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Abstract

We consider a private-values buyer-seller problem with multiple objects. Valuations are
binary, i.i.d., and such that the problem does not have a trivial solution. We characterize
mechanisms that span the Pareto frontier. These have a very simple form: Call the seller
"good" if he has a low valuation and "bad" if he has a high valuation. Call the buyer "good" if
he has a high valuation and "bad" if he has a low valuation. For each object, if both say "bad"
— there is no trade. If both say "good" — they trade. If agent j says "bad" and the other says
"good", they trade only if the number of good objects in j’s announcement is above a certain
threshold (at the threshold itself they trade with probability between 0 and 1). The thresholds
depend on the weights given to each agent in the designer’s objective function: as she leans
more towards one of the agents, his trading threshold weakly decreases, and the rival’s weakly

increases.

*We thank Eddie Dekel, Matt Jackson, Nadav Levy and semimar participants at Tel Aviv University for helpful
comments and discussions. The second author acknowledges financial support from the Sapir Center for Development
and from the Foerder Institute for economic research.



1 Introduction

Bilateral trade with private values is a fundamental problem in mechanism design. Myerson and
Satterthwaite (1983) have shown that in any non-trivial buyer-seller problem with continuous valu-
ations, full efficiency cannot be attained. Also with discrete (finite) valuations, for many parameter
values the first-best outcome cannot be reached.

Jackson and Sonnenschein (2007) have recently shown that with many objects (and valuations
that are independent across objects), the problem disappears in the limit: the first-best outcome
can be approached as the number of objects tends to infinity.!:?. While their mechanism approaches
the first best in the limit, for a finite number of objects it is not the optimal one (not second best).

In this paper we characterize the set of second-best outcomes for bilateral trade of multiple
objects. That is, for any pair of weights, we find the second-best mechanism that maximizes the
respective weighted sum of the buyer’s and seller’s ex ante gains from trade. We confine ourselves
to the case of binary valuations.

The basic tension in the buyer-seller problem, as mirrored in Myerson and Satterthwaite’s proof,
is that the information rents that must be paid to agents in order to induce them to reveal their
types (incentive compatibility) and agree to participate (individual rationality), are higher than
the surplus generated by trade. Myerson and Satterthwaite show that the optimal (second-best)
solution involves participation restrictions, i.e., not allowing beneficial trade in some cases. That is
done by reducing the trade probability for types who gain less from trade; As a result, the incentives
of types who gain more from trade to pretend to be of the former kind are relaxed, and thus they
demand lower rents. While restricting participation also reduces the surplus from trade, rents are
affected more. The optimal solution involves the minimal restrictions of trade that suffice to equate
rents with surplus.?

What is the optimal way of restricting participation when there are multiple objects? Trading

each object separately, using for each the one-object-optimal mechanism, is not the best solution.

! Jackson and Sonnenschein treat a more general collective decision problem; in this context their mechanism works
even without monetary transfers between agents.

% Athey and Miller (2007) study a different but related question: a sequential trading problem with infinitely many
periods. They show that the first-best outcome can be attained (for discount factors above 1/2) with ex-ante budget
balance. With ex post budget balance only the one-shot outcome is feasible, and with a bounded, collateralized credit
line the first-best outcome can be approached as the discount factor tends to 1.

3Specifically, Myerson and Satterthwaite show that the mechanism that maximizes the expected gains from trade
restricts trade whenever the difference between the announced valuations is below some threshold.



Rather, one can link the different trade problems, allowing the restrictions on the trade of one
object to depend on the (announced) valuations of the other objects. This paper identifies the best
way of allocating the trade restrictions, optimally trading off the reduced rents and lost surplus.
The resulting mechanisms, that together span the Pareto frontier of agents’ utilities, share a very
simple structure:

Call the seller "good" if he has a low valuation and "bad" if he has a high valuation. Call the
buyer "good" if he has a high valuation and "bad" if he has a low valuation. For each object, if both
say "bad" — there is no trade. If both say "good" — they trade. If agent j says "bad" and the other
says "good", there is trade only if the total number of good valuations in agent j’s announcement
is more than M;. (At exactly M; "good" announcements there can be trade with probability less
than one). In other words, whenever an agent announces "bad", he is allowed to trade (in case
the other agent announced "good") only if there were sufficiently many other objects for which he
announced "good".

The respective thresholds for the two agents, i.e., the numbers M; of good announcements
that are required to get the permission to trade at bad valuations, depend on the weights given
to the utilities of the two agents in the objective function of the mechanism designer. The higher
an agent’s weight, the lower his threshold. At the extreme cases, when the mechanism strongly
prefers one agent (approaching the monopoly/monopsony solution), that agent’s threshold is 0.
This means that the mechanism allows him to trade whatever his announcement. The only trade
restrictions come, in such a case, from the disfavored agent (the buyer facing a monopolist or seller
facing a monopsonist). If there are only few objects, the disfavored agent might be allowed to trade
only his good-valuation objects. But if there are many objects, his trade threshold is less than the
number of objects. This means that he sometimes trades his bad objects, and thus obtains positive
rents. This case corresponds to mixed bundling in the monopoly literature.

In related and independent work, Fang and Norman (2008) study the problem of provision of
multiple public goods when exclusion is allowed. That is, there are many potential users with
private information on their willingness to pay, and after they report their types the government
decides whether to produce each public good, whether to exclude certain agents from using it, and
how much to charge each one. For the case of binary valuations, they characterize the optimal
mechanism (with equal weights on all consumers). They show that as the number of agents grows
without bounds: (1) Either all or none of the public goods is provided. (2) Each consumer with

a low valuation is excluded iff he announced low valuations too many times. Note however that



while there are strong mathematical connections between the buyer-seller problem and the public-
goods problem (with two agents and without exclusion), Fang and Norman’s result regarding the
exclusion rule is not parallel to ours. This is because the public-goods analogue to trade in the
buyer-seller problem is the provision, rather than exclusion. Yet, many of the fundamental ideas
underlying our proofs are similar to those of Norman and Fang’s.?

The remainder of the paper is organized as follow. In section 2 we present an example that
illustrates our main result and the intuition for the construction of optimal mechanisms. Section
3 introduces the model and some preliminary results that allows us to simplify the analysis. In
section 4 we derive the optimal mechanisms and present our main result. Section 5 presents some
graphs that shed light on our results. The proofs of all the lemmas and propositions are relegated

to the appendix.

2 Example

Let us consider a simple example that illustrates our main result and sheds some light on the
intuition behind it. We start by constructing the optimal trade mechanism for the case of one object;
we then analyze a replication of problem to three objects, and identify the optimal mechanism in this
case. Importantly, this mechanism is not just a replication of the one-object optimal mechanism,
but rather conditions the probability of trade in one object on the announcements regarding the
other objects.

Consider first the single-object trading problem. Suppose that the seller’s valuation of the
object is either 11 or 0, While the buyer valuates it as either 12 or 1. Valuations are independently
drawn, with equal probabilities for the high and the low valuation. Agents are risk neutral and each
knows only his own valuation. To allow addressing both agents parallely, call the low valuation of
the buyer (which is 1) and the high valuation of the seller (11) "bad", and call the high valuation
of the buyer (12) and the low valuation of the seller (0) "good". That is, "good" refers to types
that are more eager to trade.

The (direct) trading mechanism receives a message from each agent regarding his valuation, and
determines the probability of trade and the payments. We look for a mechanism that is incentive

compatible, individually rational and budget balanced.

1Fang and Norman (2006) deal with the provision and exlusion of two public goods and is only peripherally related
to our paper.



The parameters in our example are set such that full efficiency cannot be attained. For that, the
probability of trade should have been 1 for the three combinations of valuations in which the buyer
values the object more than the seller (i.e., at least one agent is "good"), and with probability 0
when the buyer has the lower valuation (both agents are "bad"). The total expected surplus from
trade would then be (124 1+ 1) /4 = 3.5. But this is insufficient to finance the information rents
to agents, needed to ensure their participation and truth telling. To see this, let us compute the
minimal expected rent to each agent. The expected payoff to the bad type must be at least 0 for
him to participate. The good type can always pretend to be a bad one; in that case he obtains the
same payoff as the bad type, plus the difference between their valuations, which is 11, times the
probability 0.5 that the bad type trades (recall that the bad type only trades with the good type
of the opponent). Thus, for him to reveal his true type, his rent must be at least 0.5-11 = 5.5.
Consequently, the agent’s expected rent must be at least (5.5 4 0) /2 = 2.75, and thus the sum of
rents to both agents, 5.5, is more that the surplus of 3.5 generated by the mechanism.

To regain budget balance, we can reduce the probabilities of trade of bad-good encounters.
If this probability is reduced to p < 1, the rent to good types is proportionally reduced, to p -
5.5. The surplus created by the mechanism is also reduced, but in a smaller ratio: it is now
(12+p-14+p-1)/4=340.5-p. By reducing p to 0.6 the surplus exactly suffices to finance the
rents, and equals 3.3 (which is less that the first-best surplus of 3.5).

Suppose now that the same buyer and seller wish to trade three objects. The valuations of the
different objects are independently drawn from the same distribution. The argument of the single-
object case shows again that the first-best outcome is unattainable. By trading each of the objects
using the second-best mechanism identified above, one can reach a surplus of 3 - 3.3. However, we
can fare better by allocating the (unavoidable) restrictions on trade in a better way, exploiting the
richer structure of the agents’ type space

Consider then the following mechanism. Trade in each object takes place according to the
first-best plan, unless one of the agents reports that all his three valuations are bad. That is, each
agent is allowed to trade his bad-valuation objects only if he reported at least one good valuation.

To compute the required rents, we first pay the bad-bad-bad type the minimal amount that
makes him participate, which is 0. Now consider the types with exactly one good valuation. If they
lie regarding their good object and pretend that its valuation is also bad, the mechanism will not
let them trade it. Thus, we don’t need to pay them any information rent, so they, also, are paid 0.

Next, consider types with two good valuations. If they lie once, pretending that one of their good



objects is bad, they will gain the valuation difference (11) time the probability that they will then
trade this object (0.5 — the probability that the opponent has a good valuation for that object).
The rent needed to prevent them from lying is thus 0.5 - 11 = 5.5. Note that these types gain
nothing by lying twice, as then they will be treated as a bad-bad-bad type and not trade at all.
Finally, the good-good-good type has to be paid twice the rent of 5.5, as he can lie regarding the
valuations of two objects. Again, he cannot lie three times as then he will be banned from trade.

Since, out of an agent’s 8 possible types, there are 3 with two good valuations and 1 with three
good valuations, each agent’s expected rent is (3-5.5+ 1-11) /8. Thus, the sum of the two rents
is 6.875. This is less than the surplus created by the mechanism. To see this, let us compute the
average probability of trade of bad objects. As there is one type with three bad valuations who
trades bad objects with probability 0, three types with two bad valuations who trade bad objects
with probability 1, and three with one bad valuations who trade with probability 1, the average
probability is % = 0.75. This probability is higher than 0.6 — the probability that an
object with a bad valuation is traded with the one-object optimal mechanism.

The total surplus of this mechanism, 3 - (12 +0.75-140.75-1) /4 = 10.125, is already higher
than that of trading each object separately (3-3.3 = 9.9). Moreover, we can increase it even more
by allowing the bad-bad-bad types of the two agents a probability of trade that exactly equates
the surplus and the rents. In the optimal mechanism, this probability is 26/74, and the expected
surplus is approximately 10.25.

The mechanism that we devised maximizes the total surplus, which is the sum of the agents’
utilities. To span the entire Pareto frontier of the trading problem, we should consider all the
mechanisms that maximize weighted sums of the agents’ payoffs, with weights o® and o’ =1 — o*
on the seller’s and buyer’s utilities. How does the second-best mechanism change along the Pareto
frontier?

First note that our choice above, to use the remaining surplus and let each agent’s bad-bad-bad
types to trade with probability 26/74, was only one of many optimal choices for the case where
o = a® = 1/2. In fact, the remaining surplus could have been used for any combination of
trade probabilities for the seller’s and the buyer’s bad-bad-bad types, as long as the sum of the
probabilities is 2 - 26/74. The way this probability is split determines the agents’ rents, which are
their utilities, and thus the utility-pair (seller and buyer, respectively) can be at any point between

(3.44,6.82) and (6.82, 3.44).

The remaining parts of the Pareto frontier are found by devising the optimal mechanisms for



non-equal weights a® and a’. Let us thus gradually increase o® from 1/2 to 1 (a symmetric
construction applies for a? in (1/2,1]). Given this problem’s parameters, there are three additional
relevant thresholds for o®. For 1/2 < o® < 148/281, the only a-optimal solution is to completely
ban the buyer’s bad-bad-bad type from trading, and allocating the probability of 52/74 solely to
the seller’s bad-bad-bad type. For all these a’s we obtain the same point on the Pareto frontier,
(6.82,3.44). At o® = 148/281, we are indifferent between the buyer’s bad-bad-good types and the
sellers bad-bad-bad. We can now transfer trade probability from the former to the latter, until the
seller’s bad types all trade with probability 1. Doing so, we move from the vertex (6.82,3.44) to the
vertex (8.25,1.84). For a® above 148/281, we continue to decrease the buyer’s trade probabilities
of bad-valuation objects, first from his bad-bad-good type (until o® = 44/82), and then from his
bad-good-good type (until a® = 11/19). The net savings (reduced rent minus reduced surplus) is
paid up-front to the seller. This way we span two more edges of the Pareto frontier. Finally, for
larger «®, the buyer only trades good-valuation objects and receives no rent at all. All the surplus

goes to the seller.’

3 Model and Preliminary Results

Consider a buyer-seller problem with N objects, labeled i € I = {1,..., N}. Both agents are risk
neutral. They value each object as either "high" or "low": the possible valuations of the seller (s)
are vy > vj > 0, and for the buyer (b) they are vz > Ulb > 0. For non-triviality of the problem we
assume that 1)2 > vp > vlb > vj. We also denote the difference between the possible valuations, for
each agent j € {b, s}, by AJ = v{; - vlj.

To allow treating the buyer and seller in a similar way, for each object i we say that the buyer’s
valuation of that object is "good" if it is high (v?) and "bad" if low (v)). For the seller, we say that
his valuation is "good" if it is low (v]) and "bad" if it is high (v}). In other words, good valuations
are associated with the stronger desire to trade (for a given price).

A type for agent j € {b, s} is a vector of valuations for each object, w’/ = (w{, ...,wj ) e Wi,

Valuations are independent across objects and agents. Specifically, each valuation w{ takes the
J

Jood and Ugad with probabilities ¢/ € [0,1] and (1 —q¢ ), respectively. Agents are risk-

values v

neutral, and their utilities are additive: denoting the set of objects that are traded (transferred

"When there are sufficiently many objects, there are types of the buyer (those with many good valuations) whose
trade of bad objects generates more surplus then rent to higher types who might mimic them. In this case these
types are allowed to trade in their bad objects, even if o® is 1; they thus receive a positive rent.



from the seller to the buyer) by ITr C I and the transfer to agent j (which may be negative) by

tJ, the agents’ preferences are represented by

’LLb (ITR, tb) = ZiEITR wi»’ + tb,

u*(Irr,t) = ZiGITR —wi

3.1 Direct Mechanism

By the revelation principle (Myerson 1979), we restrict our attention, without loss of generality, to
incentive compatible direct mechanisms. A direct trade mechanism receives as input a vector of
objects’ valuations from each agent. It then determines for each object ¢ € I whether it should be
transferred from the seller to the buyer, and sets a monetary transfer (possibly negative) to each
agent.

More formally, a mechanism I" specifies, for each pair of announcements w*, w®, the probability
P (i; w?, wb) of trade for each object i, and the monetary transfers to each of the agents, t° (ws, wb)
and t° (ws ,wb). In particular, the probability of trade in one object is allowed to depend on the

valuations of other objects. Under this notation, agents’ ex post utilities are given by:

N

Ub(ws,fwb) = E , 1p<i;ws,wb> fwf—ktb (ws,fwb>,
1=
N

Us(w®,w’) = E P (z’;ws,wb> wi + t° (ws,wb>.

For each agent j and each of his types w’, denote the interim expected probability of trade in

each object ¢ and the expected transfer, under the mechanism I' = <p, t°, tb>, by:

P (i) = Eu [p (z’;ws,wbﬂ ,
t (wj) = E, [tj (ws,wb)} .
where E,,—; denotes the expectation over all types of the rival agent —j (if j is the seller then —j

is the buyer, and vice-versa). The interim expected utilities of the seller or buyer of type w’ who

announces 1/, are then:

EU(wb, 0?) = Zjvzlpb (1wb) wb + (wb) , (1)

N
s S A8 _ =8 (5 NS s s (.~8) 6
EU*(w®,w®) = g - p° (1, %) wi + t° (0°) .



The mechanism must satisfy incentive-compatibility:
EUY (v, w’) > EUY (wj,wj) for any w’, @’ € W,
and individual rationality:
EU’ (wj) = FEU’ (wj7wj) >0 for any w’ € W,
Moreover, we require ex-post budget balance of the mechanism:
t® (ws,wb> + ¢ (ws,wb) <0 for any w® € W*, w® € Wb.

3.2 Allocation-Neutral Utility Representation

Note that the utility of both agents comes from two sources. One is the utility (positive or negative)
that is obtained directly from the exchange of the objects, that is Zf\il D (i,ws,wb) wf for buyer
and Zfi 1P (i, w?, wb) w; for seller. The second is the utility from the transfers, namely tb (wb)
and t* (w?).

It is convenient to decompose the transfers t/ to two parts, as follows:

N
(w w) = Zizl —p (i,ws,wb) w? + 7° (ws,wb) (2)

N
5w, w’) = Zi:1p (z', ws,wb) wi + 7° (ws,wb> .

The first term is just minus the utility from objects’ exchange; by definition, the utility from the
exchange itself plus this term is zero (assuming the agents report their true valuations). The second
part, 7 (which is implicitly defined by equation 2), is now the net utility of the agents. Denoting

7 () = By-s [77 (w¥,w?)], we have:
EU (wj) =7 (wj) (3)

This decomposition of the transfers can be described as follows: if trade takes place, the agents
immediately pay (or get paid) their full announced valuations. On top of these "offsetting pay-
ments", they pay or receive additional transfers 77 which — given truth telling — now capture their

net utility.



Importantly, as long as an agent reports his true valuations, he is indifferent regarding the
mechanism’s decisions over trades — his utility depends only on the (new) transfer function 77.
In case of a deviation from reporting the true valuation, he gains or loses from the trade (plus
offsetting payment), and the transfer 77 is also changed. Under this new notation the incentive

compatibility constraint of agent j can be written as:

S (i) (o —ut) = ot (0) =7 (), @

N
Yo P00 (@ —w)) < 7 (w') =7 (7).

That is, the net gain from trading when the true valuation is wf and the offset payment is according

J

to the reported valuation @/, must be less then the resulting change in the transfer 7.

The individual rationality constraint, in the new notation, is simply:
7 (wj) >0 for any w’ € W7,

3.3 Ex Post and Ex Ante Budget Balance

By Proposition 2 in Borgers and Norman (2008), since the agents are risk neutral and their types
are independent, for any mechanism satisfying ex ante budget balance there exists a mechanism
satisfying ex post budget balance with the same trading rule and same interim utilities to both
agents. Intuitively, the two risk-neutral agents can insure the mechanism while keeping their interim
utilities unchanged. We can, therefore, look for an optimal mechanism in the domain of ex ante

budget balanced ones:

Epb s {ts (ws,wb) 4 tb (ws,wb)} <0.

Denoting the "revenue" of the mechanism by:

R (ws,wb) = - (ts(ws,wb) + tb(ws,wb)) = (5)

- Zi:lp(i’ws’wb) (w'lgi
ex ante budget balance is simply:

Eyp e [R (wS,wb)} > 0. (6)

10



3.4 Symmetric Mechanisms

Since our trading problem is symmetric across objects (each agent’s valuations of objects are i.i.d.),
we can restrict attention to symmetric mechanisms. Such mechanisms are agnostic to changing the
names of the objects.

Let m : I — I denote a permutation mapping, and let II be the set of all N! possible permutations
of the set I. Let M, denote the corresponding permutation operator (matrix) on vectors, so that

Myw is a vector of valuations in which the i element is the 7 (i) element in w.”

Definition 1 A mechanism I' = <p, TS,Tb> is symmetric if for all w® € W, wb € W°, and 7 € II:
1. p (i; w?, wb) =p (71' (1) ; Mrw?, Mwwb)
2. 75 (w*, wb) = 75(Myw®, Mawb)
3. 0w, wb) = T(Myw*, MywP)

Proposition 1 For every incentive compatible mechanism I’ = (p, 75, Tb) , there exists a mechanism
I = (;5, %S,?b) that is incentive compatible, symmetric and provides the same ex ante utilities for

the agents and same ex ante revenue for the mechanism.

In a symmetric mechanism, the probability of trade in each object depends only on the agents’
valuations of that object and on the numbers of good valuations in each agent’s type. Moreover,
the transfers to agents depend only on the number of good valuations in their types. More formally,
let g (wj ) denote the number of "good" valuations in w’. Then the probability of trade p (i, w?, wb)
depends only on w$, w?, g (w®) and g (wb), while the transfers 77 (ws,wb) depend only on g (w®)
and g (wb). It is thus convenient to partition the set W7 of all types of agent j to N + 1 equivalence
classes {G%}N such that all types w/ in G, have the same number g (wj ) = m of "good"

m=0

elements. An arbitrary type in GY, is denoted by wh™.

"Formally, M, is a matrix whose i*" row is the 7 =!(¢)"" row of the unit matrix of size N x N, i.e., [MW](Z.J) =

[INXN}(T‘.—I(,L») J): For example, if (1) = 3, 7(2) = 1, 7(3) = 2, then the corresponding permutation matrix is

MW:[ ]

= o O
S O =
o = o

11



4 Optimal Mechanisms

In this section we characterize, step by step, a collection of simple mechanisms that spans the
Pareto frontier of our trading problem. That is, for any pair of weights o = (oﬁ, o/’) (non-negative
and sum to 1), we look for a mechanism that maximizes the a-weighted sum of the agents’ ex ante
utilities:

@ Epe U (0%, 0?) + 0By UP (0", w?) (7)

in the domain of incentive compatible, individually rational and (ex ante) budget balanced mech-
anisms. We call such mechanisms "a-optimal".

Recall from the example in section 2 that, whenever a first-best outcome is not attainable, the
construction of a second-best mechanism involves finding the best compromise between generating
trade surplus vs. increasing the rents to agents. Put differently, in these cases our aim is to restrict
trade as efficiently as possible so as to reduce rents until the mechanism’s surplus (which is also
reduced by restricting trade) equals the sum of rents. Importantly, rents are paid to good types so
as to deter them from pretending to be bad ones and obtain better trading prices. These rents are
thus proportional to the probability that they will be still allowed to trade if they lie, i.e., on the
probability that the bad types trade.

4.1 Good-Good and Bad-Bad Encounters

There are two cases in which there is no tension between trade surplus and rents. When two bad
types meet, it is optimal not to let them trade, as this generates negative gains from trade and
induces positive rents. When two good types meet, they must trade with probability 1, as this
generates positive gains from trade without requiring any rents (as bad types have no reason to
pretend to be good). This intuition, straightforward in the case of one object, remains true also

with many objects, as the following proposition states:®
Proposition 2 In any a-optimal mechanism, for every object ¢ € I:

1. If both agents value ¢ as "good" — the object is traded with probability 1.

2. If both agents value ¢ as "bad" — the objects is not traded.

$Note that the proof of the proposition does not rely on the symmetry of the mechanism.

12



4.2 Good-Bad encounters and Minimal Rents

Knowing how good-good and bad-bad encounters should be dealt with, we now need to devise the
most efficient way of limiting trade in good-bad encounters.

By Proposition 1 we can restrict our attention to symmetric mechanisms. Any symmetric
mechanism induces, for each agent j, 2N constants {5{;1}Z:1 and {Wm}i;l, where fin and Wm

are the expected probabilities that a type w’™ of agent j (a type with exactly m good valuations)

trades his good and bad objects, respectively:”

g o= (i,wj) where w] = véood and g (wj) =m,m=1.N
gbfn = p (i,wj) where wg = vgad and g (wj) =m, m=0...N—1.

These constants, accompanied by a set of transfers 7, are sufficient to determine whether the
mechanism satisfies IC, IR and BB. If these hold, then the transfers 7 are the agents’ utilities and
they determine the value of the a-weighted social welfare function.

The standard way of devising the transfers in unidimensional settings, in which types can be
linearly ordered (See, e.g., Bolton and Dewatripont (2005), pp. 78-80), involves an inductive con-
struction by which each type is paid the minimal rent that makes him not mimic the type that
is just one step below.! That is, the mechanism pays the minimal rents subject to satisfying
"local downward incentive compatibility" (LDIC). In the unidimensional case LDIC (plus the min-
imal rents) implies full incentive compatibility, since in any incentive-compatible mechanism the
probabilities of trade must be weakly increasing in the agent’s type'!.

In our multidimensional setting, this last implication is no longer the case. Incentive com-
patibility alone does not guarantee that the probabilities are increasing, that is ¢5ﬁ 12 qﬁﬂm and
é’fn 12 ¢J 12 Thus, local IC constraints do not ensure IC. We therefore employ the following proof
strategy. We construct the optimal mechanism under the local IC constraint. We then observe that

the optimal mechanism (under the local IC) is, in fact, monotone (qﬁfn 412> ¢} and fin 12 & for

9The symmetry of the mechanism directly imply that the &’s and ¢’s are well defined.

10T continuous settings, such as Myerson and Satterthwaite’s, the inductive construction is replaced by integration
of a derivative.

"UProvided that utilities are quasi-linear, as in our model.

2Tncentive compatibility does imply that §zn+1 > ¢fn (which is the same kind of monotonicity as in the unidimen-
sional case), but this does not help us.
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all m). The monotonicity implies full incentive compatibility. This implies that the mechanisms
that we construct, which are optimal in the larger set of local IC mechanisms, belong also to the
smaller set of IC mechanisms. Thus, they are indeed optimal.

4.2.1 Local Incentive Compatibility

We now define the set of SLIC mechanisms — symmetric and locally incentive compatible — in

which we will search for optimal ones. We also define monotonicity and show that a monotone

SLIC mechanism satisfies full IC.

Definition 2 A symmetric mechanism is SLIC if, for any m € {0, ..., N — 1} and any w/™ € Gl

and whmtl ¢ an+1
1 AIED L > 7 (wimH) — 7 (wim)
2. Algl, < 7 (wimth) — 7 (wim)
3.8, > ¢,

The three conditions is are direct applications of Equation 4 (the IC condition). The first states
that cheating upwards (reporting that one of the bad valuations is good) is not beneficial. The
second states that pretending to have one less good valuation is not beneficial. The third states
that within a given class G, the expected probability of trade of bad objects is less than that
of good objects, which directly implies that an agent prefers to report his true type rather than

pretending to be a different type in GI, (i.e., cheat horizontally).

Definition 3 A symmetric mechanism is monotone if, for any m € {1,..., N — 1}:
L &l = ¢l
2. &y 2 &,

Proposition 3 A monotone and SLIC mechanism is incentive compatible.

Naive utilities and revenue
When we then look at SLIC mechanisms, utility and revenue calculations are misleading. A
SLIC mechanism is not necessarily incentive compatible and truth-telling is, therefore, not neces-

sarily an equilibrium. Thus, the equilibrium utilities of the agents may differ from their 7’s and the
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equilibrium revenue to the mechanism might not be R. We can however refer to the 7’s and R as
"naive" utilities and revenue: those that a naive mechanism designer, who trusts that the agents
will report true valuations even in the absence of incentive compatibility, expects. We proceed
by identifying the optimal mechanism from a naive designer point of view. Since, eventually, the
naive-optimal mechanism turns out to satisfy IC, the 7’s and R will turn to be the true utilities

and revenue.

4.2.2 Tight Rents

Since in a SLIC mechanism we only need to prevent an agent from pretending to be of neighboring
types, the minimal rents are obtained when each type in G, is paid to make him exactly indifferent
between reporting the truth and pretending to be a type in an_l. This amounts to setting the
difference between the payments 7 (wj’mH) -7 (wj’m) to be exactly A7 gb%. Note that setting the
7’s this way guaranties that the upward local IC condition, Ajﬁfnﬂ > T (wj’mH) -7 (wj’m), is

also satisfied, since f{n 1> ¢’ in a SLIC mechanism.

Definition 4 A SLIC mechanism T is tightly SLIC if, for any m € {1,...,N — 1} and any w™ €
G, and wim™ 1 e Gin+17

7 (@) - 7 (wim) = AT, ®

The following proposition states that we can pursue the optimal mechanisms within the set of

tightly SLIC ones:

Proposition 4 For every SLIC mechanism I' = (p, T4, Tb), there exists a tightly SLIC mechanism
= (p, 79, %b) that provides the same naive ex-ante utilities for the agents and same naive revenue

for the mechanism.

By proposition 2, in an optimal mechanism the probability of trade in objects for which both
agents have bad valuation is 0. Thus, the expected probability that agent j trades when he has

a bad valuation, Tﬁ, comes only from trade when opponent has a good valuation, an event with

probability ¢~7. Let then

. &

p = Cm

denote the expected probabilities that j trades his bad objects (given that he has m good valuations)

conditional on —j having a good valuation.
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Proposition 4 lets us relate the payments that agents receive to their expected trade probabil-
ities. We fix the payment to w?9, the worst-off type of agent j, at ¢/. That is, independently of
the rival’s type w7, 7 (wj’o, w‘j) = ¢/, By (8), in an optimal mechanism, the expected payment

to j’s other types are uniquely determined. For any m = 0..N — 1, j € {b, s},

m—1

P ™) =+ g IS )

k=0

We can now compute the ex ante naive utilities of the agents and the ex ante naive revenue
of the mechanism. Recall that j’s valuations are i.i.d. across objects. Thus, the probability that
j is of type wi™ € G, is the corresponding density of the binomial distribution, fzp(k, N,¢’) =

(Z) (qj)m (1 —¢/)N=™. The ex-ante naive utility of j is, therefore:

NUY (CJ, :UJ(]J"":UJgV—l) = Eui [ZZZO fBD(mv N, qj)% (wj,m>:| (10)
= Jd+q N ZZ:O [fBD(m,N, 7) Z::Ol an]

Define the naive income, NI, of the mechanism as the total surplus from trade. (The naive
revenue is the naive income minus the payments NU® and NU? to the agents.) The surplus comes
from good-good encounters (where trade occurs with probability 1), and from good-bad encounters

(where the expected probability of trade is the appropriate ,u,Jn) The ex ante naive income is then:

NI (cs,ué---u?v_l,cb,ug---ulz’v_l) = N¢*¢"(v) — o) (11)
N-1
a0 =) > [(N = m) fap(m, N, ¢,

= o) S (N = m) fep(m, N, g*)pis)

m=0
Note that, by (10), the individual rationality constraint now reduces to requiring that ¢/ > 0.

Ex ante budget balance requires that NI > NU® + NU".

4.2.3 Optimal Surplus to Rents Trade-off

In a tightly SLIC mechanism, the expected payments to agents and the revenue to the mechanism
are uniquely determined by the fixed payments to agents, {cj}, and the set of relevant expected
trade probabilities {,uﬁn} To devise the optimal limitations on trade, we need to compare the cost-

to-benefit rations of the different variables. The cost, or shadow price, is the effect of increasing the
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variable on the budget-balance condition. The benefit is its effect on the agent’s utility, weighted
by the agent’s af. While the ¢/ enter both the cost and the benefit side directly, the effect of
the increasing the probabilities of trade /ﬂn is more subtle. They determine the agents rent, and
thus enter both the benefit and the cost. But they also determine the surplus from trade, which is
collected by the mechanism. This surplus relaxed the budget-balance condition. We will see that
the cost-to-benefit ratio of ;ﬂn decreases in m. In fact, it may even negative when m is sufficiently
large, as then the required rent can be lower than the surplus generated by the trade. For such m,
there is no reason to restrict trade.

To prove our main result, we thus proceed to writing the linear maximization program that
identifies the best way of restricting trade. Let Z be the set of decision variables, that includes the

constants ¢/ and probabilities ;ﬂn:

Z = {087 MS"'M?V—D va MI())MZJ)V—l}

Within the set of tightly SLIC mechanisms, we are looking, given weights (as, ab), for the one that

maximizes the a-weighted sum of naive utilities:

MAXz;  o°*NU®+a’NU® (12)
subject to

NU* + NU* -~ NI <0 (Budget Balance)

>0 (Individual Rationality)

1>p, >0  Vme{0,..,N—1}, j e {sb}

For any decision variable z in Z, let r (z) be its cost-to-benefit ratio.'> That is, r (z) is the ratio

of the derivative of the budget balance condition with respect to z to the derivative of the objective
function:'*
d (NI - NU® - NU) /o=

rz) = J(asNU*® +a®NU?) /0z

The following lemma states that the cost-to-benefit ratio of each agent’s variables is monotone:

13We slightly abuse notation here, as z in r(z) refes to the name of the variable rather than to its value.

4 Because our problem is linear, the cost-to-surplus ratio for each variable is a constant, i.e., r (z) is a real number.
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Lemma 1 For each agent j, the cost-to-benefit ratio of the trade probabilities /ﬂn 15 decreasing in

0

m. Moreover, the cost-to-benefit ratio of ¢, the payment to j’s worst-off type w?°, is greater than

that of all of his ,uzn.

Remark 1 The key to the proof of this lemma is that for the binomial distribution (with p.d.f.

fBp and c.d.f. Fpp), the function (J\;:?L]jf(%%’%’Q) s increasing in m. This function captures
the three factors that affect the surplus-to-cost ratio of letting types with m good valuations trade
their bad objects. The numerator is the proportion of types who enjoy the increased probability of
trade of bad objects, times the number bad objects per type. The denominator is the proportion of
types higher than m that must be paid higher rents when the m-types are allowed to trade their bad
objects. While the denominator decreases with m as needed, fpp increases first, but then decreases,
and (N —m) decreases all along. When these decrease, the numerator decreases — the opposite to

the direction we need. Nonetheless, the lemma proves that the combination of the three factors is

still increasing. '

By standard linear programming arguments,'% for any two decision variables 21, zo with 7 (22) <
r (z1), optimality requires that either zo attains its upper bound, or z; = 0. The optimal solution
thus constitutes of ordering all the decision variables in Z by their cost-to-benefit ratios, from the
lowest to the to highest, and sequentially setting each to its maximal value, until the budget-balance
condition is exhausted. The last variable that equates the mechanism’s budget to 0 can either be
one of the p’s, in which case this trade probability is set to some o € (0, 1) so as to exactly balance
the budget; alternatively the process can terminate with one of the ¢’s, in which case that c is set
17

to positive amount that exhausts the budget (recall that the ¢’s are not bounded from above).

Finally, all the remaining variables are set to 0.!%

Remark 2 This process, of gradually allowing trades in good-bad encounters, starts with a strictly

positive revenue to the mechanism, which is the surplus from good-good encounters. Then, if there

15While the lemma proves the monotonicity for our case of i.i.d. valuations, it is easy to see in the proof that
there is some slack, as the monotonicity is strict. Thus, the monotonicity would still hold also for non independent
valuations, as long as the correlation is not too high.

16Qee, e.g., the continuous knapsack problem in Dantzig (1963).

"For a finite number of values of (as, ozb), there are two variables with the same 7 (z), such that setting both to
their maximal value would exceed the remaining budget. In these cases, any way of dividing the budget between the

two variables (which must belong each to a different agent) is optimal.

18Unless the first-best outcome is attainable, the process ends before all the p’s are 1.
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are |1’s with a negative cost-to-benefit ratio, they are set to 1 and relax even more the budget-balance
constraint (such p’s exist if for one or both agents, for high enough m, the surplus generated from
trading their bad objects exceeds the required rent to the types with more that m good objects — see
the exact condition in Proposition 5 below). As we continue to set more and more variables to their

upper bound, the net income starts decreasing, until it is exhausted.

As the cost-to-benefit ratios of the u,’s and ¢/ decrease with aJ (see the proof of Lemma 1),
then as o’ increases, the u,jn’s all decrease and the rival’s /M_nj ’s all increase. As a result, the order
of the variables in Z can only change in one direction — some of the ;ﬂn’s may now outrank some
of —j’s variables. Consequently, more of the ugn’s may "make it" before the budget is exhausted,
implying that the threshold m above which j can trade his bad objects decreases.

To conclude the proof of our main result, note that any SLIC mechanism constructed by the
inductive process above is monotone (the monotonicity of the p’s implies that </>Jm > d)in_l and
5{,1 112 ffn for all m). We thus apply Proposition 3 and conclude that it is, after all, incentive
compatible. Thus, the naive utilities and naive income are, in fact, true utilities and income. We

thus have:

Theorem 1 For any o+ o® = 1, there exists an a-optimal mechanism, characterized by constants
M3, M° € {0,...,N — 1} and ¢°,0° € [0,1), in which, for any pair of announcements w®, w®, the
probability of trade of object i is:

0 — if both agents valuate i as "bad”

1 — if both agents valuate i as "good"

,ufn — if agent j valuates i as "bad" and agent —j valuates i as "good", where m denotes the

number of good valuations in j’s bid, and

0 if m< M
/L?jn: o m = M’

1 m > M7
Moreover, each MY weakly increases in o’ .

Calculation of the transfers to agents:
Recall that, by (9), the trade probabilities uniquely determine the interim transfers to agents.

Substituting for the optimal trade probabilities above, and fixing an agent’s ex post payment
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independently of his rival’s type, we obtain the following simple transfer scheme:
™ (w,w™) =7 (w’) = Maz {0,(m — M; — 1+ 0;) Aq_;}.

Intuitively, an agent’s is paid information rent for the number of good valuations in his announce-
ment that exceeds his threshold M; (at the threshold itself the rent is UjAj q—j, rather than AJ q—j
above the threshold, as its trade probability is only o).

Note that we constructed the optimal mechanism under an ex ante budget balance constraint.

To obtain ex post budget balanced, we can simply redefine the payments to be:

# (w,w™) =77 (w,w) + % (R (w,w™) = Eyj [R(w,w™7)] + Eyy [R (v, w7)]],

where R (wj ,wd ) is the revenue of the mechanism, as defined in Equation 5.

Construction of the Pareto frontier

The set of utility pairs that can be achieved by IR, IC and BB mechanisms is convex.!? To
construct the Pareto Frontier of the trade problem recall that in the construction of the optimal
trade probabilities, for all but a finite number of values of «, exactly one variable exhausts the
budget (it is one of the ;ﬂn’s or one of the ¢/’s). This variable is the same for a range of a’s, and
corresponds to a vertex of the Pareto frontier.

For a finite number of a’s, two variables exhausts the budget together, having exactly the same
cost-to-benefit ratio. Such two variables must belong each to a different agent. By splitting the
remaining budget between the two, the a-weighted utility sum is unchanged, and we can pass utility
between the agents in fixed ratio. In this way we obtain edges of the Pareto frontier. (One can
easily check that any way of splitting the remaining budget between the agents is identical to a

lottery between the mechanisms that yield the vertices of the corresponding edge.)

Monopoly and consumer surplus:

When of = 1 and o = 0, we can view the seller as a monopolist who sets the mechanism in his
best interest. Sometimes the monopolist finds that selling each object at ”2 is optimal. In this case,
there is no trade when the buyer has a bad valuation, and therefore he receives no rents. In other

cases, the monopolist finds it optimal to sell some objects to buyers with low valuation, provided it

Y9 This can be easily seen by noting that a simple lottery between any two such mechanisms also satisfies all the
constraint, and yields each agent a weighted average of his utilities under the two mechanisms
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has low cost for the object (the monopolist may be willing to sell all the objects to a low-valuation
buyer, or prefer mixed bundling, by to selling some objects at the buyers low valuation only if
sufficiently many objects are bought at the buyer’s high valuation). In these cases, the buyer ends
up with a positive (expected) consumer surplus.’

The following corollary states the necessary and sufficient condition for agent j with o/ = 0
to have a positive probability to trade his bad objects, or, equivalently, obtain a positive utility
form —j’s preferred mechanism. The condition amount to verifying whether j’s types who are most

likely to trade their bad objects, i.e. the type in GN~1, have a negative cost-to-benefit ratio.

Proposition 5 In every second best mechanism, agent j expects to receive a strictly positive ex

ante utility iff:

J J
N>_—4 . A
B R A AY)

5 Numerical Simulations

In this section we present numerical simulations that provide some insights for the properties of
a-second best mechanisms. The following figure shows a Pareto-frontier of a trading problem with

eight objects:

0,25
.15
111

100 |4
36

Seller's Utility
m

Buyer's Ltility

Observe that the seller’s utility is maxintdBWed* = 1 and decreases along the curve, as the
designer leans more towards the the buyer. Observe also that when the utility of one agent is
maximal (that is o/ = 1), the utility of its rival is non-zero. This is a direct implication of

Proposition 5. It demonstrates that when there are sufficiently many objects, some types of each

20Note that our problem is different than the standard monopolistic bundling model, as the monopoly’s type is not
common knowledge. Instead, it devises its optimal mechanism at the ex ante stage, and then both the buyer and the
monopoly submit their reports to the mechanism. In other words, the monopoly here is an "informed principal" (see
Myerson 1983 and Maskin and Tirole 1990).
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agent are allowed to trade their bad objects whatever the designer’s bias is; the agents thus obtain
a positive ex ante utility.

Figure (2) shows how the per-object utilities change as the number of objects increases:

—4—1 Object
3 ——— 15 Ohjects ||
gh = 0.15
el q3 = 0.15
= 2t vbh = 105 |
a wsh = 100
= whl = §
o val = 0
m Qo
)'n."\ -
%
%
%
o . 4
o 2 2 3 4
Buyer's Liility

The thin curve is the Pareto frontier int¢%hde of one object. It is also the one achieved
with many objects if the mechanism is just a replication of the one-object optimal mechanism and
does not exploit the possibility to link the trade problems. With fifteen objects, our mechanism
increases both agents’ utilities considerably if a® and o are close to 1/2. But as the a’s become
far apart, the gain from linking the trade problems is reduced. In the extreme (the monopoly or
monopsonist cases of a® = 1 or o’ = 1), the two curves meet, implying that linking the trading
problems does not help. This conclusion holds here because, given the problem’s parameters, the
number of objects is not large enough and the monopolist sell only to good types, leaving no rent
for the adversary (see Proposition 5). Note, however, that for sufficiently many objects, an agent’s
utility when his « is 0 is no longer 0 (as in the first figure). In such cases the two Pareto frontiers
do not meet at the extremes, implying that linking the trade problems is helpful.

Figure 3 show how the trade limitations for the two agents change together as a change. It
shows the different combinations of thresholds, such that each agent is allowed to trade his bad
objects only when the number of good valuations in his announcement is above his threshold. In
this example with eight objects, if agents are treated equally, both thresholds are 1. But if the
mechanism leans sufficiently towards one of them, his threshold becomes 0, while the threshold of

the less favored agent increases gradually as his « decreases (but never reaches 8).
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Finally, Figures 4 and 5 show the Pareto Fi5HEEhnd trade limitations when the valuations are

such that the first-best surplus is attainable. Figure 4 shows that at a® = a there is no gain in

linking the trade problems (as the one-object mechanism is already optimal). As we move away

from equal treatment of the agents, the Pareto frontier is expanded when the optimal multiple-

object mechanism is employed. Figure 5 shows that, as we shift away from equal treatment (were

no trade limitations are imposed on any player), only the agent with lesser weight is restricted from

trading (and the saving in his information rent, minus the forgone surplus, goes to the opponent

and is added to his fixes payment c).
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Appendix: Proofs
Proposition 12!
Assume that I' = <p, 75, ’Tb> is an incentive compatible mechanism. Let I'" = <p7r, T3, TZ.> denote

a new mechanism that is defined for every w/ € W?, j € {b, s} and 7 € II as follows:

T (ws,wb = 7J (Mﬂws,]\/[ﬂwb>

)
D (z’;ws,wb) = p <7r (i),Mﬂws,Mﬂwb>
Lemma 2 For every j € {b,s} and every arbitrary function h : W7 — R:
Ey [h(w))] = By [b (Mrw?)]
Proof. The expected value of h (wj ) is given by:

By [h (/)] = Y [prob(w’) - h(uw)]
— ij [prob(Mzw’) - h (Mzuw’)] .

The elements of W7 are i.i.d. random variables, hence pr(w’) = pr(M;w?). This therefore equals:

ij [prob(wj) -h (M,ij)] =FE,; [h (M,rwj)]

[ |
Lemma 3 if I' is incentive-compatible then I'™ is incentive-compatible

Proof. Consider an agent j € {b, s} of an arbitrary type w/ € W7. Since I is incentive-compatible,

then truth-telling is always at least as profitable to j as any other announcement /. That is,

N

Zp(i,wj,w_j) (wf —u?f) + 77 (wj,w_j)

=1

E,-j

w

< By [77 (w7, w77)]

for every w’,w’ € WJ. In particular, this holds for (Mﬂwj) € WJ and (Mﬂuij) € Wi:

N
Eyei | Y p (6 Mptd?, w ™) (Mpw?), = (Mzi?),) + 77 (Mpe?,w™7) | < By [77 (Mpw?,w™)]
=1

21 The proof of this proposition is inspired by Norman and Fang (2006).

25



By lemma (2), this implies:

E,-i

w

N
> p (i, Med?, Mew ™) ((Maw?), — (Mgi?),) + 77 (M, Mﬂw_j)]
=1

< B, [Tj (Mwwj,Mwwfj)]

Note that by definition (M,,wj)i = wzr,l(i) and (Mﬂu?j)l. = zbfr,l(i). Thus,
N . . . . . . .
E, z;p (i, Mgti?, M) (wjr,l(i) _ wgr,l(i)) + 77 (M, Mﬂw—ﬂ)]
1=
< B [Tj (Mwwj,Mww*j)]

or equivalently, by changing the order of summation:

N

> b (7 (@), Myi?, Myw™) (wg _ wf) + 77 (Mg, Mﬁw—j)]
=1

< E,-j [Tj (Mﬂwj,Mww*j)]

E,-j

w

using the definitions of p, and 72, this is:

Ey-s

N
pr (i,if)j,wfj) <wf — u?i) + 77 (ﬁ)j,wj)]
=1

< Ey-j [TZr (wj,w_j)]
Which implies that I';; is Incentive Compatible. m

Lemma 4 If T = <p, TS,Tb> and I'y = <p7r,7'S Tb> are incentive compatible, then both yield the

Ty T

same ex-ante utility for the agents.

Proof. The ex ante utility of agent j from bidding truthfully under I' is:
ij waj [Tj (wj, w_j)] .
using lemma (2) twice, this equals:

Eyi By [77 (Mpw!, Mrw™)]
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and using the definition of T%—, this is:
E,ij,w—j [T; (wj, w*j)] s

which is the ex-ante utility of j under I';;. =

Lemma 5 IfI' = <p, TS,Tb> and 'y = <p7r,7'fr,7'§’r> are incentive compatible, then both yield the

same revenue to the mechanism.

Proof. Let ER and FR, denote the expected revenue of the mechanism under I' and I';;, respec-
tively. Then:
ity [p (G wt wh) x (w] —ws)] ~

7_b (’U)S, U}b> — 78 (U)S, ,wb)

ER=E,E, ;
Using lemma (2) twice, this equals:

— Sy p (6 Mrw®, Mrw®) ((Maw®), — (Maw®),) —
J —J
o 7t (Mpw®, Mgw®) — 7% (Mpw®, Myuw?)

By definition (Mwwj) =w’_, ., that is:

i = 1(3)’
ity p (i, Mew®, Mrw?) <w2—1(i) - wfr—l(i)> a

E E, -
70 (Mwws, Mwwb) — 75 (Mwws, Mwwb)

or equivalently, by changing the order of summation:

Zi]il P (ﬂ' (i), Mrw?, Mwwb) (wl? — wfs) —

K 3

70 (M,rws, Mwwb) — 75 (Mwws, Mwwb)

E,E,-

wi Hw—J

and by definition of p;, Tfr and 7, this is

o e | S ) () -

wi

E

w—J

=FER,

7'(7’r (ws,wb) -7 (ws,wb)

We use these lemmas to specify the symmetric mechanism. Given I' = <p, T4, Tb>, let us define a

new mechanism denoted by [. InT the agents are first asked to submit their vectors of valuations:
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w® € Wb w® € Wb, Then, the mechanism randomly selects a permutation 7 from II, and imple-
ments the trade probabilities and transfers implied by I';. I is symmetric since for every object
1 € I, the probability for trade depends only upon the agent’s valuation of ¢ and the distribution
of valuations of all objects other than .

According to lemma (3), both agents would reveal their true types in I'; for every possible
m € II. They would therefore also reveal their true types under I, i.e. before they know the result
of the randomization. This implies that I' is incentive compatible. Furthermore, lemma (4) and
lemma (5) imply that the agents have the same ex-ante utilities under I' and T, and the bank has

the same budget balance.

Proposition 2

We show that if any of the properties does not hold for an incentive compatible mechanism
I'= <p, T8, Tb> then there exists another incentive compatible mechanism T' for which the ex-ante
utility of (at least) one of the agents is higher, and the ex-ante budget balance does not change.

Good-Good trades: Suppose that I' = <p, T8 ,Tb> is an incentive compatible mechanism in
which objects that are valuated as "good" by both agents are not always traded with probability

1. That is, there exist two vectors @/ € W7 (j € {b,s}) and an object k € I for which w;’ = U:Z;ood
with p (k, @*,a) < 1.

Let us consider an alternative mechanism [' = <]5,7'5,7'b> with p = p except p (k:,zDS ,ﬁ)b) = 1.
Since this change affects only agents that announce "good" in the k** object, it does not violate

incentive compatibility (bad types only lose more by pretending to be "good"). It does, however,

increase the expected surplus of the mechanism by
[1 - p(ka wsa wb) : pTOb(’lZ)b) 'pT‘Ob(’LZ}S) : (Ugood - U;ood> :

This quantity is strictly positive and can be transferred as a lump sum to the agents in order to
increase their ex-ante utility. Doing so keeps the mechanism budget balanced, while not affecting
the incentives of the agents.

Bad-Bad trades: Suppose that I' = <p, 75, Tb> is an incentive compatible mechanism in which
objects that are valuated as "bad" by both agents have a positive probability of being traded. That
is, there exist two vectors @/ € W/ (j € {b,s}) and an object k € I for which ﬁ)i = fugad with

p (k, %, @°) > 0.
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Consider an alternative mechanism [' = <}5, 75,7 > with p = p, except that p (k u?b) = 0.
Again, this change does not violate incentive-compatibility of the agents under I', as good types
lose now more if they pretend to be bad. However, by decreasing the probability that objects that

are valuated as "bad" by both agents are traded, the expected surplus is increased by:

p (k" ") % pr(") x pr(i®) x (viog = vhoa)

which is strictly positive, and can be transferred to the agents as a lump sum in order to increase

their ex-ante utility.

Proposition 3
Suppose that I' is a monotone and SLIC mechanism. By definition (2) we know that for any

m € {1,..., N — 1} and any @™ € G%H and wi™ € GJ, the following inequalities hold:

A,

A 5erl

IN

7 (@) — 7 (wh™)

v
Rl
&
|
Rl
&
=

Using the inequalities recursively it is straightforward to show that for any two vectors w/™+* ¢

an_s_k and wi™ € GI, where 1 < k < (N —m):

Y A
7 = ,m+k = ,
Al leo ¢m+l < 7 (w] " ) T (w] m)
"
T ’ +k T I
A’ leo milr1 2 T(w]m ) 7 (w™)
and by monotonicity:
Akl <7 (@97F) < 7 (whm) (13)
A kg 2 ($9H) 7 () (1)
Let the distance between w?™ and w?™+k, ij’m, zi;j’erkH, to be the number of elements by

which the two vectors differ. Observe that:
Hwﬂ"mmﬂ?mMH > k. (15)

Note also that there are exactly % (ij’m, lmtk H + k:) elements that @™ "% valuates as good and

w?™ valuates as bad. Similarly, there are exactly %(!‘wj’m,wj’erkH — k) elements that @™ tF
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valuates as bad and w’™ valuates as good. Using the properties of SLIC and equation (15) we

know that:

ot - <o

3 ~Jsmtk
(L RO ICRR NS

v
o

Add both sides of the upper equations to (13) and both sides of the lower to (14) to get:

Rl

% (ij’m’wj’m%H k) (6~ ) A+ A k-6, < 7 (@) < (wh)

(wj,erk) 7 (wi™)

1 o , , . ,
By (ij’mvwﬁ +kH - k) ( mik fn+k> N+ N k-G 2

ll

or equivalently:
) ) 1 . . 1 . , .
(o) ) () st (-4 s o

. : 1 . . . 1 . . o
) 27 (@) (o ) s o] ) s

For every non-negative k, equation (16) implies that /™% does not gain from pretending to
be w?™, and equation (17) implies that w?™ does not gain from pretending to be /™%, This

means that the mechanism is incentive compatible.

Proposition 4
Let w/™ € G, and wi™t! € ng+1 denote two types of agent j € {b,s} and let w7 € W7

denote an arbitrary type of agent —j. SLIC implies that:
A pl <7 (wj’m'H) — 7 (wj’m) < Ajgf;,H_l for me{0,...,N—1} (18)

Note that (18) consists of N equations with two inequalities each. If T' is tightly SLIC then we
are done. Otherwise, let k£ denote the index of the first equation for which the left inequality is

strict. That is:

Nigh, =79 (wim ) — 7 (wh™) < AJEL | for m € {0, ..k — 1}
ANg) <7l (wj:mﬂ) — 7] (wjvm) < Ajgzn_H for m =k (19)

AN gl <7 (whm ) — 7 (wh™) < Vg forme {k+1,..,N —1}
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LetT' = (p, 75, %b) denote a mechanism with the same trade probabilities as I" but with transfers:

T (wj””,w_j) +d [1 - FBD (kyNa q])] for m € {07 7k}

7 (w™ w) +d[1—-Fpp (k,N,¢7)] —d forme{k+1,..,N—1}
(20)

7 (wj’m, w_j) =

where d is the following constant:
d=E,-; {’T (wj’k+1,w_j) -7 <wj’k,w_j)} - quﬁi

Thus, as compared to I', under I all types of agent j receive a constant addition of size d [1 — Fsp (k, N, ¢ )]
to their utility. However, types with more than k "good"” valuations also lose a constant of
size d. Since in ex-ante terms the probability to have more than k "good” valuations is exactly
[1 — Fsp (k, N, qj)], then the ex-ante utility is the same under I' and f’, and the revenue of the

mechanism is the same under I and T'.

Observe also that under I' the difference between the transfers to w/™+1 and wi™ is given by

E, - [%j (wj’m+1,w_j) — 7 (wj’m,w_j)]
E,-; [Tj (wj7m+1,w_j) —7d (wj’m,w_j)] m # k

w—J

Aj(bi m==%k
and thus:

Al =7 (wj7m+1) 7] (wjvm) < AJ’g{ﬁH for m € {0, ..., k}

Aigl, < 79 (whm ) — 7 (wim) < AIED L forme {k+ 1, N — 1}

Therefore, I preserves local incentive compatibility and has exactly one more binding constraint
compared to I'. If T is tightly SLIC - we are done, otherwise - repeat the process of eliminating a

non-binding constraint until the mechanism is tightly SLIC.

Lemma 1

Let al, denote the (marginal) effect of increasing u% on the objective function:

al, =0 (asNUS + abNUb> Joul, = ol g7 AT Z:f:mﬂ K‘Z) (qj)k (1 - qj)k}

= o g7 N (1-Fpp (m,N,¢))
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and let bJ, denote the (marginal) effect of increasing ,u,fn on the budget constraint:

0 by. s () _ . ab
by. s () _ . as
bfn _ 8[NU ()_’_é\;gn () NI()] :<OZ:>—qb(Uz—Ufb)X(N—m)XfBD(m;N&S)

Thus, the cost-to-benefit rate of u, and ul, is explicitly given by:

% — i 1— (’U?—'Uls) % (N_m)XfBD(mvNaqb)
ab, ab (V) —P) 1— Fpp(m,N,qb)
b | (vh —vi) _ (N—m) X fpp(m,N,¢°)
as, of (vi—vf) 1— Fgp(m,N,q*)

Note that for ¢/ the cost-to-benefit rate is i, which is greater than % for allm € {0,..., N — 1}.

To show that the ratios % decrease in m, it is sufficient to prove the following claim:

m

Claim 1 (N —m) % is strictly increasing in m for every q € [0, 1]

Proof. Let p,, = fep(m,N,q) = (N)qm (1 —¢)V™™. Following Chechile (2003)[4], define W =

m
Pk+;Pg,

Pis Pk for every and k, k,j € {0, ..., N} and observe that:

W= PeriPh _ (lzz—i—j)...(l%—&—l)(n—k)...(n—lf—j—i—l)'

PiyPe (k45) o (k+1)(n—k)(n —k—j+1)

Multiply both sides by ((Z:’;)) to get:

PirjPp (n—k) _ (k+j)(k+1)(n—k—-1).(n—k—j+1) (1)
Pip Pk —k)  (k+j).(k+1)(n—k—1).(n—k—j+1)

Clearly, if k > k then each of the terms in the numerator of the RHS of (21) is larger than the

Pk+iPj (”*’5)

corresponding term in the denominator; thus PossPh ()

> 1 or, equivalently,

L peyy Py 1
> —
(n—k) pi pj, (n — k:)

Thus,

i=N—(k—k =N
1 Zi:k+1( )Pz’ S Z;:,;H pi 1

GRS e (0 h) vk > b,
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and therefore also:

=N =N
1 2T pi - il 1

vk > k,
(n—k) Pj, (n _ k:)

and since Zzzév p; = 1 then

L 13w Mier |

(n—k) p;, (n _ k:)

Recall that Fpp(k,N,q) =1— Zzzg pi, and therefore:

k, N A k, N )

(n— k) fBp(k, N, q) <<n—k> fBp(k, N, q) i > k,
1 = Fpp(k,n,g) 1 = Fpp(k,n,g)

fBp(m,N,q)
1-=FBD(m,N,q)

which implies that (n —m) is increasing in m. m

Proposition 5

By Equation (9) and the specification of the second best mechanism we know that agent j
receives a positive ex ante utility if, and only if, ,ugv_l > 0. There are two cases: 1. The cost-
to-benefit ratio of ufv_l is positive; in this case, as o/ decrease, its cost-to-benefit ratio grows
to infinity and in the optimal solution :“qu is set to 0. 2. The cost-to-benefit ratio of Mg\/,l is
negative; in this case optimality ensures that ,ugv_l =1, regardless of a/.

Using the notations defined in the proof of theorem (1) the cost to surplus of :“3\7—1 is given
by bj]‘\,f1 / a‘g\,il. Since ag\_l is always positive, the sign of this ratio depends only upon the sign of

b)_,, which is explicitly given by:
by =q A (1—Fpp(N—1,N,¢%)) —q (v} —vf = A7) - (N — (N = 1)) - fgp(N —1,N,¢).

Thus, the ratio is negative if, and only if,

AJ < fBD(N_]-aNaqj)
(’UZ—’UZS) —AJ B :lf-FBD(-ZV*17]\[7(:1“7.)7

or equivalently:
b .
N A
1—¢> vb—vf—AJ
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