Review of Economic Studies (20089, 407-436 0034-6527/02/00160407%$02.00
(© 2002 The Review of Economic Studies Limited

Collusion via Signalling in

Simultaneous Ascending Bid
Auctions with Heterogeneous
Objects, with and without

Complementarities

SANDRO BRUSCO
University Carlos 11l of Madrid

and

GIUSEPPE LOPOMO
Duke University

First version received Apri2000;final version accepted Auguad01(Eds)

Collusive equilibria exist in simultaneous ascending bid auctions with multiple objects, even with
large complementarities in the buyers’ utility functions. The bidders collude by dividing the objects among
themselves, while keeping the prices low. In the most collusive equilibrium the complementarities are
never realized. The scope for collusion however narrows as the ratio between the number of bidders and
the number of objects increases.

1. INTRODUCTION

It is well known that the English auction has many desirable properties when a single object is
to be sold. For example, with private values it implements the efficient allocation uniquely in
weakly dominant strategies, and maximizes the seller's expected revenue within a large class of
“simple” selling procedures (Lopomo (1998)). However, the properties of generalized versions
of the English auction, in situations in which many objects are to be sold, and the buyers have
use for more than one object, are yet to be fully understood.

Current research on auctions with multiple objects can be organized into normative and
positive approaches. The first approach consists essentially in looking for mechanisms with
equilibria which satisfy some desirable propertieg, efficiency (Ausubel and Cramton (1998),
Dasgupta and Maskin (2000), Perry and Reny (1999§ &sd Maskin (1999)), or seller’s
revenue maximization (Armstrong (2000), Avery and Hendershott (2000), Menicucci (2000)).
The positive approach instead considers given auction formats, writes them down as games of
incomplete information and aims at characterizing their equilibrium sets.

This paper contributes to the second line of research. We study a multi-object version of
the English auction, henceforth named “simultaneous ascending bid auction”, similar to the
one recently used by the Federal Communications Commission (FCC) for the sale of spectrum
licences (see McAfee and McMillan (1996)). We focus on the claim that this generalization
of the one-object English auction is more vulnerable to collusion in the multiple objects case
than in the single object case. Concerns about collusive behaviour of bidders in the FCC
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auction have emerged, for example, in an article publishedihi@ Economis{1997). More
recently, Cramton and Schwartz (2000) have indicated evidence of collusive behaviour in the
FCC spectrum auctions, and discussed the effectiveness of various modifications of the auction
rules in hindering bidders’ collusion.

Our analysis will provide elements to test the veracity of the following conjectures which
naturally arise on auctions with multiple objects:

e The presence of multiple objects facilitates collusion by allowing the bidders to signal
their willingness to abstain from competing over certain objects, provided they are not
challenged on others. In this way, the bidders can allocate the objects among themselves
without paying much.

e As the ratio between the number of bidders and the number of objects increases, the
room for collusive schemes such as the ones indicated in the previous conjecture becomes
smaller.

e Large complementarities in the bidders’ utility functions tend to hinder collusion. This is
because each bidder is less satisfied with owning only a subset of the objects on sale; she
has therefore an incentive to break the collusion and compete for all the objects in order to
fully realize the synergies.

In a model with two objects, we show that bidders with private information about their own
willingness to pay for each subset of objects can indeed take advantage of the signalling
opportunities provided by the sequential nature of open ascending bid auctions with multiple
objects, by coordinating on equilibria which generate a high level of expected surplus for
them, a low level of revenue for the seller, and socially inefficient allocations of the objects
(Propositions 1 and 2). This kind of coordination however becomes more difficult as the number
of bidders increases while the number of objects remains fixed at two (Propositions 4 and 5).
Thus our analysis lends support to the first two conjectures listed above.

With regard to the third conjecture, we show that the sole presence of large
complementarities is not sufficient to eliminate the opportunity for the bidders to collude. In
fact, in the extreme case in which the levels of synergies are commonly known, and not too
different across the bidders, the incentive structure is essentially identical to the case with no
complementarities. However, when the complementarities are not only large but also variable,
the possibility of collusion is seriously reduced. These results suggest that what is crucial in
determining the likelihood of collusion is not whether the complementarities are (on average)
“large”, but how variable they are.

It is important to note that the type of collusion considered in this paper requires no
side contracts among the bidders. Instead, collusive behaviour emerges as a noncooperative
equilibrium phenomenon. This is a major difference with the single-object case, in which side
contracts, or future interaction, are in general necessary to sustain bidders’ collusion.

The positive literature on multi-unit auctions has focused mainly on the case of identical
objects and non-increasing marginal willingness to pay in the bidders’ utility functions. One of
the earliest papers on coordination in multiple unit auctions is on procurement auctions, by Anton
and Yao (1992). They show that, under a condition which in the monopoly case corresponds to

1. Collusion in the single object case sustained by side contracts has been studied, among others by Campbell
(1998), Graham and Marshall (1987), Mailath and Zemsky (1991), McAfee and McMillan (1992) and Pesendorfer
(2000). An exception to the use of contracts to sustain collusion is in McAfee and McMillan (1992). They show that
the bidders can collude in first-price auction in which ties are resolved with equal uniform probabilities. Caillaud and
Jehiel (1998) have shown that the presence of negative externalities among the buyers may hinder the effectiveness of
collusion. Collusive behaviour in repeated single-object auctions has been studied by Hopenhayn and Skrzypacz (1999).
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decreasing marginal willingness to pay, sellers who can bid for the entire production as well as
for single parts, can coordinate on “split award” equilibria which generate a low level of surplus
for the monopsonist. Viswanathanahal. (2000) have characterized equilibrium strategies in
sealed-bid discriminatory auctions for the case of two bidders.

The papers which are most closely related to the present paper in terms of the auction
rules, are Milgrom (2000) and Engelbrecht-Wiggans and Kahn (1999). Milgrom (2000) analyses
the simultaneous ascending bid auction, mostly under the assumption that the bidders’ utility
functions are common knowledge. He discusses issues surrounding the auction’s performance
in terms of its ability of generating efficient outcomes and its potential for maximizing the
seller's expected revenue. In particular, for the case of two bidders, two objects and no
private information, Milgrom describes an equilibrium which is similar to the one described
in Proposition 1 of this paper: each bidder can buy one object for the minimum price allowed by
the rules of the auction. Engelbrecht-Wiggans and Kahn (1999) have independently established
a result which is essentially identical to our Proposition 1, namely that “low revenue” equilibria
exist under mild conditions on the bidders’ information structure. They also show that, without
these mild conditions, more limited forms of collusion can be sustained in equilibrium. In the
present paper we also show that the bidders can improve upon the equilibrium of Proposition 1
(Proposition 2), and that collusion can also be sustained when complementarities are present
(Proposition 7).

Another branch of the literature has analysed the issue of the so-called “demand reduction”
in auctions with many identical objects. Ausubel and Cramton (1998) study sealed-bid auctions
of shares of a single divisible asset, under the assumption that each buyer’'s marginal willingness
to pay is non-increasing, and is determined by a privately known one-dimensional parameter.
They show that, in the sealed-bid uniform price auction, the buyers have an incentive to bid
less than their marginal willingness to pay for each unit, hence no equilibrium can induce an
ex postefficient allocation of the asset. A similar point is made by Engelbrecht-Wiggans and
Kahn (1998). When multiplédentical objects are sold, it is not an equilibrium that bidders
bid “straightforwardly” for each object,e. up to the price that equals their valuations. Instead,
the bidders want to reduce their demand in order to keep the prices low. This behaviour is
quite similar to what happens in oligopsonistic markets, the source of inefficiency being the
traditional one found in textbook monopoly models: by trying to buy (sell) a marginal unit, the
price on inframarginal units increases (decreases). In our paper, the objects for sale are generally
perceived as different by each bidder; and the auction rules allow a different price for each object;
which eliminates the main rationale for demand reduction. (This is akin to price discrimination
in the textbook monopoly model.) As a result, “straightforward” equilibria in which the bidders
bid for each object up to their valuation do exist. However, as we show in this paper, these
straightforward equilibria can be used as punishment to form other, more collusive, equilibria.

Our equilibria have features in common with the sub-game perfect equilibria of a multi-
market repeated oligopoly model studied by Bernheim and Whinston (1990). They show that
two firms with relative cost advantages in producing different goods can collude by creating
“spheres of influence”: that is, each firm monopolizes the market for the good that it produces
most efficiently and withdraws from the other market.

Pesendorfer (2000) discusses a “ranking mechanism” which allows bidders to collude in
multi-unit auctions. While Pesendorfer analyses a monopsony sitifatisranking mechanism
is equivalent to the following mechanism in the monopoly case: each bidder announces a ranking
of the objects according to his values, and each object is bought for the minimum price by one

2. Pesendorfer's paper studies collusion in auctions for school milk contracts in Florida and Texas during the
1980s.
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of the bidders who rank it the highest, with ties resolved uniformly. This mechanism induces a
uniform matching between objects and bidders: for example, with two objects and two bidders,
each bidder always buys exactly one object. The allocation induced by the equilibrium described
in our Proposition 2 also has this feature, but in Proposition 2, if the bidders rank the two objects
in the same way then the preferred object is assigned to the bidder with the hdgfesnhce

of values, and this bidder pays a price equal to her opponent’s difference in values. We show
that both the ranking mechanism and the outcome of Proposition idtarem-efficient for the
bidders among all incentive compatible outcome functions such that each buyer always buys
exactly one object.

Bendt and Krishna (2001) analyse a model with complete information, common values,
and budget constrained bidders. They show that, with significant complementarities, or with
sufficiently different objects’ values, a sequence of single-object open ascending auctions
yields more revenue than the simultaneous ascending auction. Under different auction rules,
but still assuming complete information, Ausubel and Schwartz (1999) show that in fact a
“collusive” equilibrium is the unique Nash equilibrium that satisfies backward induction. Finally,
under a condition which rules out complementarities in the buyers’ utility functioiika@d
Stacchetti (2000) have studied a generalized version of the English auction akaidamement
process, with emphasis on the relation between its equilibria and the Walrasian equilibria of the
underlying economy.

Environments in which the bidders have increasing marginal valuations have been
considered in Chakraborty (1998), who has studied properties of various sealed-bid auctions
formats. His paper also contains a good survey of existing work on multiple object auctions.

On the experimental side, recent work by Kwasnica and Sherstyuk (2000) reports findings
which are consistent with the theoretical predictions of the present paper. In particular, collusion
occurs in auctions with two bidders and two objects, while it tends to disappear with five bidders.

The present paper proceeds as follows. Section 2 describes the model. In Section 3 we
begin the analysis with the benchmark case of purely additive valeesje assume that each
bidder obtains no synergies from owning multiple objects, hence her willingness to pay for
one object is independent of whether she is also buying other objects. The analysis of this
case provides a useful benchmark for the more realistic case in which complementarities are
present. In particular, it sheds light on the role played by multiple objects in facilitating collusion
among the bidders. We present conditions under which collusion-via-signalling can be sustained
in equilibrium. Equilibria in this class can be described for the simple case with only two bidders
as follows. Each bidder starts by placing the smallest possible bid on her most valued object,
and no bid on the other object. If only one bid is placed on each object, it becomes common
knowledge that the objects are ranked differently by the two bidders. In this case the bidders let
the auction end in the second round by remaining silent. Each bidder is thus awarded one object
for the minimum price. If, instead, the initial bids reveal that both bidders have a higher value for
the same object, then the bidding continues according to some equilibrium strategy, which can
entail, for example, a reversion to “bidding straightforwardiy’ each bidder raising the bid on
each object if her value is higher than the current highest bid and she is not assigned the object.
(See Proposition 1 below.) Alternatively, the bidders may adopt some other continuation strategy
in which they proceed to signal more detailed information about their values in order to try again
to coordinate with each other and buy one object each for a relatively low price (Proposition 2). In
all equilibria of this kind, the outcome entails socially inefficient allocations in some cdses—
the objects are not always assigned in a way that maximizes the sum of the bidders’ values—

3. Kwasnica (1998) has also done experimental work on collusion in multiple object sealed-bid auctions, with
additive utility functions.
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but the bidders end up paying less than they would by bidding straightforwardly throughout the
entire auction. The reduced payments make up for the loss of efficiency in assigning the objects,
hence each bidder’s interim expected surplus is higher.

For these equilibria, however, the probability that the bidders can collude via signalling
decreases as the number of bidders increases. More precisely, the probability of assigning each
object to the bidder with the highest value increases as the number of bidders increases. These
results (Propositions 4 and 5 below) corroborate the conjecture that collusion in multiple unit
auctions is a “low numbers” phenomenon.

In Section 4 we consider the case in which the bidders’ utility functions exhibit large
complementarities,e. their willingness to pay for the two objects together is much greater than
the sum of the two objects’s “stand alone” values. The presence of significant complementarities
makes the simultaneous ascending bid auction a natural candidate for allocating multiple objects
efficiently, essentially because a bidder’s willingness to pay for any given object depends on the
probability of winning other complementary objects. As stated in the third conjecture above,
immediate intuition may lead one to think that large complementarities hinder collusion by
providing each bidder with a strong incentive to buy both objects rather than just one.

We show however that the sole presence of complementarities does not hinder collusion:
the bidders can still manage to buy one object each, at low prices. In fact, in the extreme
case in which the synergies are commonly known, and not too different across the bidders, the
incentive structure for the bidders is essentially identical to the case with no complementarities.
The efficiency loss however is much larger in this case because it includes the unrealized
complementarities. When the complementarities are not only large but also variable the
possibility of collusion is seriously reduced. The final insight is then that not just the presence
of large complementarities but also their variability is important in deterring the bidders from
colluding. Section 5 contains some concluding remarks, and an appendix collects all the proofs.

2. THE MODEL

Let N = {1, ..., n} denote the set of bidders, amdl = {1, ..., m} the set of objects. Each
bidderi € N has a quasi-linear utility function, with willingness to pay for each buddie M

given byu; (J). All values{u; (J)} ;com are privately known to bidder It is common knowledge

that such values are drawn according to a probability measure with support on a compact subset
of #2".

J'rl'he objects are sold with a “simultaneous ascending bid auction”, which is a natural
extension of the standard one-object English auction to environments with multiple objects. The
auction proceeds in rounds. In each rotird 1, 2, ..., and for each objecgt € M, each bidder
i € N can either remain silent or raise the highest bid of the previous round by at least a minimum
amount. Formallyi’s bid on objectj in roundt, denoteobiJ (t), can either be set equal teco,
which is to be interpreted as “no bid”, or must be a real number at least as lavgé asl) + ¢,
wheree > 0 is the minimum bid increment, ard (t — 1) is the “current outstanding bid” from
the previous round, defined recursively by

bl =0 and blt):=maxblt—1), bl t); ieN}.

If at least one bidder places a new bid on some objéetsf biJ (t) # —oo for somei € N
andj € M, then for each of these objegtshe new highest bitl! (t) is identified, and a potential
winner is selected among the bidders who have made the new highest bid; and the auction moves
to the next round, with the potential winners of all other objects unchanged. If instead all bidders
remain silent on all objectse. if biJ (t) = —ooforalli € N andj € M, then the auction ends,
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with each objecf € M assigned to the winner selected at the end of rduad., who pays his
last bidbl (t — 1).

We analyse equilibria of this auction when the minimum increment is negligikelepr
¢ — 0. We do not verify explicitly that the equilibria that we find assuming a negligible minimum
bid are actually equilibria for close enough to zero. This can be done (see Engelbrecht-Wiggans
and Kahn (1999) for an explicit analysis) but we have decided to omit the formal convergence
proofs in order to avoid lengthening the paper.

Furthermore, to keep the analysis as simple as possible, we establish our results &yr
i.e.with only two objects on sale. To simplify the notation, we define

vi = Ui ({1}), and  wi == ui({2});

and use interchangeably the terms “objgcfobject w) and “object 1” (object 2).

Also, to model the presence of complementarities in a parsimonious way, we assume that
the size of the complementarity is independent of the two objects’ “stand-alone” values. That is,
the value to bidder of having both objects is

ui ({1, 2) = v +wj + k.

We assume that the vectors;, wi, ki) are drawn independently across bidders from
the same probability distribution with suppof®, 112 x K, where K is either {0} (no
complementarities) or the intervilt, k] with k > 1 (large complementarities.) The variables
vi andw; have identical marginal distributions, with density and c.d.f. denoted and F
respectively. For later use, we also define the variable- v — wj, whose support is the interval
[—1, 1]. The density function and the c.d.f. of eaghwill be denotedy andG respectively.

We start the analysis in the next section with the case of no complementaritids,— 0
for alli € N. Section 4 will be devoted to the case with positive complementarities.

3. COLLUSIVE EQUILIBRIA WITH NO COMPLEMENTARITIES
In this section we assume that the bidders hawely additive values:
ui({1,2) = v +wi, ieN,

or no complementaritie®; = O for eachi. The analysis of the bidders’ equilibrium behaviour in

this case provides a useful benchmark for the more realistic case in which complementarities are
present. In particular, it becomes clear that the presence of multiple objects facilitates collusion
among the bidders.

With additive values, the problem of allocating the objects efficiently is simple: for example
a sequence of one unit objects would assign each object to a buyer with the highest willingness
to pay. Work by Armstrong and Avery and Hendershott shows that the efficient allocation may
or may not be optimal for a risk neutral revenue maximizing séllfe focus here on the
equilibrium set of the simultaneous ascending bid auction.

We begin with a set of three elementary, but important observations. First, with no
complementarities, the following “Separated English Auctions” (SEA) strategy, together with
a suitable belief system, forms a perfect Bayesian equilibrium: for biddaise the bid on each
object j if the valueu; ({j}) is higher than the current highest bid, and bididar not assigned

4. Both papers study models in which the values of a buyer who has use for more than one object are drawn from
binary distributions. Armstrong (1996) analyses the symmetric case and finds that revenue maximizing auctions are also
socially efficient. He also shows however that this result may not hold with more general value distributions.

Avery and Hendershott (2000) study a model with one identifiable buyer willing to buy two objects and many
other buyers with one-unit demands. They find that the revenue maximizing auctions in this case are often inefficient.
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objectj. Clearly, if all other bidders use the SEA strategy, playebest reply is to do the same.
We state this result as Proposition 0, for an arbitrary number of objects and players.

Proposition 0. With no complementarities, for any n and m, the SEA strategy profile
forms a perfect Bayesian equilibrium (with some consistent belief system) after any history in
the simultaneous ascending bid auction.

The second observation is that the SEA strategy can be used to form a continuation equilibrium
profile after any partial history of the auction. It may then be used as a threat to deter aggressive
bidding, and thus sustain collusive outcomes, much like Pareto inferior sub-game perfect
equilibria are used to support collusive outcomes in repeated games.

The third observation follows immediately from an extension the well-known Revenue
Equivalence Theorem (Myerson (1981)), which holds here because the bidders’ types are drawn
from independent and continuous probability distributidrigven any objects’ allocation rule,
the incentive compatibility constraints uniquely determine, up to a constant, both the interim
expected payment function and the interim expected surplus function of each bidder, in any
equilibrium of any auction game. Thus in particular, any perfect Bayesian equilibrium of the
simultaneous ascending bid auction in which each bidder with t9p@& expects zero surplus,
and all other types are better off than in the SEA equilibrium, must entail a socially inefficient
allocation of the object?.

3.1 Two bidders

We begin with the two bidder case. The next proposition establishes the existence of a symmetric
perfect Bayesian equilibrium which dominates the SEA in terms bidders’ interim expected
surplus! Recall thatF denotes the common marginal c.d.fapfandw;.

Proposition 1. Assume that &) := folxdF(x) > % Then the following strategy,
together with some consistent belief system, forms a symmetric perfect Bayesian equilibrium:

e types(vi, wj) such thatj > w;j open with{bl(1), b?(1)} = {0, —oo};

e types(vi, wj) such thatj < w; open with{b}(1), b?(1)} = {—o0, O};

e if the initial bids are different, all types remain silent in round 2, i.{e(l) = —oo0, for all
iand j;

e if the initial bids are equal, or if, at any round, any bids differs from the instructions given
above, then all types revert to the SEA strategy.

The equilibrium of Proposition 1 can be described as follows. Each bidder opens by making the
minimum bid (zero) only on her most preferred object. If, at the end of the first round, the bidders
discover that they rank the objects differently, then they stop bidding, and each bidder is able to
buy the preferred object at the lowest possible price. If instead they discover that they rank the
two objects in the same way, then they revert to the SEA strategies.

5. A generalization of Myerson’s result which includes our setting has been established, among others, by
Krishna and Maenner (2001).

6. ZFhiel and Moldavanu (1999) use in a similar way the Revenue Equivalence Theorem to point out that with
multiple objects the efficient allocation is not in general revenue-maximizing.

7. The existence of this equilibrium has been established independently by Engelbrecht-Wiggans and Kahn
(1999).
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Why is the conditiornE (x) > % needed? Consider any type of bidder 1 with> w1, and
suppose that the two bidders have followed the equilibrium strategy and opened with different
bids in the first round. Bidder 1 can now obtainfor the minimum price (zero), or compete for
both objects, thus obtaining an expected surplus of

w1

v1
S(vy, wl“—):/o (v1 —v2) dRv(v2| L) + A (w1 — wp) dRw(w2 | L),

whereFy (v2 | L) and Fw (w2 | L) denote the c.d.f. of, andw, respectively, both conditional
on the seL := {(vo, w2) € [0, 1]1%]0 < vo < w).

Since for any fixed1, S(vs, - | L) isincreasing, it is enough to check that all types v1)—
i.e. all types on the diagonal of the type space—are willing to accept colluseihat

v1 > S(vy, v1| L) for eachvy € [O, 1].

Clearly, this inequality holds for; = 0; and it is easy to see that the functi®@w, v1| L) is
convex inv1. Therefore it is enough to check that the inequality holds for the highestiypg

This type gets both objects with probability 1 whenever competition is triggered, paying a price
equal to the expected value of the two objects for bidder 2, th&(ie | L) + E(w2|L).

Given the symmetry assumption, the expected payment for(tyde is thereforeE(v2 | L) +
E(v2|[0, 1]2\L) = 2 E(x). Acceptance of collusion gives a utility of 1. Therefore, the relevant
condition becomes:

1>2-2E®x), ie. E(x) > 3.

Intuitively, the conditionE(x) > % can be interpreted as requiring that each bidder has to
expect a sufficiently high degree of competition from her opponent, should the SEA strategies be
triggered. Otherwise there is no point in colluding, since both objects can be obtained at a low
expected price.

This point can actually be made even in a simple, complete information framework.
Consider the case with two bidders, two objects, and commonly known values;) = (h, h),
and(vp, w2) = (I, 1), with 0 < | < h. There is an equilibrium in which the bidders use strategies
that are similar to the SEA: bidder 2 bids on both objects Up amd bidder 1 wins both objects
payingl, and receiving a total surplus off2— I). However, for some values bfandh there is
another equilibrium, similar to the equilibrium characterized by Proposition 1, in which bidder 1
opens offering 0 on objeat and nothing onw, bidder 2 opens offering nothing anand 0 on
w, and in the next round the bidders remain silent. If any bidder deviates, each bidder bids on
each object up to her valuation. Clearly, bidder 2 has no profitable deviations from this strategy.
Bidder 1 will not deviate ith > 2(h — I), i.e. if the surplus obtained under collusion is higher
than the surplus obtained triggering price competition. This is equivaldmztcg, a condition
very similar to the one described for the incomplete information case, which can be interpreted
in the same way: in order to accept collusion a bidder with high values has to expect enough
competition by the other bidder.

With complete information however the auction can also end with each object sold for the
minimum bid, because it is clear at the beginning of the auction that each object will go to the
bidder with the highest value. For all other bidders is then optimal to let the first bidder buy
the object for the minimum bid (as well as pushing up the price to their values). Thus, in the
example above, there is a third equilibrium in which bidder 2 lets bidder 1 buy both objects for
the minimum bid (zero). This type of “collusion” can take place even in the one object case.
Instead, the equilibrium similar to the one of Proposition 1 can only exist in the presence of
multiple objects.
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Remarkl. The equilibrium outcome of Proposition 1 is inefficient whenever the bidders
rank the objects differently, and one bidder has higher values for both objects.

Remark2. In Proposition 1 the SEA strategy is used to support collusion. The SEA
strategy is the worst punishment that a bidder can impose to an opponent if we rule out the
possibility that a buyer bids above her value on any object. If we allow for bidding above the
values, then worse punishments are possible, and the conditions for the existence of collusion
become weaker. For example, the following is a possible modification of the strategies and the
beliefs described in Proposition 1: if at any point a bidder deviates from the equilibrium path, then
the other bidder believes that the deviator’s typglisl) and raises the bids on both objects up to
1. In this case, a bidder who deviates from the equilibrium strategy receives a payoff equal to O;
hence collusion can be sustained without any condition on the probability distribution. However,
this equilibrium relies on the fact that the bidder who observes a deviation is willing to place bids
that are above her valuations, confident that she will lose with probability one.

Remark3. The presence @x anteasymmetries in the valuation of the two objects makes
it more difficult to sustain collusion, but not impossible. Consider the same framework as before,
but assume that for eaghthe valuew; is distributed according to a c.dfw with support on
[0, B], with B € (0, 1). In particular, assume th&iy (x) = FV(,%), so thatE(wj) = BE(vj).
The type space is now a rectangle with base 1 and hgigitte can divide the type space along
the diagonal (the line given by the equation= gv) and check whether a collusive equilibrium
of the type described in Proposition 1 exists. In particular, we now want types suah thatv
to open with{—o0, 0}, typesw < Bv to open with{0, —oco} and the bidding to stop if initial
bids are different. Under what conditions on the distribution can collusion be sustained? As in
the symmetric case, it is enough to check incentives for types on the diagonal, and it can again
be shown that it is enough to make sure that t§hes), that is the type on the upper-right corner
of the type space, is willing to collude. Considering first the types in the lower triainglejith
Bvi > wj, the condition can be written as 2 1 — E(v) + 8 — E(w), or, sinceE(w) =
BE(v), as

B
EX) > m,

which is weaker tharE(x) > % It is intuitively clear however that it is harder to convince

the types who accept the less valuable object to go along with the collusive strategy instead of
triggering the SEA strategies. In order to make sure that all tggpes) with w > Sv are willing

to accept collusion we have to check that types arbitrarily clogg, t8) prefer havingw for free

to competing for both objects. The condition is therefre= 1 — E(v) + 8 — E(w), which

leads to:

E(x) > L

1+8

This condition is stronger thaB(x) > % This confirms the intuition that asymmetries tend to
hinder collusion. As expected, the difficulty comes from the need to guarantee that the bidder
who is assigned the less valuable object is not willing to fight for both objects. The expected
payment that this bidder has to make if competition is triggered must now be higher than in the
case in which objects aex antesymmetric. Using the distance betwegand 1 as a measure of
the asymmetry, it is also clear that the condition for collusion to be possible becomes increasingly
stronger as the asymmetry increases, another intuitive resyft afproaches lﬁ tends to%;
hence small deviations from symmetry do not really jeopardize the possibility of collusigh. As
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approaches zero (strong asymmetry) collusion becomes nearly impossible: no bidder is satisfied
with having only the less valuable object.

In the next subsection, we show that the set of perfect Bayesian equilibria of the
simultaneous ascending bid auction contains other, “more collusive” equilitzigquilibria
in which each type of both bidders end up with a higher (interim) expected surplus.

3.1.1 Getting more out of collusion. The equilibrium strategy described in Proposition 1
prescribes that the bidders revert to the SEA strategies when they open with the same.bids,
when it becomes common knowledge that their preferred object is the same. It is natural to ask
whether, even after learning that they rank the objects in the same way, the bidders can do better
than reverting to the SEA strategy, by trying again to coordinate themselves and buy one object
each at relatively low prices. The next Proposition establishes that this is indeed possible, if the
values’ distribution satisfies the following

Condition A Let F be a c.d.f. satisfying ®) = 1 — F(1) = 0,and let x, y be two independent
random variables, each with c.d.f. F. We say that F satisfies Condition A if, foreeact0, 1],
the following inequalities hold:

Elx|ae <x] + Elyly=1l-0a]l>1 1)
Elx|x—y>a] + E[y[x—y>a]>1 (2)
Settinga = 0 yieldsE(x) > % both in (1) and in (2), because by symmetry
Elx|x>yl+ E[leZX]=2(%E[XIXZ yl+ 2E[x|y > x]) = 2E[x].

Thus Condition A is stronger than the condition used to sustain the collusive equilibrium of
Proposition 1. Condition A is satisfied, for example, by the following family of den§ities

fx)=1+s(x—3), sel0,2].
Proposition 2. Under condition A the following strategy, together with some consistent
belief system, forms a symmetric perfect Bayesian equilibrium:
First round:

e All types(vi, wi) such thaj > w; open with{bl(1), b?(1)} = {0, —oco};
e types(vi, wi) such thaj < wi open with{bl(1), b?(1)} = {—o0, 0}.
Subsequent rounds:

o If the initial bids are either{{0, —oc}, {—00, 0}} or {{—o0, 0}, {0, —o0}}, all types
remain silent;

o Ifthe initial bids are{{0, —oo}, {0, —oc}}, then all typegv;, wi) such that; —w; = g
keep raising their bid on objeetwhile refraining from bidding omw until either i) the
opponent stops, or ii) the bids reach the valyela case i), these types remain silent

8. With the linear densityf (x) = 1+ s(x — %), we have

2s(1 — a)?
E E l—a]-1= — ",
Xla <x]+E[lyly<1l-qa] 34— 2%
and
2(1—a)2s

Ex4+y|x—y>a]-1
Both expressions are positive fere [0, 1] ands < [0, 2].

T 12-5%a2 —25%°
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for the next two rounds; and in case ii) they Hidoo, 0} for two consecutive rounds,
thus moving the outstanding bid anfrom —oo to 0.

o If the initial bids are{{—oc, 0}, {—00, 0}}, the strategy is symmetric, with the roles of
v andw switched.

Out-of-equilibrium paths:

e If at any round a bid not in accordance to the above described strategy is observed,
then each type reverts to the SEA strategy.

The behaviour implied by the equilibrium of Proposition 2 can be described as follows. The
bidders open by signalling which object they prefer. If they prefer different objects, the auction
ends in the first round, as in the equilibrium of Proposition 1. If instead they prefer the same
object, say, then they keep raising the price orwhile abstaining from competing an, with
bidderi prepared to bid up to the difference between her two vades v; — wj. Therefore,

if 3 > ag_j, bidderi ends up buying objeat at a price equal to the difference between her
opponent’s valued,e. az_j. Her opponent stops competing orwhen the price reaches_;,

and buysw for the minimum bid.

In this equilibrium, the type set of each biddér 1]2 is partitioned into lines with slope 1:
types on the same lineke. with the same difference between the two objects’ values—behave
identically, hence remain indistinguishable, until the end of the auction.

The role of Condition A is to guarantee that, given the residual pooling of low and high types
at any stage, each bidder has no incentive to trigger the SEA strategies, because she assigns a
sufficiently high conditional probability to her opponent having high values. To see this, suppose
that both bidders have opened signalling that they preterw. Then the equilibrium strategy
prescribes that all type@1, wi) such thatvy — w1 = a bid onv until the price reachea and
then yield, obtaining for free and letting the opponent buyat pricea. When is this an optimal
strategy for all types?

Itis easy to see that, just as in the case in which the bidders open with different bids, the gain
from triggering the SEA strategies is higher for types with higher values (ind consequently
w1). In particular, suppose that the price fonas reached, and that bidder 1's type i4, 1—a),
the highest on her iso-difference line. She knows that her opponents’ type lies in the set

L(@) := {(v2, w) € [0, 11? | vz — wp > &).

Therefore she also knows that she will win both objects if the SEA strategies are triggered. Thus
she is prepared to buy only objegtfor free if the following inequality is satisfied:

l-a>1-E[n|/L@]+@-a) — Ew2[L@)],
or, equivalently, if:
E[wz2| L(@)]+ E[v2| L(@)] > 1.

With the appropriate changes in notation, this is exactly inequality (2) in Condition A.
Inequality (1) guarantees, when the price fohas reacheda, bidder 2 is willing to buy
objectv ata = v — w, giving up the fight forw. Suppose that bidder 2 observes that bidder 1
stops bidding on at the pricea’. Then it becomes common knowledge that bidder 1's type lies
on the linev = w + &’. Therefore, conditional on this information, bidder 2 must be better off
payinga’ for v rather than triggering the SEA strategies. In this case it can be shown again that

in order to convince all types on the ling = w1 + a it is enough to convince the highest type,
(1,1 — a). Furthermore, it is enough to show that this type is willing to pay the @rjcnce at

any pricea’ < a she is better off. After some manipulations, this is shown to be equivalent to
inequality (1) in Condition A.
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It is worth noting that the bidders’ behaviour is robust to perturbations in their beliefs about
their opponents’ values. That is, if the postulated types’ distributiaés such that conditions (1)
and (2) hold as strict inequalities, then each bidder has no incentive to deviate at any round, even
if her beliefs are only approximately described by

It is crucial however that no object is assigned before the end of the auction, so that each
object can still be bought after any number of rounds in which its outstanding bid has not moved.
Thus, in the equilibrium of Proposition 2, for many rounds bidding occurs only on one object,
while no activity takes place on the other. It is natural to conjecture then that this equilibrium
can be destroyed by introducing some “activity ruleis&, conditions specifying that if the
outstanding bid on an object does not increase by at least a certain amount every given number
of rounds, then the object be assigned to a bidder who has made the higteso tid effective,
these active rules would have to specify sufficiently large minimum bid increments, otherwise it
is easy to circumvent them by raising the bids only slightly, from time to time, on the non-active
object. Large minimum bid increments however also work against allocative efficiency: they may
prevent a buyer from getting an object when she has the highest value and her opponent’s value
is not much smallef?

Moreover, even severe activity rules may not be sufficient to eliminate all collusive
equilibria. In particular, if “jump bidding!! is allowed, equilibrium outcomes that are close
to the one of Proposition 2 can be obtained in fewer periods by compressing the competition on
the object that they both rank higher (say by bidding at each round more than the minimum
increment orv and remaining silent (or raising the bid just the minimum increment, if necessary
to bypass the activity rules) an. For a complete analysis of the issue however, it is necessary to
specify exactly the activity rules introduced and look at the equilibrium set of the resulting game
form, a task beyond the scope of this paper.

The three equilibria that we have identified so fa.,the SEA equilibrium and the equilibria
described in Propositions 1 and 2, can be ranked both in terms of expected social surplus
and bidders’ interim expected surplus. The SEA equilibrium outcome is socially efficient, but
generates the lowest bidders’ surplus. The expected social surplus decreases, while the expected
surplus of each bidder, conditional on any realization of her type, increases, as we move to the
equilibria of Propositions 1 and then 2. This is because the equilibrium of Proposition 1 entails
a lower degree of collusion: if the bidders happen to prefer the same object, they open with
the same bids, thus triggering the SEA strategies, which generate efficient allocations. In the
equilibrium of Proposition 2 the bidders refrain from using the SEA strategies even after learning
that the objects are ranked in the same way. Instead, they continue searching for a way of buying
one object each, while keeping the prices as low as possible.

3.1.2 Maximizing bidders’ surplus. In this section we provide a partial characterization
of the bidder’s interim-efficient frontier within the set of all allocations in which each buyer
is always awarded exactly one object, and buyers with @) receive zero surplus. We
interpret the first feature as a “no regret condition”, which may arise when the buyers are trying
to implement a collusive scheme in multi-object auction environments: only if a buyer obtains
at least one object will she be willing to follow a collusive strategy, and refrain from triggering
competition on both objects.

9. See for example, Cramton (2000).

10. For example, suppose that an object is valGeé§ the first bidder and-8 by the second bidder. Suppose also
that the minimum increment is 16. If the first bidder is currently winning the object with a bid 46, then the second
bidder gives up, causing an inefficient allocation.

11. Jump bidding in one-object English auctions has been studied by Avery (1998) and Daniel and Hirshleifer
(1998).
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We show that both Pesendorfer’'s ranking mechanism and the allocation implied by the
equilibrium of Proposition 2 can maximize a weighted sum of the expected surplus of all bidder’s
types among the allocations that satisfy incentive compatibility and the “no regret” condition
requiring that each buyer always obtains one object.

We point out that the question we are tackling in this section is not whether the equilibrium
described in Proposition 2 is “the best” for the bidders within the equilibrium set of the particular
simultaneous ascending bid auction that we analyse in this paper. Rather, in this section we
provide results that can be used to address the following question: If the bidders were free to
design the trading procedure so to implement an incentive compatible, and no regret allocation
of the two objects, what allocation would they choose?

It is convenient at this point to reparametrize the model so that bis/gmpe becomes the
pair (g, wj), whereg; := vj — wj. The joint density (g, wj), obtained from the joint density
of (vi, wj), has support

e=0"TUe",
where the sets
Ot :={@w)e[0,1°|w<1-al},
and
0" :={@ w) e[-1,01x[0,1]| —a < w},

correspond to the triangles below and above the diagonal respectively(in thg space.

A direct mechanism consists of three functions for each buyet 1,2, specifying
the probabilityq{, (a1, wi, a2, wp) of obtaining object, the probabilityq\'N(al, w1, a2, wp) of
obtaining objectw and her payment to the sellet (a1, w1, a2, wo), for any type realization
(a1, w1, az, wo) in 2.

The resulting expected surplus for buyeonditional on having typés;, wi), and reporting
her true type, can be written as

U@, w) = a Q,@.w) + w X (@, w) — M@, w),
where

in(ai, wj) E/ ; C{{/(ai, Wi, 83—j, wa—i) &(az—j, w3—i) dwa_j dag_i,

Xi(ai,wi)E//(;[Q{/(ai,wi,as—i»ws—i)+Q\i/v(aivwi7a3—i1w3—i)]
&(ag—j, wa—j) dwa_j dag_j,
Mi(ai,wi)E/Lmi(a7wi,aBA,w37i)§(a37i,w37i)dw3—ida3—i-

Restricting attention to allocations in which each buyer is always awarded exactly one object
yields the constraint

ay (@, wi, 8ai, wai) + Ay (@, wi, as—i, wa—) =1, all (@, wi, 8 i, wa_i) € O2,
hence
X'(@.w) =1, all(a.w),
for eachi, and the buyer’s expected surplus becomes

U@, wi) =a Q) @, wi) +wi — M @&, w).



420 REVIEW OF ECONOMIC STUDIES

Finally, since the buyers aex antesymmetric, we can focus without additional loss of generality
on symmetric mechanisms, hence drop all subscripts and supersctiptstfe expression for
each buyer’s expected surplus.

An allocation is interim efficient within a given feasible set if it maximizes a weighted sum
of all types’ expected surplusg.

// Y(a, w)U(a, w)dadw, (3)
12

for some functiony : ® — R.. In particular, ify (a, w) = &£(a, w), the joint density ofa, w),
the objective function becomes tbg anteexpected surplus.

Letya(@) = Ol_aw(a, w) dw, andWa(@) = 5 ¥a(t) dt, and without loss of generality
normalize the function so that¥’a(1) = 1. Recall thag denotes the density af

Proposition 3. Consider the class of all incentive compatible allocation such that each
buyer always receives one object, andJ0) = 0. The weighted sum ir8) is maximized within
this class by the equilibrium of Propositi@if the ratio

1-Va@
g(a)
and by the ranking mechanism if

ar _ a
fol[l WAl dt Z/ o dt.
2 [5[1—wam)]dt  Jo

is increasing for a> 0,

Proof. See Appendix. ||

To illustrate, suppose thdt is uniform, henceg(a) = 1 — a for a > 0, and the weighting
function is such thatya(a) = 1+ s(a — %), with s € [-2,2]. Then the equilibrium of
Proposition 2 is optimal fos > 0, and the ranking mechanism is optimasi& 0.12

3.2 More than two bidders

The equilibria described in Propositions 1 and 2 may seem to rely heavily on the fact that the
number of bidders is equal to the number of objects. However, some degree of collusion is still
possible even when there are more bidders than objects. The basic idea is that the bidders can
follow the SEA strategy until only 2 players are left, and then adopt the strategies described in
Propositions 1 or 2 to divide the objects.

Proposition 4. If there are n> 2 bidders and the c.d.f. &) satisfies Ex | x > z] > 1%2
for each ze [0, 1], then the following strategy, together with some consistent belief system, forms
a (symmetric) perfect Bayesian equilibrium:

e Round 1: Ifv; > wj, open with{O, —oo}, otherwise open witlfi—oo, 0};

e Round t: if more than two bidders were active at rourdl, all types use the SEA strategy.
If instead at round 1 only i and j# i were active, and bidder j opened with oo, 0},
then typegvi, wj) such that; > wj raise the bid orv. Types(vi, wj) such that; < wj
use a symmetric strategy if j opened wifh —oo}.

12. Proposition 3 is similar to Theorem 1 in McAfee and McMillan (1992). Their result however applies to the
maximization ofex anteexpected bidders’ surplus, for the single object case.
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e If the observed history of bids is not obtained according to the strategies previously
described, then all types revert to the SEA strategy.

A family of c.d.f.'s which satisfies the conditioB[x | x > z] > %(1 + z) for eachz € [0, 1] is
F(x) = x%, with @ > 1. In this case we have

Ex|x>2 = @ 1-z+
-7 T a4+1 11—z
and the inequality can be written as:
o 1— 1 1 a-—1 (z— 2%
> = ie. > .
a+1(1—-2)(1+2 ~ 2 20 T l-z2tlyz—2¢

It can be checked that the RHS is increasing,ifor z € [0, 1], and converging to the LHS as
z— 1.

The equilibrium of Proposition 4 works as follows. Each bidder opens signalling how she
ranks the two objects. After that, the prices of the two objects start increasing in parallel. If at
some point, say when the price of both objects isnly two players are still active, and they rank
the objects differently, then they stop bidding and each buys the preferred ohfe@alusion
in this equilibrium becomes less effective as the number of bidders increases, for two reasons.
First, the probability of collusion is lower. Second, even if collusion occurs, the price paid is in
general higher.

To have an idea of the impact of the number of players on the possibility of collusion, we
compute the probability that collusion occurs as a function of the number of bidders. With only
two bidders, collusion occurs when the rankings are different, that is:

Prcollusion = Pivi < w1, v2 > w2] + Piv1 > w1, v2 < wo] = %

With n bidders, collusion occurs when two bidders have the highest two valuations for each
objects and they rank the objects differently. For example, the probability that bidders 1 and 2
are able to collude is:

Pr{1, 2 colludg = Pimaxuvs, ..., vn} < min{vy, v2}] - PPimaxws, ..., wn}
< minfwy, wa}] - %
= 1pPimaxus, ..., vn} < minfv, v2}1%

where we have exploited the assumptions of independence and identical distribution among
players and objects.

Since the density of miwq, v2} is 2f (y)[1 — F(y)] and the c.d.f. of m&yws, ..., vn}is
F"—2(y), we have:

1
PHMaX(vs, ..., vn} < Minfuy, v2}) = fo F2(y) 2 (y)[1 — F(y)]dy

1 1
=2[/0 F”‘Z(y)f(y)dy—/o F”‘l(y)f(y)dy}

o2
ol nin-1’

1 1
=2 —F"Yy) - =F"
[n 3 (y) . y)
which implies

P11, 2 colludé = m
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There arqg(5) possible combinations of 2 bidders, hence withidders we have:

. n 2 1
Pricollusion = <2) n2(n — 1)2 - nn—1"

With n = 2, we obtain%, the same result as before. The probability of collusion decreases
rapidly, reaching 5% when = 5. It is worth noting that collusion essentially disappears when
there are 5 players in the experiments carried on by Kwasnica and Sherstyuk (2000).

The equilibrium of Proposition 2 can also be extended to the case-02 bidders.

Proposition 5. Suppose that there arex 2 bidders and the c.d.f. F is such that for each
pair (a, z) such that ze [0, 1] and a€ [0, 1 — z] the two following conditions are satisfied:

E(xlz<sx<l-a)+E({y|z+a<y=<l>1+4z 4)

Ex|x—y>a, y>2+E(y|x—y>a=>2z x>a+2 >1+z. (5)

Then the following strategy is part of a symmetric perfect Bayesian equilibrium: behave as in
Proposition4 except at the following point:

If at round t — 1 only you and another bidder were active then:

If vi > wj and you opened wit{0, —oo} while the other bidder opened wifh-oco, 0} then
increase the bid om and not onw, then stop.

If vi < wj and you opened with—oo, 0} while the other bidder opened wifh, —oo} then
increase the bid om and not orw, then stop.

If both players opened witfD, —oo} and z was the last offer for both objects then increase
the bid onv up to z+ a;, while keeping the offer fap at z. If the other bidder offers more
than z+ & then getw for z. Otherwise, get at the price at which competition ends, and
leavew to the other bidder.

Conditions (4) and (5) are also satisfied by the uniform distribution. This equilibrium works
as the one of Proposition 4: the bidders start signalling which object they prefer and then push up
both prices until only two players are left. The difference is that at that point the same strategies
as in Proposition 2 are used: if bidders have opened showing that they rank the two objects in the
same way, then they compete only on the top ranked object. The stopping point for each player
isz+ g, that is the last bid plus the difference between the two values.

As a final comment to this section, we observe that the equilibria described in Propositions 4
and 5 may be vulnerable to the imposition of anonymity rules. For example, the auction format
may specify that at each round only the two best bids are announced, and it is not revealed who
made the bid. This obviously reduces the signalling possibilities for the bidders. However, even
if anonymity rules are applied it may be possible to find ways to signal the relevant information.
Consider the following variant of the equilibrium established in Proposition 4. In the first stage
only bidder 1 makes an offer. In the second stage only bidder 2 makes an offer, and so on up
to stagen. In this way, in the firsh rounds the ranking of the objects of each bidder is made
public. At stagen + 1 bidder 1 moves again, either increasing the bid on both objects or on a
single object. In the first case the bidder signals that she is still available for collusion, while in
the second case the signal is that she is dropping out of the race for the other object and is no
longer available for collusions. At stage+ 2 bidder two moves and so on. In this equilibria
anonymity rules are completing ineffective in hindering collusion, and the same allocation as in
Proposition 4 can be implemented as a perfect Bayesian equilibrium. A similar reasoning applies
to the equilibrium of Proposition 5.
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4. COLLUSIVE EQUILIBRIA WITH LARGE COMPLEMENTARITIES

In this section we consider the case of complementarities, and we restrict the attention to the case
of two bidders!® When complementarities are present, the value of the bundle is greater than the
sum of the “stand alone” values. As mentioned in Section 2, we dgfiiig = v, U (2) = wj

andu; ({1, 2}) = vi +wj +kij,i = 1, 2, and we maintain the assumption thaandw; are drawn

from a symmetric distribution with suppai®, 1], marginal densityf, and marginal c.d.fF.

We also assume that for each playet 1, 2, the value of the complementarkyis drawn from a
distribution with continuous densitfx and support over an intervid, k]. Each random variable

ki is independent ofvj, wj, kj) for eachj #1i.

Finding equilibria in the presence of complementarities is complicated by the fact that, at
any given round of the auction, a bidder’s willingness to pay for a given object depends on
the probability of winning the other object. This destroys the “belief-free” nature of the SEA
equilibrium described in Proposition 0. We can show however that, if the complementarities are
commonly known to be “large”, in a sense to be made precise, then a “competitive” equilibrium
similar to the one found in Proposition 0 can be obtained. De&fine- vi + w; + ki, the total
value of the bundle for bidder

Proposition 6. With n players,2 objects, and k> 1, there exists a perfect Bayesian
equilibrium in which the two objects are allocated to the bidder with the highestt a price
equal to the second highest valuatiore. max; . 6;).

The basic intuition here is as follows. Under the assumptions of Proposition 6, if the buyers
compete on both objects, then the auction cannot end with each bidder buying just one object.
The reason is that if a bidder has won one object then the value of the other object is at least
k > 1. This is more than the stand-alone value of any bidder. Therefore, all bidders behave as if
they were bidding for a single object, the bunfilew}.

This of course is not true if there are moderate complementariteslk < (0, 1). In
this case it is difficult to characterize even the “competitive” equilibria, similar to the ones of
Propositions 0 and 6, which could be used as threat to sustain more collusive outéomes.

The equilibrium of Proposition 6 can be used as a threat to sustain collusive equilibria
when large complementarities are present. The next Proposition establishes the existence of an
equilibrium which yields a higher expected surplus for both bidders. Define:

O, = {(v, w, k) € [0,1]% x [k, k] | v > w},

and
Op = {(v,w, k) €[0,1)° x [k, K] | v < w}.

Proposition 7. There exist two sets AC ®, and A, C ©, such that the following
strategy, together with some belief system, forms a (symmetric) PBE:

e Types(vi, wi, k) € {[0, 112 x [k, KI}\{A, U A, } open with{0, 0} and compete for both
objects;
e Types(vi, wj) € A, open with{—oo, 0}

13. Menicucci (2000) has characterized revenue maximizing auctions in an extension of Armstrong’s model which
allows for complemetarities in the buyers’ utility functions. He finds that in general optimal auctions are not efficient.

14. To the best of our knowledge, the only results available so far in the moderate complementatiries case are
due to Sherstyuk (2000), who has shown that, for any common complementariti terfn there exists a competitive
equilibrium,i.e. an allocation of the objects and a price p@y, py) such that demand equals supply.
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e Types(vi, wj) € A, open with{0, —oo}.

e If the initial bids are {{0, —o0}, {—00, 0}} or {{—o0, 0}, {0, —oc0}} then bidders do
not place any further bid. For all other opening bids having positive probability in
accordance to the strategy described above, the bidders play the equilibrium described
in Proposition6.

e If, at any stage, a bidder makes a bid which cannot be observed if the strategy above
described is followed, then the bidders play the equilibrium described in Proposition

The sets A and A, are symmetric in the sense thét, w,k) € A, if and only if
(w, v, k) € Ay.

The equilibrium of Proposition 7 is a natural generalization of the equilibrium described in
Proposition 1. The set of types of each bidder is partitioned into three subsets. The first subset
consists of those types who cannot be induced to collude. These are the types who have very
low stand-alone values for each object; hence they are only interested in having the two objects
together, and are not interested in having a single object, even at a very low price. To illustrate,
suppose that bidder 1's type@®, 0, k1), and recall tha#; := vi +w; +k;, fori = 1, 2. If bidder
1 accepts to buy only one object at price zero, her utility is zero. On the other hand, the expected
surplus from competing for both objects(lg — E[62 | 92 < k1]) Pr(62 < ki), which is positive,
although possibly small. Itis clear that types lilsg, 2, k), for ¢1 ande, sufficiently small, will
also be unwilling to collude.

However, types with a stand-alone value fasufficiently high are in fact willing to collude.

In particular, assume that bidder 1 has typg w1, k1) € ©,, i.e. with v; > wj, and suppose
that at the first round bidder 1 learns that her opponent’s type lies in some s\psetO,,.
Then collusion is better than competition if:

01
vy > /k (01— 62) dH (2| (v2, w2, ko) € Ay), (6)

whereH denotes the conditional c.d.f. 65. In equilibrium, the setA, will be exactly the set
of those types for whom the inequality in (6) is satisfied. A similar inequality will defige
In equilibrium the two set#\, and A,, have to be defined simultaneously. It is intuitive from
inequality (6) that the two sets will be symmetric.
The shape of the se4, is roughly as follows. Suppose that bidder 1 has> wj. Let us
summarize the type of bidder 1 by the pait, 61), with v1 € [0, 1] andd; € [k, 2+K]. Itis clear
that if the pair(vy, 07) satisfies inequality (6) then all pai¢s;, 61) with 61 < 65 will also satisfy
the inequality. The inequality is also satisfied by the types characterized by th@ dair This
type has no use for a single object, but is also sure to lose the competition for the two objects.
Thus, (6) holds with equality. It is also clear that all types characterized by pair@like; + k)
are willing to collude. These are types for whatm = 0 and have the lowest possible value for
the synergy. If they compete for both objects they pay at led#te lowest possible value for
62), and receive less utility tham , which is what they would get accepting collusion. In general,
for a givenv1 there will be a corresponding valée(vy) such that types witlh; < 61(v1) are
willing to accept collusion and types with > 61(v1) prefer to compete for both objects rather
than to accept collusion. The shape of theAgts thus similar to the one shown in Figure 1.
One important question that Proposition 7 daesanswer is how likely is the occurrence
of collusion. In the proposed equilibrium, collusion occurs whenever the types belong to the sets
A, andA,,. Figure 1 suggests the shape of these sets, but it is hard to say how large is the area
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that they represent. In fact, we are only able to prove that thefsedsd A, are non-empty, but
not they their measure is different from zéfo.

Itis clear however that, at least in some cases, thefseand A, are significant ones, so that
collusion is actually a relevant phenomenon even with large complementarities. One particularly
simple and striking case is the one in which the extent of the complementarity is known and
identical across biddergge. the distribution ofk; is degenerate on some valké > 1. In this
case, provided that the conditide(x) > % holds, the strategies proposed in Proposition 1 are
still equilibrium strategies. In other words, the 9%t and A,, described in Proposition 7 can
be taken to b®, and®,, respectively, when the complementaritigsare known and identical
across bidders. The intuition is straightforwardkilfis the same for each bidder, then it will be
entirely competed away whenever the equilibrium of Proposition 6 is triggered. This makes any
attempt to get both objects unattractive, hence even types with very low “stand-alone” values can
be induced to collude.

We conclude this section by reconsidering the conjecture according to which collusion
decreases when complementarities are present. We have shown that the presence of
complementarities does not destroy collusion. In fact, we have seen that large complementarities
which are known and common among the players do not reduce the possibility of collusion at all.
What really matters in hindering collusion is thariability of the extent of complementarities,
rather than their absolute values.

5. CONCLUSIONS

When dynamic auctions are used to sell multiple objects, buyers can collude in order to reduce
their payments to the seller. A general feature of collusive equilibria in open ascending bid
auctions is that each bidder signals to the others which object has the highest value to her. After
the signalling rounds, the bidders implicitly promise each other not to compete on the objects
that they value less, provided they are not challenged on the objects they value more. We have
provided conditions under which this behaviour can be made a perfect Bayesian equilibrium. We
have also shown that some degree of collusion may still be present when the ratio of bidders to
objects is high, and when the bidders’ utility functions exhibit high complementarities.

As a more general point, the set of equilibria in auctions with multiple objects appears to be
much richer than in the single object case. In this paper, we have shown some of these equilibria.

15. We thank the Associate Editor for pointing this out.
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It is worth pointing out that in all equilibria in which collusion-via-signalling occurs it must be
the case that not too much information is revealed by the equilibrium bidding strategy. To see
this, suppose, for example, that the bidding strategy were to reveal that one bidder has very low
values for both objects. Then the other bidder will decide to compete for both ohjects,

revert to the SEA strategies, since her expected payments on both objects will be low. A bidder
with high values will accept a collusive outcome only if the information revealed is such that
her expected payment in open competition is sufficiently high. But this must imply that there is
always some pooling among low and high values. This in turn implies that in general collusion-
via-signalling not only reduces the revenue to the seller, but also reduces the efficiency of the
final allocation.

APPENDIX

Propositions 1 and 2 are special cases, with 0, of Propositions 4 and 5 respectively. The proof is given below, after
the proof of Proposition 3.

Proof of Propositior8.  Since each buyer Bx antesymmetric, we can restrict attention to symmetric mechanisms,
looking only at the “lower triangle™:

L :={(v, w) € [0, 1]2 Jw < v}.
In the (a, w) space this corresponds to the €et.

The following result in mechanism design theory, which we record here as Lemma 0, provides a useful
characterization of the (IC) constraints.

Lemma 0. The functions @, X and M satisfy (IC) if and only if:

1 the surplus functions (&, w) is convex, hence differentiable almost everywhere, and continuous;
2 w = Qy(a,w) and W = X(a, w), almost everywhere.

Proof. See Armstrong (1996), and Rochet and Gh@1098). ||
The key simplifying step follows from the restriction that each buyer always gets exactly one object.

Lemma 1. Inany mechanism in which each buyer always gets exactly one object the interim assignment function
Qv (a, w) must satisfy:

Qv(@ w)=Qv(@a,0)
for almost all(a, w).

Proof. By Lemma 0, the difference between the surplus of tggev) with a > 0 and the surplus of typ®, 0)
can be written in two alternative ways:

o the integral along the “backward L" shape path: first fr@n0) to (a, 0), and then from@a, 0) to (a, w);
o the integral along the path “inverse L’ shape: first fr¢@n0) to (0, w), and then fron(0, w) to (a, w).16

Integrating along the first path yields
a w
U(a,w)7U(O,O):/ Qv(a,O)daJr/ X(a,y)dy
0 0

a
= / Qv (@, 0) dar + w,
0

16. Inthe(v, w) space, the first path goes horizontally fredn0) to (a, 0), and then fron{a, 0) to (v, w), along
a 45 line. The second path goes frai®, 0) to (w, w) along the 48 line, and then horizontally frortw, w) to (v, w).
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while using the second path we obtain
w a
U(a, w) — U (0, O):/ X(0, y)dy+f Qv (o, w) da
0 0

a
=w +/ Qv (o, w) dev.
0
From these equalities we have

a a
/ Qv (¢, 0)da = / Qv (o, w) da,
0 0

which in turn immediately implies the result, since the peatw) was arbitrary. ||

Writing the surplus function as
a
U(a,w) = / Qa)da +w +U(0,0), all(a, w),
0

whereQ(a) = Qy (@, 0), and substituting into the objective function yields

1 rl-a 1 rl-a a
/ / Y(a, w)U(a, w)dwda:/ / v(a, w) (/ Q(a)da) dwda
0 Jo 0 JoO 0

1 rl-a
+/ / ¥(a, w)wdwda
0 Jo

1 rl-a
+U(0,0 / / v(a, w) dwdaj.
0o Jo
The first term can be written as:

1 rl-a a 1 a
/ / Y(a, w) (/ Q) d()l) dwda= / Ya(@) (/ Q) dot) da
0 JoO 0 0 0
1
- /O [1- Wa@] Q(a) da

(recall thaty a(a) = Ol’axjf(a, w) dw andWa(@) = & Yale) da, and the weighting function is normalized so that
VA = fg vale) do = 1).

SettingU (0, 0) = 0 and ignoring the terrrfo1 Ol_a ¥(a, w) wdwda, which does not depend on the control
variable, we can focus our attention on the following “relaxed” programme:

1
Maximize/ [1-W¥a(a)] Q@) da,
0

subject to
Q(a) is nondecreasing, (7)
and

1 1
/ Qo) g(@) d < / G(a) 9(e)de, eacha € [0, 1]. (8)
a a

The constraint in (7) is implied by Lemma 0e. by the convexity of any incentive compatible surplus function.
The constraints in (8) come from the fact that there is only one unit of objéence the probability of selling the object
to a buyer whose values’ difference is above any given thresholthnot exceed the probability that at least one buyer
has difference abova17

The following two steps will conclude the proof. First, we show that the assignment fur@titta) = % induced
by the ranking mechanism solves the above programme for some positive weighting function. Then we establish that
the assignment functio®*(a) = G(a) induced by the equilibrium of Proposition 2 is optimal, if the raﬁ?a‘(? is
increasing.

Optimality of the ranking mechanism. Fora = 0, the inequality in (8) is

s

©l w

1
/O Q@g@dax

17. See Border (1991).
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1
since, by symmetnyG(0) = 3 and f§ G(a) g(e@) da = [%(G(a))z]o = 3 - 1[G(0)1? = 2. For any differentiable
functionu : [0, 1] — R, this inequality and the constraints in (7) imply

1 1 3
—/ M(a)dQ(a)Jr/ Q@ g@da< >,
0 0 8

or, equivalently

ol w

1
n@MQM) —M(O)Q(O)—#fO [1'(@) + g@]Q(a)da <

In particular, by the condition stated in Proposition 3, we can choose:

811 — wa(h)]dt a
w@ = —-/91[ At / gt dt, ael0,1], 9
2fgll—va@]da Jo
and the previous inequality becomes
1 1 3
/O [1-¥Ya@]Q@dax< /O 71— Va@] da (10)

The functionQ**(a) = % is optimal because it maximizes the objective function among all functions which satisfy the
weaker condition (10).

Optimality of the equilibrium in Proposition 2. Multiplying each inequality in (8) by a positive weigkt(a) and
integrating ovefO, 1] yields

1 1 1 1
fo ¢ (@) (/ Q(@) g(o) da) daifo ¢ (@) (/ G(o) g(e) da) da,
a a

or, exchanging the order of integration,

1 1
fo (@) Q@)g(a)da < /O ®(2) G(@)g(a) da.

1-¥a@
9(a)
hence the previous inequality becomes

whered (@) := [§ ¢(a) da. Since

and such tha® (a) = %;

is increasing, we can choose the weighting functjoto be both positive

1 1
/O [1- Wa@] Q(a)da < /0 [1- Wa@)]G(@ da (11)

It is now immediate to see th&@(a) = G(a) satisfies the feasibility constraints in (8), and maximizes the objective
function among all functions which satisfy the weaker condition in (11). Hence it is an optimal solution in the original
programme. ||

Proof of Propositiod.  Given the symmetry of the problem, it is enough to check the optimality of the strategy
for types havingy > w. We will do this proceeding backward.
Consider the first round, at which only two bidders remain, say 1 and 2. Suppose that bidder 4;hasw;
and has opened at round zero wfifh —oo}, while bidder 2 has opened witk-co, 0}. Suppose also that the outstanding
pair of bids at round — 1 is (z, ). Let Fy (v2 | Tz) and Fy (w2 | Tz) denote the c.d.f. of, andwo respectively, both
conditional on the s€t; := {(vp, wp) € [0, 1]2 |z < vy < wp}.
If bidder 1 changes her bids, then the SEA strategies are triggered, and her expected utility is:

v] wy
Stug.wn 1T = [ 1= v2) ARy T + [ (g = wz) ARz | To.
4 4
To check that the deviation is unprofitable, we have to verify that

v1 — 2> S(vg, wy | Tz)

for each pairvy, wq) such thaty > wq. SinceS(vq, - | Tz) is increasing, it suffices to check the inequality for the types
on the diagonali,e. types such that; = w1. Defining:

yz(v1) = S(v1, v1| T2), v1 €z 1],
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the inequalities to be checked are:
vy —Z > yz(v1), foreachvy € [z, 1].

We start by noting that this holds at = z, since both sides are zero; and then observe that the derivative of the LHS
with respect tag is 1, while the RHS derivative

v1 v1
yiup) = / dFy (121 T) + [ dFw (w2 To).
z z

is zero atvy = z, and both positive and increasing for eagh e (z, 1]. Thus the function/z(v1) is increasing and
convex, hence we are done if we can prove that

1-2z>yz(2).
This can be rewritten as:

1-z > E[1-v2|Tl+E[1-w2[Tz]l = 2-E[v2|Tz] - E[wz| Tz,
or, using the symmetry of the joint distribution of andw,, as
E[v2| Tzl + E[v2]Lz] > 1+ 2, (12)
wherelz := {(v2, wp) € [0, 12|z < wy < vp}. By symmetry, we have
% =Pr(Tz|z<vp,Zz<wp) =Pr(Lz|z<vp,Z< wp),

hence
Elv2| Tzl + E[v2 | Lz] = 2E[v2|Z < v, Z < w2l;
and, sincevp andwy are independent, we ha¥vy | Z < vy, Z < wy] = E[vz |z < vp], so that the inequality in (12)
can be written as:
E(p|z<vp.2<wp) > 3(1+2).

This is the condition stated in the Proposition, and we can therefore conclude that the bidders will collude when the
opportunity arises.

The optimality of the strategies when more than two bidders are left follows from the fact that any other strategy
simply destroys the opportunity of collusion should it arise, and does not improve the outcome otherwise.

The only thing which is left to show is that in the first round each bidder is willing to signal truthfully the triangle
in which her type is. This is going to matter for biddeanly if she is still bidding aften — 2 other bidders have dropped
out and the only other bidder who is still bidding is competing for both objects. We show that for anyzgitevhich
this may happen it is better to have announced the correct triangle at date 0.

If bidder 1 announces the correct triangle, then the expected payoff conditional on being one of the two last bidders,
and onz being the last bid for both bidders, is:

31— 2) + 3S(v1. w1 | To). (13)

This is because, given the symmetry in the distributions afidw for eachi, with probability% the opponent is of type
wo > vy, so that her initial bid i§—oo, 0}, and with probability% the opponent is of type, > w». In the first case the
auction ends immediately, yielding a payoff— z, while in the second case bidders go on playing the SEA equilibrium.
If the bidder opens witlj—oo, 0} then the expected payoff conditional on being one of the two last players and
both having valuation at leagtfor both objects is:
3(w1—2) + S, w1 | L), (14)
(notice that nowS is conditional tov, > wo rather than ta, < w»). The expression in (14) does not exceed the one
in (13) if
vy + S(v1, w1 | Tz) > w1 + S(vy, w1 |Lz),
which holds with equality ifv; = wq. Moreover, the derivatives with respectitpare
1+ Fy(v1]|T2),
for the LHS, and
Fv(vilLa),

for the RHS. Hence the LHS grows faster than the RHSjas increased, thus implying that the inequality holds for
eachvy > wy. |
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Proof of Propositiorb.  Again, because of symmetry it suffices to check the optimality of the strategy along the

equilibrium path for a bidder whose type is in the “lower triangle.” We proceed backward.

Suppose first that only two players are left, say 1 and 2. If 1 opened{@ithoo} and 2 opened witl—oo, O},
then the analysis of Proposition 4 applies, since condition (4) imfdies z < x < 1) > (1+ 2)/2 fora = 0, hence
deviating to the SEA strategy is not profitable.

If instead both bidders have opened with —oo}, then we have to show that bidder 1 with type— w1 = a1
is willing to raise the bid on the first object only if she is not assigned ohjectd the outstanding bids afp, z) with
p < a1 + z. There are two possible deviations from the equilibrium path:
1) Stop bidding orv, and raise the bid ow by a small amount if necessaiyg. if 1 is not currently assigned. This
deviation yields at mosb, — z. Define

Lz(p—2) = {(v2, w) € [Z 1? | p—Z < vp — wp, Z< wa).
The setl z(p) is the support of bidder 1's beliefs about 2's values conditional on the last round’s bids(ipeimgfor
each bidder. The expected utility from following the equilibrium strategy is:
U*(vy, wy|Lz(p—2) =PHaz <aj|Lz(p—2)}(v1— Elaz|ax < a1, Lz2(p—2)])

+Pr{ag > a1 | Lz(p— 2} (w1 — 2),

which can be written as:
U*(vg, wylLz(p—2) =wy—2
+Praz <a1|Lz(p—2)}(@1 — E[aglaz <&, Lz2(p—2)] + 2).

Itis clear that the last expression is higher than— z.

2) Raise the bid om, without stopping the bidding on. In this case, the SEA equilibrium is triggered and we have to
verify that:

U* (1, w1l Lz(p—2) = S(v1, w1 |Lz(p —2)).

Itis enough to check the inequality pt= a; + z. Triggering the SEA equilibrium beforp reaches that level can only
do worse.
Usingvy = wj + a1, the relevant inequality to be checked is therefore:

wq+ag
wl—ZZ/ (wy +ag — v) dFy (v2| Lo(@g + 2))
a1+z

wy
+f (w1 —wp)dRy(wz | Lz(a1 + 2)).
z
The inequality is satisfied ab; = z and the RHS is increasing and convex. Applying the same reasoning as in
Proposition 4 we conclude that it is enough to check the inequality:
1 1-ag
1—31—22/ (1—v2)dFv(v2|Lz(al+Z))+/ (1—a; —wy)dRw(w2|Lz(a1 +2)
a1tz z

where use is made of the fact that the highest possible valuefavhenvy; — wq > a; is 1 — a1. The inequality is
equivalent to:

Elvo|vo > a1 +wp,1—a; > wp > 2]+ E[wo|vp—a1 >wy>2Zvpy>a;+2z]>1+2
or:
Elx|x=za+y, y=zzl+Elylx—-yza=z xza+zl=z1+z

which is inequality 5 stated in the Proposition.

Finally, we check that a bidder wants to stop after the other bidder has stopped the bidding, rather than competing
for both objects. Suppose that the bidder has w1 = a and the other bidder stoppedzat a’ with @’ < a. In this case
define

Qo7 = (v, wp) € [2. 1% |vp — wp = a).

Then the inequality becomes

vy — w1 —
vl—a/—zzf (vlfvz)dFv(vzlﬂa/,z)Jr/ (w1 — w2) ARy (w2 | 2y 7).
a+z z
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Usingwq = v1 — a we can rewrite the inequality as
, v1 _ vi—a _
vy — @& 722/ (vl*UZ)dFV(UZ‘Qa’,z)‘Ff (Ulfafwz)dF\N(wz\Qa/’Z).
a'+z z
Again, the inequality is satisfied aif = z+ a, the RHS is increasing and convex and we have only to check
, 1 _ 1-a _
1-a 722/ (17U2)dFv(v2|Qa/.z)+/ (v1 —a—wp)dRy(w2| Ly ).
a'+z ’ z

In order to compute the integrals observe

Privp < X|vp=wp+a,v3>Zwp>2 =Prwp < x—a|1—-a >wp>2)

o F(x—a)—F(2) i /
_Pxcazwezd _lega—rg 0 fxzzed
Prl—a > wy > 2 0 otherwise.
Therefore
_fwp=ah /
fplvg=wp+a, 02> 2,wp > 2) = | F-a)—F@ V2 =z
0 otherwise.

Similar computations lead to
f(wo+a) f _ A
fuplup=wp+a. 1>z wp>2) = | I-FGra) N1-3=w2=2
0 otherwise.

We therefore have

1 _ fall/+zv2f(v2—a/)dv2
/a/+z(1 TR A2 0y =1 T T TR

and

1_a’
Jiizv2fa—a)duy [ y+a)f(ydy

Fi_a)-F@d ~ Fd_a)_Fp ~-o/zsxsi-ay+a

Similarly, we have

20— a—wy) f(wy + ) dwy
1-F(z+d)

1-a _
/ (1—a— wp) dFw(wa | Ty ) =
zZ

FA-@-a)—F@+2 [ 2waf(wy+a)duy

=d-e 1-F@ +2 1-F(z+a)
and
[FRruptwarahdwy [ y—a)fmdy
1-F(z+4a) B 1-F(z+a)
LE Py —ahfydy [ yidy
1-F(z+4a) T 1-F@z+a

Combining these results we obtain the following condition:
l1-a—-z>1-E(x|z<x<1l-a)-a

Fl-@-a)-F@+2 J; “waf(wz+a)duy
1-F@ +2 1-F(z+4a)

+(1-a)

The inequality has to hold for eagh> a’. Noticing that the RHS is decreasinganthe relevant condition is obtained
settinga = a’. This yields

E[x|x—y>a, y>z]+ E[y|x—y>a>z x>a+z]>1+z

which is inequality 4 stated in the Proposition.
The argument for optimality when more than three bidders are active is identical to the one of Proposition 4: there is no
point in triggering the SEA strategies at the opening, since the decision can always be taken later.

The only thing that remains to be proved is that it is convenient to open in the “true” triangle. Possible deviations
in this case are opening in the “wrong” triangle or opening bidding on both objects, thus triggering the SEA equilibrium.
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The initial bid is only relevant if the bidder ends up among the two last bidders. We will show that for z\emg
conditional on being one of the two last bidders, opening in the “true” triangle gives a higher expected utility than any
deviation.

The expected utility conditional on being one of the two remaining biddersfat a type (v1, wy) such that
vy—wi=a >0is

U0l = 2y + T(wy +Priap < ap)(a — E(ap|ap < ap)) — 2, (15)

whereay, = vy — w» and the probability distribution is conditional t§ > z, wo > z. This is because with probability
% the other bidder has opened in the upper triangle, so that the auction ends and 1 wbsdipsicez, while with
probability% the other bidder opens in the lower triangle. In the latter case the bidder pays atdedsbbtains at least
w1. It additionally obtain®; minus the price when the auction is won. Triggering the SEA equilibrium with an opening
other than{—oo, 0} or {0, —oo} is obviously dominated, since the SEA equilibrium can be triggered later at no cost. We
have therefore only to check that it is not convenient to open in the wrong triangle.

Suppose 1 opens biddirig oo, 0}, i.e.signalling the “wrong” triangle. If the other bidder also opens Witlo, 0}
then the best strategy is to pretend to have= 0 and geb for z. This is clearly better than getting for a price greater
thanz. The other possibility is to trigger the SEA strategies: to show that this cannot be optimal we have to check the
inequality

vy — 2> S(vy, w1 | Lz).

Under the assumptions stated in the Proposition the inequality is satisfied (the analysis is the same as before).

If the other bidder opens wit{D, —oo} then any attempt to compete on goottiggers the SEA equilibrium. The
payoff in this case is therefore whatever is best between obtaiminat z and triggering the SEA equilibrium, that is

max{wi —z, S(v1, w1 | Lz)}. We therefore conclude that the expected payoff, conditional on being one of the two players
left atz, when the opening is in the wrong triangle is

U0 = 2 — 2) + I max(wy — 2. S(vy. w1 | Lo} (16)

If wy —z > S(v1, w1 | Lz) then this is clearly less that the utility obtained in equilibriumwlf — z < S(v1, wq | Lz)
the condition that the deviation be not profitable, that is (15) is greater than (16), can be written as

w1+ Prap <ay)(@1 — E(@zlaz <a1)) —z> S(vy, wy|Lz),

which is satisfied under the conditions stated in the Proposition because it is equivalent to the condition that it is optimal
to follow the equilibrium strategy after opening in the “true” triangle||

Proof of Propositiors.  Recall thaty; := v; + wj + kj, i = 1, 2, and let the bids of each bidder be represented
as a pair, with the first element referring to objeand the second to objeat. Also, letb, andb,, denote the highest
bids onv andw respectively, and!, andb!, the highest bids by biddéron v andw respectively. The following is a
symmetric perfect Bayesian equilibrium yielding the desired outcome:

e Open with the minimum bid on each object. In the following rounds, if you are biddeshave as follows:

o If all bidders but you have been silent opand at least two bidders have increased the bid @m the previous
round, then stay silent an and increase the bid an by the minimum amount ib,, < wj + k;; otherwise stay
silent;

o If all bidders but you have been silent an and at least two bidders have increased the bid onthe previous
round, then stay silent om, and increase the bid anby the minimum amount ib, < v; + k;; otherwise stay
silent;

e In all other cases raise the bid on betandw by the minimum amount b, + by, < vi + wj + k;j and there is
a positive probability that; + wj +kj > vj +wj +Kkj forall j # i. Stay silent otherwise.

Beliefs are as follows.
Case 1 The outstanding bid is, = by, . The probability distribution oitvj, wj, kj) is defined as follows:

o If (bi', b,ju) = (by, by) (thatis, biddesj is among the winners of both objects) then it is the conditional probability
on(vj, wj, Kj) subjecttovj +wj +kj > 2by.

o If (btljs bz]u) # (by, by) then:

- If btj, = bfv and 2)5 > kthenitis the conditional probability o}, wj, kj) subject tavj +wj +kj < 2b,j,.
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— In all other cases, it is an arbitrary probability distribution with support [ﬁnmin{blj,,l}] X
[0, min{by,, 1}] x {K}.

Case 2.The outstanding bid i®, # by,. This can only occur if all players have taken an out of equilibrium action.
When this happens, we specify that beliefs about any bidder who made axtpffey, ) with b, # by, have support on

[0, min{b,J}, 1} x [0, min{b,J,,, 1}] x {k}, while the probabil_ity distribution on bidders such tbét: b,J,, is the conditional
probability on(vj, wj, kj) subject tovj + wj +kj < 2b.

The outcome of this strategy profile is that each biddecreases the bids by the minimum amount on both objects up
to the point at which the sum of the bids reactiesand stops bidding afterwards. Therefore, the bidder with the highest
6 wins the objects paying a price equal to maxé; .

We now check that there are no profitable deviations. Suppose first that in the previous round all biddeaséut
been silent o but some has increased the bidwnThis can only happen out of equilibrium. Any biddér&/ho stayed
on the equilibrium path must ha¥g < by, + by, so the equilibrium strategy prescribes that she will not bid further.
Any bidder j” who was out of the equilibrium is not expected to increase the bid any further, since (given the specified
beliefs) with probability 1 their typé;, is not the highest. Therefore, biddeexpects no further bids on Oncev is
taken for granted, it is rational to bid anup tow; + k;. A symmetric reasoning applies wheis the sole active bidder
onw and not orw. Finally, it is obvious that staying silenti% optimal strategy if all her opponents have been silent on
both objects.

Consider now the other cases. By following the equilibrium strategy, biddebtains utility maxg; —
maxj - 0j, 0}. A deviation can lead to getting both objects, getting a single object and getting no object. In the first
case, given the equilibrium strategy of the other bidders, the price paid for the two objects must be at Ipastmax
hence the deviation is not profitable. In the second case, the price paid for the single object iskathessagain the
deviation is not profitable. Finally, a deviation is obviously not profitable if it leads to losing both objefts.

Proof of Proposition7.  Using the arguments of Proposition 6 we have that the strategies described in the last point
of the Proposition constitute a perfect Bayesian equilibrium at any given stage. We are left with the task of finding the
appropriate setéy,, Ay, show that the prescribed strategy is optimal for all types at stage 0, and that for tyfgs in
Ay itis optimal to stop bidding when the initial bids ai®, —oc}, {—oc, 0}) or ({0, —o0}, {—o0, 0}).

Let
Oy ={(, w,k v el0,1],we[0,v] ke [k Kl
and
O ={(v, w, k) |v e [0, w], w e [0,1], k € [k, KI}.
Defines = v + w + k, and letH (s) be the c.d.f. ors, that is:

H(X) =Pr{v+w+k < x}.

Given our assumption on the supportofw andk it is clear thatH (k) = 0 andH (2 + k) = 1. Furthermore, given the
symmetry of(v, w) and the independence of the distributionsyofv, k we have thaH (s| ©,) = H(s| ©y). Define
the setsAd = ©,, AD = ©,,, and define

v+w+k
Al = (U,w,k)eG)Ulvz/ (W+w+k—5dH(E| 0y},
Kk

v+w—+k
Al = (v,w,k)e@wlwzf w+w+k—s)dH(s|®y)}.
Kk

Thus,A% is the set of types i®, who prefer to have for free rather than competing for the bundle when it is known
that the type of the other bidder lies@,,. A symmetric interpretation holds fdki. Observe that the sel%% and A%,
are compact and connected.

It is clear that the two sets are symmetric, meaning thaa,ib, c) € A% then(b,c,a) € A%,. Furthermore,
it is also clear thatH (s| Ai) = H(s| A%). Now, given two symmetric set&! and Al with the property that
H(s| All) = H(s| Al) define the sets

v+w+k
AL — (v,w,k)€®ulvz/ (+w+k—s)dHEIAD 1
k
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Nl v+w—+k n
A= (v,w,k)e@wlwz/l; (v+w+k—9)dH(|A) ¢ .
If AN and A" are compact and connected thafit1 and A1 are also compact and connected. We claim that the
sequencgAll} has a converging subsequence, and that théséd which the subsequence converges is the set we are
looking for.
Let H(®,) be the set of non-empty compact subset®gf For a given seX € H(®,) define the set

B:(X)={yeOy||y—x| < &forsomex € X}.
The spacé+(®,) is a metric space when endowed with the Hausdorff distance
p(X,Y) =min{e > 0| X C Bs(Y) andY C Bg(X)}.

Since the se®,, is compact, the sé(©,) is also compact (se=g.Mas Colell (1985), Proposition A.5.1). The sequence
{Al} is a sequence of elementsi(®,), and since the set is compact there exists a converging subsequendg.dest
the non-empty, compact subset®j to which the subsequence converge, and observe that since all elemighf}s are
connected ther\, is connected too (Mas Colell (1985), Proposition A.5.1). Thefggtcan be obtained using exactly
the same procedure.

The setsA, and A,, satisfy the equilibrium conditions. Observe first that for eaemdn we haveH (s| A]) —
H(s| All) = 0 This implies that for each

nimooH(slAﬂ)—H(s\Ag):H(s|AU)—H(s|Aw):0. a7

Consider now that a typ@, w, k) € A,. The equilibrium strategy prescribes:

1 Open with{0, —oo}.
2 If the other bidder opens witfi-oo, 0} then stop bidding. In all other cases, use the SEA strategy.

Let us first check that the strategy after opening With—oo} and observing—oo, 0} is optimal. The only possible
deviation is to trigger the SEA equilibrium, which yields

vi+wy+k
5(v1,W1,k|Aw)=/k (v1 + w1 +K—95)dH(s| Ay).

Using (17) and the fact thab,, w1, k) € A, we obtain
v > S(vy, wy, K| Ay).

We now check optimality at stage 0. It clearly makes no sense to trigger the SEA strategy. The only other possible
deviation is to bid{—oo, 0}, thus signalling that the type belongsAg,. It is not profitable to use the SEA equilibrium

after the other type signalg,, since this is equivalent to triggering directly the SEA equilibrium with probability 1,
which we know not to be profitable. Suppose now that collusion is accepted. Then we compare the expected utility of the
deviation

Pr(Ay)w1 + (1 = Pr(Ay))S(vy, w1, Ky | TAy),
with the expected utility of the equilibrium strategy

Pr(Ay)vy + (1 — Pr(Ay)) S(vy, wi, kg | TAy).
But now observe that the symmetry Af, and A, implies P(A,) = Pr(A,) and
S(vg, wy, Ky | TAy) = S(vy, wy, Ky | TAy).

Sincevy > w4 we conclude that the deviation is not profitable.

A symmetric reasoning shows that types, wq, k1) ¢ Ay U Ay are not better off opening witfD, —oo} or
{—00, 0}. In this case the bidder is going to trigger the SEA strategy no matter what the opening bid of the other bidder
is, so that announcinf®, 0} and triggering the SEA equilibrium from the very beginning is optimal|
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