JrA GG L+ y =A
' ' s Penn Institute for Economic Research

=TI[o(xB] [1-9xB] L =

Department of Economics
F gt 1] University of Pennsylvania
C '{(1 W I.I.) }r, r r +B 3718 Locust Walk
Philadelphia, PA 19104-6297

U [t] F I‘B'( 1 +r{ t+1 )} U (t) pier@econ.upenn.edu

“ ry v L -A( http://economics.sas.upenn.edu/pier

L= ﬂ[tb{KB] [ ¢’KB]|——

\ 2R YOIA ¢

U (t)=E [B(1+r(t+1)) U (¢)

PIER Working Paper 15-023

“A Dynamic Non-direct Implementation Mechanism for

Interdependent Value Problems, Second Version

by
Richard P. Mcl.ean and Andrew Postlewaite

http://ssrn.com/abstract=2624627



http://ssrn.com/abstract_id=
mailto:pier@econ.upenn.edu
http://economics.sas.upenn.edu/pier

A Dynamic Non-direct Implementation Mechanism for
Interdependent Value Problems*

Richard P. McLean Andrew Postlewaite
Rutgers University University of Pennsylvania
June, 2015
Abstract

Much of the literature on mechanism design and implementation uses the revelation
principle to restrict attention to direct mechanisms. This is without loss of generality in a
well defined sense. It is, however, restrictive if one is concerned with the set of equilibria, if
one is concerned about the size of messages that will be sent, or if one is concerned about
privacy. We showed in McLean and Postlewaite (2014) that when agents are informationally
small, there exist small modifications to VCG mechanisms in interdependent value problems
that restore incentive compatibility. We show here how one can construct a two-stage
mechanism that similarly restores incentive compatibility while improving upon the direct
one stage mechanism in terms of privacy and the size of messages that must be sent.
The first stage essentially elicits that part of the agents’ private information that induces
interdependence and reveals it to all agents, transforming the interdependent value problem
into a private value problem. The second stage is a VCG mechanism for the now private
value problem. Agents typically need to transmit substantially less information in the two
stage mechanism than would be necessary for a single stage mechanism. Lastly, the first
stage that elicits the part of the agents’ private information that induces interdependence
can be used to transform certain other interdependent value problems into private value
problems.
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1. Introduction

Much of mechanism design and implementation theory employs direct mechanisms. In these
mechanisms, the participants’ actions are taken to be their types, which embody all relevant
information that is not common knowledge. In many applications, the analysis can be restricted
to direct mechanisms without loss of generality since, for many mechanisms, the revelation
principle holds: to any Bayes equilibrium of a game defined for a mechanism with given outcome
function and message sets, there exists a payoff equivalent direct revelation mechanism in which
truthful reporting is an equilibrium.

While it is correct that restricting attention to direct mechanisms is without loss of gen-
erality in this sense, there are important problems in which this is not the case. In a typical
application of the revelation principle, one solves a principal-agent problem by maximizing the
principal’s utility function subject to incentive constraints requiring that the agent(s) announce
truthfully. This will indeed yield an equilibrium of the revelation game, but there may be addi-
tional equilibria. Postlewaite and Schmeidler (1986) provides an example in which, in addition
to the truthful-announcement equilibrium, there is a non-truthful equilibrium in which all agents
with private information are strictly better off. Ezact implementation aims at identifying sets
of outcomes that can be implemented in asymmetric information problems in the sense that
an outcome is an equilibrium outcome if and only if it is in the set. Much of that literature
considers mechanisms in which agents announce more than their private type and demonstrates
the benefits of going beyond direct mechanisms.!

There is a second reason to consider non-direct mechanisms. In a direct mechanism, agent ¢
typically announces t; € T;, where T; is the set of possible types for i. In the implementation
literature initiated by Hurwicz (1972) T; was often taken to be the set of neoclassical preferences,
or essentially the set of concave utility functions on Rf_. If no additional restrictions are placed
on T;, communicating i’s type entails sending an infinite dimensional message. It may well
be the case that performance functions that can be exactly implemented in revelation games
can also be implemented in non-revelation games in which agents need send dramatically less
information than their full type.?

A third, and perhaps most significant, reason to consider non-direct mechanisms is a concern
for privacy. Participants in a mechanism might be concerned about revealing all of their private
information for two reasons. First, third parties may be able to intercept that information and
use it to the detriment of the participating agent.?> Second, even in the absence of a data breach,
agents may be uneasy about how the information they transmit might be used in the future.?
Given this concern, mechanisms that decrease the amount of information revealed relative to
that revealed in a direct mechanism are a priori preferred. Our aim in this paper is to show
how mechanisms that perform well in interdependent value problems can be improved upon
with respect to privacy and the size of messages agents send by moving from a one stage direct

1See, e.g., Postlewaite and Schmeidler (1986), Palfrey and Srivastava (1989) and Jackson (1991).

2For example, Postlewaite and Wettstein (1989) show that the Walrasian correspondence can essentially be
implemented by a mechanism in which agents announce prices and demands in contrast to the direct mechanism
that would require infinite dimensional announcements.

The seminal paper on message size requirements of mechanisms is Mount and Reiter (1974); see Ledyard and
Palfrey (1994, 2002) for more recent investigations of the message size requirements of mechanisms.

3See, e.g., https://corporate.target.com/about/shopping-experience/payment-card-issue-faq .

4See Heffetz and Ligett (2014) for examples and a nice discussion of this issue.



mechanism to a two stage non=direct mechanism.

The Vickrey-Clarke-Groves mechanism (hereafter VCG) for private values environments is a
classic example of a mechanism for which truthful revelation is ex post incentive compatible. It
is well-known, however, that truthful revelation is generally no longer incentive compatible when
we move from a private values environment to an interdependent values environment. In McLean
and Postlewaite (2014) (henceforth MP (2014)) we showed that, when agents are informationally
small in the sense of McLean and Postlewaite (2002), there exists a modification of a generalized
VCG mechanism using small additional transfers that restores incentive compatibility. This
paper presents an alternative, two-stage non-direct mechanism that accomplishes the same goal
— restoring incentive compatibility for interdependent value problems. The advantage of the two
stage mechanism relative to a single stage mechanism is that, for typical problems, agents need
to transmit substantially less information.

We will explain intuitively the nature of the savings in transmitted information. Consider a
problem in which there is uncertainty about the state of nature. An agent’s private information
consists of a state dependent payoff function and a signal correlated with the state. A single
stage mechanism that delivers an efficient outcome for any realization of agents’ types must
do two things. First, it must elicit the information agents have about the state of nature to
determine the posterior probability distribution given that information. Second, it must elicit
agents’ privately known state dependent payoffs. A two stage mechanism can separate the two
tasks. First, elicit the information about the state of nature, but relay to agents the posterior
distribution on the state of nature before collecting any additional information.

When agents are induced to reveal their information about the state of nature truthfully,
relaying the posterior distribution on the state of nature converts the interdependent value
problem into a private value problem. Knowing the probability distribution on the set of states
of nature, agents need only report their expected utility for each possible social outcome rather
than their utility for every social outcome in each of the states. Essentially, by moving from
a one stage mechanism to a two stage mechanism, we can shift the job of computing expected
utilities given the posterior from the mechanism to the agents, reducing the information that
must be reported to the mechanism. An important side benefit of separating out the first stage
elicitation of information is that the method can be used to transform other interdependent
value problems into private value problems.

We provide an example of how our mechanism works in the next section, and present the
general mechanism after that.

2. Example

The following single object auction example, a modification of the example in McLean and
Postlewaite (2004), illustrates our basic idea. An object is to be sold to one of three agents.
There are two equally likely states of the world, 6, and 05, and an agent’s value for the object
depends on the state of the world. Agent i’s state dependent utility function can written as
vi = (vi,v?) = (v;(61),v;(02)) where v? is his utility of the object in state ;. An agent’s utility
function is private information. In addition, each agent i receives a private signal s; € {a1, a2}
correlated with the state. These signals are independent conditional on the state and the

conditional probabilities are as shown in the following table.



signal a3 a9

state
01 P IL=p
02 L—p »p

where p > % Consequently, an agent’s private information, his type, is a pair (s;,v;) and we
make two assumptions. First, for any type profile (s;,v;)3_;, the conditional distribution on the
state space given (s;,v;)5_; depends only on the signals (s1, s2, s3). Therefore, the agents’ utility
functions provide no information relevant for predicting the state that is not already contained
in the signal profile alone. Second, we assume that for any type (s;, v;) of agent i, the conditional
distribution on the signals s_; of the other two agents given (s;,v;) depends only on ¢’s signal s;.
Note that the conditional distribution on the state space given (s1, $2,3) and the conditional
distribution on the signals s_; given s; can be computed using the table above.

Suppose the objective is to allocate the object to the agent for whom the expected value,
conditional on the agents’ true signal profile, is highest. This is a problem with interdepen-
dent values. Agent ¢’s conditional expected value for the object depends on the probability
distribution on the states, conditional on the signals of all three agents. MP (2014) shows how
one can design a direct mechanism to allocate the object to the highest value agent. Each
agent reports his type (s;,v;) and the mechanism uses the reported signals about the state
s = (s1, 82, 83) to compute the posterior distribution (7(01|s),7(62]s)) on ©. This posterior is
used along with agent i’s announced state dependent utilities to compute ¢’s expected utility
U;(s) = vim(01|s) + v?7(02]s). The mechanism then awards the object to an agent i with the
highest expected value 7;(s) and that agent pays the second highest expected value from the set
{v(s)} j=; while agents different from i pay nothing. °

As stated, this direct mechanism is (not even) Bayesian incentive compatible. To induce
agents to truthfully announce their signals, MP (2014) rewards every agent j (winners and
losers) with a positive payment z; if his reported signal is in the majority. Since agents receive
conditionally independent signals about the state, agent j maximizes the probability that he
gets the reward z; by announcing truthfully if other agents are doing so. Since the maximal
possible gain from misreporting is bounded, a sufficiently large value of z; will make truthful
announcement a Bayes-Nash equilibrium. Agent j’s reward z; need not be very large if p is
close to 1. When p is close to 1, it is very likely that all agents received “correct” signals
about the state. Therefore, conditional on his own signal, agent j believes that a lie will, with
high probability, have only a small effect on the posterior distribution on ©. But the expected
gain from misreporting will be small if the expected change in the posterior is small. Thus,
when agents are receiving very accurate signals about 6, small rewards will support truthful
announcement as a Bayes-Nash equilibrium.

Our aim in this paper is to provide a non-direct two stage version of this one stage direct
mechanism that accomplishes the same goal but requires less information to be transmitted.
As an illustration, consider an alternative two stage, non-direct approach to the same simple
allocation problem described above in which the mechanism elicits the information about the
unknown state € in stage one, and then uses a Vickrey auction in stage two based on the

SIf there is more than one agent with the highest expected value the object is awarded to each with equal
probability.



expected values that are computed using the information about the state revealed in stage
one. In stage one, agents report a (not necessarily truthful) signal profile s = (s1, s2,s3) and
the mechanism then publicly posts the posterior distribution (p(61), p(01)) = (7w(61]s), 7(62]s))
computed from s. Using the posted distribution, agents can compute the associated expected
payoffs vl p(61) + vZp(62). These expected payoffs are then reported to the mechanism and the
mechanism awards the object to the agent who reports the highest expected payoff. If agents
report their true signals in stage one and if the true signal profile is s = (s1, s2, s3), then by
the well known property of Vickrey auctions, it is a dominant strategy in stage 2 for each agent
i to truthfully report his expected payoff T;(s). Of course, agents may have an incentive to
misreport their signals in order to manipulate the conditional expected valuations that are used
in the second stage to determine the winner and the price. For example, if all agents have state
dependent values that are lower in state §; than in state 62 (v} < v?, i = 1,2,3), then an
agent who has received signal as may have an incentive to report a;. Such a misreport will
increase the probability weight that the posterior assigns to 6. Consequently, this will lower all
agents’ expected values which, in turn, will affect the price paid by the winner of the object. To
induce honest reporting in stage one of a perfect Bayesian equilibrium of this two stage game,
we use the same sort of reward system as that employed in the one stage direct mechanism of
MP(2014).

While the equilibrium outcomes of the one stage direct mechanism and two stage non-
direct mechanism are identical, there is a difference in the information that is reported to the
mechanism. In the direct mechanism, agent i reports his type (s;, (vi,v?)). In the two stage
game, agent i reports s; and a real number corresponding to his expected payoff computed
using the posted posterior from the first stage. Consequently, agents reveal less information in
the non-direct mechanism. We note that moving to two stages is necessary for there to be a
reduction in the information sent to the mechanism; it cannot be accomplished with a one stage
mechanism, even if we allow non-direct mechanisms. More generally, we first show how one can
decompose agents’ types into “informationally relevant” and “payoff relevant” components as in
the example, and then construct the two stages along the lines of the two parts of the mechanism
discussed above. We demonstrate how this two stage approach can transform an interdependent
value problem into a private value problem for the VCG mechanism, but our basic approach
can be used for other interdependent value implementation and mechanism design problems.

3. Preliminaries

In this section, we review the structure and salient results from MP (2014). If K is a finite set,
let | K| denote the cardinality of K and let A(K) denote the set of probability measures on K.
Throughout the paper, || - ||2 will denote the 2-norm and, for notational simplicity, || - || will
denote the 1-norm. The real vector spaces on which these norms are defined will be clear from
the context. Let © = {61, ..,0,,} represent the finite set of states of nature and let T; denote the
finite set of types of player i. Let A*(0© x T') denote the set of P € A(O x T) whose marginals Pg
on © and Pr on T satisfy the following full support assumptions: Pg(#) > 0 for each § € © and
Pr(t) > 0 for each t € T. The conditional distribution induced by P on © given t € T (resp.,
the conditional distribution induced by (the marginal of) P on T_; given t; € T;) is denoted
Po(-|t) (resp., Pr_,(-|t;)). Let C denote the finite set of social alternatives. Agent i’'s payoff is
represented by a nonnegative valued function v; : C x © x T; — R, and we assume that for all



i, vi(+,+, ) < M for some M > 0.

A social choice problem is a collection (vq,..,v,, P) where P € A*(© x T). An outcome
function is a mapping q : T — C that specifies an outcome in C for each profile of announced
types. A mechanism is a collection (g, 1, .., Z,) (written simply as (g, (z;)) where ¢ : T — C'is
an outcome function and each z; : T'— R is a transfer function. For any profile of types t € T,
let

bi(ct) = vilet—i ti) = Z vi(c,0,t;)Po(0]t—i,t:).
0coO
Although © depends on P, we suppress this dependence for notational simplicity as well. Finally,
we make the simple but useful observation that the pure private value model is mathematically
identical to a model in which |©] = 1.

Definition 1: Let (v1,..,v,, P) be a social choice problem. A mechanism (g, (x;)) is:

interim incentive compatible if truthful revelation is a Bayes-Nash equilibrium: for each
i € N and all ¢;,t, € T;,

Z [03(q(t—isti)it—is ts) + 23 (L=, ts)] Pr_, (t—ilt:) > Z [0i(q(t—is t5); t—isti) + mi(t—is 7)) Pr_, (t—ilt:).
t_;€T_; t_,e€T_;

ex post individually rational if
0;(q(t);t) + z;(t) > 0 for all 4 and all t € T.

feasible if for each t € T,

> () <.

JEN

outcome efficient if for each t € T,

q(t) € arg max Z 0i(c;t).
JEN

4. The Model

4.1. Information Decompositions

In this section, we show how the information structure for general incomplete information prob-
lems, even those without a product structure, can be represented in a way that separates out an
agent’s information about the state 6. This is important because it is this part of his type that
affects other agents’ valuations for the social alternatives. The example of Section 2 illustrates
how we can elicit truthful reporting of agents’ signals about the state when they are correlated.

In that example, an agent has beliefs about other agents signals that depend on his own
signal, and it is important that the beliefs are different for different signals the agent may
receive. In the example, agent i’s type consists of a signal a; and a state dependent utility
function that is independent of his signal. Consequently agent ¢ has multiple types consisting



of the same signal but different utility functions, and all of these types will necessarily have the
same beliefs regarding other agents’ signals.

It isn’t necessary to elicit that part of an agent’s type that doesn’t affect other agents’
valuations (e.g., his utility function in the example) to cope with the interdependence, only
the part related to the state . To formalize this idea, we recall the notion of information
decomposition from McLean and Postlewaite (2004).°

Definition 2: Suppose that P € A*(O© x T). An information decomposition for P is a
collection D = ((A;, fi)ien, @) satisfying the following conditions:

(i) For each i, A; is a finite set, f; : T; — A; is a function, and Q € A(© x Ay x --- x A,).7
For each t € T, define f(t) := (f1(t1), .., fn(ts)) and

foi(t—i) == (f1(t1), .., fic1(tiz1), fig1(Bign), -5 fu(E0)).

(ii) For each t € T,
Po(0]t) = Qe (0£(2))
(iii) For each i, t; € T; and a € A,

> Pr(t-ilt) = Qa_(ailfi(t)
t_,€T_;
fei(t—i)=a—;

If ¢t; € T;, we will interpret f;(t;) € A; as the “informationally relevant component” of t;
and we will refer to A; as the set of agent i’s “signals.” Condition (ii) states that a type profile
t € T, contains no information beyond that contained in the signal profile f(¢) that is useful
in predicting the state of nature. Condition (iii) states that a specific type ¢; € T; contains no
information beyond that contained in the signal f;(¢;) that is useful in predicting the signals of
other agents.

Every P € A*(0© x T') has at least one information decomposition in which A; = T;, f; = id,
and Q = P which we will refer to as the trivial decomposition. However, the trivial decomposition
may not be the only one (or the most useful one as we will show below). For example, suppose
that each agent’s type set has a product structure 7; = X; X Y; and that P € A*(© x T') satisfies

P(evxlvyla -3 L,y yn) - Pl(ea x1, -~7xn)P2(y1a 7yn)

for each (z1,y1, .., Tn,yn) where P, € A(O x X) and P, € A(Y). Then defining the projection
map px, (z;, ;) = x;, it follows that D = ((X;, px, )ien, P1) is an information decomposition for
P.

Remark: If (vy,..,v,, P) is a social choice problem, then it follows from the definition that
any two information decompositions D = ((4;, fi)ien, Q) and D' = ((AL, f)ien, Q') for P give
rise to the same ;, i.e., for all t € T\, we have

Z vi(c, 0,t)Qe(0|f(t)) = Z vi(c,0,t;) Po(0lt—i, ti) = Z vi(c,0,t:)Qe (01 f'(1)).

4SS 0c® 0€®

6This definition is equivalent to the partition formulation in McLean and Postlewaite (2004).
"The conditional distribution induced by Q on © given a € A (resp., the conditional distribution induced by
(the marginal of) Q@ on A_; given a; € A;) is denoted Qe (-|a) (resp., Qa_,(-las)).



4.2. Informational Size

In this paper, a fundamental role is played by the notion of informational size. Suppose that
D = ((A;, fi)ien, Q) is an information decomposition for P € A*(©xT). In a direct mechanism,
agent 7 reports an element of T; to the mechanism. Consider an alternative scenario in which
each agent i reports a signal a; € A; to the mechanism. If i reports a; and the remaining agents
report a_;, it follows that the profile a = (a_;,a;) € A will induce a conditional distribution
on O (computed from Q) and, if agent ¢’s report changes from a; to a}, then this conditional
distribution will (in general) change. We consider agent ¢ to be informationally small if, for
each a;, agent ¢ ascribes “small” probability to the event that he can effect a “large” change
in the induced conditional distribution on © by changing his announced type from a; to some
other a;. This is formalized in the following definition.

Definition 3: Suppose that D = ((4;, fi)ien, @) is an information decomposition for P €
A*(© x T). Let

Ii(aj,a:) = {a—; € A_| [|Qe(-la—i,a;) — Qe(-la—;, a})|| > €}

and
V?(&;,ai) = min{e Z 0‘ Z Q@(a_i|ai) S 5}_

a—;€li(aj,ai)
The informational size of agent i is defined as

v? = max max v%(a}, a;).
a;€EA; aj€A;

4.3. Variability of Beliefs

The example of Section 2 illustrates how one might induce truthful announcement of agents’
signals about the state. An agent who receives the signal a; believes that the state is more likely
to be 6; than A. Given that agents’ signals are conditionally independent, he believes that each
of the other agents is more likely to have received signal a; than as. Hence, if those agents
are announcing truthfully, he maximizes his chance of receiving the reward z by announcing
truthfully as well. More generally, the key to constructing rewards for agent i who might receive
signal a; or a; is a requirement that agent i’s beliefs regarding other agents’ signals when he
receives signal a; differ from his beliefs when he receives signal a;. Moreover, the magnitude of
the difference matters in inducing truthful reporting. We turn next to defining a measure of the
variation of an agent’s beliefs.

To define formally the measure of variability, we treat each conditional Q4 _,(-|a;) € A(A_;)
as a point in a Euclidean space of dimension equal to the cardinality of A_;. Our measure of
variability is defined as

2

Qai(la:) — Qa (e}
1Qa_;(laillz  [|Qa_;([a7)ll2

A? = min min
a;€A; al€Ai\a;

If AZQ > 0, then the agents’ signals cannot be stochastically independent with respect to
Q. We will exploit this correlation in constructing Bayesian incentive compatible mechanisms.



For a discussion of the relationship between this notion of correlation and that found in the full
extraction literature, see MP (2014).

It is important to point out that AZ-Q and AlQ/ are generally different for two decomposi-
tions D = ((A;, fi)ien, Q) and D' = ((A}, fl)ien, Q') for P. When an agent’s type set has
a product structure T; = X; x Y; as in the example of Section 4.1 and D = ((T3,id);en, P)
is the trivial decomposition, then Al-Q = AP = 0 for all i. However, for the decomposition
D = ((Xi,px,)ien, P1) of that example, it may in fact be the case that A > 0. The utility of
decompositions will become apparent when we state Theorem B below.

5. The One Stage Implementation Game

5.1. The Generalized VCG Mechanism

We now adapt some of our previous results on implementation with interdependent values to
the model of this paper. In the special case of pure private values, i.e., when |0 = 1, it is
well known that the classical VCG transfers will implement an outcome efficient social choice
function: in the induced direct revelation game, it is a dominant strategy to honestly report
one’s type. In the general case of interdependent values, the situation is more delicate.

Let ¢ : T — C be an outcome efficient social choice function for the problem (vy, .., v,, P).
For each t, define transfers as follows:

al(t) = > (qt);t) — max > (o)
JEN\I JEN\i

Note that af(t) < 0 for each i and ¢. The resulting mechanism (¢, (a)) is the generalized
VCG mechanism with interdependent valuations (GVCG for short) studied in MP(2014). It
is straightforward to show that the GVCG mechanism is ex post individually rational and
feasible. In the pure private value case where |©| = 1, it follows that for an outcome efficient
social choice function ¢ : T' — C, the GVCG transfers reduce to the classical VCG transfers.
Unfortunately, the GVCG mechanism does not inherit the very attractive dominant strategy
property of the pure private values special case. It is tempting to conjecture that the GVCG
mechanism satisfies ex post incentive compatibility or perhaps the weaker notion of Bayesian
incentive compatibility but even the latter need not hold. There are, however, certain positive
results. In MP (2014), it is shown that a modification of the GVCG mechanism is individually
rational, approximately ex post incentive compatible, exactly Bayesian incentive compatible
when when agents are informationally small. To state the main result of MP (2014), we need
the notion of an augmented mechanism.

Definition 4: Let (z;);en be an n-tuple of functions z; : T — R, each of which assigns
to each ¢t € T' a nonnegative number, interpreted as a “reward” to agent i. If (¢,x1,..,2,) is a
mechanism, then the associated augmented mechanism is defined as (q, 1 + 21, .., &, + 25,) and
will be written simply as (g, (z; + 2;)).

Using precisely the same techniques found in MP (2014), we can prove the following result
for one stage direct mechanisms.



Theorem A : Let (vy,..,v,) be a collection of payoff functions.

(i) Suppose that g : T — C' is outcome efficient for the problem (v1, .., v,, P). Suppose that
D = ((A44, fi)ien, Q) is an information decomposition for (v1,..,v,, P) satisfying A? > 0 for
each 7. Then there exists an augmented GVCG mechanism (g, (o + z;)) for the social choice
problem (v1, .., v, P) satisfying ex post IR and interim IC.

(ii) For every € > 0, there exists a 6 > 0 such that the following holds: whenever ¢ : T —
C' is outcome efficient for the problem (v1,..,v,, P) and whenever D = ((4;, fi)ien, Q) is an
information decomposition for (v, .., v,, P) satisfying

max I/iQ < §min A?,
2 K3
there exists an augmented GVCG mechanism (g, (o 4 z;)) with 0 < z;(¢) < € for every 7 and ¢
satisfying ex post IR and interim I1C.®

Part (i) of Theorem A states that, as long as Qa_,(-|a;) # Qa_,(-|a;) whenever a; # a},
then irrespective of the agents’ informational sizes, the augmenting transfers can be chosen so
that the augmented mechanism satisfies Bayesian incentive compatibility. However, the required
augmenting transfers will be large if the agents have large informational size. Part (ii) states
that the augmenting transfers will be small if the agents have informational size that is small
enough relative to our measure of variation in the agents’ beliefs.

6. The Two Stage Implementation Game

6.1. Preliminaries

Suppose that (v1,..,v,, P) is a social choice problem and suppose that D = ((A;, fi)ien, @) is
an information decomposition for P.
Throughout this section, we will use the following notational convention:

pla—i,a;) = Qo(-la—i,a;) and py(a—;, a;) = Qe(bla—i, a;).

Let H; denote the collection of all functions u; : C' — R,. Consequently we identify H; with
Rf. For each profile u = (u1,..,u,) € H := Hy X -+ X Hp, let

plu) € argmax > | ui(c)
iEN

and define

gi(w) = Y ujlp(w) —max | Y u(c)
JEN\I JEN\i

Therefore, (¢, 91, .., Jn) defines the classic private values VCG mechanism and it follows that

u; € arg max wi(p(u—i, uf)) + Ji(u—;, uj)
u i

8In MP (2014), it is also shown that the augmented mechanism is approximately ex post incentive compatible
in the sense defined in that paper.



for all u; € H; and all u_; € H_;.

We wish to formulate our implementation problem with interdependent valuations as a two
stage problem in which honest reporting of the agents’ signals in stage one resolves the “inter-
dependency” problem so that the stage two problem is a simple implementation problem with
private values to which the classic VCG mechanism can be immediately applied. We now define
an extensive form game that formalizes the two stage process that lies behind this idea. As in
the indirect mechanism for the one stage problem, let Z = ((;);en be an n-tuple of functions
¢; : A — R, each of which assigns to each a € A a nonnegative number (;(a) again interpreted
as a “reward” to agent i. These rewards are designed to induce agents to honestly report their
signals in stage 1.

Given an information decomposition ) and a reward system Z, we define an extensive form
game I'(D, Z) that unfolds in the following way.

Stage 1: Each agent i learns his type t; € T; and makes a (not necessarily honest) report
r; € A; of his signal to the mechanism designer. If (rq1,..,7,) is the profile of stage 1 reports,
then agent 4 receives the nonnegative payment ¢,(r1,..,7,) and the game moves to stage 2.

Stage 2: If (r1,..,7,) = r € A is the reported type profile in stage 1, the mechanism
designer publicly posts the conditional distribution p(r) = Qe (-|r). Agents observe this posted
distribution (but not the profile r) and make a second (not necessarily honest) report from H;
to the mechanism designer. If (v 1, ..,u,) = u € H is the second stage profile of reports, then the
mechanism designer chooses the social alternative ¢(u) € C, each agent i receives the transfer
¥i(u), and the game ends.

We wish to design the rewards (; to accomplish two goals. In stage 1, we want to induce
agents to report honestly so that the reported stage 1 profile is exactly f(¢) = (f1(t1), -, fn(tn))
when the true type profile is t. In stage 2, upon observing the posted posterior distribution
Qo(|f(t)), we want each agent i to report the payoff function

ui () =Y vi-,0,t:)Qe (0] £(t)).
0€6

If these twin goals are accomplished in a perfect Bayesian equilibrium, then the social outcome
is

p(u*) € arg max Z Z vi(c,0,t:)Qe (0] f(1)),

€N 0€©

the transfers are

giu) =) vi(p(u?),0,t;)Qe (0] f(t)) — max > ile,6,t)Qe(0lf (1)) | |

JEN\i } JEN\i
and the ex post payoff to agent ¢ of type ¢; is
DD vile(w), 0,15)Qe (61 (1) + i(u") + G(f(1)).
i€EN 6€©

Note that these transfers and payoffs are precisely the GVCG transfers and payoffs defined in
Section 5 for the one stage implementation problem.

10



6.2. Strategies and Equilibria in the Two Stage Game

Define
II:={Qo(:|a): a € A}.

Given the specification of the extensive form, it follows that the second stage information sets
of agent ¢ are indexed by the elements of A; x II x T;. A strategy for agent 7 in this game is a
pair (a;,3;) where «; : T; — A; specifies a type dependent report «;(t;) € A; in stage 1 and
B; : A; x II x T; — H; specifies a second stage report 3, (r;, 7, t;) € H; as a function of ¢’s first
stage report r; € A;, the posted distribution 7, and i’s type t; € T;.

We are interested in a Perfect Bayesian Equilibrium (PBE) assessment for the two stage
implementation game I'(D, Z) consisting of a strategy profile (c, 5;)ien and a system of second
stage beliefs in which players truthfully report their private information at each stage.

Definition 5: A strategy (o, 8;) for player ¢ is truthful for i if o;(¢;) = fi(t;) for all t; € T;

and
Bi(fiti),m,t) () = Y vil-, 0, t:)m(6)
)
for all m € I and ¢; € T; . A strategy profile (o, 5;)ien is truthful if (o, 8;) is truthful for each
player i.
Formally, a system of beliefs for player i is a collection of probability measures on © x T_;
indexed by A; x II x T}, i.e., a collection of the form

{p;Clriym ) € AO x T—;) : (ry,m,t;) € Ay X I X T} }.

with the following interpretation: when player i of type ¢; reports r; in Stage 1 and observes
the posted distribution , then player i assigns probability mass u,;(0,t_;|r;, 7,t;) to the event
that other players have true types t_; and that the state of nature is 6. As usual, an assessment
is a pair {(ou, 8;)ien , (1;)ien} consisting of a strategy profile and a system of beliefs for each
player.

Definition 6: An assessment {(«,3;)ien ,(i;)ien} I8 an incentive compatible Perfect
Bayesian equilibrium (ICPBE) assessment in the game T'(D, Z) if («, 8, 1) = {(cu, 8;)ien, (1t;)ien }
is a Perfect Bayesian Equilibrium assessment and the profile (o, 5;)icn is truthful.

6.3. The Main Result

Theorem B: Let (v1,..,v,) be a collection of payoff functions.

(a) Suppose that ¢ : T'— C is outcome efficient for the problem (vy, .., v,, P). Suppose that
D = (A;, fi)ien, @) is an information decomposition for P satisfying AZQ > 0 for each 7. Then
there exists a reward system Z = ((;);en such that the two stage game I'(D, Z) has an ICPBE
(a*, B, ).

(b) For every € > 0, there exists a § > 0 such that the following holds: whenever ¢ : T'— C
is outcome efficient for the problem (vy,..,v,, P) and D = (A;, fi)ien, @) is an information
decomposition for P satisfying

max I/iQ < §min A?,
3 7

11



there exists a reward system Z = ((;);en such that the two stage game I'(D, Z) has an ICPBE
(a*, 8", u). Furthermore, 0 < (;(a) < ¢ for every ¢ and a.

To prove Theorem B, we proceed in several steps which we outline here. Suppose that
D = (A, fi)ien, Q) is an information decomposition for P.

Step 1: Suppose that (o, 8) is a strategy profile with «;(¢;) = fi(¢;) for all ¢ and ¢,. Suppose
that player 7 is of true type t;, the other players have true type profile ¢t_;, player i reports 7;
in stage 1. Given the definition of (a_;, B_;), it follows that a;(¢;) = f;(t;) for each j # 1.
Therefore, player ¢ of type ¢; who has submitted report r; in stage 1 and who observes 7 € II at
stage 2 will assign positive probability

Z Pr (t_|t;) >0
tA—i:p(ffi(tA—i)ﬂ'i):ﬂ'
to the event
{t,i el ;: p(f,i(t,i),n) = 7T}.
Therefore, i’s updated beliefs regarding (6,t_;) consistent with («, 3) are given by
po(f—i(t—i), fi(t:)) Pr_,(t—i|t:)
Db p(foi (i )rsy=n s (t=ilti)
= 0 otherwise.

Mi(07t7i|ri7ﬂ->ti) p(f*i<t*i)7/ri) =7

Step 2: Let
E1'('771-5151') = Z UZ(797t1)7T(0)

0€O
and for each 7 and ¢t_; let w*,(m,t_;) € H_; be defined as
w*_i(w,t_i) = (wj('77T,tj))jeN\i.

Next, we define the following particular second stage component 3; of agent ¢’s strategy as
follows: for each (r;,m,t;) € A; x II x T, let

52’ (Tiu Wati) € arg'zf?eal}{i ) ; ‘ 0;) [vi(@(uivwfi(ﬂ-utf’i))a eati) + yi(uhwfi(ﬂ-ﬂtfi))] Ni(97t7i|ri7ﬂ-7ti)

where j1;(|r;, 7,t;) is defined in Step 1°. We then show that
By (filt),mots) = Y wil-, 0,t:)m(0) =W, (-, 7, ;).
0c©

Step 3: 1If af(t;) = fi(t;) for all ¢ and ¢; and B} is defined as in Step 2, then (a*,3)
is a truthful strategy profile. The proof is completed by constructing a system of rewards

9Note that BF(rs,m,t;) exists since each v; takes on only finitey many values for each ¢ and the set IT is also
finite.
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Z = (¢;)ien such that (a*, 8%, p) is an ICPBE of the two stage game I'(D, Z). To accomplish
this, we define spherical scoring rule transfers

. Qa_,(a—i|a;)
[1Qa_,(|ai)l[2

as in MP(2014.) To prove part (a) of Theorem B, we show that one can find € > 0 so that (i)
deviations at second stage information sets are unprofitable given the beliefs p defined in step
1 and (ii) coordinated deviations across the two stages are unprofitable. This latter argument
depends crucially on the special transfers ;. It is these transfers that induce truthful reporting in
stage 1, thus reducing the second stage to a simple implementation problem with private values.
To prove part (b), we show that € can be chosen to be small when each agent’s informational
size is small enough relative to the variation in his beliefs.

Cila—i,a;) =

13



7. Appendix

7.1. Preparatory Lemmas

Lemma A: Let M be a nonnegative number and let {g; : C x © — R, : i € N} be a collection
of functions satisfying g;(-.-) < M for all i. For each S C {1,..,n} and for each m € A(O), let

=max ) > gilc,0)m(6)
i€S 6O
Then for each 7,7’ € A(O),

[Fs(m) = Fs(n')| < [S|M]|x — 7],
Proof: See MP(2014)

Lemma B: Let M be a nonnegative number and let {g;, : C x © — Ry : ¢ € N} be a
collection of functions satisfying g;(-,-) < M for all i. For each m € A(©), let

m) € arg max Z Z gi(c.0)m(0)

iEN €O
and

JEN\i 0€0 JEN\i 0€O
Then for each ¢t € T and all m, 7" € A(O),

[Zgz ),0)7"(0) + n; (m ] > gilé(r 0) + n;(m )1 < (2n - )M||r — 7’|
6co 0O
Proof:
[Z gj (g(ﬂ—/)’ e)ﬁl + 771 ] [Z g] Jr n; (W)]
0cO (J<{C]
=3 > a0 0) = > > gk(é(r), ) (6
keN €O keEN 0€©
+ max [ >N aie, 9)7r(9)~] — max [ > ) aile 9)77’(9)]
JEN\i 0O JEN\i 0€O©
= max [Z > (e, 0)m ] — max [Z > gkle, 9)7T(9)]
kEN €O kEN 0€©
+ max [ > aile, o)w(o)] — max [ > gl g)ﬂ/(o)]
JEN\i €O JEN\i €O

< nMljr —7'l[ + (n — M ||x — ||
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where the last inequality follows from Lemma A.

Lemma C: Suppose that @ € A(© x A) and define a system of rewards Z = ((,)i;en where

c QA—i (a*ilai)
1Qa_,(-|as)ll2

for each (a_;,a;) € A. Then for each a;,a} € A;,

> €l 00) = il a)] Qufailar) = oA

Cila—i,a;) =

a_;
Proof: Since

H QA_7 ‘|ai) Qa_(]a)
1Qa_,Clai)ll2 1@, (la})ll2

0 Qal(lad) Qa(a)
2{1 ||QAi<~|ai>||z|QAi<-|a;>||J

and [|Qa_, (-la;)|]2 > \/ﬁ > \/ﬁ, we conclude that

AU Qi o da) @i ladad) ),
S [Culasisan) — Cilams, @) Qardlar) = Z[ e ol Qta )
. [QAi<~|ai> Q) Qa () Q(-a»]
Q. Cladll l@a.Clalls
- ¢ Aas _QAfi('la’li)'QAfi('mi)
= ell@a.llalle [1 0 R0 ]
Qa (o) Qa.(la)
1a.Cladlz ~ T@a, ()

a_;

2

= 2lIQClay)l2

€ Q

AQ,
2v14|

v

7.2. Proof of Theorem B

We will prove part (b) of Theorem B first. To begin, define beliefs p,;(|r;, 7, ¢;) € A(© x T—;)
for agent ¢ at each information set (r;, 7, t;) € A; x II x T; as in Section 5. In addition, define
w; (-, 7, t;) and w*,(w,t_;) as in Section 5. Let o (¢;) = fi(¢;) and recall that 8} is defined for
agent 7 as follows: for each (r;,m,t;) € A; x IT X T“ let

B:(riaﬂ-at S arg Lfneaf)l{ Z Z [Uz u“ t*i));9;ti>+gi(uiawii(ﬂ-7t7i)>]ui(9at7i‘ria7T7ti)~
t_;€T_; 6€O

For notational convenience, we will write Qa_,(-|a;) as Q(-|a;) and Pr_,(:|t;) as Pr_,(-|t;)

throughout this proof. Choose £ > 0 and define a system of rewards Z = ((,);en where

Q( ilai)

Gila—iot) = Eara Tl
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Since 0 < W < 1, for all 7, a_; and a;.it follows that

0 < (i(azi a;) <e.

Next suppose that
0<0<

3
12nM\/|A|

We will show that («*, 8%, p) is an ICPBE in the game ['(D, Z) whenever max; 1/? < 6 min; AiQ.
To accomplish this, we must show that («*,8) is truthful, that first stage deviations are un-
profitable and that coordinated deviations across stages are unprofitable.

Part 1: To show that (a*, 3%) is truthful, we must show that

ﬂ:‘(fz(tl)aﬂth)() = Z vi('797ti)7r(9) = @i('a’frati)

0cO
for all m € Il and ¢; € T; . i.e., that
w; (-, 7, t;) € arg max Z Z i (p(us, w*; (m,t=5), 0, t5) + G (us, W™ (m,8_5))] (0, e fi(E:), 7, t5)
=

for each t; and each 7 € II. To see this, note that for each u; € H;,

Z Z I:Uz ulv (ﬂ—vt*i))aevti) +gi(uiawii(ﬂvt*l’)]lu‘i(eat*“fi(ti)aﬂ—ati)

t_,€T_; 6€O©

= > > [W(‘p(ui:wii(ﬂvt—i))’Hyti)+@i(uiawii(ﬂvt—i)] [ pe(f_i(t_&fi(ti))P(t_ém) ]

t_;€T_; 0co Etﬂfiip(ffi(ffi)7fi(ti)):ﬂ- Pt-ift:)
p(foi(t—i), fi(ts))=n

* N " P(t_;|t;
= > Ezvxwﬁuywﬂﬂi0%9¢0Pdfﬁﬂ'+yﬂumwﬁﬂﬁﬂﬂ l . Pl »t:
e Lieo 2ot ipt i), futeiy=m P b=ilti)
p(f(t)=m

= (o (ug, w* ;(m by s g (wi, w*  (m,t_; Pltilti)
= Z ZUZ(‘P( W (mt—y)), 0, t)m(0) + Fi(wi, wE( ,t,))‘| [Zflpf “ (f_'|ti)]

t_iet_, loco L fit)=n D
p(f(1)=r

— * ~ * P(t—i tl)
= Z [wi(@(uivwfi(ﬂ—’t—i))ﬂnti) +yi(ui7w—i(7r)t—i)] [ ‘ Pf 1t
M= Dot pfoiEoi) futtiyy=n P (E=ilt)

p(f(t)=m
— * Py — * P(t—l|tt)
< Y [Bile@iom )t (m ) t) + (@ ) ()] [ T ]
t—i€T—; Zfﬂ p(f-i(t=i), fi(t:))=m (t—i[t:)
p(f(t)=m
= S @il ), w0 ), 0, 8) 5 (1 ), w0 () (0, il ),
t_;,€T_; 0cO
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Therefore, (a*, 3%) is truthful.

Part 2: To show that deviations at second stage information sets are unprofitable, suppose
that all players use o in stage 1 and players j # i use ﬁ; in stage 2. Then, upon observing 7
and having reported truthfully in stage 1, it follows from the definition of ﬁ; that each player
j # i reports (;(f;(t;), 7, t;) = w;(-,m,t;) in stage 2. Therefore, the second stage expected
payoff to player ¢ who reports u; € H; given the beliefs p,; defined above is

> D [vilelusw —i)) 0, t5) + Gius, w(m,t)] w0, fi(t), 7, i)

t_;€T_; 6cO

so the definition of 3] implies that

w; (-, m,t;) € arg max Z Z vi(p(us, w* (m,t-5)), 0, ;) + §i(wi, w* (w0, 6-3))] pi (0, 63| fits), 7, t5).

t_,€T_; 6cO©

Part 3: To show that coordinated deviations across stages are unprofitable for player ¢, we

assume that other players use (a*;, 8% ;) and we must show that, for all ¢; € T; and all r; € A,,
we have

> [Z i (@i (-, p(f (1)), 13)), w™ i (p(f(t), 1)), 0,t:)pp (f (1)) + Ga(Wi (-, p(f (£)), 1)), w2i(p(f (£)), =) | P(t—ilti)
t_,€T_; LOCO
+ Y GU@)PE-lt)
t_;,€T_;
> max D wilpui, w  (p(f-it—i),73),t-0)), 0, t:)pg (F (1)) + Gi (i w™  (p(Fi(t—i), ), t—3)) | P(tilt:)
t_€T_; ‘ Loco
+ ) GUf ;i) P(t—ilt:).
t_,eT_;
Since

+ i (@i (- p(f—i(t—i),75), ta), w i (p(f—i(t—i), i), t-4))
> wip(ui, w* (p(f=i(t=i)73),t-3)), 0,:) pg (f=i(t—s), 73)

+ Gi(wi, W (p(foi(t—i), i), t—i))
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for all u; € H;, it follows from Lemma C that for each ¢t_; and each wu;,r; and t;,

D vile@i, p(f () t0)), wi (p(f(£)) i), 0, t:)pg (£ (£)) + Gi (@i, p(f (), 8))s w s (p(f (£)) s 8-0))

0co

— 1D wilplus, w i (p(f-i(t—i), i) t4)), 0, t)pg (f (£)) + G (wiy w i (p(f-i(t i), i), ti))]

LOe©

= vile@i(-, p(f(), 1)), we i (p(F (1)), t-4)). 0, 1) po (f (1)) + Gi(@i(-, p(f(8)), £2))s i (p(f (£),8-0))

0co

- Z V(Wi (-, p(f=i(t=i), 7). ti), woi(p(f=i(t=i),73),t =), 0, ti) po (f-i(t—i), i)

T 0cO
+ i (@i (- p(f—i(t=i),mi), ti), wi (p(f—i(t—i),7i), t—i)):l

+ [ > i@, p(f-i(t=i), i) ), w* (p(f=i(t—i), i), t-4)), 0, t:)pg (F-i(t_i), 73)

=
+ 3u U it-), 7). ), wL(p(f_i(t_i),m,t_m]
- [Z@ ity w7 (p(fi(t-) 7). 1)), 0, g (Fi(t-),73) + Gtz ™ (p(Fs(t-0), ), t_i»]
3 il w (o Fitmi), 7). t-0)), 0.0 g (Fi(t—i). i) — o (F(2))
(o= M) st = MIAFE) st
Therefore,

>N [Ui(@(wi('v p(f(£),:)), w=i(p(f (), t-i)), 0,t:)pg (f (£)) + i (Wi (-, p(f (1), 1)), w™; (p(f (D), t—i)))] P(t—ilt:)

t_,€T_;, 0€O©

+ Y GU@)PE-ilt)

- t,;,, Jflea[i [6; Ui(Qa(u“ w*_i(p(f_i(t_i)’ Ti)’ t—i))’ 0, ti)p@(f(t)) + Ui (ui7 UJ*_i(p(f_,-(t_i), T‘i), t_i))] P(t_,'|ti)
+ Y Glfalt-a), ) P(tilts)
t_,€T—;

+ Y [GU0) = GU=ilt=),r)] P(tilts) =200 Y lp(f(#) = p(f=i(t—i), r)IIP(¢-ilt:)

t €T teT_;

To complete the proof, we must show that

Y [Gilami filt) = Gilai, )] Qla—ilfi(ti)) = 20M Y |lp(ai, fi(t:))—pla—i, r)||Q(a—il fi(t:)).

a_g
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From the definition of l/iQ, it follows that

Z llp(a—i,a;) — pla—i,m:))||Q(a—i|a;)

= > lp(a—i,ai) — pla—;,m:))||Q(a—i]a;)
(o) -plaor I3
+ Z llp(a—i, ai) — pla—i, m:))||Q(a—s]a;)
Nl can)—nla_ )| <0
< 2VZQ + Z/ZQ
= wY.

K2

Consequently, we can apply Lemma C and the definition of information decomposition to
conclude that

Z (G(f(1) = G (f=it=i),ma)] P(t—ilt:) — 2nM Z p(f(2)) — p(f=i(t=i), )| P(t=i[t:)

t €T t_eT_;

= > D GUW®) = Gliltma), )] Pleilt)

a—; t_,€T—;
:f_i(t_i):a_

*QHMZ Z p(f(2)) = p(f=i(t=i), ra))[|P(t=s[t:)

t_i€T_;

= > [Gilas, fi(ti) = Cilas, )] > P(tolty)
a—; t_;€T_;
foi(t—i)=a—;

—onM S [lp(acs, filts) — pla_ir)ll | S Pldt)

t_;€T_;
Fi(t—i)=a_;
= Y [Cilas, fit:) = Cilas )] Q(a—s| fi(t:)) —QHMZHPG ir fi(ti)) — pla—i, 7)) l|Q(a—i| fi(t:))
A9 (anar) (32
> QMAi (2nM)(3v;7)
> 0

To prove part (a) of the theorem, note that part 3 above shows that

Z (G(f(1) = G (f=i(t=i),ma)] P(t—ilt:) — 2nM Z p(f(t)) — p(f=i(t=i), ra))[|P(t=s[t:)

t_;€T_; t_;€T_;

= \/m =2nM 3 e (0) ~ (b0 [Pl

t_,€T_;
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If AiQ > 0, then choosing € > 0 sufficiently large proves the result.
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