Formally, the payoff of expert i is defined by a
function

Ui cAx0 x Q; —>R.

To prove our results, we will need the following definition.

Definition. Let K be a positive number. A function u; : A X ® x Q; — R satisfies the K -strict
maximum condition if

(i) For every 6 € ® and for every g; € Q;, the mapping a € A — u;(a, 6, g;) has a unique
maximizer which we will denote a} (0, g;).
(ii) For every i, for every 6 € @ and for every ¢; € Q;,

ui(ai (0.4q).0.qi) —ui(a,0,q;) > K foralla#a; 0, q;).
Note that (ii) is implied by (i) for some K > 0 when Q; is finite.
2.4. Mechanisms

A mechanism is a mapping (s, q) € Sx Q +— u(:|s,q) € Aa.If (s, g) is the announced profile
of signals and characteristics, then w(a | s, ) is the probability with which the decision maker
chooses action a € A. Obviously, a mechanism induces a game of incomplete information and
the decision maker is concerned with the trade-off between the “performance” of the mechanism
and its incentive properties. The performance of mechanism y is measured* by

sup ) |7 (-1h(s)) — (- 15, @) | P(s) @1
q€Q ses
where

|7 (1)) = nC 5. | =Y |x(alh(s)) — uials. q).

acA

4 Throughout the paper, || - || will denote the £ norm and || - || will denote the £> norm.
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According to this performance criterion, a mechanism w is “good” if the quantity in expres-
sion (2.1) is “small.” For an alternative viewpoint of our performance criterion, note that

S (1h(s) = - 1s.@) | Ps) <e

ses

implies that
Prob |7 (-1h(3) = u(- 13,9 <Ve}>1-Ve.

Thus, a good mechanism has the property that, for each profile g € Q, 7 (-|h(s)) and u(- | s, q)
are close on a set of s profiles of high probability.’

Definition. A mechanism u is incentive compatible if for each i, each (s;,g;) € S; x Q; and
each (s;, g/) € Si x Qi,

E(;[ 3 > @l s—isiG-iai)

s_jeS_;0e®@acA
—p(als—i, s} g-i q)]ui(a,0,q)P@O, s—ils)|Gi = q,} >0.

The mechanisms that we analyze below actually satisfy a stronger notion of incentive compati-
bility: each expert i has an incentive to report his signal s; truthfully and, conditional on truthful
announcement of the experts’ signals, it is a dominant strategy for expert i to announce his pref-
erence parameter ¢; truthfully. We discuss this in the last section.

3. Finitely many experts with accurate signals: the jury model

We discussed in the introduction the basic idea of how to construct a mechanism to extract
experts’ information. We next provide a slightly more detailed description of the mechanism.
Agents report their private information, which consists of a signal about the state of the world and
their utility function. With probability close to 1, the information is used to update the decision
maker’s beliefs and the desired decision is taken. With small probability an agent is chosen
at random and “scrutinized” to see if his report about the state is the same as reported by the
majority. The correlation in the agents’ signals conditional on the state § makes this a “statistical
test” as to whether the agent reported truthfully, assuming other agents were reporting truthfully.
When other agents are reporting truthfully, a given agent is more likely to “pass” this test by
truthfully reporting his signal. We reward the agent if he passes the test by distorting the optimal
decision rule slightly, and giving the scrutinized agent his optimal decision, contingent on his
announced utility function and the announced signals of the other agents.

When agents’ signals are very accurate, no single agent’s report is likely to have a significant
effect on the posterior distribution on @, and consequently there is little chance that his report
will affect the outcome. Thus, when the signals are highly accurate, the distortion in the decision
rule necessary to provide incentives for truthful revelation is small.

5 We evaluate the performance of a mechanism from an ex ante point of view. It is therefore possible that in some
unlikely events the decision maker will implement an outcome which is rather different from the outcome specified by
the function 7.
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3.1. The setup

In this section, the n experts are interpreted as “jurors” and the decision maker is interpreted
as a “judge.” Let ® = {6y, 01} where 67 = 1 corresponds to “guilty” and 6y = 0 corresponds
to “innocent.” Suppose that the jurors receive a noisy signal of the state. In particular, let S; =
{00, 01} where o1 = guilty and o = innocent. Let s and s' denote the special signal profiles
sO = (09, ...,00) and s! = (o1,...,01). Let A ={0, 1} where O corresponds to “acquit” and
1 corresponds to “convict.”® The payoff function of juror i is a mapping u; : A x © x Q; — R.
We will assume that each Q; is finite and that u; satisfies the K;-strict maximum condition for
some K; > 0. We can illustrate the strict maximum condition in an example. For each i € J,, let

ui(a,0,qi) =a® —qi).
Hence, g; may be interpreted as an idiosyncratic measure of the “discomfort” experienced by
juror i whenever a defendant is convicted, irrespective of guilt or innocence. If 0 < g; < 1, then
—qi <0<1—gqi,

so that conviction of a guilty party is preferred to acquittal, and acquittal is preferred to con-
viction of an innocent party. If each Q; is a finite subset of ]0, 1[, then it is easily verified that
conditions (i) and (ii) are satisfied.

The behavior of the decision maker is described by a function w : Ag — Au. If p € Ap
represents the decision maker’s beliefs regarding the defendant’s guilt or innocence, then 7 (1|p)
is the probability of conviction and 7 (0|p) is the probability of acquittal. Note that we make no
assumptions regarding the properties of rr; in particular, 7 need not be continuous.

Foreach P € A(Calxs’ let

k(P):= kg{léfll}fgljff Pi (0% |6k)-

The number « (P) is a measure of the quality of the signals. When the state is 6, k =0, 1,
each agent observes the correct signal o with probability at least « (P).

3.2. The jury result

Proposition 1. Choose n > 3. Let K1, ..., K,, be given as above, let K = min; {( i and suppose
that &€ > 0. There exists a ik € 10, 1[ (depending on € and K) such that, for all P € Ag and for
all P € Ag’x g satisfying k (P) > i, there exists an incentive compatible mechanism . satisfying

gggZHﬂ(-lh(s)) — (15, )| P(s) <e.

The proof of Proposition 1 appears in Section 6, but we will construct the mechanism and
present the idea of the argument here. For k € {0, 1}, let

v(s):={i € Jy | si = o}

denote the set of jurors who observe signal oy when the realized signal profile is s. Let Cy and
C1 be two subsets of S defined as

Coz{seS| |vo(s)| > g}

6 The results extend to the case in which there are several states, actions and si gnals in a straightforward manner.
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and
n
cn:{se5|hu@|>§}
When a signal profile s € Cy is realized the majority of the jurors observe signal oy. Next, let
pi(s) = xcoy )y (Bolsi) + xc, (s)y (O1lsi)

where

L1 ifsi=o,
y(9k|sl)_{0 ifSi;éUk,

and xc, denotes the indicator function of Cy. Note that p;(s) = 1 if and only if s; is a (strict)
majority announcement for the profile s.
Define «; (- | 5, gi) € As where

o (a?(@k,qi) | s,qi) =1 ifseCrandk €{0,1)}

and
1 .
o;(a |s,q,~)=§ foreachae Aifs ¢ CoUC.
Let
5O ifs=5%0rs=(s°,,01) for some i,
V() =1s! ifs=s"ors=(s; 00) for some i,

s otherwise.
Finally, choose X € ]0, 1[ and define a mechanism w as follows: for each a € A = {0, 1},
Ao 1
wias.q) = (=0 (ala(y )+ Z[p,-(s)a,(a 5.4/ + (1 - p,~<s>)5].
j=1

To interpret the mechanism, suppose that the jurors announce the profile (s, g). With prob-
ability 1 — A, the decision maker will choose action a with probability w(a|h(¥ (s))). With
probability %, one of the jurors will be randomly selected for “scrutiny.” Suppose that juror i
is chosen. If p;(s) = 0, the decision maker randomizes uniformly over ¢ =0 and a = 1. If
pi(s) =1, then a strict majority of the jurors have announced the same signal (either og or o)
and juror i is a member of this strict majority. The decision maker now “rewards” juror i for
his majority announcement by choosing action a (6, g;) if s € Co or a} (61, ¢;) if s € Cy. The
mechanism is designed so that, when the jurors’ signals are accurate, the juror who is chosen
for scrutiny is rewarded when he truthfully announces his private information. It is important to
note that, in our framework, any scheme to “reward” an agent typically must utilize all agents’
information. Except in extreme cases, an agent’s optimal choice depends nontrivially on his in-
formation.

To illustrate the idea of the proof, let i be the mechanism defined above and suppose that
agent i with characteristic g; observes signal o;. To prove incentive compatibility, it suffices to
show that, when k (P) ~ 1,

Z Z Z[H(C’ |S_i,01,9-i,qi)

s_i€S_i0e@acA
—(als—i, s}, q-i,q})]ui(a,0.q)P@®|s—i,01)P(s—ilo1) >0
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foreachq_; € O_;,q; € Q;,and (s{, qi’) € S; x Q;. The argument relies very heavily on the fact
that

P(6|s')~1 and P(sl;Jo1)~1 when«(P)~1.

We first claim that by truthfully announcing s; = o1, juror i cannot benefit from lying about
his characteristic. To see this, first note that, when i truthfully announces his signal, a misreported
characteristic has no effect on the action chosen by the decision maker when another juror is cho-
sen for scrutiny. Indeed, a misreported characteristic can only affect the reward that the decision
maker will choose for juror i if, after having been chosen for scrutiny, juror i receives a reward.
If k(P) ~ 1, then P(6;|s') ~ 1 and P(s' ;lo1) ~ 1, i.e., juror i believes that, with Very high
probability, the true state is 8; and the other jurors have announced the signal profile s! .. Now
suppose that juror i is to be rewarded by the decision maker. If i announces (o1, g;), the deci-
sion maker will, with high probability, choose the action a} (1, g;) that is optimal for (01, ¢;).
If he announces (o7, g}), then the decision maker will, with high probability, choose the action
a}’ (61, g}) that is optimal for ¢;. Assumptions (i) and (ii) guarantee that such a lie cannot be prof-
itable if g; is the true characteristic of juror i. We next show that, by misreporting s, = o9, juror i
still cannot benefit from lying about his characteristic. Since (s_l ,00) € Cy and (s!.,01) € Cy,
we conclude that neither i’s misreported signal nor i s misreported type can have any effect on
the action chosen by the decision maker when s_; = s ; and juror i is not chosen for scrutiny. As

—i

in the previous case, « (P) ~ 1 implies that P (6, |s )~ l and P(sll. lo1) =~ 1 so, again, juror i is
concerned with the consequences of his announcement when the state is 6; and the other jurors
have announced the signal proﬁle s_;.If i announces (o7, ¢g;) and if i is chosen for scrutiny, then

the decision maker will choose actlon a’(01,q;) whens_; =s ! ; since i agrees with the majority
and the majority has announced o7. If i announces (oo, g;) and if i is chosen for scrutiny, then
the decision maker will randomize over 0 and 1 when s_; = s]_l. since i does not agree with the

majority. Again, conditions (i) and (ii) guarantee that i cannot benefit from lying.
Finally, we turn to the performance of the mechanism. For sufficiently small A,

S 7 (1hs) = 1s. )| Ps) ~ > |m (-1h()) = 7 (-]a (¥ () | P(s)

for each ¢ € Q. Now s and v (s) differ only when all but one juror have announced the same
signal, an event of small probability when « (P) ~ 1. Consequently,

Zun 1) =7 ([ ®)) [ Ps) <2 [P(sLi 00) + P (25 01)]

ieJ,
and, since
Z[P( L o0)+ P(s%,01)]~0 whenk(P)~1,
ey

we obtain the desired result.
4. The case of many experts

We turn next to the case in which there is an increasing number of experts. Similar to the case
with a fixed finite number of experts, the basic idea here plays off the fact that, as the number
of agents increases, any single agent will have little chance of affecting the decision. As in the
previous case, the correlation in the agents’ signals allows us to construct a statistical test of
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the announcement submitted by a randomly chosen agent, which he will more likely pass by
announcing truthfully if other agents are announcing truthfully. Again we reward an agent who
passes the test by distorting the decision in favor of that agent’s optimal decision with small
probability. There is one new difficulty here, however. As the number of agents increases, the
chance that any given agent is chosen for scrutiny (and the chance to get his more preferred
decision) goes to zero as the number of agents increases. Therefore, the reward that provides the
incentive for truthful revelation goes to zero. We show, however, that the basic idea can still be
employed by showing that an agent’s expected effect on the decision goes to zero more quickly
than does the expected reward for truthful announcement.

4.1. The setup

Throughout this section, ® = {61, ..., 6,,} will denote a fixed finite state space and A a fixed
finite action space with |[A| = N. In addition, let T’ be a fixed finite set that will serve as the set of
signals common to all experts (i.e., S; = T for all i) and let AZ , denote the set of probability

measures f on © x T satisfying the following condition: for every 6, 6 with 6 #* 6, there exists
s € T such that B(s|6) # B(s|0). Next, let T" denote the Cartesian product of n copies of T'.

Definition. Let K, L and M be positive numbers, let n be a positive integer and let 8 € AF ;.
An aggregation problem Il (n, K, M, B, L) is a collection consisting of the following objects:

(i) Foreachi € J,, a space of characteristics Q! and a probability measure pPre Agn (Q" =

Q’ll X+ X QZ)

(i) Foreachi € J,, a function

ul tAx0x Q! —-R

satisfying the K-strict maximum condition and bounded by M, i.e., |u} (a,0, g;)| < M for
each (a,0,q;) € A x ® x Q.

(iii) A probability measure P" € Aglx n satisfying the following conditional independence con-
dition: for each (0, s1,...,8,) € ® x T",

n
P"(S],...,sn,G):Plrob{S’]1 =51,8) =52,....58) =sn,§=9} =,3(9)H,3(si|0).
i=1

(iv) Let
A 1
70 151, ql) = [Igea;[u?(a,e,q;’)] - ;u?(a,e,qf)]mmsi). @)
Then
)?i(' |si/’ql‘/n) )?l( |Sia61;1)

17 1slogiMllz 17 Usivglzll,~
foralli e {1,...,n}and all (s;,q/"), (s],g/") € T x QOF.
Condition (iii) is a conditional independence assumption. Condition (iv) is a nondegeneracy

assumption that says that y; (- | s/, ¢!") is not a scalar multiple of p; (-|s;, g;') and that the normal-
ized vectors are “uniformly” bounded away from each other for all . In the simple jury example
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in which (1) ® = {6y, 61}, (2) S; = {09, 01}, (3) for all n, Q;‘ C C for some finite set C C [0, 1]
and (4) for all n, u? (a,8,qi) =a(®@ — gq;), condition (iv) is satisfied for some positive number L
if and only if for each (s;, ¢;), (s}, /) € T x QF with (s;, ;) # (s, q}).

qi B(6olsi) q;B(6ols))
(I—gDB®rilsi) = (1—g)B®1ls)

This condition is “generic” in the following sense: for each 8 € AF ., the nondegeneracy con-
dition is satisfied for all (g1, . .., gic|) € [0, 1]'°! outside a closed set of Lebesgue measure zero.

An aggregation problem corresponds to an instance of our general model in which the signal
sets of the experts are identical and the stochastic structure exhibits symmetry.” We are assuming,
as always, that the profile of experts characteristics is a realization of a random vector g” and
that (9, §") and §" are stochastically independent so that the joint distribution of the state, signals
and characteristics is given by the product probability measure P" ® pn.

Let w : Ag — A, denote the planner’s choice function. We will assume that 7 is continuous
at each of the vertices of Ag, i.e., 7 is continuous at g for each 6 € ©.

4.2. The asymptotic result

Proposition 2. Let K, M, L and ¢ be positive numbers and let B € AY), ;. There exists an ii such
that, for all n > i and for each aggregation problem Il (n, K, M, B, L), there exists an incentive
compatible mechanism u" satisfying

Yo ImClas™)) = u" (5" ") | P(s") <.

sup
q” € Qi’l s" ES"

The proof of Proposition 2 is deferred to Section 6, but we will provide an informal construc-
tion of the mechanism and present the idea of the argument for the asymptotic version of the jury
problem. The proof depends crucially on the fact that, for all sufficiently large n, we can partition
T" into m + 1 disjoint sets B, BY, ..., B, such that for each i € J,,

Prob{5" € B} | 5/ =si}~0 foralls; €T,
Prob{0 =6 |§" =s"} ~1 forallk=1,...,mandalls" € B},
Prob{§"eB,€’|§l.”=s,~}%,3(9k|s,~) forallk=1,...,mandalls; €T,
and
Prob{(5";,si) € By and (5",,s]) € B} | 5" =i} ~Prob{(5",,5;) € B} | 5 =i}

foreach k =1, ..., m and each si,slf € T. These sets are used to define the mechanism. For each
i,qi € Q? and 0, let a}' (9, ql.") € A denote the optimal action for expert i in state & when i’s
characteristic is qlf“. Formally, let

af'(6.4f)} = argmaxui (a, 6. g).

Foreachk=1,...,m and each s" € B}, define /' (- | s", g/') € A4 where

7 Other more general structures are possible. For example, we could allow for a replica model in which each replica
consists of r cohorts, each of which contains n experts as in McLean and Postlewaite (2002).
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, 1 ifa=a*(6k, q"),
o (a5 qf) = {0 ifa;eaiﬂgel,z,q? .

If s € By, define o' (- | 5™, q/') € Ax where

( |s ”):% foralla € A.

Let
ZXB” )vi(6k | s qf')
where
vi@1s!'.q")
viO sl ai) = =
lviC1si' g1z

and p; (6 | s, q!") is defined in Eq. (4.1). Note that y; (- | 5", g") is not generally a probability
measure on © but it is the case that 0 < y; (0 | s/, g;') < 1 for each 6.
Next, define

g ifs"eBl!andk=1,...,m
ny _ k k , ,m,
o(s )_{h(s”) if s € Bl

Finally, define a mechanism where for each a € A and each (s",¢") € T" x Q",

wals"q") = =nm(ae(s"))
+ Z[ ol af) + (=2 |

The mechanism has a flavor similar to that of the jury model presented above. With probability
1 — A, the decision maker will choose action a with probability 7 (a|¢(s")). With probability %,
one of the experts will be randomly selected for “scrutiny.” Suppose that expert i is chosen. If
s" e B,Z’, then the decision maker behaves as if the true state is . In this case, ,ol.” (s™, qi") =
YiOk 15!, q!). If s € B, then the decision maker will randomize uniformly over the actions
a € A with probability 1 — y;(6k | s}, /') while, with probability y; (6x | s}, g/'), he will choose
action a;’ (6, g;') which is the best possible action for expert i in state 6 if his true characteristic
is g!'. The mechanism is designed so that, in the presence of many experts, the expert who is
chosen for scrutiny is rewarded when he truthfully announces his private information. Since we
need to provide incentives for truthful announcements with many alternatives, the mechanism
requires a more complex randomizing scheme than that of the jury model where the analogue of
i Ok | s}, q!') simply takes the value O or 1, depending on whether or not a juror’s announcement
agrees with the majority. To illustrate the idea of the proof, let u be the mechanism defined above
and suppose that expert i with characteristic g/ € Q7 observes signal s/’ =s; € T. To prove
incentive compatibility, it suffices to show that for each 5] € T, for each ¢'" € Q¥ and for each
q"; € 0",

D2 [ (al st gt sioaf)

s, a€A

= a7 osie Y]] 00 g?) PO ) [P ) 20, 2

k
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The properties of the partition enumerated above imply that the expression on the LHS of in-
equality (4.2) is approximately equal to

n n n
Z > 2 Iwalstiatsiqf)
s"i(s"s)€EBY acA
(S‘” 5! )EB”

— el s2iatisicgi)][wila. O qi) 1P (s2y]si) (4.3)

so it actually suffices to prove that expression (4.3) is positive.
If (s",,s;) € B} and (s",,5]) € B} then(x (a]s™ l,sl,q]) _oc”(a |s",.s], q]) for j #i and
it follows that

Z Z Z |sr—lisqr—li7si"11{1)
s"i(s",s)EBY agA
(v_ )eBk

—nlals2iatisicai)[wila, O ai) 1P (s2y]s:)

A
> =) 10k [ siaf) = w0 | 5], q?’)][ui(a?(Gk, 9;') 0k 4i')

l’l

k
1
Sy X)X 6
a s (sn S)EB”
(v v)eB”

A
> > (v (0 | sioaf) —vi6x | Sz{vq,{q/)][”i(“f(ekvqin)’ek’qin)
k
1
-3 Zu?(a,@k,qlﬂ)]ﬂ(@km)
a

A ~
= Z[V:’(Qk | siva) — vi(0k | 5. a")]7i(6k|si. af).-
%

The nondegeneracy condition guarantees that this last expression is positive and the mechanism
is incentive compatible.
In the jury case,

~ qi
7o | si,qi) = E’ﬂ(Qolsz'),

~ 1_ i
vi(011si,qi) =

Consequently,
S i@ 1siva) — vi(Oc |57 a) 19O | sioqi)
k

= D@ si.a) — (6o | 5f-a))] % B 6ols)

1_ .
+ [vi 01 | s q) — vi (61 |Si/’qi/)]qulB(01|Si)
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and this equation has the following interpretation. In a jury model with many jurors, the mech-
anism designer will learn the true state with probability close to 1. Let r(6, s;, ¢;) denote the
probability with which the designer chooses a = 1 when the estimated state is 6 and agent i an-
nounces (s;, g;). When all other agents are truthful, agent i has little effect on the outcome if no
agent is chosen for scrutiny. Furthermore, agent i has little effect on the outcome when another
agent is chosen for scrutiny. Hence, when the number of experts is sufficiently large, expert i will
have a strict incentive to tell the truth if he has a strict incentive to tell the truth when he is cho-
sen for scrutiny. Conditional on being chosen, i’s expected payoff when he truthfully announces
(si, qi) will be

—qir (00 si.qi)BOolsi) + (1 —qi)r (01, si, qi)B(O1]si)

while his expected payoff when he deceitfully announces (s;, ¢;) will be
—qir (60, 57, q;) BOolsi) + (1 — gi)r (61, 5], 4;) BO11si).

Consequently, he will have a strict incentive to tell the truth if

—qi[r (o, si.qi) — r 6o, s}, q))]B©Golsi)
+ (1 —g)[r®1,si,9) —r61,s;,q))]BO1lsi) > 0.

In terms of the mechanism w, y;(6p | si, g;) represents the probability that juror i is “rewarded”
when the decision maker believes that the true state is 6. Consequently,

1
r (6o, si»qi) =vi(00 | si,qi)(0) + [1 — yi(6o | i, CIi)]E,

1
(01, si.qi) = i1 | si,g) (D) + [1— i (61 | siaqi)]i

with similar expressions for r(6p,s/,q/) and r(61,s;,q;). Substituting the definitions of
r(6o, si, qi), r(61,s,9), (00, s,q}) and r (01, s/, g/) above, we conclude that agent i will have a
strict incentive to tell the truth if

[0 | si,q0) — vi(6o | s, q,f)]%ﬂ(emsi)

1_ .
+ i1 Isinqi) — i (61 |s{,q{)]Tq’ﬁ<el|s,-> >0

which is precisely what we need.
5. Discussion
Informational requirements of the mechanism

In constructing a mechanism of the sort we analyze, the decision maker needs to know some,
but not all the data of the problem. Importantly, the decision maker does not need to know the
experts’ biases, that is, their preferences: these are elicited by the mechanism. The experts have
an incentive to truthfully announce that part of their private information independently of whether
or not they truthfully announce their information about the state. To employ the mechanism the
decision maker needs only to set the probability that he will scrutinize a randomly chosen agent.
He would like to choose the smallest probability that will provide each agent with the incentive
to reveal truthfully. When agents’ signals have varying precision, the decision maker needs to
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know the minimum precision of the signals to determine the optimal probability of scrutiny. If
the decision maker believes that the minimum precision is low, he will need to scrutinize with
higher probability than if he believes the minimum precision to be high. The decision maker does
not need to know which expert has that minimum precision or the distribution of the precisions
of the signals. In other words, the decision maker can always be conservative and scrutinize
with sufficiently high probability so that the experts will have incentives to truthfully reveal
their private information. Higher probabilities of scrutiny will still provide incentives to reveal
truthfully, but at a higher cost of distorting his decisions. In summary, the decision maker needs
to know nothing about the agents’ preferences, and very little about their information in order to
employ the sort of mechanism we analyze.

The mechanism is similarly informationally undemanding on the informed agents. Truthful
revelation gives an agent increased probability of getting his preferred outcome should he be
scrutinized, while misreporting his information gives the agent a chance of affecting the decision
maker’s choice in the absence of scrutiny. To weigh these, an agent needs to know, roughly,
the number of agents and the minimum precision of other agents’ signals. The chance that he
is scrutinized depends on the number of other agents, and the chance that he passes scrutiny
depends on the minimum precision of their signals. The chance that he will affect the outcome
in the absence of scrutiny similarly depends on the number of other agents and the precision of
their signals. He needs to know neither of these perfectly, and most importantly, he does not need
to know anything about other agents’ preferences.

Informational size

Our results bear a resemblance to those in McLean and Postlewaite (2002). That paper consid-
ered allocations in pure exchange economies in which agents had private information. The paper
introduced a notion of informational size and showed (roughly) that when agents were informa-
tionally small, efficient allocations could be approximated by incentive compatible mechanisms.
Those results are somewhat similar to our results in that we show that a decision rule that depends
on private information can be approximated by an incentive compatible mechanism in some cir-
cumstances. If one used the notion of informational size, the experts are informationally small in
the circumstances that a decision rule can be closely approximated.

While there is a resemblance between the results in McLean and Postlewaite (2002) and the
current paper, there are important differences. First, McLean and Postlewaite deal with pure
exchange economies, so agents can be given incentives to reveal truthfully private information
through transfers of goods. In the current paper there do not exist goods that can be used for
transfers; incentives have to be provided by distorting the choice rule.

More importantly, in the current paper experts have private information about their own pref-
erences, as did agents in the pure exchange economies in McLean and Postlewaite (2002). There
is an important difference, however. In a pure exchange economy with monotonic preferences,
the mechanism designer knows that independent of preferences, he can construct outcomes that
reward truthful revelation: simply give an agent strictly more of all goods. The preferences in
the current paper are not restricted in this way and for a mechanism to reward or punish an ex-
pert, the expert’s utility function must be elicited. Finally, McLean and Postlewaite show only
that efficient outcomes can be approximated by incentive compatible allocations. Restriction to
efficient outcomes is relatively innocuous when all relevant parties are included in the efficiency
calculation. However, we treat the case in which a non-participant—the decision maker—is not
a disinterested party. In our motivating example of the commanding officer eliciting information
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from his field officers, the choice function of interest was to attack the enemy if their strength was
not too great. This may be inefficient from the field officers’ perspective since they may prefer
not attack under any circumstances. The current paper provides guidance to a decision maker
who has a stake in the outcome, while McLean and Postlewaite (2002) does not.

Conditionally dominant strategy mechanisms

The mechanisms that we construct in Propositions 1 and 2 actually satisfy an incentive com-
patibility requirement that is stronger than the “traditional” notion of interim Bayesian incentive
compatibility as defined above. In particular, our mechanism p satisfies the following condition:
for each i, each (s;, g;) € S; x Q;, each (5], /) € S; x Q;, and each functionb_; : S_; - O _;,

Yo Do [ulals—iisiboi(s-). i)

s_;eS_;j0e®acA
— (@ ls—i, si boi(s-i), q;)Jui(@,0,q) PO, 5 | 5:) > 0. (5.1)

Since the random vectors (6, §) and § are stochastically independent, it is clear that this con-
dition is stronger than interim incentive compatibility. In our model, we formulate a revelation
game in which expert i announces his type, i.e., a pair, (s;, g;), where s; is his signal about the
state and ¢; is the expert’s personal characteristic. The equilibrium of the mechanism requires,
as usual, that no expert’s expected utility would increase by announcing an incorrect signal when
other experts are truthfully announcing their signals. The equilibrium requirement for the ex-
pert’s characteristic, however, is stronger: it requires that, conditional on truthful announcement
of signals, truthful announcement of his characteristic be optimal regardless of other experts’
announcements.

There are many problems in which agents have multidimensional private information and it is
useful to know whether their information can be decomposed into distinct parts, with some parts
being more easily extracted than other parts. It is well-understood that mechanisms for which
truthful revelation is a dominant strategy are preferable to those for which truthful revelation
is only Bayesian incentive compatible. Much of mechanism design uses the weaker notion of
incentive compatibility only because of the nonexistence of dominant strategy mechanisms that
will accomplish similar goals. Dominant strategy mechanisms have many advantages: they are
not sensitive to the distribution of players’ characteristics, players have no incentive to engage
in espionage to learn other players’ characteristics and players need to know nothing about other
players’ strategies in order to determine their own optimal play. If mechanisms exist for which
truthful announcement of some component of a player’s information is a dominant strategy, these
advantages will accrue at least to certain parts of a player’s information.

Formally, consider a revelation game I" with n players whose (finite) type sets are (7;)_,. As
usual, T =Tp x --- x T;;. We say that (Til, Tiz) is adecomposition of T; if T; = Til X Tiz, and that
{(Til, Tiz)}?:1 is a decomposition of T if (Tl.l, Tiz) is a decomposition of 7; fori =1, ...,n. Let
x : T — A be a mechanism and {(Tl.l, Tiz)}f’: | be a decomposition of 7', and consider functions
{di - T; — Tl.2 ?_,; denote by d_;(t_;) the collection {d;(t;)};x. We say x is a conditionally
dominant strategy mechanism with respect to T* := le X e X Tn2 if for each i, for each (ti1 , tiz) €
T;, for each (fil, t?) € T;, and for each {d; (")} i,

Z[“i (x (tli, d_i(t-i). 1}, 11'2); i1, 1)
r—j

—ui(x (el a8 i) el )P (e | 1 1) > 0.

it
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If7; = Ti2 for all i, then the notion of conditional dominant strategy coincides with the notion
of dominant strategy for games of incomplete information (see, for example, the discussion in
Cremer and McLean, 1985, pp. 349-350).

It is easy to verify that in our setup w is a conditionally dominant strategy mechanism with
respect to Q if and only if it satisfies inequality (5.1). This result follows from the fact that the
utility of expert i does not depend on his opponents’ personal characteristics g—; and the random
vectors (0, §) and § are stochastically independent.

Mechanisms satisfying the conditional dominant strategy property with respect to some part
of the asymmetric information are less sensitive to the informational assumptions underlying
Bayes equilibria. For this reason, the “maximal” decomposition (that is, the decomposition that
makes 72 as “large” as possible) for which there exist incentive compatible mechanisms that are
conditionally dominant strategy with respect to 72 is of interest.

Group manipulation

This paper uses Bayes equilibrium as the solution concept, as does much of the literature
on implementation in asymmetric information games. A drawback of many of the games that
employ Bayes equilibrium to implement, or virtually implement, social choice functions is that
they are susceptible to manipulation by coalitions: even a pair of agents can gain dramatically
by colluding.® The mechanism used in this paper is not immune to coalitional manipulation, but
it is far less sensitive to it. The probability that an agent can get his most desired alternative
if he is scrutinized offsets the probability that he can alter the decision maker’s choice in the
absence of scrutiny. When there is a fixed finite number of agents, the probability that an agent
can affect the decision maker’s choice in the absence of scrutiny becomes arbitrarily small as
signals become increasingly accurate, which allows the decision maker to choose the probability
of scrutiny to be small. The probability that any coalition with fewer than a majority of the
agents can affect the outcome will similarly be vanishingly small as signals become sufficiently
accurate. Consequently, even small probabilities of scrutiny will make manipulation unprofitable
for coalitions with fewer than half the agents when signals are very accurate. Similarly, when the
number of agents gets large, the minimal size coalition that will find coordinated deviations from
truthful announcement increases without bound.

Conditional independence of experts’ information

In both the finite case and the large numbers case we assumed that experts’ information was
conditionally independent. This is primarily for pedagogical reasons and the logic underlying
the mechanism does not depend crucially on the assumption. Suppose that the accuracy of the
experts’ signal is fixed. The expected number of experts who receive the same signal is higher
for the typical case of conditionally correlated signals than when the signals are conditionally
independent. It follows that in the case of correlated signals the probability that any single expert
will be pivotal in the final decision decreases relative to the case of conditional independence.
Hence the expert’s gain from misreporting his signal decreases. At the same time the probability
that the expert’s signal is in the majority increases. And this makes truthful revelation more prof-
itable. To sum up, allowing correlation across signals increases the benefits of truthful revelation

8 See, for example, Jackson (2001) and Abreu and Sen (1991).
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and decreases the benefits from misreporting, thus permitting the decision maker to decrease the
probability of scrutiny.”

Uniform convergence

To simplify the exposition we assumed that the experts know the social choice rule 7. How-
ever, our results extend to the case in which the experts are uncertain about the rule that the
decision maker is implementing. For example, suppose that the social planner has a personal
characteristic that affects his payoff, but is unknown to the experts. Clearly, the planner would
like to condition the choice of the choice rule 7 on his private information.

In Propositions 1 and 2 we provided conditions under which there exists an incentive com-
patible mechanism that converges to the social choice rule . Notice that these conditions do not
depend on 7. In other words, we have a uniform convergence over the set of social choice rules.
This implies that the planner can approximately implement a set of rules, one for each of his

types.

Costly information acquisition

Agents in our model are exogenously informed. There may be a serious problem with the
type of mechanism we analyze if agents must make investments to acquire information. For both
the finite population model and the increasing number of agents model, it is agents’ minimal
effect on the posterior beliefs that determine the decision that allows the extraction of agents’
information at low cost. However, agents have little or no incentive to invest in information if
that information will have minimal effect on the posterior beliefs.

Multiple equilibria and weak Virtual Bayesian Implementation

As we mentioned in our discussion of the related literature, our approach to the aggregation
of expert opinions is very much related to virtual Bayesian implementation. To clarify this rela-
tionship, define a social choice function f : S — A(A) where f(s) = (-|h(s)). Following the
definitions in Serrano and Vohra (2005), the rule f is virtually Bayesian implementable if for
every ¢ > 0, there exists a social choice function f¢:S x Q — A(A) such that f* is exactly
Bayesian implementable and

sup max“rr(-|h(s)) — e |S7‘I)|| <e.
ge0 seS

To be precise, Serrano and Vohra stipulate that SUpP, ¢ o MaXges MaAXgeA | f(s)(a) —
fe(s,q)(a)| < &, but this is inconsequential. To say that f* is exactly Bayesian implementable
means that there exists a mechanism consisting of message spaces M1, ..., M, and an outcome
function G : M| x --- x M, — A(A) with the following property: every Bayes—Nash equilib-
rium of the associated game of incomplete information induces an outcome distribution on A
that coincides with f°. Hence, the rule f is virtually Bayesian implementable if every Bayes—
Nash equilibrium of the game of incomplete information associated with f* induces an outcome

9 Of course, there are cases in which the correlation among the signals helps the agents make profitable coalitional
deviations. For example, suppose that there are two groups of experts and the signals are perfectly correlated within each
group. It is possible that all the agents in a certain group have an incentive to lie about their signals.
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distribution on A that is close to f for all profiles in S. A weaker notion of virtual Bayesian
implementation would only require that every Bayes—Nash equilibrium of the game of incom-
plete information associated with f¢ induce an outcome distribution on A that is close to f on a
subset of § C § with P(8) ~ 1. A third, still weaker notion would only require that there exists a
Bayes—Nash equilibrium of the game of incomplete information associated with f¢ that induces
an outcome distribution on A that is close to f on a subset of S C S with P(S‘) ~ 1.

Recall that

|7 (1hs) = 115, Ps) <e

seS

implies that

Prob{ |7 (1h(®) - uC 15,0 < V&) > 1 - VE.

Hence, our notion of implementation corresponds precisely to this third, weakest notion of vir-
tual Bayesian implementation where f(s) corresponds to m(-|h(s)) and u(- | s, q) corresponds
to fé(-|s,q). This form of weak virtual Bayesian implementation has certain strengths and
weaknesses relative to the stronger extant definition of virtual Bayesian implementation. Our
weak implementation concept does not require that the social choice rule satisfy Bayesian mono-
tonicity, measurability, virtual monotonicity or related assumptions. Instead, agents need only be
informationally small as defined in McLean and Postlewaite (2002), a feature of the probabil-
ity structure that is not related to the properties of . On the other hand, there may be several
equilibria associated with the mechanism w, not all of which are good approximations of & in
our sense. Indeed, these other equilibria may be preferred by the experts to the truthful revela-
tion equilibrium. Consider the example in the introduction with a commander trying to extract
information from his field officers. All field officers reporting that the enemy is strong might be
an equilibrium preferred by all field officers to the truthful equilibrium. It is often the case that
mechanisms of the type we analyze can be augmented so nontruthful announcements will no
longer be equilibria while the truthful equilibria remain.'® Whether or not this is possible in our
framework is interesting but beyond the scope of the present paper.

Commitment

In our mechanism, the decision maker elicits truthful announcement and then uses the an-
nounced types to choose an element of A. Our mechanism is quite standard in that, for each
(s, q) profile, we construct a random variable (e.g., a “spinner”) taking values in A and whose
distribution is precisely w(- | s, g). However, a potential problem of commitment may arise: will
the decision maker, after eliciting the type profile (s, ¢), actually choose the outcome using the
measure i (- | s, q), rather than his “ideal” measure 7 (-|h(s)) = 7 (-| Po (:|s))? This commitment
question will also arise in the virtual Bayesian implementation context described above: will
the decision maker, after eliciting the type profile s, actually choose the outcome using the ap-
proximating measure f°¢, rather than his “ideal” measure f? Perhaps it is helpful to decompose
the commitment question into two stages. The decision maker must build the “right” spinner,
and then abide by the spinner’s realization. The first stage could be eliminated by allowing the
agents perform a jointly controlled lottery (Aumann et al., 1968) that mimics . In this way, the

10 See, for example, Postlewaite and Schmeidler (1986).
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decision maker does not make random choices. However, the decision maker must still commit
to choosing the outcome of the jointly controlled lottery.

We assume the decision maker can commit to outcomes he does not like ex post (e.g., an out-
come that is optimal for one of the experts.) This ability to commit is crucial, since as pointed out
in the introduction, experts may have a dominant strategy to report a given signal in the absence
of commitment. However, for some problems (such as the jury problem) it may be natural that an
outcome rule is chosen prior to the experts receiving information, which essentially implements
the necessary commitment. The sort of mechanism we analyze might also be used by a single
decision maker for a sequence of decision problems with groups of informed agents who play
only one time (for example the jury problem). In such cases reputational concerns might provide
the decision maker with the incentive to follow the mechanism’s prescribed outcome but this
more complex strategic formulation requires an analysis that is beyond the scope of this paper.

6. Proofs
6.1. Proof of Proposition 1

Choose ¢ > 0 and let u be the mechanism defined after the statement of Proposition 1 with
O<Ar<&.
1

Part 1. There exists i € ]0, 1[ such that, for all P satisfying « (P) > i,
ZHn(-m(s)) —uCls,@)|P(s) <e forallg e Q.
S

Proof. Let

n

1
H(a|s.q)= Z[p,-(s)aj(a |s.q)+ (1 - p,,(s>)5}

j=1
so that
A
nCls.q)=0—=0r(-|h(¥))+ ;H(- |s,q).
Therefore,

D o Im (1h()) = 1 s, q) | P(s)

<Y (1) =7 (NP6 +2 X () = - HC 1. )
Next, obser\;e that S
>
and that S

Y (1hs)) =7 (a (v ()| Ps)
=D I (-In(sLi 00) =7 (|1 (s")) | P (sL; 00)

ieJ,

1
7 ([h(y ) = ~H( IS,q)HP(s) <2< %
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+ [ (n(s25 1)) = (R (s*) | P (2. o)

iel,

<2 Z[P(sii,a()) + P(SO,i,Ul)]‘

ied,

Since Ziejn[P(sl_i, o09) + P(sgl., o1)] = 0 as k(P) — 1, it follows that there exists k € [0, 1]
such that || (-|h(s)) — w(:|h (¥ (5)))||P(s) < 5 whenever k(P) > i. Therefore, k(P) > ic
implies that

Yo7 CIr©) = nt s, Ps) <e. D

Part 2. In this part, we establish incentive compatibility. Suppose that juror i observes signal o7.
A mirror image argument can be applied when juror i observes signal og.

Step 1. There exists a /cl.’ such that, for all P satisfying «x(P) > Kl-/ and for all g_; € Q_; and
all g;, q; € Qi,
3 > utalsiong-i.q)
s_;i€S_j0e@acA
—(als—i, o1, q-i,q;)ui(@,0,q)P©O | s—i,01) P(s—ilo1) > 0.

Proof. Foreacha € A,

> D [uilaf61,40).60. i) —ui@,0,4:)] PO | s—i,01) P(s_ilo1)
S_j€S_; 6e®
((s—j,01)€eCy

~ [ui(af 01, 4i).01,qi) —ui(a,61,4)]

when « (P) 2 1. Hence, there exists a «; such that, for all P satisfying « (P) > «/,

| X

> D [uilaf61,40),60.4i) —uia,0,g)] PO | s—i,01) P(s_ilo1) >
S_j€S_; 0e®
((s—j,01)€Cy

whenever a # al.* (61, gi). Next, note that
pals—i,o1,q-i.qi) —pna|s—i,o1,9-i.q;)
A
= ~pi(s—i,oD[ei(@ls—i,01,4) —ai(als—io1,4)].

If (s—;i,01) ¢ CoUCy, then

s A 11
—pi(s—i,oD|ei(als—i,o1,9) —ai(als—i,o1.q) ] ==pi(s—i,o1)| 5 — = [ =0
n n 2 2

If (s_;, 01) € Cop, then
pi(s—i,01) =0.
If (s_;,01) € Cy, then

pi(s—i,o1)=1.
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Therefore,
>0 Y Y [utalsi o1,q-i.qi) — ulals—i,01,q-i,q))]
s_;€S_j0e®acA
xXui(a,0,q;) PO |s—i,01)P(s—ilo1)

:% Z ZZ[%‘(“ |s—i,01,qi) —i(a|s—i,01,4))]

s_jeS_; 6eBacA
((s—j,01)eCy

xui(a,0,q)PO|s—;i,o1)P(s—ilo1)
A
=— Z Z[ui(a?‘@l»qz‘)ﬁ’%) —ui(a;(61.47).6.4i)]
n s_,eS_; 6eB
:(s,l-,crl)eCl

X PO |s—i,01)P(s—ilo1) = 0.

Step 2. There exists a «’ such that, for all P satisfying x (P) > «/" and for all g_; € Q_; and
all gi, q; € Qi
3 Y Y [utals—i o qiai)
s_i€S_i0e@acA
— ula | s=i,00,q—i.q))|ui(a.0,q;) PO |s—i,o1)P(s—ilo) > 0. O

Proof. If x(P) ~ 1, then P(6;|s!) ~ 1 and P(slilal) ~ 1. Since k (P) ~ 1 implies that
Y > [utals—ionqi.qi)
s_j€ES_;j €@ acA
—w(als—i,00,q-i,q)|ui(a,0,q;)P@® |s—i,o1)P(s—ilo1)
~ Y (ulal|st or.q-i.qi) —nl(a|s';. 00.q-i.q])ui(a.01.9)
acA
for all ¢;, qlf € Q; and all g_; € Q_;, it suffices to prove that
> lula|styonq-iq) — ulal| st 00.q-i.q})|ui(a.61.q;) > 0
acA
for all ¢;, qlf € Q;andall g_; € Q_;. Since (sil., 0p) € Cy and (sil., o1) € Cq, it follows that, for
all j #1i,
pi(slivo0)=1=p;(s1; 01)
and that

aj(-| st o1,97) =a;(- | s, 00, 4;).

Therefore,
A 1
. |:Pj(sl—if “1)0‘1'(“ | Sl—i’ o1, 6Ij) + (1 - 'Oj(sl—i’ 01))5]
A 1
=2l onasta] st ) + (1= sl on)) 3
A

= ;[aj(a ’ sii,ol,qj) —ozj(a ! sl_,-,ao,qj)] =0
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whenever j # i. Next, note that
,oi(sli, ao) =0 and pi(sli,al) =1.
Combining these observations, we obtain

M(Cl | Sl—ivo—hq*i’ q1) - l‘l’(a | Sl—[’007 q—i, ql/)

A 1
|:p,~ (st o0)ai(a | sy, o1, q) + (1= pi (st 01))—}

T 2
_ & Al . 1 / (] l
| P (515, 00)ati(a | sL;, 00, 47) + (1 = pi (Li»‘TO))z
A 1
:;[ai(a|sl_i,a1,qi)—§i|
so that
Z[u(a |stio1.q-i.qi) —u(a| sk, 00.q-i.q])|ui(a. 61, 4)
acA

A 1 A K
=;|:Mi(a?<(91,fb),91,qz')—Ezui(aﬁl,%)}2——- O

n?2
acA

6.2. Proof of Proposition 2

The proof of Proposition 2 relies on the following technical result whose proof is a summary
of results found in McLean and Postlewaite (2002, 2006). To ease the burden on the reader, we
provide a self contained proof of the lemma in the appendix.

Lemma 1. For every ¢ > 0, there exists an n > 0 such that, for all n > n, there exists a partition
Bg, BY, ..., By, of T" such that

(i) Foreachi € J, ands; €T,

Z P(sf,-|s,~) <n 2

(ii) Foreachi € J, ands;,s; €T,

i Z P(s’ii’s,-) <n 2.

k=1 s".:(s";,5i)€B}

(Sfi,S,{HéB/':
(iii) Foreachk =1,...,m, and for each s" € B},
80, = h(s")| < ¢

Choose ¢ > 0. Let n and A be positive numbers satisfying

&
A< —,

4
L2
K||ﬂ(-|s,~)||27 —4mnM > 0,
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and!! foreachk=1,...,m,
[2(s") = 8o, | <n = |7 (1 (s")) = wC18a0) | <

Let n be an integer such that, for all n > 7, the following three conditions are satisfied:

I 7
RE— < —
n2 2
N—1 K|8CIs)| L? .y AM 0
—_ s, — —4m -
N V125 )T
and there exists a collection B6’, B{’, ..., Bl' of disjoint subsets of " satisfying the conditions

of the lemma with ¢ = 7.

We now define the mechanism. For each i, ¢/ € Q and 6, let a}' (0, q]') € A, &' (- | s", q}') €
ApviOk Is,a!), %O |57 ), p'(s", gI"), and ¢ (s") be defined as they are in Section 4.2. As
in Section 4.2, define a mechanism p" as follows: for each a € A and each (s",¢") € T" x Q",

wals".q") = (1 =nm(ale(s"))
el - )]
First, we record a few facts that will be used throughout the proof.
Fact 1. For all s” ., ¢",,s", ¢, s"" and g/,

Dol (al st qtsstal)
a
- ( |s—l’q—l’ Si ’ql )][Zu?(a’e’%) (9|s—z7 l)i|>_2M'

fe®

This follows from the observation that
S|l |t = e |57t ]| S a0, a)p(o] ) |
a fe®
Z’M |S—l’q—l’ tn’ t)

(a‘s—l’q—l’ l ’ql

! a.0.4)|P(o | 7. 50) <20,

0e®
Fact 2. For all s!" and 5"/,
m
S |B@xlsy) — Prob{ (2, 57) € B (52,51 € BY |57 =57 <
k=1

1T Recall that the mapping 7 : Ag — A4 is continuous at 8g for each 6 € ©.
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To see this, simply duplicate the calculations in the proof of Claim 1, p. 2444, in McLean and
Postlewaite (2002), then use parts (i) and (ii) of Lemma 1 to deduce that

1
7

n

m
> |Bxlsy) — Probs” e B |57 =57} <
k=1

Consequently, part (ii) of Lemma 1 and the assumption that n =2 < /2 imply that

i‘ﬁ(ekw)—l’rob{(s sy e Bl (", s0) e Bl |57 =s7)

—|—ZProb 5, st eBk ( ,/)¢B/?|§zn=?zn}

2
n

l‘l/

Fact 3. For all 57, ¢!", s’ and g/

500 Lsta) — o st o ) > (2 )kl 5

k
First, note that

01570 =4 0.a0).0.1) = 7 T o.0.60) |01
(NN 1>Kﬂ(0|s )

for each 6 € ©. Therefore,
N N -1
1757 > (S5 )& 1BC) -
To complete the argument, observe that

D (v | s7oal) —vi(Ox | 57" a) ]9 0 | 57 qf)

k

vV

=[7(|st "], Z% 6k | st qf) — i | st a) v (6 | s al)

=w[um\sr,qm—n(ek\sfcqmuzf

()l

Part 1. First we will prove that the mechanism is incentive compatible. For each a, s, s; and
n
q; let

vi(a,sfi,si,qi")= Zu:’(a,e,ql) (9|S—l’ )

fe®

WV
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We will show that for each s;, 5] € T and for each ¢, ¢/'" € O,

ZZ[MH(“ |52 q"sioqf’) — wls—in a5 af)][vi(a. sy sioqff) [P (s ]si) > 0.

s" acA
Claim 1.
Z Z[“n(a}sﬁi"lﬁivsi’q?)
s" a

(s2;.51)€Bg

2M
—wlalstigtisicai ) [vi(asstiosiogf )P (s2i]si) 2 =~

Proof of Claim 1. Applying Fact 1 and (i) of the main Lemma, we conclude that
Z Z[Mn(a |s%i.q". 5. q]')
s" a
(s";,5i)€By

—wla st g sioaf ) [vi(a. s i qf) [P (s2|s1)

>—2M[ > P(sﬁ,.|s,-)}>_2—2M.

Claim 2.

n n n n
> > Dwalstqtisiaf)
ko sii(s";,s)€B) acA
(s";.s))EB

— (s go i ait) vias s s, )P (s i)
> A=) g ], 2 - am
Z \TN BClsi) 25 T mi .

n
Proof of Claim 2. Suppose that (s, s;) € By and (s, s;) € By, then
,u"(a | Sf,-,Siv‘]Zi’Clin)
2 0o " N
= (=M (alde,) + — Z[Vj(ek |7 a7)ef (| 6 a7) + (1= v; (6| Sj’qj))ﬁ}
i
N 1
+Z[Vi(9kISi,qZ’)a?(a | e 4f') + (1 = (6 |si’q7))ﬁ}
and
,u,"(a ‘ Sil‘a S,{7 qﬁi’ qln/)
N 1
=(1—1)7n(aldy,) + n Z[V/(ek | sj.qj)et(a | B.47) + (1= (B | Syq}l))ﬁ}
J#i

A 1
2100 st Yot o) + (=505
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so that
w'al st sig qf) — " (a| st sl q" . q])

) 17 1
= ~vi(k | Si’%")[“?(“ | 0. ai') = ﬁ} = —7i(6k \S,{’q,”/)[a?(a | 6. ') — N]
) I
=[Ok [ si.q") = vi (6 | Sﬁ%’”)][a?(a | 6. qf') — ﬁ}

A
+ =i | st qi') et (@ | 0. qf') = af a | . q7)].

Letting
Qk ‘L Zu a, b, q s

it follows that

D [w"(a sty siatinaf) = ' (a |2 sfai af)ui (a0 a7)

a

A
= ~[vi(Oc [si.a7') = vi O | si- ai )i (@} O a7 O af) = i (6. a)]
A
+ =i (O | 1. 4"") [wi (] (O a7)- 00 af) — wi(af (O 47'"). Ok 47')]

A
> —[vi(Oc [ sioai) = viO | st )i (af (O 47'). O a1') = i (B a) -

Therefore,

2. 2 2 lwarstialisial)

k s” (S s,)eB a
(S‘" ?)EB”

— (s a2 sisai )| [wi(a. 6 )P (52 ]s1)

A
>3 Y Gk lsig) —vi(0 s, ) ][wi(af Grs 40), 6k i)
k si:(s";,si)eB} "
(s s)eBk

— it; Ok, g) ] P (s, |s)
A
= Z[V:’(Qk |'si.qi) = vi O | 57, a)][ui (@] O, i), Ok q:)
k
—wiea)] Y P(ils)
sPi(s™ ;51 )EBY

oI o/ n
(s";,5;)€B)

)\’ / /! n -
=2 [viOkIsi a0 = viOc | s, aD][wi (@ O 41), Ouc 4i) = i O 90) |8 Ouclsi)
k

A
- 2 1O i ai) = vi(Oc U], 1) s (4] O 90D, 66, i) — i O, 0]
k
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O etk - pn]
Sl{l:(sfl.,sl-)gB;{l
(s";.5))eB
’ 5 N -1
> ;[Z[V:‘(Gk I'sivqi) — vi(Oc s}, q]) |7 Ok | si, qi) _4mM<T)'7]

k

>&|:<N__1)K”‘3(.|S‘)” L—2—4mM<N—_1>ni|
"\ N ) N

where the last two inequalities follow from Facts 2and 3. O

Claim 3.

S Y Yelsgtona)
k st:(s";,s;)eB} @
(s";.s))¢B}
2M
a5 P62 ) >~ 2.

Proof of Claim 3. This follows from Fact 1 and part (ii) of the main Lemma since

X 2 2walstiatsial)
kst s)eBy
(s";.5)¢B;

—ula|s; g siqf)vila, s si,q)') P (s |s:)

>amY Y P(s) >

5
n
kos"oi(s",s)EBY
(s";.s))¢By,

Final step of the proof. Combining these claims, we conclude that

SN (@] st gt sival) — n(s—ivq-i. s q")|[via. " si.qf) ] P (s |s:)

s, acA

= Y Ylalsal)
s a

(5", 5)EBL
—ula s g% i qi")[vila s, si, a7 P (s ]s:)
+Z Z Z[Mn(a|sﬁi’Qﬁivsiaqin)

ko s:(s";,s1)€B) agA
n ’ n
(s%;.s))€BY

— (s g s af ) [vi(a. s s, q7') [P (s ]si)
+2 2 2lwalstiatisiaf)

ko s".:(s";,5i)€B] agA
(Sii,S;)ﬁB,}:
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— (st g s a ) [vi(a, s sivqf') [P (s ]si)
—2M A[/N-1 L? N-—1 2M
> | (S K lBeis g —amm (5= Jan| - 3

n n n

_A[(N-1 K”(.”L24M Ml
—; T ,3'|Sl) 27-7”1 n —E > V. O

Part 2. We now show that, for all n > n,

Sup > = ( — i lsma")[P(s") <e

"snern

Fixing ¢" € Q", it follows that

7 (alh(s") = u"(a]s".q")
= (alh(s")) =7 (ale(s"))

+/\< (ale(s™)) - % X”:[p;?(sn,qi?)a?(a | Sn’q;,) L —p;'(s”,q;’))%})_
Since
X () =2l P7) =0
and

veB = ) -sl<n > frC6) - re ] <

foreachk=1,..., m, we conclude that
Y 7 Clas™) == (lo(s") [ P(s")
shteTn
= > I (ln(s") =7 (e(s) | P(s” +Z Yo I (ln(s™) = 7w C13a) [ P (s")
s"eBy k=1 sn €B}
¢
\2-

Therefore, we obtain

O [ (frsm) = (| 5" g | < 5 +20 <

shteTn
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Appendix A

Proof of Lemma 1. For each s € T", let f(s") denote the “empirical frequency distribution”
that s” induces on 7. More formally, f(s") is a probability measure on T defined for each § € T
as follows:

F(s") @ =

(We suppress the dependence of f on n for notational convenience.)
Choose ¢ > 0. Foreachy >0and 1 <k <m, let

B ={s" [ | f(s") = BCI6O] <7}
where S(-|0)) denotes the conditional distribution on 7' given 6. (We suppress the dependence of
BZ on n for notational convenience.) Applying the argument in the appendix to Gul and Postle-
waite (1992) (see the analysis of their Eq. (9)), it follows that there exists « > 0 and an integer
ny such that BY, ..., By are disjoint (because the conditional distributions S(:|61), ..., B(:|6m)
are distinct) and for all n > nq,

s"e€BY = ||Po(|s") =8| <¢ forallk>1.

[EARES!

n

Furthermore, there exists an n such that, for all n > n, and for each i, each s € T" and each
/
s'eT,

o
n 4 n / 2
s" € By = (s_i,s)eBk
and
5 /
n n o
s" € By = (sfi,s)eBk.

Finally, there exists an n3, such that for all n > n3,

2T —no? 1
Iy = exp| — | < —=.
" PIRITE | = n2
Let i = max{n1, n2, n3} and suppose that n > 7. Define B =T"\[Bf U---UBy]. O

Claim 1. For each i and for each § € T,

Prob{s" € BY | 5! =5} < z.
Proof of Claim 1. First, note that

m
Prob{3" € Bf |5} =3} =1—) Prob{s" € BY | 5} =3}
k=1
since the sets By, BY, ..., By, partition T". Fixing k, it follows that

m
Prob{3" € BY | 5} =3} = Prob{s" € BY | §' =5.0 = 0,}B(60,13).
=1
We will now borrow an argument from McLean and Postlewaite (2006) to bound the RHS of
this equality using a classic large deviations result due to Hoeffding. For each k, the conditional
independence assumption implies that
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Prob{s" € B |5 =3§.6 =0} = Prob{(5",.5) € B} | 6 =0;)

>Prob{§" € B |0 =6} >1—2z,

where the last inequality is an application of Theorems 1 and 2 in Hoeffding (1963). Combining
these observations, we deduce that

m
Prob{3" € By |5} =3} =) Prob{5" € B |5/ =5.0=0,}B(0:1%)

(=1
> Prob{§" € B |57 =5,6 = 0} B(6x15)
> Prob{i" € B |5 = 5.0 = 6,) B6il$)

2 (1= zy) B(Ok5).

Therefore,

m
Prob{5" € Bf | 7 =3} =1—) Prob{3" € Bf | 5 =3}

(I =z)BOS) =z, O

|
M= T

k=1
Claim 2. For each i and for each §,s' € T,

ZProb 5" € B, (N” s’)géB,‘Hs’f:f}gzn.

Proof of Claim 2. Note that

m

> Prob{i" € By, (",.5") ¢ BY | ' =35}
k=1

Prob{i" € B, (5", 5) ¢ BY | 57 =3)

I
NE

o~
Il
_

—i—ZProb 5" eBk\B2 (f,,s’)géB,f‘ ‘5"—5}

k=1
m
ZProb{s eBk\B2 (Nf,,s’)¢B,‘3| =§}
k=1
m o
ZProb{ B,? |§l" =§}
k=1

Please cite this article in press as: D. Gerardi et al., Aggregation of expert opinions, Games Econ. Behav. (2008)

doi:10.1016/j.geb.2008.02.010



D. Gerardi et al. / Games and Economic Behavior eee (eeee) eee—eee 33

m

<D wBOS)
k=1

=Zn- O

References

Abreu, D., Matsushima, H., 1992. Virtual implementation in iteratively undominated strategies: Incomplete information.
Mimeo, Princeton University and the University of Tsukuba.

Abreu, D., Sen, A., 1991. Virtual implementation in Nash equilibrium. Econometrica 59, 997-1021.

Aumann, R.J., Maschler, M., Stearns, R.E., 1968. Repeated games of incomplete information: An approach to the non-
zero sum case. In: Aumann, R.J., Maschler, M. (Eds.), Repeated Games with Incomplete Information. The MIT
Press, Cambridge, MA.

Austen-Smith, D., 1993. Interested experts and policy advice: Multiple referrals under open rule. Games Econ. Behav. 5,
3-43.

Battaglini, M., 2002. Multiple referrals and multidimensional cheap talk. Econometrica 70, 1379-1401.

Battaglini, M., 2004. Policy advice with imperfectly informed experts. Advanc. Theoret. Econ. 4. Article 1.

Crawford, P.V., Sobel, J., 1982. Strategic information transmission. Econometrica 50, 1431-1451.

Cremer, J., McLean, R.P., 1985. Optimal selling strategies under uncertainty for a discriminatory monopolist when
demands are interdependent. Econometrica 53, 345-361.

Duggan, J., 1997. Virtual Bayesian implementation. Econometrica 65, 1175-1199.

Feddersen, T., Pesendorfer, W., 1987. Voting behavior and information aggregation in elections with private information.
Econometrica 65, 1029-1058.

Feddersen, T., Pesendorfer, W., 1988. Convicting the innocent: The inferiority of unanimous jury verdicts under strategic
voting. Amer. Polit. Sci. Rev. 92, 23-35.

Gilligan, T.W., Krehbiel, K., 1989. Asymmetric information and legislative rules with a heterogeneous committee. Amer.
J. Polit. Sci. 33, 459—490.

Gul, F, Postlewaite, A., 1992. Asymptotic efficiency in large economies with asymmetric information. Econometrica 60,
1273-1292.

Hoeffding, W., 1963. Probability inequalities for sums of bounded random variables. J. Amer. Statist. Assoc. 58, 13-30.

Jackson, M., 2001. A crash course in implementation theory. Soc. Choice Welfare 18, 655-708.

Krishna, V., Morgan, J., 2001. Asymmetric information and legislative rules: Some amendments. Amer. Polit. Sci.
Rev. 95, 435-452.

Matsushima, H., 1993. Bayesian monotonicity with side payments. J. Econ. Theory 59, 107-121.

McLean, R., Postlewaite, A., 2002. Informational size and incentive compatibility. Econometrica 70, 2421-2454.

McLean, R., Postlewaite, A., 2006. Implementation with interdependent valuations. Mimeo, University of Pennsylvania.

Ottaviani, M., Sgrensen, P.N., 2006a. Reputational cheap talk. RAND J. Econ. 37, 155-175.

Ottaviani, M., Sgrensen, P.N., 2006b. Professional advice. J. Econ. Theory 126, 120-142.

Postlewaite, A., Schmeidler, D., 1986. Implementation in differential information economies. J. Econ. Theory 39, 14-33.

Serrano, R., Vohra, R., 2005. A characterization of virtual Bayesian implementation. Games Econ. Behav. 50, 312-331.

Wolinsky, A., 2002. Eliciting information from multiple experts. Games Econ. Behav. 41, 141-160.

Please cite this article in press as: D. Gerardi et al., Aggregation of expert opinions, Games Econ. Behav. (2008),
doi:10.1016/j.geb.2008.02.010




