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I. Why Study Auctions?

NE PARTY TO AN EXCHANGE often
knows something relevant to the
transaction that the other party does not
know. Such asymmetries of information
are pervabive in economic activity: for
example, in the relationship between
employer and employee when the em-
ployee’s effort cannot be monitored per-
fectly; between the stockholders and the
manager of a firm; between insurer and
insured; between a regulated firm and
the regulatory agency; between the sup-
plier and the consumers of a public good;
between a socialist firm and the central
planner; or (as is the subject of this paper)
between buyer and seller when the value
of the item is uncertain.

Forty years ago, F. A. Hayek criticized
theories that purport to describe the
price system but start from the assump-
tion that individuals have symmetric in-
formation:
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The peculiar character of the problem of a ra-
tional economic order is determined precisely
by the fact that the knowledge of the circum-
stances of which we must make use never exists
in concentrated or integrated form but solely
as the dispersed bits of incomplete and fre-
quently contradictory knowledge which all the
separate individuals possess. The economic
problem of society is thus not merely a problem
of how to allocate “given” resources—if “given”
is taken to mean given to a single mind which
deliberately solves the problem set by these
“data.” It is rather a problem of how to secure
the best use of resources known to any of the
members of society, for ends whose relative
importance only these individuals know. Or,
to put it briefly, it is a problem of the utilization
of knowledge which is not given to anyone in
its totality. (Hayek 1945, p. 519)

Hayek went on to argue that to omit im-
perfections of information is to ignore the
price system’s chief advantage. The
“marvel” of the price system is its effi-
ciency in communicating information “in
a system in which the knowledge of the
relevant facts is dispersed among many
people” (p. 525). All that a buyer or seller
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needs to know to make a rational decision
is the vector of prices; he need not know
the determinants of supply and demand
that underlie the prices.

Hayek’s critique of extant theories of
the price system applies equally to the
most thorough current theory, the Ar-
row-Debreu model, which assumes ei-
ther that information is perfect or, what
is essentially the same thing, that a full
range of markets in contingent commodi-
ties exists. To paraphrase Hayek in mod-
ern terms, the constraints imposed by
informational asymmetries can be as sig-
nificant as any resource constraints.

Is the market as effective at transmit-
ting information as Hayek argued? The
much-cited examples due to George Ak-
erlof (1970) illustrate that it need not be.
The inability of buyers of used cars to
observe the quality of any one car might
cause the used-car market to cease to
function. Similarly, the working of medi-
cal-insurance markets is hindered by the
inability of an insurance company to ob-
serve completely an individual’s current
state of health. Should we conclude that
Hayek’s claims for the informational effi-
ciencies of the price system are unduly
optimistic? Resolution of this question
requires some systematic analysis of how
economic agents behave when informa-
tion is dispersed.

Some of the most exciting of the recent
advances in microeconomic theory have
been in the modeling of strategic behav-
ior under asymmetric information. One
part of this broad research program is
the theory of bidding mechanisms. The
modeling of auctions provides a narrowly
defined set of questions with which to
begin a rigorous examination of the impli-
cations for the price system of informa-
tional asymmetries.

The study of auctions provides one way
of approaching the question of price for-
mation. As was pointed out in a well-
known article by Kenneth Arrow (1959),
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the standard economic model of many
small buyers and sellers, taking as given
the market price, is lacking in that it fails
to explain where prices come from. Once
the deus ex machina of the Walrasian
auctioneer is discarded, who sets prices?
Even in an otherwise perfectly competi-
tive market, Arrow argued, during the
process of price formation there is consid-
erable uncertainty, resulting in each
seller facing a downward-sloping demand
curve or each buyer facing an upward-
sloping supply curve. During the adjust-
ment to the competitive equilibrium,
“the market consists of a number of mo-
nopolists facing a number of monopson-
ists” (p. 47). Auction theory provides one
explicit model of price making (although
it is a restricted model of price formation
in that it ignores the bargaining aspects
of the process sketched by Arrow).

A less fundamental but more practical
reason for studying auctions is that auc-
tions are of considerable empirical signif-
icance: The value of goods exchanged
each year by auction is huge. This fact
in itself indicates that some theoretical
study of auctions is warranted. More-
over, as will be seen, the theory of auc-
tions is closer to applications than is most
frontier mathematical economics.

The theoretical results in auction the-
ory can explain the existence of certain
trading institutions, and perhaps can
even suggest improvements in the exist-
ing institutions: Thus auction theory has
both positive and normative aspects.
Many of the results address the question:
What is, from the point of view of the
monopolist, the best form of selling

.mechanism to use in any particular set

of circumstances? Other questions that
can be answered include the following.
Should the seller impose a reserve price?
If so, at what level? Can the seller design
the auction so as to achieve price discrim-
ination among the bidders? Is it ever in
the seller’s interest to require payment
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from the unsuccessful bidders? If it is
feasible to make payment depend not
only on' the bid but also on something
correlated with the true value of the item
(as is the effect of royalties, for example),
should the seller do so? Should the seller
release any information he has about the
item’s true value? What can the seller
do to counter collusion among the bid-
ders?

This paper surveys recent develop-
ments in the theory of bidding mecha-
nisms and discusses the relevance of the
theoretical results for auctions in
practice. !

In what follows, theorems will be
stated in italics. For ease of exposition,
not only will the proofs of the stated re-
sults be omitted, but also some of the
required technical assumptions. For pre-
cise statements of assumptions, as well
as proofs, see the cited papers.2

II. The Types and Uses of Auctions

What is an auction? An auction is a
market institution with an explicit set of
rules determining resource allocation
and prices on the basis of bids from the
market participants.

What kinds of goods are sold by auc-

! Because there already are a survey (by Richard
Engelbrecht-Wiggans 1980) and a bibliography (by
Robert Stark and Michael Rothkopf 1979) of the ear-
lier literature, this paper will focus on recent devel-
opments. The surveys by Paul Milgrom (1985, 1986)
cover in more depth a narrower range of topics than
the present survey. A brief survey of auction theory
is given by Robert Wilson (1987).

To the reader interested in pursuing auction the-
ory more deeply than this nontechnical survey, we
recommend beginning with the following papers.
William Vickrey’s remarkable 1961 paper, two de-
cades ahead of its time, is still worth reading as an
introduction to the analysis of auctions. Milgrom and
Robert Weber (1982a) provide a very general frame-
work for analyzing auctions and compare different
auction forms and different seller policies. On the
designing of optimal auctions, the central papers are
Roger Myerson (1981) and John Riley and William
Samuelson (1981); the former paper is more general,
but the latter is more readable.
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tion? The list is long: Artwork, books,
antiques, agricultural produce, mineral
rights, United States Treasury bills, cor-
porations, and gold are some current ex-
amples; wives and slaves are historical
examples (Ralph Cassady 1967; Martin
Shubik 1983). Why are auctions used
rather than other selling devices such as
posting a fixed price? According to Cas-
sady (1967, p. 20): “One answer is, per-
haps, that some products have no stan-
dard value. For example, the price of
any catch of fish (at least of fish destined
for the fresh fish market) depends on the
demand and supply conditions at a spe-
cific moment of time, influenced possibly
by prospective market developments.
For manuscripts and antiques, too,
prices must be remade for each transac-
tion. For example, how can one discover
the worth of an original copy of Lincoln’s
Gettysburg Address except by auction
method?”

Sometimes there is a single buyer who
wishes to purchase some item from one
of a set of potential suppliers. From a
theoretical point of view, monopsony is
essentially the same as monopoly apart
from reversal of the signs of some vari-
ables. Thus, although the Oxford Dic-
tionary defines an auction as a “public
sale in which articles are sold to maker
of highest bid,” we shall use the term
auction to describe both offering to sell
and bidding to buy. (Nevertheless, for
the sake of brevity, we shall usually dis-
cuss auctions as mechanisms for selling.)

Governments are the most prominent
users of procurement auctions. In a mod-
ern market economy, the government’s
purchases from private firms typically ac-
count for about 10 percent of gross do-
mestic product. For many government
contracts, firms submit sealed bids; the
contract is required by law to be awarded
to the lowest qualified bidder. Sealed-
bid tenders are sometimes also used by
firms procuring inputs from other firms.
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Novel uses of auctions include the auc-
tioning of the rights to a natural monop-
oly as a substitute for regulating it
(Harold Demsetz 1968; Oliver William-
son 1976); the auctioning of import quo-
tas as a way of generating data on the
extent of protection afforded by the quo-
tas as well as capturing the rents for the
government (M. Pickford 1985); the use
of an auction mechanism for selecting a
location for noxious facilities like prisons
and hazardous-waste disposal plants
(Howard Kunreuther and Paul Kleindor-
fer 1986); and the auctioning of airport
time slots to competing airlines, pro-
posed as an improvement over the exist-
ing slot quotas (S. J. Rassenti, V. L.
Smith, and R. L. Bulfin 1982).

In a double auction, several buyers and
several sellers submit bids simultane-
ously. The double auction is a stylized
representation of organized exchanges
such as stock exchanges and commodity
markets.

What are the types of auctions that are
in use? Four basic types are used when
a unique item is to be bought or sold:
the English auction (also called the oral,
open, or ascending-bid auction); the
Dutch (or descending-bid) auction; the
first-price sealed-bid auction; and the
second-price sealed-bid (or Vickrey) auc-
tion.

The English auction is the auction form
most commonly used for the selling of
goods. In the English auction, the price
is successively raised until only one bid-
der remains. This can be done by having
an auctioneer announce prices, or by
having bidders call the bids themselves,
or by having bids submitted electroni-
cally with the current best bid posted.
(The word “auction” is derived from the
Latin augere, which means “to in-
crease.”) The essential feature of the En-
glish auction is that, at any point in time,
each bidder knows the level of the cur-
rent best bid. Antiques and artwork, for
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example, are often sold by English auc-
tion.

The Dutch auction is the converse of
the English auction. The auctioneer calls
an initial high price and then lowers the
price until one bidder accepts the current
price. The Dutch auction is used, for in-
stance, for selling cut flowers in the
Netherlands, fish in Israel, and tobacco
in Canada.

With the first-price sealed-bid auction,
potential buyers submit sealed bids and
the highest bidder is awarded the item
for the price he bid. The basic difference
between the first-price sealed-bid auc-
tion and the English auction is that, with
the English auction, bidders are able to
observe their rival’s bids and accord-
ingly, if they choose, revise their own
bids; with the sealed-bid auction, each
bidder can submit only one bid. First-
price sealed-bid auctions are used in the
auctioning of mineral rights to U.S. gov-
ernment-owned land; they are also some-
times used in the sales of artwork and
real estate. Of greater quantitative signif-
icance is the use, already noted, of
sealed-bid tendering for government
procurement contracts.

Under the second-price sealed-bid
auction, bidders submit sealed bids hav-
ing been told that the highest bidder
wins the item but pays a price equal not
to his own bid but to the second-highest
bid (Vickrey 1961). While this auction
has useful theoretical properties, it is sel-
dom used in practice.

Many variations upon these four basic
auction forms are used. For example, the
seller sometimes imposes a reserve
price, discarding all bids if they are too
low (Cassady 1967, Ch. 16). Bidders may
be allowed only a limited time for sub-
mitting bids (Shubik 1983, pp. 45-49).
The auctioneer may charge bidders an
entry fee for the right to participate (Ken-
neth French and Robert McCormick
1984). Payment may be made to depend
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not only on bids but also on something
correlated with the true value of the
item, as'is achieved by using royalties
(James Ramsey 1980). In an English auc-
tion, the auctioneer sometimes sets a
minimum acceptable increment to the
highest existing bid (B. S. Yamey 1972).
The seller might, instead of selling the
item as a unit, offer for sale shares in
the item (Wilson 1979).

Two broad questions are prompted by
the foregoing description of the use of
auctions. First, why is an auction used
rather than some other selling (or buying)
procedure? Second, given the diversity
of types of auctions, what determines
which particular auction form is chosen?
In order to address these questions, some
theoretical machinery is needed.

II1. The Ability to Make Commitments

Auctions are often used by a monopo-
list (an individual selling a unique work
of art, a government selling mineral
rights, etc.) or a monopsonist (a govern-
ment contracting out the production of
a public good); they are sometimes also
used in a competitive setting (in the sell-
ing of fish or agricultural produce, for
example). This survey will follow the ex-
isting literature by considering the case

of monopoly or monopsony; competition

among the organizers of auctions will be
little discussed.® (However, there may
be any number, large or small, of bid-
ders.)

It is presumed therefore that there is
monopoly (or monopsony) on one side
of the market. While it is possible in auc-
tions that there are very many bidders
so that perfect competition prevails,
more usually there are only a few bid-
ders: There is oligopsony (or oligopoly)
on the other side of the market. In classi-
cal economics, monopoly-oligopsony

3 An important exception, the double auction, will
be discussed in Section XI.
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problems were regarded as indetermi-
nate: Any outcome between all of the
gains from trade going to the buyer and
all of the gains going to the seller was
seen as possible.

Auction theory sidesteps such bargain-
ing problems by presuming that, in a
sense, the monopolist (or monopsonist)
has all of the bargaining power. More
precisely, it is assumed that the organizer
of the auction has the ability to commit
himself in advance to a set of policies.
He binds himself in such a way that all
of the bidders know that he cannot
change his procedures after observing
the bids, even though it might be in his
interest ex post to renege. In other
words, the organizer of the auction acts
as the Stackelberg leader or first mover.

Commitment matters because even as
simple an institution as the first-price
sealed-bid auction leaves the seller with
a temptation to renege. As will be seen,
the bidders submit bids that are functions
of their valuations of the item for sale.
Given the assumptions we shall make
about the seller’s knowledge, the seller
is able to deduce from a bid the bidder’s
valuation of the item. Thus it would be
in the seller’s ex post interest to renege
on his promise to charge a price equal
to the highest bid; instead, he could offer
the item at a price higher than the high-
est bid and yet slightly less than the high-
est valuation, and it would be in the in-
terest of the bidder who has that
valuation to accept this offer. Of course,
if the bidders knew in advance that the
seller might renege on his announced
policy, they would not bid as hypothe-
sized.

The advantage of commitment is that
procedures can be adopted that induce
the bidders to bid in desirable ways. In
The Strategy of Conflict, Thomas Schell-
ing explained the advantages in general
strategic  situations of commitment
power: “If the buyer can accept an irrevo-
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cable commitment, in a way that is unam-
biguously visible to the seller, he can
squeeze the range of indeterminancy
down to the point most favorable to him”
(Schelling 1960, p. 24). This follows from
“the paradox that the power to constrain
an adversary may depend on the power
to bind oneself” (p. 22).

There are many ways commitment can
be achieved. For example, in the case
of government contracting, the govern-
ment official responsible for the decision
is required to follow procedures that are
explicitly and precisely set out in a pub-
licly available book of rules. Also, a “po-
tent means of commitment, and some-
times the only means, is the pledge of
one’s reputation” (Schelling 1960, p. 29):
The cost of reneging on a current com-
mitment might be the inability to commit
oneself credibly in future transactions,
and therefore the loss of future bargain-
ing power.

Nevertheless, it does not follow from
that fact that one party has the ability
to make commitments that he can extract
all of the gains from trade. What limits
his bargaining ability is the asymmetry
of information: The seller does not know
any bidder’s valuation of the item for
sale. If the seller were able to observe
bidders’ valuations, he could offer the
item to the bidder who values it the most
at a price slightly below this bidder’s val-
uation, threatening to refuse to sell it if
this offer is rejected. Given that the seller
has so committed himself, it is in the
bidder’s interest to accept this take-it-or-
leave-it offer; the commitment makes the
threat credible. When information is
asymmetric, the seller’s ability to extract
surplus is more limited. The seller can
exploit competition among the bidders
to drive up the price; but usually the
seller will not be able to drive the price
up so far as to equal the valuation of the
bidder who values the item the most,
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because the seller does not know what
this valuation is.*

In the next section, we discuss in detail
the asymmetry of information about bid-
ders’ valuations.

IV. The Nature of the Uncertainty

Asymmetry of information is the cru-
cial element of the auction problem. In
the case of perfect information, the auc-
tion problem is easily solved, as just
noted: Given the ability to make commit-
ments, the organizer of the auction ex-
tracts all of the gains from trade. Indeed,
the reason a monopolist chooses to sell
by auction rather than, say, simply post-
ing a price is that he does not know the
bidders’ valuations.®

How the bidders respond to uncer-
tainty depends on their attitudes toward
risk. Thus one aspect of any particular
bidding situation that the modeler must
take into account is the bidders’ risk atti-
tudes. (The risk attitudes of the seller
may also matter; however, we shall as-
sume throughout that the seller is risk
neutral.)

Differences among the bidders’ valua-
tions of the item can arise for either of
two distinct reasons. Which of these is
relevant also affects how any particular
bidding situation is to be modeled.

At one extreme, suppose that each bid-
der knows precisely how highly he values

4 Milgrom (1986) showed within a bargaining
model that even if a seller is in a weak bargaining
position (that is, if he does not have commitment
ability), he might still choose to sell by auction. How-
ever, he then cannot use any of the strategic policies
discussed in Sections VI through X to follow (such
as imposing a reserve price). Hence we shall follow
most of the existing literature by retaining the as-
sumption of precommitment throughout this paper.

5 Note that informational asymmetries may or may
not be removable in principle. On the one hand,
for example, tastes are inherently unobservable. On
the other hand, it might be feasible to monitor a
firm’s production costs, but simply too costly to do
so. This distinction will be ignored in what follows.
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the item; he has no doubt about the true
value of the item to him. He does not
know artyone else’s valuation of the item,;
instead, he perceives any other bidder’s
valuation as a draw from some probability
distribution. Similarly, he knows that the
other bidders (and the seller) regard his
own valuation as being drawn from some
probability  distribution.  Differences
among the bidders’ evaluations reflect ac-
tual differences in their tastes. More pre-
cisely, for bidderi,i =1, . . ., n, there
is some probability distribution F; from
which he draws his valuation v;. Only
the bidder observes his own valuation
v;, but all the other bidders as well as
the seller know the distribution: F;. Any
one bidder’s valuation is statistically in-
dependent from any other bidder’s valua-
tion. This is called the independent-pri-
vate-values model. This model applies,
for example, to an auction of an antique
in which the bidders are consumers buy-
ing for their own use and not for resale.
It also applies to government-contract
bidding when each bidder knows what
his own production cost will be if he wins
the contract.

At the other extreme, consider the sale
of an antique that is being bid for by
dealers who intend to resell it, or the
sale of mineral rights to a particular tract
of land. Now the item being bid for has
a single objective value, namely the
amount the antique is worth on the mar-
ket, or the amount of oil actually lying
beneath the ground. However, no one
knows this true value. The bidders, per-
haps having access to different informa-
tion, have different guesses about how
much the item is objectively worth. If
V is the unobserved true value, then
the bidders’ perceived values v;, i = 1,

., n, are independent draws from
some probability distribution H(v,|V). All
agents know the distribution H. This is
called the common-value model.

Suppose a bidder were somehow to
learn another bidder’s valuation. If the
common-value model describes the situ-
ation, learning someone else’s valuation
provides useful information about the
likely true value of the item: The bidder
would probably change his own valuation
in the light of this. In contrast, if the
independent-private-values model de-
scribes the situation, the bidder knows
his own mind; learning about another’s
valuation will not cause him to change
his own valuation (although he might, for
strategic reasons, change his bid).

The independent-private-values model
and the common-value model should
be interpreted as polar cases: Real-
world auction situations are likely to
contain aspects of both simultaneously.
For example, the bidders at an antiques
auction may be dealers guessing about
the ultimate market value of the item;
but these dealers may differ in their sell-
ing abilities, so that the ultimate market
value depends on which dealer wins the
bidding. In the bidding for a government
contract, there may be both inherent dif-
ferences in the firms’ production capabil-
ities and a common element of technolog-
ical uncertainty.

A general model that allows for correla-
tions among the bidders’ valuations and
includes as special cases both the com-
mon-value model and the independent-
private-values model was developed by
Milgrom and Weber (1982a). With n bid-
ders, let x; represent a private signal
about the item’s value observed by bid-
der i; let x = (x;, . . ., x,). Let s =
($1, - - - > S be a vector of variables
that measure the quality of the item for
sale. The bidders cannot observe any of
the components of s; however, some or
all of the components of s may be observ-
able by the seller. Now let the ith bid-
der’s valuation of the item be vs, x).
Thus any bidder’s valuation may depend



706

not only upon his own signal, but also
upon what he cannot observe: namely,
the other bidders’ private signals and the
true quality of the item. This formulation
reduces to the independent-private-
values model when m = 0 and v; = x;
for all i; and it reduces to the common-
value model when m = 1 and v; = s;
for all i. The notion that bidders” valua-
tions may to some extent be correlated
is captured by the concept of affiliation:
The vector of random variables (s, x) is
affiliated if, roughly, some variables” be-
ing large makes it likely that the other
variables are large: If variables are affili-
ated, then they are positively corre-
lated.®

A further choice to be made by the
modeler depends on the answer to the
question: Are the bidders in some way
recognizably different from each other?
Is it appropriate to represent all bidders
as drawing their valuations from the same
probability distribution F, or should they
be modeled as having different distribu-
tions F;,, i = 1, . . . , n? The former
case will be described for the sake of
brevity as the case of symmetric bidders
and the latter as the case of asymmetric
bidders. An example of an asymmetric
bidding situation arises in government
procurement when both domestic and
foreign firms submit bids and, for reasons
of comparative advantage, there are sys-
tematic cost differences between domes-
tic and foreign firms.

6 More precisely, let z and z’ represent a pair of
(m + n) vectors, and let g(z) denote the joint probabil-
ity density of the random variables z. Denote by z
V 2z’ the component-wise maximum of z and z’, and
by z A z' the component-wise minimum. Then the
variables are defined to be affiliated if, for all z, z’,

gz Vv 2') glz A 2') = g(z) g(z).
Assuming differentiability of g, this is equivalent to
62
9207,

(logg) =0,

where z;, z;, i # j, are elements of z. See Milgrom
and Weber (1982a) for more details.
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Yet another modeling consideration ar-
ising from uncertainty is that the amount
of payment can only be made contingent
upon variables that are observable to
both buyer and seller. In some circum-
stances, the only such variables are the
bids. In other circumstances, however,
there are other mutually observable vari-
ables. If these other variables are correla-
ted with the item’s true value, it might
be in the seller’s interest to make pay-
ment depend on these other variables
as well as the bids. For example, in min-
eral-rights auctions, royalties make the
payment depend upon the amount of oil
ultimately extracted as well as the win-
ning bid.

The auction model that is the easiest
to analyze is based on the following four
assumptions.

Al. The bidders are risk neutral.

A2. The independent-private-values

assumption applies.

A3. The bidders are symmetric.

A4. Payment is a function of bids

alone.
This model will be referred to as the
benchmark model; it will be discussed
in Sections V and VI. However, many
real-world auctions fail to satisfy these
assumptions: The consequences of relax-
ing each of these assumptions, one at a
time, will be discussed in Sections VII
through X.7

The results to follow will describe bid-
ding equilibria. Each bidder knows the
rules of the auction that the seller has
chosen and committed himself to. Bidder
i knows his own valuation v; (true valua-
tion in the independent-private-values
model, perceived valuation in the com-
mon-values model). Each bidder is as-
sumed to know the number of bidders,
their risk attitudes, and the probability

7 Eric Maskin and Riley (1985) provided simple
examples illustrating the effects of varying assump-
tions Al, A2, and A3.
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distributions of valuations, and to know
everyone else knows that he knows this,
and so on.? Based on what he knows,
each bidder decides how high to bid. At
a Bayes-Nash equilibrium, each bidder
bids an amount that is some function of
his own valuation, such that, given that
everyone else chooses his bid in this way,
no individual bidder could do better by
bidding differently.

One result can be obtained immedi-
ately, regardless of which of the assump-
tions about risk attitudes and value cor-
relations apply: The Dutch auction yields
the same outcome as the first-price
sealed-bid auction (Vickrey 1961). This
is because the situation facing a bidder
is exactly the same in each auction: The
bidder must choose how high to bid with-
out knowing the other bidders’ decisions;
if he wins, the price he pays equals his
own bid. Because of this result, we do
not need to analyze the Dutch auction
in what follows.

V. The Benchmark Model: Comparing
Auctions

Which of the four simple auction types
(English, Dutch, sealed-bid first-price,
sealed-bid second-price) should a seller
choose? In what we are referring to as
the benchmark model (defined by as-
sumptions Al, A2, A3, and A4), this
question has a surprising answer: It does
not matter. Each of these auction forms
yields on average the same revenue to
the seller. At first glance, it may seem
that this cannot be correct. For example,
it might seem that receiving the highest
bid, as in the first-price sealed-bid auc-
tion, must be better for the seller than

8 This is an instance of a game of incomplete infor-
mation (John Harsanyi 1967, 1968). A strong assump-
tion underlying the solution of any game of incom-
plete information is that the agents’ subjective beliefs
about the unknown parameters be mutually consis-
tent; for expositions, see James Friedman (1986, pp.
48-56) and Myerson (1985).

receiving the second-highest bid, as in
the second-price sealed-bid auction. The
answer, of course, is that the bidders act
differently in different auction situations;
in particular, they bid higher in a second-
price auction than in a first-price auction.

Consider first the English auction.
When will the bidders stop bidding up
the price in the English auction? The sec-
ond-last bidder will drop out of the bid-
ding as soon as the price exceeds his own
valuation of the item. Thus the highest-
valuation individual wins the bidding and
pays a price equal to the valuation of his
last remaining rival. Usually this will be
strictly below his own valuation of the
item: The successful bidder earns some
economic rent in spite of the monopoly
power of the seller.®

Only the bidder knows how much rent
he receives because only he knows his
own valuation. From the point of view
of an outside observer or the seller, how
large on average is the winner’s rent?
To answer this question, suppose that the
n bidders’ valuations are, in dollar terms,
Oy - -+ > U Suppose v is the high-
est valuation, v is the second highest,
etc. (that is, v is the first order statistic
and v is the second order statistic).
From the previous argument, the win-
ning bidder in the English auction earns
a rent of vy — v). From the point of
view of the winning bidder, the other
bidders” valuations are independent
draws from a probability distribution F
(denote the density function by f). Thus
the expected rent of the winning bidder
is the expected difference between the
first order statistic, v(;), and the second
order statistic, vg). The following result

9 According to conventional wisdom, the excite-
ment generated by the open calling of bids in an
English auction can cause bidders to bid too high.
Such an assertion of irrational behavior should be
treated with caution: It may be explained by the
observation that, by the nature of the auction process,
all but two of the bidders believe the selling price
exceeds the item’s value.
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can be proven using the properties of
order statistics:'® The expected difference
between the first order statistic and the
second order statistic is the expected
value of [1 — F(v)))/f(vy). (This expecta-
tion is taken with respect to the distribu-
tion of the first order statistic v, because
the winner has valuation v,.)

The amount the seller is paid by the
winning bidder is, by definition of eco-
nomic rent, the buyer’s valuation minus
the buyer’s rent. Thus, from the preced-
ing argument, the payment expected by
the seller in an English auction is the
expected value of J(v(;)), defined by

(I — Flog)
o)

(The seller does not know the value of
vy, but the expected value of J(v() is
of course not a function of v.) It will
be assumed throughout that the distribu-
tion F is such that J is a strictly increasing
function: This simply means that the win-
ning bidder’s expected payment is in-
creasing in his own valuation.!!
Consider now the second-price sealed-
bid auction. In this, each bidder’s equi-
librium strategy is to submit a bid equal
to his own valuation of the item. To see
this, note that, because it is a second-
price auction, the bidder’s choice of bid
determines only whether or not he wins;
the amount he pays if he wins is beyond

Jog) = vy — (1)

10 A proof of this is given in McAfee and McMillan
(1987f). For the case of bidders competing to sell
an object rather than to buy (for example, bidding
for contracts), [1 — F(v)l/f(v) is replaced by —G(c)/
g(c), where ¢ is a bidder’s production cost and G
and g are the probability distribution function and
density function of bidders” costs.

I For J to be an increasing function, the distribu-
tion function F must be sufficiently concave. Also, |
is increasing if and only if [ 1 — F(v)]™'is convex.
When | is decreasing, it is in the seller’s interest to
choose the winner according to a random process;
see Maskin and Riley (1980, 1983b), Myerson (1981),
and Ralph Haywood (1984). For some examples of
nonmonotonic J(v), see Maskin and Riley (1984a, p.
183).
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his control. Suppose the bidder considers
lowering his bid below his valuation. The
only case in which this changes the out-
come occurs when this lowering of his
bid results in his bid now being lower
than someone else’s and as a result this
bidder now does not receive the item.
Because he would have earned non-nega-
tive rents if he won, lowering his bid
below his valuation cannot make him bet-
ter off. Conversely, suppose he considers
raising his bid above his valuation. The
only case in which this changes the out-
come occurs when some other bidder has
submitted a bid higher than the first bid-
der’s valuation but lower than his new
bid. Thus raising the bid causes this bid-
der to win, but he must pay more for
the item than it is worth to him; raising
his bid above his valuation cannot make
him better off (Vickrey 1961). This argu-
ment shows that, like the English auc-
tion, the second-price auction results in
a payment equal to the actual valuation
of the bidder with the second-highest val-
uation (that is, the realization of the sec-
ond order statistic). Thus the expected
payment is the expected value of J(v)).

The outcomes of the English and sec-
ond-price auctions satisfy a strong crite-
rion of equilibrium: They are dominant
equilibria; that is, each bidder has a well-
defined best bid regardless of how high
he believes his rivals will bid. In a sec-
ond-price auction, the dominant strategy
is to bid true valuation; in an English
auction, the dominant strategy is to re-
main in the bidding until the price
reaches the bidder’s own valuation. By
contrast, a first-price sealed-bid auction
does not have a dominant equilibrium.
Instead, the equilibrium satisfies the
weaker criterion of Nash equilibrium:
Each bidder chooses his best bid given
his guess (correct in equilibrium) of the
decision rules being followed by the
other bidders.

A Nash equilibrium for a first-price
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sealed-bid auction is found as follows.
Consider the decision of bidder i, whose
valuatiot is v;. He conjectures that the
other bidders are following a decision
rule given by a bidding function B: that
is, he predicts that any other bidder j
will bid an amount B(v;) if his valuation
is v; (although bidder i does not know
this valuation). Assume that B is a mono-
tonically increasing function. What is
bidder i’s best bid? If he bids an amount
b; and wins, he earns a surplus of
v; — b;. The probability of winning
with a bid b, is the probability that all
n — 1 of the other bidders have valuations
v; such that B(v;) < b; this probability
is [F(B~1(b;)]" !, where, as before, F rep-
resents the distribution of valuations.
Bidder i chooses his bid b; to maximize
his expected surplus:

= (v; — b)[F(B~ (b))} . 2)

Thus he chooses b; such that dm/ob; =
0. By differentiating m; with respect to
v;, we obtain dmw/dv, = om/ov; + (3m,/
ab;)(db/dv;) = dm/dv;. (This is, of course,
the Envelope Theorem.) Thus, by differ-
entiating (2), an optimally chosen bid b;
must satisfy
dw; om;

o G S FETT @

So far, we have examined bidder i’s best
response to an arbitrary decision rule B
being used by his rivals. Now impose
the Nash (or rational-expectations) re-
quirement: The rivals’ use of the decision
rule B must be consistent with the rivals’
themselves acting rationally. Together
with an assumption of symmetry (any two
bidders with the same valuation will sub-
mit the same bid), this implies that bid-
der i’s optimal bid b;, satisfying (3), must
be the bid implied by the decision rule
B—in other words, at a Nash equilib-
rium, b; = B(v;). When we substitute this
Nash condition into (3), we obtain an

equation defining bidder i’s expected
surplus at a Nash equilibrium:
9 o), @)
v
At a Nash equilibrium, all n bidders must
be maximizing simultaneously, so that
the condition (4) must hold for all bidders
i=1,. .. ,n. Wesolve the differential
equation (4) for m; simply by integrating
(using the boundary condition that if a
bidder has the lowest possible valuation
ve then he earns zero surplus, implying
B(vy) = vy). Then we use the definition
of m; (equation (2)) plus the Nash condi-
tion b; = B(v;) to obtain each bidder’s
decision rule:

[ e
B(v) = v; — .

i

,i=1, ... ,n

n—1

(o)) e
Note that this bidding function B is in-
creasing, as was assumed. The second
term on the right-hand side of (5) shows
how much the bidder shades his bid be-
low his true valuation v;.

Note the two crucial steps in the fore-
going argument. First, we found one bid-
der’s best response to a particular deci-
sion rule that he arbitrarily conjectures
his rivals to be using. The first order con-
dition from this optimization gave rise
to equation (3). Second, we imposed the
Nash requirement that the conjectured
decision rules are themselves consistent
with optimizing behavior by the other
bidders. This turned equation (3) into
equation (4), which we then solved to
yield (5).'2

For the special case where the distri-
bution of valuations F is uniform and the
lowest possible valuation is zero, substi-

12 On existence, symmetry, and uniqueness of bid-
ding equilibria, see Maskin and Riley (1986) and Mil-
grom and Weber (1985).
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tution into (5) shows that a bidder with
value v in a first-price sealed-bid auction
submits a bid of B(v) = (n — 1)v/n; that
is, he bids a fraction (n — 1)/n of his valua-
tion.

The winning bidder is the individual
with the highest valuation v;,. In choos-
ing his bid, each bidder assumes his valu-
ation is the highest, v(;), because this pre-
sumption is costless if incorrect as losers
pay nothing. It can be shown that B(v;))
as in (5) is equal to the expected second-
highest valuation conditional on the bid-
der’s information, which is that his own
valuation is vj). (In other words, B(v))
is the expected value of the second order
statistic conditional on the first order sta-
tistic being v(;).) The bidder estimates
how far below his own valuation the next
highest valuation is on average, and then
submits a bid that is this amount below
his own valuation. Thus, from the point
of view of the seller, who does not know
the winner’s valuation v, the expected
price is the expected value of B(v),
which in turn can be shown to be equal
to the expected value of J(v;)), defined
by (1). But, as we have seen already, the
expected value of J(v;) equals the ex-
pected price in an English or second-
price auction. Hence, on average, the
price reached in a first-price sealed-bid
auction is the same as in an English or
a second-price auction.

The foregoing argument establishes
the Revenue-Equivalence Theorem: For
the benchmark model, each of the En-
glish auction, the Dutch auction, the
first-price sealed-bid auction, and the
second-price sealed-bid—auction yields
the same price on average (Vickrey 1961;
Armando Ortega-Reichert 1968; Charles
Holt 1980; Milton Harris and Artur Raviv
1981a; Myerson 1981a; Riley and Samu-
elson 1981).

The Revenue-Equivalence Theorem
does not imply that the outcomes of the
four auction forms are always exactly the

same. In an English or second-price auc-
tion, the price exactly equals the valua-
tion of the bidder with the second highest
valuation, v(. In a first-price sealed-bid
or Dutch auction, the price is the expec-
tation of the second-highest valuation
conditional on the winning bidder’s own
valuation, B(v(;)). Only by accident, for
particular highest and second highest val-
uations v(;) and v, will these two prices
be equal. They are, however, equal on
average.

Although all four simple auctions yield
the same price on average, there is a
practical difference between, on the one
hand, the English and the second-price
auctions and, on the other hand, the first-
price and Dutch auctions. In the former
case, any bidder can easily decide how
high to bid; in an English auction, he
remains in the bidding until the price
reaches his valuation; while in the sec-
ond-price auction, he submits a sealed
bid equal to his valuation. In the case
of a Dutch or a first-price auction, the
bidder bids some amount less than his
true valuation: Exactly how much less
depends upon the probability distribu-
tion of the other bidders™ valuations and
the number of competing bidders, as in
equation (5). Finding the Nash-equilib-
rium bid in the first-price or Dutch auc-
tion is a nontrivial computational prob-
lem.

The Revenue-Equivalence Theorem is
devoid of empirical predictions about
which type of auction will be chosen by
the seller in any particular set of circum-
stances. However, as will be seen, when
assumptions that underlie the bench-
mark model are relaxed, particular auc-
tion forms emerge as being superior.!3

13 The variance of revenue is lower in an English
or second-price auction than in a first-price or Dutch
auction (Vickrey 1961). Hence, if the seller were risk
averse (instead of, as assumed throughout this paper,
risk neutral), he would choose one of the former auc-
tion forms.
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Despite the monopoly-oligopsony na-
ture of the problem, the outcome of the
auctions is Pareto efficient: The bidder
with the highest valuation receives the
item (provided J is strictly monotonic and
the seller values the item less than any
bidder). However, as will be seen, if the
monopolist is given more instruments,
he will in general distort the outcome
away from efficiency.

What is the effect of increasing the
amount of competition among the bid-
ders? The more bidders there are, the
higher on average is the valuation of the
second-highest-valuation bidder. Hence:
Increasing the number of bidders in-
creases the revenue on average of the
seller (Holt 1979; Harris and Raviv
1981a). In particular, from equation (2),
ifn =1, B(v;) = v,: Without the pressure
of competition, the sole bidder will bid
the lowest possible valuation, v,. As the
number of bidders increases, the bids,
as given by (5), increase.'* Provided the
number of bidders is finite, the winning
bidder pays a price less than his own val-
uation of the item, so that he earns posi-
tive economic rent. But if there is perfect
competition among the bidders,!® then
all of the gains from trade go to the seller.
As the number of bidders approaches in-
finity, the price tends to the highest pos-
sible wvaluation (Holt 1979). This is
because, as the number of bidders in-
creases, the second-highest valuation ap-
proaches the highest possible valuation.

14 However, if the bidders must incur a cost in
preparing their bids, or if the seller must incur a
cost in checking the credentials of the bidders, it
need not be the case that expected net price rises
with the number of bidders; see respectively Samuel-
son (1985) and McAfee and McMillan (1987f).

15 Here and elsewhere we use the term perfect
competition to describe the case of unboundedly
many bidders. Although in practice the number of
bidders is of course always finite, the infinite-bidders
case can be taken to represent a situation in which
there are so many bidders that adding one extra bid-
der would not noticeably lower the probability of
any particular bidder’s having the highest valuation.

In addition to the number of bidders,
another determinant of the strength of
the bidding competition is the variance
of the distribution of valuations. The
larger is this variance, the larger on aver-
age is the difference between the highest
valuation and the second highest valua-
tion, and so the larger is the economic
rent to the winning bidder. However,
an increase in the variance of a distribu-
tion, holding the mean constant, usually
increases the second highest valuation as
well. Hence, for particular distributions
of valuations, such as normal and uni-
form, one can show that an increase in
the variance of valuations increases both
the average revenue of the seller and the
rents of the successful bidders (McAfee
and McMillan 1986).

The essence of the auction problem
is the unobservability of bidders’ valua-
tions. Suppose the seller wishes to learn
the bidders’ valuations. Can he design
the auction so as to induce the bidders
directly to reveal their preferences? The
following result was already obtained
above: In the second-price sealed-bid
auction, each bidder bids his true valua-
tion (Vickrey 1961).16 Note that, in the
benchmark model, the seller can obtain
this information for free, because on av-
erage the revenue he receives from the
second-price auction is just as high as
the revenue from any of the other auc-
tions. The seller cannot exploit this infor-
mation, because he obtains it only after
having committed himself to the second-
price mechanism.

VI. Optimal Auctions

The Revenue-Equivalence Theorem
compares the expected revenues accru-
ing from each of the commonly used auc-

16 This is closely related to the idea underlying
the Groves mechanism for inducing revelation of
preferences for public goods (Theodore Groves and
John Ledyard 1977).
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tion forms. Given that the monopolist has
the power to choose any selling mecha-
nism, a more fundamental question to
ask is, What is the best of all possible
selling mechanisms from the point of
view of the seller?

The tool used to address this question
is the Revelation Principle. Use the word
mechanism to describe any process that
takes as inputs the bids and produces as
its output the decision as to which bidder
receives the item and how much any of
the bidders will be required to pay. Each
of the auction forms so far described is
an example of a mechanism. In a direct
mechanism, each bidder is asked simply
to report his valuation of the item. A
mechanism is incentive compatible if the
mechanism is structured such that each
bidder finds it in his interest to report
his valuation honestly. Assume the ab-
sence of collusion among the bidders.
The Revelation Principle assets the fol-
lowing: For any mechanism, there is a
direct, incentive-compatible mechanism
with the same outcome. Thus, in particu-
lar, the optimal mechanism can be mim-
icked by some direct, incentive-compati-
ble mechanism. (For useful expositions
of the Revelation Principle, see Harris
and Robert Townsend 1985 and Myerson
1985.)

To exemplify the Revelation Principle,
consider the direct, incentive-compatible
mechanism that is equivalent to the first-
price sealed-bid auction. In the first-
price sealed-bid auction, the bidder with
the highest valuation v wins and pays the
amount of his bid, which was shown in
the last section to be B(v). Consider now
a direct mechanism, in which the seller
simply asks the bidders to report to him
their valuations. Usually it will be in the
bidders interests to lie. Suppose, how-
ever, the seller announces that the mech-
anism is the following: The bidder who
reports the highest valuation, ¢, will win
the item and be asked to pay B(¢). This
particular direct mechanism is equivalent
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to the first-price sealed-bid auction. Be-
cause the bidders in the first-price
sealed-bid auction are optimizing when
they submit bids of B(v), it must be opti-
mal for them to report their valuations
honestly, that is, & = v, in this direct
mechanism: The mechanism is incentive
compatible. Also, as shown earlier, the
second-price auction is incentive compat-
ible.

The Revelation Principle achieves hon-
est revelation in the direct mechanism
by designing the payoff structure in such
a way that it is in the bidders’ interests
to be honest. In effect, the computations
that go on within the mind of any bidder
in the nondirect mechanism are shifted
to become part of the mechanism in the
direct mechanism. Instead of having the
bidder compute his own bid in the first-
price sealed-bid mechanism, all of the
computations are done inside the mecha-
nism in the direct mechanism.

The significance of the Revelation
Principle is that it shows that the modeler
can limit his search for the optimal mech-
anism to the class of direct, incentive-
compatible mechanisms. The number of
possible selling procedures is huge;
hence it is useful to be able to restrict
attention to one relatively simple class
of mechanisms. The Revelation Principle
is purely a theoretical technique; few, if
any, resource-allocation procedures in
practical use are direct, incentive-com-
patible mechanisms. But using the Reve-
lation Principle does facilitate solving for
that resource-allocation mechanism that
is optimal subject to the constraints im-
posed by the asymmetry of information.
The optimal direct mechanism is found
as the solution to a mathematical pro-
gramming problem involving two kinds
of constraints: first, incentive-compatibil-
ity or self-selection constraints, which
state that the bidders cannot gain by mis-
representing their valuations; and sec-
ond, individual-rationality or free-exit
constraints, which state that the bidders
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would not be better off if they refused
to participate.

.Returning to the auction model stated
in the last section, suppose that the seller
himself attaches a value of v, to the item
being offered for sale. (Because v, may
be zero, we are not requiring that the
seller necessarily has some use for the
item.) Continue to assume that the J
function defined in equation (1) is in-
creasing. Applying the Revelation Princi-
ple can be shown to yield the following
result: For the benchmark model, the
auction that maximizes the expected price
has the following characteristics: (a) If
J(©) < v, for all bidders’ valuations v;,
then the seller refuses to sell the item;
(b) otherwise he offers it to the bidder
whose valuation v is highest at a price
equal to B(v) (Laffont and Maskin 1980;
Harris and Raviv 1981a; Milgrom 1985;
Myerson 1981; Riley and Samuelson
1981; Engelbrecht-Wiggans 1986; McAfee
and McMillan 1987a).

The first part of this result says that
the seller optimally sets a reserve price,
not selling the item if all bidders” valua-
tions are too low. Notice that this policy
introduces the possibility of an inefficient
outcome. Because J(v) < v, it is possible
that the seller keeps the item despite the
presence of some bidder with a valuation
that is greater than the seller’s own valua-
tion. Like the elementary-textbook mo-
nopolist, the seller finds it in his interest
to distort the outcome away from Pareto
optimality. \

This description of the optimal auction
is in terms of a direct, incentive-compati-
ble auction, with the seller asking the
bidders how much they value the item
and the bidders responding by honestly
reporting their valuations to the seller.
To convert back to a more familiar look-
ing mechanism, consider an English auc-
tion. As was shown in the last section,
the seller expects to earn J(v) from a win-
ner with value v. Thus, if the reserve
price is not binding, part (b) of the opti-
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mal-auction result shows that the optimal
auction is equivalent to the English auc-
tion. The English-auction equivalent of
the reserve price (part (a) of the result)
is that the seller sets a reserve price r
which strictly exceeds his own valuation
vy (namely, r = J " Yvy) > vy).

To understand why the reserve price
increases the average selling price, sup-
pose there is at least one bidder whose
valuation v exceeds the seller’s valuation.
The reserve price is binding in the En-
glish auction only if the second-last bid-
der drops out before the reserve price
is reached. The optimal level of the re-
serve price is determined by a trade-off.
The disadvantage of setting a reserve
price, already noted, is that it is possible
that the remaining bidder has a valuation
that lies between the seller’s valuation
and the reserve price, vy < v < r =
J Y(vp). In this case, the monopolist loses
the sale even though the bidder would
have been willing to pay more than the
good is worth to the seller. On the other
hand, the advantage of the reserve price
is that it is possible that the bidder’s valu-
ation exceeds the reserve price, so that
he pays at least the reserve price. If the
reserve price is above the second-highest
bidder’s valuation, the bidder pays more
than he would have in the absence of
the reserve price.

The case of a single bidder provides a
simple example of this result. If the seller
sets a reserve price r, the buyer will
never pay more than r, as he faces no
competition. The buyer will pay r if his
value of the good exceeds r, which occurs
with probability 1 — F(r). Thus, the seller
expects to earn:

7(r) = {1 — F(r)] + voF(r). (6)

Maximization of 7 with respect to r yields
vy = J(r) and the second order condition
that J is nondecreasing.!”

17 A useful way of preserving the second-order-sta-
tistic intuition provided earlier is to note that the
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Note the simplicity of the formula for
the optimal reserve price; in particular,
it is independent of the number of bid-
ders. The reason for this is that the seller
imposes the reserve price in order to cap-
ture some of the informational rents that
would otherwise go to the winning bid-
der; and these rents are equal to
[1 — F(v)])/flv), which is independent of
the number of bidders. For the case of
a uniform distribution of valuations, the
optimal reserve price is especially easy
to compute: It is the average of the sell-
er’s own valuation and the highest possi-
ble valuation that a bidder could have.

Because, as was shown in the last sec-
tion, the four common auction forms are
essentially equivalent in the benchmark
model, we can conclude as follows: For
the benchmark model, any of the En-
glish, Dutch, first-price sealed-bid, and
second-price sealed-bid auctions is the
optimal selling mechanism provided it is
supplemented by the optimally set re-
serve price. The optimal level of the re-
serve price for any of these auctions is
J~Y(vo) (Harris and Raviv 1981a; Myerson
1981; Riley and Samuelson 1981).

This is a powerful result. No restriction
has been placed on the types of policies
the seller could use. The seller could,
for example, have several rounds of bid-
ding, or charge bidders entry fees, or
subsidize bidders, or require losing bid-
ders to pay an amount related to their
bids, or allow only a limited time for the
submission of bids. But none of these
more complicated strategies would in-
crease the expected price: The simple
auction forms are the best out of the huge
set of possible selling mechanisms.

This completes the analysis of the
benchmark model. In the next four sec-
tions we examine the effects of changing

seller, setting his reserve ]i)rice optimally, earns the
second order statistic of [J "!(vg), vy, . . . , v,], where
J Yovy) is the valuation (if held by a bidder) that pro-
duces a payment to the seller of v,.
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the assumptions upon which the bench-
mark model is based.

VII. Asymmetric Bidders: Price
Discrimination

Instead of assuming that all bidders ap-
pear the same to the seller and to each
other (assumption A3), suppose that the
bidders fall into one of two recognizably
different classes. (In this section we re-
tain the other assumptions Al, A2, and
A4.) Thus, instead of there being a single
distribution F from which the bidders
draw their valuations, there are two dis-
tributions, F, and F,; bidders of type i
draw their valuations independently
from the distribution F; (with density
function f;). For example, bidders at an
antiques auction might be classifiable as
either dealers or collectors, with the av-
erage demand price among dealers dif-
fering from that among collectors, or bid-
ders for a government contract might be
divided into domestic and foreign firms,
with systematic production-cost differ-
ences. '8

The English auction in this asymmetric
case operates much as in the benchmark
model: The bids rise until the price
reaches the second-highest valuation. In
particular, the highest-valuation bidder
wins, so that the outcome is efficient.

When bidders are asymmetric, the
first-price sealed-bid auction yields a dif-
ferent price from the English auction:
Revenue equivalence breaks down.
While it remains the case that, within a
class, higher-valuation individuals bid
higher, this is in general not the case
across classes. Bidders from different
classes perceive themselves to be facing
different degrees of bidding competition.
If n; represents the number of bidders

18 The results to follow extend to the case of m
classes of bidders for any m = n, where n is the
number of bidders. The discussion here has two
classes of bidders solely for ease of exposition.
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of type i, then a type 1 bidder faces
n; — 1type 1 biddersand nytype 2bidders,
whereas 'a type 2 bidder faces n; type 1
bidders and ny, — 1 type 2 bidders. Thus,
in a first-price sealed-bid auction, a type
1 individual’s bidding function, com-
puted analogously to equation (5) above,
differs from a type 2 individual’s bidding
function. A type 1 bidder’s estimate of
the gap between his own valuation and
the second-highest valuation differs from
that of a type 2 bidder with the same
valuation.

Hence the first-price sealed-bid auc-
tion in general yields a different price
from the English auction when bidders
are asymmetric. Examples have been
constructed (by Vickrey 1961; J. H.
Griesmer, R. E. Levitan and Shubik
1967; and Maskin and Riley 1983a, 1985)
which show that the English auction’s ex-
pected price can be either higher or
lower than the first-price sealed-bid auc-
tion’s expected price.

Because the bidder with the highest
valuation does not necessarily win when
the bidders are asymmetric, even with
no reserve price, the first-price sealed-
bid auction can, unlike the English auc-
tion, yield an inefficient outcome.

Neither of these simple auctions is op-
timal when the bidders are asymmetric.
Analogous to the function J of Section
V, define functions J4(vk), where v} rep-
resents the valuation of a bidder of type

k, by

[1 — F(vh)]
Fildh)

The following theorem is due to Myerson
(1981): In the auction that maximizes the
expected selling price, the seller awards
the item to the individual with the highest
value of Ji(vF). (In addition, the seller
sets a different reserve price for each type
of bidder, computed in exactly the same
way as in Section VI.)

Ju(of) = of — k=12 (7
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This theorem shows that, when bid-
ders are asymmetric, the optimal auction
is discriminatory, in the sense that there
is a possibility that one bidder wins de-
spite another bidder’s having a higher
valuation. This is because asymmetry
means that F; # F, so that J;(v) # J5(v).
Thus it is possible that, say, J,(vf;) >
Jo(v0))) even though ofy) > vfy, so that
the winner, with the highest J,(v}), is not
necessarily the bidder who values the
item the most. This is analogous to sec-
ond-degree price discrimination in the
elementary-textbook monopoly model in
that it involves discriminating across bid-
ders with different demands.

Which type of bidder receives prefer-
ential treatment? The answer depends
upon the relative shapes of the valuation
distribution functions F, and F,. How-
ever, one special case is useful in aiding
understanding. If the distributions of
valuations are identical except for their
means, then the class of bidders with the
lower average valuation are favored in
the optimal auction (McAfee and McMil-
lan 1987d). There is a trade-off. By favor-
ing the low-valuation type of bidders, the
seller raises the probability of awarding
the item to someone other than the bid-
der who values it the most and receiving
a relatively low payment. The benefit
from this policy, however, is that the fa-
voritism forces the bidders from the high-
valuation class to bid higher than they
otherwise would, driving up the price
on average. '

Because the seller’s optimal policy
leaves a positive probability of the item
being awarded to someone other than the
bidder who values it the most, the policy
is not Pareto efficient. For this policy to
be workable, it must be the case, as for

9 The optimal reserve-price policy described in
the previous section can now be seen to be a special
instance of this optimal discriminatory policy, with
the seller discriminating between himself, as an im-
plicit bidder, and the actual bidders.
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the price-discriminating monopolist of el-
ementary economic theory, either that
the seller can prevent the successful bid-
der from reselling the item to some other
bidder or that the item being sold is
inherently nontransferable. Arbitrage
among the bidders, if it were possible,
would sabotage any discriminatory sell-
ing scheme.

An important application of these re-
sults is to government procurement.
Governments often favor local suppliers
over foreign suppliers. For example, un-
der buy-American legislation, the United
States federal government offers a 6 per-
cent price preference for domestic con-
tent: If a local firm’s bid is no more than
6 percent higher than the lowest foreign
bid, the local bid will be accepted. The
results just cited show that there are cir-
cumstances in which a policy of this type
can be optimal: If the foreign firms have
on average lower production costs be-
cause they have a comparative advan-
tage, then the government minimizes its
expected payment by favoring the local
firms. Of course, these considerations do
not explain the existing policies: In an
industry in which the local firms have a
comparative advantage, minimizing the
government’s expected payment re-
quires that the foreign firms be favored,
which seems unlikely to occur. Undoub-
tedly the existing government-procure-
ment preferences were introduced for
political reasons and not to increase the
amount of bidding competition; how-
ever, this analysis shows that it is not
appropriate to evaluate such policies us-
ing as a benchmark the absence of prefer-
ences: An ostensibly nondiscriminatory
sealed-bid auction results in ad hoc dis-
crimination when the bidders are
asymmetric.

Another instance of a price-discrimi-
nating auction occurs when a buyer has
a sequence of projects: For example, a
government offers a research-and-devel-

opment contract followed by a produc-
tion contract. The winner of the first auc-
tion reveals, by his winning, that he has
a cost advantage. Thus the buyer should
discriminate against the incumbent in the
second auction (Richard Luton and
McAfee 1986).

VIIIL. Royalties and Incentive Payments

In the last section we examined an
asymmetric-information equivalent of
the elementary textbook’s concept of
price discrimination by market segmen-
tation. Another form of price discrimina-
tion discussed in elementary textbooks
is multi-part pricing; in this section we
examine an asymmetric-information ana-
logue of multi-part pricing.

It has been assumed so far that the
seller is able to make payment depend
upon only the bids. The bids give the
seller some information about how highly
the bidders value the item for sale. In
many circumstances, however, the seller
has, or can obtain, additional information
about valuations. In this section, we
maintain the assumptions Al, A2, and
A3 but relax the assumption A4 that pay-
ment can be a function only of bids. We
show that it is in the seller’s interest to
condition the bidders” payments on any
additional available information about
the winner’s valuation. (Of course, if the
seller has perfect information on the bid-
ders’ valuations, the auction problem is
trivial.)

For example, in an auction of oil rights
to government-owned land, the govern-
ment can observe, ex post, how much
oil is actually extracted; this provides ad-
ditional information on the true value of
the tract. The payment by the successful
bidder equals the amount he bids plus
a royalty based on the amount ‘of oil ex-
tracted (Ramsey 1980). Publishing rights
for books are sometimes auctioned, with
payment to the author depending both
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on the bid and, via a royalty, on the
book’s ultimate sales (John Dessauer
1981). For weapons procurement, the
U.S. Department of Defense increas-
ingly often uses incentive contracts,
which make payment to the contractor
depend not only on his bid but also on
the production costs he actually incurs
(Peter deMayo 1983; McAfee and
McMillan 1987e). Incentive contracts are
also used in the private sector when a
firm procures inputs from another firm.

All of these examples have the follow-
ing properties. The seller observes ex
post some variable ¢ that is an estimate
of the winning bidder’s true valuation v.
The payment p to the seller by the win-
ning bidder is a linear function:

p=>b+ro, (8)

where b is the bid and r is the royalty
rate. (In the case of contract bidding, the
payment to the successful bidder is p =
b + a(c — b), where c is realized produc-
tion cost and «, the sharing parameter,
is the fraction of any cost overrun or un-
derrun (c — b) that the winning bidder
is responsible for. In the extreme case
of a = 1, the contract is cost-plus; with
a = 0, the contract is fixed-price.)
Three bidding mechanisms can be
used with payment functions of the form
(8). First, the seller can set the royalty
rate and call for bids b. Second, the seller
can set the fixed payment b and call for
bids on the royalty rate r. Third, the
seller can call for bids on both the fixed
payment b and the royalty rate r simulta-
neously. Both the first mechanism and
the second mechanism are used by the
U.S. government in auctioning offshore
oil tracts, with the first being the more
commonly used (Walter Mead, Asbjorn
Moseidjord, and Philip Sorensen 1984).
In what follows, we shall discuss bidding
mechanisms of the first type. (See Robert
Hansen 1985a, Douglas Reece 1979, and
Riley 1986 for analyses of bidding mecha-

nisms of the second type, and Samuelson
1983, 1986b for an analysis of bidding
mechanisms of the third type.)

What is the reason for using royalties?
If the distribution of the observed vari-
able © is exogenous, the seller’s expected
revenue is an increasing function of the
royalty rate (McAfee and McMillan
1986, Riley 1986). The intuition behind
this is that an increase in the royalty rate
lessens the significance for the bidding
of inherent differences in the bidders’
valuation. As was noted earlier (in Sec-
tion V), a decrease in the variance of the
bidders’ valuations generates more ag-
gressive bidding and therefore a higher
expected revenue for the seller. An in-
crease in the royalty rate has a similar
effect on the bidding to a decrease in
the variance of valuations. The royalty
serves to transfer rents from the success-
ful bidder to the seller.

If expected revenue monotonically in-
creases with the royalty rate, why are
royalties not always set at 100 percent?
One answer is that the distribution of ©
is not exogenous: the winning bidder, by
his actions after the auction, often is able
to affect the signal about his true valua-
tion that the seller receives. There is a
moral-hazard problem because the orga-
nizer of the auction cannot control what
the winning bidder does afterward. This
is the case in each of the three examples
above. The amount of oil extracted from
a tract is decided by the extractor. Even-
tually, diminishing returns set in, and
the higher the royalty rate, the less oil
will be extracted; that is, the lower © will
be. The sales of a book vary with the
amount of publicity the publisher
chooses to give it. The production costs
incurred by a contractor in part depend
on how much effort he makes to hold
costs down. Such moral-hazard consider-
ations must be weighed against the ef-
fects on bidding competition in the
choice of what royalty rate to set.



718 Journal of Economic Literature, Vol. XXV (June 1987)

When there is moral hazard, the opti-
mal royalty is determined by trade-off.
Increasing the royalty rate serves to in-
crease the bidding competition and raise
the bids, as already argued. But an in-
crease in the royalty rate reduces the re-
turn to the winning bidder on his own
actions after the auction: The royalty has
the effect of transferring part of the bene-
fit of these actions to the seller. Thus
the higher the royalty rate, the less the
ex post effort made by the winning bid-
der; this tends to lower the seller’s ex-
pected revenue. With moral hazard, the
optimal royalty r is less than 100 percent
(Engelbrecht-Wiggans 1985; Laffont and
Jean Tirole 1985; McAfee and McMillan
1986, 1987c; Michael Riordan and David
Sappington 1987. Thus moral hazard re-
sults in the seller not making payment
fully dependent on his ex post informa-
tion. The royalty r is zero if and only if
there are infinitely many bidders. This
is because, when there are enough bid-
ders that perfect competition prevails,
there is no need to use royalties to stimu-
late bidding competition. Then the con-
tract is used only to address moral haz-
ard; and moral hazard is most effectively
addressed when the successful bidder
keeps all of any marginal increases in the
item’s value, that is, when r = 0 in (8).

When the simplicity of the linear pay-
ment function (8) means that it is com-
monly used in practice, in general when
there is moral hazard a nonlinear pay-
ment function would yield a higher ex-
pected revenue for the seller. With moral
hazard, the optimal contract is linear in
observed valuation ® but nonlinear in the
winning firm’s bid b (Laffont and Tirole
1985; McAfee and McMillan 1987c).

Another reason for not setting the roy-
alty rate at 100 percent comes from the
seller’s inability to observe bidders’ valu-
ation ex ante. For simplicity, assume
away moral hazard by assuming perfect
ex post observability, so that 6 = v. The

successful bidder’s rent is the difference
between his valuation v and his payment
(8). When the royalty r is 100 percent,
this difference is the constant b; thus the
successful bidder’s rent is independent
of his valuation. This breaks the link be-
tween valuation and bids, so that now
the highest bidder is not necessarily the
individual who values the item the most.
The bids fail to reveal relative valuations
(McAfee and McMillan 1986; Samuelson
1986a).

Making payments conditional on ex
post observations of valuations serves not
only to stimulate bidding competition; it
also shifts risk from the bidders to the
seller. If the bidders are risk averse while
the seller is risk netural, then some
amount of risk shifting is mutually benefi-
cial. The more risk averse are the bidders
relative to the seller, the higher is the
optimal royalty rate (Hayne Leland 1978;
McAfee and McMillan 1986; Samuelson
1983, 1986b).

IX. Risk-Averse Bidders

Auctions generally confront bidders
with risk. Typically, a bidder obtains
nothing and pays nothing if he loses, and
earns positive rents if he wins. Thus if
the bidders are risk averse, the extent
of their aversion to risk will influence
their bidding behavior. In this section
we relax assumption Al and suppose the
bidders have von Neumann-Morgen-
stern utility functions, while maintaining
the other assumptions of the benchmark
model. We continue to assume that the
seller is risk neutral and therefore wishes
to maximize his expected earnings.

The seller can do at least as well as
in the risk-neutral-bidders case, for if he
sells the good using an English auction
it remains the case that buyers will re-
main in the bidding so long as the price
is less than their value. Thus, the seller
can expect to earn at least as much when
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the buyers are risk averse as when they
are not. Indeed, the seller can do strictly
better, for with risk-averse bidders, the
first-price sealed-bid auction produces a
larger expected revenue than the English
or second-price auction (Harris and Ra-
viv 1981a; Holt 1980; Maskin and Riley
1980; Riley and Samuelson 1981). The
intuition behind this result is seen by
examining the problem facing an agent
in the first-price sealed-bid auction. If
he loses, he gets nothing, while if he
wins, he obtains a positive profit. Thus
he is facing risk. By marginally increasing
his bid, he lowers his profit if he wins,
but increases the probability of this
event. By smoothing his utility, he in-
creases his expected utility (up to a
point); but this also increases his payment
to the seller. Thus the bidders’ risk aver-
sion works to the seller’s advantage.
The first-price sealed-bid auction is not
the optimal auction, however; it fails to
maximize the expected revenue of the
seller when the bidders are risk averse.
Because the seller is risk neutral, there
may be gains from trade in risk. The
seller is not fully exploiting his compara-
tive advantage in risk bearing when he
uses a first-price sealed-bid auction. For
example, if the seller makes low bids
risky, he might encourage higher bids.
There are two ways in which the seller
can impose risk on the bidders: first, the
risk of losing; and second, random pay-
ments. It can be shown, however, that
it is not in the seller’s interest to use
the second of these instruments. The
seller will not make losing bidders” pay-
ments random (Maskin and Riley 1984b;
Steven Matthews 1983). The reason is
straightforward. Instead of requiring a
risky payment from a loser, the seller
could require the payment’s certainty
equivalent, leaving the probability of
winning and the payment upon winning
unchanged. Then the payoff to the bidder
is unchanged in utility terms. However,
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the certainty-equivalent payment ex-
ceeds the expected risky payment by the
risk premium, a positive number. Thus
the seller gains the risk premium; he is
better off not making the losers’ pay-
ments random. Should the seller make
the winner’s payment random? The fore-
going argument does not in general apply
to the payment made by the winner, be-
cause winning is like receiving an in-
crease in income, which will in general
change the degree of risk aversion. The
argument does, however, carry over
when a bidder’s risk aversion does not
vary with his income: If the bidders have
constant absolute risk aversion, the pay-
ment required of the winning bidder is
not random (Matthews 1983).

The optimal auction is very compli-
cated, in marked contrast to the simplic-
ity of the optimal auction in the case of
risk-neutral bidders. However, some
broad features can be described. The op-
timal auction with risk-averse bidders in-
volves subsidizing high bidders who lose
and penalizing low bidders (Maskin and
Riley 1984b; Matthews 1983, 1984b;
John Moore 1984). This is done by mak-
ing the bidders’ certainty-equivalent pay-
ment positive for bidders with low valua-
tions and negative for bidders with high
valuations. Thus the seller absorbs some
of the risk faced by high bidders. Except
in one case, however, he does not absorb
all of the risk: The seller provides full
insurance only for the highest possible
bid (Maskin and Riley 1984b). Thus bid-
ders prefer to win than to lose, despite
the subsidies to some of the losers. Fi-
nally, in the case of constant absolute risk
aversion, payment by the winner and the
probability of winning are nondecreasing
functions of the winner’s valuation of the
item (Matthews 1983). The fact that the
bidders” certainty-equivalent payment
decreases as valuation rises provides high
bidders with more insurance than low
bidders. Thus the seller rewards high
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bids by means of insurance, which is cost-
less for him to provide because of his
risk neutrality. Because the seller does
not offer full insurance, the bidders
prefer winning to losing; moreover, an
increase in bid does not decrease the bid-
der’s probability of winning. The seller
compensates for his payments to high,
losing bidders by requiring a large pay-
ment from the winning bidder.

Because the optimal auction with risk
averse bidders is so complicated, requir-
ing payments from some losing bidders
and subsidies of others, it is unlikely to
arise in practice. However, if the risk
aversion is not very strong, the optimal
auction is approximated by a sealed-bid
auction with a bidding fee that is a de-
creasing function of the bid (Matthews
1983). Bidding fees are not uncommon
in contract bidding, although they do not
depend on the bid. However, insofar as
bidders with high but losing bids can be
rewarded on other contracts, perhaps
with favorable treatment, it is possible
that the optimal auction could be approx-
imated in practice.

Consider now another instrument that
becomes useful to the seller when the
bidders are risk averse. A standard as-
sumption in auction theory is that each
bidder knows exactly how many other
bidders he is competing with. When bid-
ders are risk averse, this is a nontrivial
assumption, for the bidders behave dif-
ferently when they have this knowledge
than when they do not. This is a conse-
quence of the fact that the seller ration-
ally has a different expectation about the
number of bidders than does any of the
bidders, because the bidder conditions
his probabilities on his knowledge that
he himself is one of the bidders; it follows
that, with identical priors, any bidder al-
ways expects there to be more bidders
than the seller. Under constant or de-
creasing absolute risk aversion, in a first-
price sealed-bid auction the expected sell-

ing price is strictly higher when the
bidders do not know how many other
bidders there are than when they do
know this (Matthews 1987; McAfee and
McMillan 1987a). (Here expectations are
taken over the number of bidders as well
as their valuations.) It follows from this
result that, if the seller can somehow or-
ganize the auction in such a way as to
leave each bidder ignorant about the
number of bidders, then he should do
so. In some cases of government-contract
bidding, the government agency has a
policy of concealing information about
how many firms it has invited to submit
bids. The foregoing result provides some
justification for such a policy: Concealing
the number of bidders has the effect of
making the bidding more competitive.2’

X. Correlated Values

In many auctions, the uncertainty
about each bidder’s valuation of the item
being sold does not result from inherent
differences in the bidders’ tastes, as has
so far been assumed. Instead, it arises
because each bidder, having access to dif-
ferent information, has a different esti-
mate of the value of the item. In this
section, we maintain assumptions Al,
A3, and A4. We relax assumption A2,
the independent-private-values assump-
tion, and allow interactions among the
different bidders” valuations.

Consider first the extreme case of the
common-value auction, in which the bid-
ders guess about the unique true value
of the item. When the item being bid
for has a common value, the phenome-
non dramatically named the “winner’s
curse” can arise. Each bidder in sealed-
bid auction makes his own estimate of

20 The effects of bidders’ having different degrees
of risk aversion were investigated by James Cox, Ver-
non Smith, and James Walker (1982), who derived
equilibrium bidding functions for some particular
auctions for the case of constant relative risk aversion.
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the true value of the item. The bidder
who wins is the bidder who makes the
highest estimate. Thus there is a sense
in which winning conveys bad news to
the winner, because it means that every-
one else estimated the item’s value to
be less. The winner’s curse has been
noted in the book-publishing industry.
One observer, commenting on the high
prices fetched in the auctioning of manu-
scripts among publishers, said: “The
problem is, simply, that most of the auc-
tioned books are not earning their ad-
vances. In fact, very often such books
have turned out to be dismal failures
whose value was more perceived than
real” (Dessauer 1981). The winner’s
curse has also been claimed to exist in
auctions of offshore oil rights (E. C. Ca-
pen, R. V. Clapp, and W. M. Campbell
1971), in the market for baseball players
(James Cassing and Richard Douglas
1980), and in the bidding for contracts
that have a common element of techno-
logical uncertainty (James Quirk and
Katsuaki Terasawa 1984).

Statements about the winner’s curse
such as that quoted come close to assert-
ing that bidders are repeatedly surprised
by the outcomes of auctions, which
would violate basic notions of rationality.
(James Cox and Mark Isaac (1984) pur-
sued this straw man.) A more reasonable
interpretation of the winner’s curse is
that sophisticated bidders, when decid-
ing their bidding strategies, take into ac-
count the fact that winning reveals to the
winner that his estimate of the item’s
value was the highest estimate; as a re-
sult, they bid more cautiously than if they
adopted naive strategies. The basis for
such sophisticated bidding strategies is
the following result in probability theory.
Suppose the ith bidder’s information
about the item’s true value v can be rep-
resented by a number x;, such that a big-
ger value of x;implies a bigger true value
v. Then

E(vlx;) = E(vlx;, x;> x;for all j # i) (9)

(Milgrom 1979b, pp. 60-63; 1981a). The
left side of this inequality shows the bid-
der’s expectation about the item’s value
before the bidding; the right side shows
his expectation after he knows that he
has won. Thus the mere knowledge that
he has won will cause a naive bidder to
revise downward his estimate of the
item’s true worth.

The rational bidder in a common-value
sealed-bid auction avoids becoming a vic-
tim of the winner’s curse by presuming
that his own estimate of the item’s value
is higher than any other bidder’s; that
is, by presuming that he is going to be
the winner (James Smith 1981). He then
sets his bid equal to what he estimates
to be the second-highest perceived valu-
ation given that all the other bidders are
making the same presumption. There is
no cost to making this presumption when
it is wrong, because losing bidders pay
nothing (Milgrom and Weber 1982a).

It is often pointed out (for example,
by Hayek in the paper cited earlier) that
one of the remarkable and important fea-
tures of the price system is its ability to
convey information efficiently. All that
a buyer or a seller needs to know about
a commodity’s supply or demand is sum-
marized by a single number, its price.
Does the process of price formation by
competitive bidding have such informa-
tion efficiencies? In the common-value
model, the bidders lack complete infor-
mation about the item’s true value; each
bidder has different partial information.
However, even though no single bidder
has perfect information, it can be shown
that, if there is perfect competition in
the bidding, the selling price reflects all
of the bidders’ private information. If in-
formation is sufficiently dispersed among
the bidders then the selling price con-
verges to the item’s true value v as the
number of bidders becomes arbitrarily
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large (Milgrom 1979a, 1979b; Wilson
1977). Thus the selling price conveys in-
formation about the item’s true value.
With perfect competition, the price is
equal to the true value even though no
individual in the economy knows what
this true value is and no communication
among the bidders takes place.?!
Consider now the more general model,
due to Milgrom and Weber (1982a), that
allows correlations among the bidders’
valuations, and of which the common-
value model is a special case. Recall from
Section IV that bidders’ valuations are
said to be affiliated if the fact that one
bidder perceives the item’s value to be
high makes it likely that other bidders
also perceive the value to be high. The
essential difference between, on the one
hand, the English auction and, on the
other hand, the first-price sealed-bid,
second-price, and Dutch auctions is that
the process of bidding in the English auc-
tion conveys information to the bidders:
The remaining bidders observe the
prices at which the other bidders drop
out of the bidding. It was shown for the
independent-private-values auction that
this extra information does not on aver-
age change the outcome, in the sense
that the expected price reached is the
same for each type of auction. When bid-
ders’ valuations are affiliated, in contrast,
the bids in the English auction have the
effect of partially making public each bid-
ders’ private information about the item’s
true value, thus lessening the effect of
the winner’s curse. As a result: When
bidders’ valuations are affiliated, the En-
glish auction yields a higher expected
revenue than the first-price sealed-bid

21 Note that this result, which takes as given the
diversity of the bidders’ information, ignores the pos-
sibility that bidders might be able, at some cost to
themselves, to obtain extra information relating to
the item’s true value. On information acquisition in
auctions, see Engelbrecht-Wiggans, Milgrom, and
Weber (1983), Tom Lee (1982, 1985), Matthews
(1984a), Milgrom (1981b, 1985), and Milgrom and
Weber (1982b).
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auction, the second-price sealed-bid auc-
tion, or the Dutch auction (Milgrom and
Weber 1982a). In addition, the other
three auction forms can be ranked. With
affiliated valuations, the second-price
sealed-bid auction yields a higher ex-
pected revenue than the first-price
sealed-bid auction, which yields the same
revenue as the Dutch auction (Milgrom
and Weber 1982a).

Sometimes the seller has independent
information correlated with the item’s
value to any of the bidders. (For éxam-
ple, the government can do its own geo-
logical surveys before offering mineral
rights for sale; the seller of a painting
can obtain an expert’s appraisal.) Should
the seller conceal this information, or
should he reveal it? The seller can in-
crease his expected revenue by having a
policy of publicizing any information he
has about the item’s true value (Milgrom
and Weber 1982a). This is because the
new information tends to increase the
value estimates of those bidders who per-
ceive the item’s true value to be rela-
tively low, causing them to bid more ag-
gressively.

How important is the privacy of any
bidder’s information? If one bidder’s in-
formation is available to another bidder,
his expected surplus is zero (Engel-
brecht-Wiggans, Milgrom, and Weber
1983; Milgrom 1981b; Milgrom and
Weber 1982a). This is a striking result;
it implies that it is more important to a
bidder that his information be private
than that it be precise.

It is in the seller’s interest in a com-
mon-value auction to impose a reserve
price that is strictly above his own valua-
tion of the item. In contrast to the inde-
pendent-private-values case, the reserve
price in a common-value auction varies
with the type of auction and with the
number of bidders; usually, but not al-
ways, it increases with the number of
bidders (Milgrom and Weber 1982a;
Marc Robinson 1984). This is because,
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as implied by the winner’s curse effects
embodied in condition (9), any bidder’s
ex ante valuation of winning depends
upon the auction form and the number
of bidders. For example, the working of
the English auction provides some infor-
mation about others” valuations, mitigat-
ing winner’s curse effects. The more bid-
ders there are, the more heavily the
bidder, following (9), discounts his pri-
vate information.

What is the optimal auction when bid-
ders’ valuations are correlated? Consider
the special case in which bidders have
private valuations that are not statistically
independent of each other. Jacques
Crémer and Richard McLean (1985a,
1985b) have provided a method for the
seller to extract all of the gains from trade
from the buyer. This requires a certain
type of correlation among the bidders’
valuations; it will not work with pure
independent values. In addition, it is
assumed that only a finite number of
valuations are possible; the case of con-
tinuously distributed values is not
considered. The mechanism design may
be understood as follows. Represent by
w(v]v™) the probability that the ith bid-
der’s value is v;, given the vector of other
bidders’ values v™¢. The seller offers each
bidder a lottery plus participation in a
second-price auction. The trick is to de-
sign the lottery so that the lottery’s ex-
pected value for the ith agent is precisely
the expected value the agent receives
from the auction, and the outcome of the
lottery depends only on v~ and not on
v;. This ensures that the agents continue
to bid honestly in the second-price auc-
tion, because a change in bid by bidder
i does not affect his lottery. The condition
that permits such a lottery to be designed
is that v, is, in a probabilistic sense, re-
coverable from v~’; more precisely, the
matrix m(vjvo~?) is of full rank (equal to
the number of possible values v, can take
on). Thus, the Crémer-McLean result as-
serts that, if the distribution of each
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agent’s valuation is altered sufficiently by
changes in the other agents’ valuations,
the full surplus can be extracted by the
seller.?

XI. Further Topics

Each of the four main assumptions un-
derlying the benchmark model has now
been relaxed. This section more briefly
considers some additional questions.

1. Variable Supply and Capacity
Constraints

In the models considered so far, only
a single unit of an item is being sold.
The opposite polar case occurs when the
monopolist produces under constant re-
turns to scale and can freely vary the
amount offered for sale. What then is the
optimal selling scheme when, as before,
the seller does not know the buyers’
tastes?

Suppose for simplicity that each buyer
wishes to buy at most one unit of the
commodity. Each buyer’s valuation of
the single unit is drawn independently
from a distribution F, with density f. De-
note by ¢ the constant average produc-
tion cost. With unlimited capacity, con-
stant returns to scale, and independent
valuations, the monopolist’s optimal sell-
ing mechanism is to post a fixed price r

defined by
_1-F0)
fir)
(Harris and Raviv 1981b; Matthews
1983.) (To obtain (10), note that the prob-

ability that any one customer buys at
price r is 1 — F(r), so that the expected

(10)

2 Because the second-price auction is a dominant-
strategy auction, the Crémer-McLean auction/lottery
also has a dominant equilibrium (although participa-
tion is not necessarily a dominant strategy). With
slightly weaker assumptions on 1, a Bayes-Nash equi-
librium auction that extracts all of the surplus can
be constructed. Note:also that the optimal-auction
result of Myerson (1981) allows a limited kind of affili-
ation among valuations.
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profit per potential buyer is [1 — F(r)]
(r — ¢). This is maximized when (10) is
satisfied.) The posted price when capac-
ity is unlimited is exactly the same as
the reserve price when only one unit is
to be sold (as in Section VI).

Between the cases of single unit and
unlimited capacity is the case in which
a fixed quantity is put up for sale and
buyers may bid for some portion of the
available units. One example of such an
auction is the weekly United States Trea-
sury bill auction (Smith 1967). Another
example is the New Zealand govern-
ment’s auctioning of import quotas (Pick-
ford 1985).

Two kinds of sealed-bid auctions are
used to sell multiple units. Bidders sub-
mit bids that consist of both a price and
a desired number of units of the com-
modity. Suppose enough units are avail-
able that the h highest bidders can be
awarded the item. In the discriminatory
auction, each of these h bidders pays the
amount he bid. In the uniform-price auc-
tion, each successful bidder pays a price
equal to the highest unsuccessful bid, the
(h + 1)st bid. Clearly the former corre-
sponds, in the single-unit case, to the
first-price auction, and the latter corre-
sponds to the second-price auction.

Results similar to the single-unit case
can be established for multiple-unit auc-
tions. For example, for the benchmark
model, the discriminatory auction yields
on average the same revenue as the uni-
form-price auction. Risk aversion of bid-
ders results in the discriminatory auction
yielding higher average revenue than the
uniform-price auction, while in the com-
mon-value case this ordering is reversed
(Weber 1983).2

2 For further analysis of auctions of multiple units
of a commodity, see Engelbrecht-Wiggans and
Weber (1979), Harris and Raviv (1981a, 1981b), Don-
ald Hausch (1986), Maskin and Riley (1983b, 1984a),
Matthews (1983, forthcoming), McAfee, McMillan
and Whinston (1987), Milgrom (1985), Thomas Pal-
frey (1980, 1983), Vernon Smith (1967), Weber
(1983), and Wilson (1979).

2. Collusion Among the Bidders

It has been assumed so far that the
bidders act noncooperatively: They do
not coordinate their bids. This assump-
tion may not be appropriate in some cir-
cumstances, especially when the same
bidders compete with each other over
many successive auctions. Collusion may
consist of either explicit agreements
about which bidder will be allowed to
win any particular auction, or implicit un-
derstandings that restraint will be exer-
cised in bidding.

The familiar analysis of repeated oli-
gopoly games can be applied to repeated
auctions. In an infinitely repeated game,
a collusive outcome can be maintained
as a noncooperative equilibrium if each
of the oligopolists adopts a strategy of
threatening to retaliate to any deviation
from the collusive arrangement by re-
verting to noncooperative behavior in fu-
ture periods. This is the Folk Theorem
of repeated games (see Robert Aumann
1981; in an incomplete-information set-
ting, see Dilip Abreu, David Pearce, and
Ennio Stacchetti 1986). Anecdotal evi-
dence suggests the empirical relevance
of the repeated-game argument. It has
been observed that collusion in antique
and artwork auctions is enforced by retal-
iatory strategies: the response to a defec-
tion by a cartel (or “ring”) member is
that “vindictive competition leads to
crazy prices  (Jeremy Cooper 1977, pp.
37-38).24

For retaliatory strategies to be work-
able, it must be possible for the bidders
to infer the other bidders” past actions.
As George Stigler (1964, p. 48) remarked

2 Milgrom (1986) showed that there is a sense in
which repeated English auctions are more suscepti-
ble to collusion than repeated first-pricg sealed-bid
auctions. Robinson (1985) showed that an implicitly
collusive outcome could be reached as a Nash equilib-
rium in a single English auction. However, his analy-
sis assumes that each bidder knows his rivals’ valua-
tions, which assumes away much of the auction
problem.
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of government procurement auctions,
“the system of sealed bids, publicly
opened: with full identification of each
bidder’s price and specifications, is the
ideal instrument for the detection of
price cutting . . . collusion will always
be more effective against buyers who re-
port correctly and fully the prices ten-
dered to them.”?> This may explain the
tendency for private-sector firms to use
closed negotiations rather than formal
auctions for procurement.

How does a cartel decide which mem-
ber is to receive the item? In English
auctions, a common method in practice
is for one member arbitrarily to be as-
signed to bid for the item without compe-
tition from his fellow cartel members. Af-
terward, the item is reauctioned among
the cartel members. Such behavior oc-
curs in auctions of antiques, fish, timber,
industrial machinery, and wool (Cassady
1967, Ch. 13; Cooper 1977, pp. 35-38;
F. H. Gruen 1960). The cartel member
who values the item the most will win
the bidding in the illicit auction at a price
equal to the second highest valuation
among cartel members. The cartel shares
among its members a sum of money
equal to the difference between the price
reached in the cartel’s own auction and
the price reached in the original auction.

What should a seller do if he believes
he faces a buyers’ cartel? According to
Cassady (1967, pp. 228-30), reserve
prices are commonly used to counter the
activities of cartels. To understand this
practice, assume for simplicity that all n
bidders belong to the cartel, and that as-
sumptions Al, A2, A3, and A4 of the
benchmark model are satisfied. The car-
tel not only reduces to one of the effective
number of bidders; it also changes the
effective distribution of valuations. As-
sume that (perhaps by the reauctioning

% On the various methods by which bidders for
government contracts achieve collusion, see Organi-
zation for Economic Cooperation and Development

(1976).

process described above) the cartel can
ensure that the member who values the
item the most ultimately gets it. The rel-
evant distribution for the seller faced
with the cartel is the distribution of the
maximum of n valuations, each drawn
from the distribution F(x); this distribu-
tion of maxima is F"(x), with density
nF" ! (x)f(x). Thus an argument the same
as that in Section VI but for this density
yields: The optimal anticartel reserve
price r satisfies

1=y
nF" Y r)fir)’

where v, is the seller’s own valuation
(Daniel Graham and Robert Marshall
1984, 1985; Robinson 1984). This implies
that the anticartel reserve price increases
with the number of cartel members.
Also, the anticartel reserve price is
higher than the optimal reserve price in
the absence of collusion.

Vg =T (11)

3. Double Auctions

It was assumed in the foregoing analy-
sis that there was only one seller and
that his valuation of the item was known
to all of the bidders. We now relax both
of these assumptions, and suppose that
there are several sellers who, like the
buyers, draw their valuations indepen-
dently from some probability distribu-
tion.

In a sealed-bid double auction, both
sellers and buyers submit bids, buyers
for how much they are willing to pay and
sellers for the price at which they are
willing to sell. Ranking the buyers” bids
from highest to lowest produces a bid-
demand function which is a step function.
Similarly, ranking the sellers’ bids pro-
duces a supply step function. The inter-
section of demand and supply generally
gives a quantity and an interval of prices.
This is the quantity exchanged; the price
is chosen from the interval according to
some arbitrary rule. This resembles the
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standard Walrasian model in which
agents report their demand and supply
curves to the auctioneer. However, the
choice of bids reflects individuals’ strate-
gic attempts to manipulate the selling
price, so that the quantity and price in-
terval reached are not necessarily those
of the competitive equilibrium.

Few results on the double auction ex-
ist, because of the difficulties of modeling
strategic behavior on both sides of the
market. The main result is an efficiency
result concerning double auctions with
sealed bids. If there are sufficiently many
buyers and sellers, then there is no other
trading mechanism that would increase
some traders’ expected gains from trade
without lowering other traders” expected
gains from trade (Wilson 1985). That is,
the sealed-bid double auction would sur-
vive any attempt to get the traders to
agree unanimously to change the trading
institution. 26

The oral double auction, with the bids
and offers openly called, is still more diffi-
cult to model because the process takes
place over time and agents do not know
what prices will be available if they wait
instead of trading now. For some analysis
of the oral double auction, see David
Easley and Ledyard (1982), Daniel
Friedman (1984), and Wilson (1986b).

XII. Empirical Studies of Auctions

What is the empirical content of auc-
tion theory? There are far fewer empiri-
cal than theoretical studies of auctions.
Also, with the exception of some studies
of common-value auctions (using min-
eral-rights bidding data), the existing em-
pirical studies make little use of modern
auction theory. As a result (again, except

26 Also, Wilson (1986a) showed that, for the case
of equal numbers of buyers and sellers with valua-
tions distributed uniformly, the double auction satis-
fies the stronger criterion of ex ante efficiency: It
maximizes the expected gains from trade.

in the mineral-rights studies), only the
more commonsense propositions have
been tested.

The independent-private-values model
predicts revenue equivalence: Each of
the four simple auctions yields the same
price on average (Section V above). Un-
fortunately, this prediction is sensitive
to changes in the underlying assump-
tions, making difficult the task of empiri-
cally testing it. If the bidders have inde-
pendent private valuations but are- risk
averse, then the first-price sealed-bid
auction yields a higher price on average
than any of the other simple auctions
(Section IX). This ranking is reversed if
the bidders are risk neutral but have cor-
related valuations; then the English auc-
tion yields the highest price (Section X).
If there are observable differences among
the bidders” valuations, the ranking is in-
determinate (Section VII). Thus any em-
pirical test of revenue equivalence
should carefully control for risk aversion
of the bidders, correlations among their
valuations, and asymmetries among the
bidders.

Risk aversion is likely to be important
when the item being sold is very valuable
so that the bids are large relative to any
bidder’s assets. Examples of valuable
items that are auctioned include mineral
rights, government contracts, and art-
work; however, artwork, mineral rights,
and, in some cases, government con-
tracts also have common-value aspects.
Government-procurement auctions and
mineral-rights auctions are usually
sealed-bid; this may be a consequence
of the result that risk aversion makes the
sealed-bid auction preferable to the En-
glish auction. On the other hand, artwork
is usually, but not always, sold by English
auction, even though risk aversion is
likely to be significant in at least some
cases. Presumably in the case of artwork
the correlations among bidders’ valua-
tions outweigh the risk-aversion effects
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in the bidding. Low-value items like agri-
cultural produce, for which risk-aversion
effects ate likely to be negligible, are usu-
ally sold by English auction.

The U.S. Forest Service has used both
first-price sealed-bid auctions and En-
glish auctions to sell contracts for harvest-
ing timber. This provides an opportunity
for testing the Revenue-Equivalence
Theorem: Do the two methods yield the
same price on average? Walter Mead
(1967) ran ordinary-least-squares regres-
sions with, as the dependent variable,
the logarithm of the ratio of bid price to
appraised price and, as the independent
variables, a dummy variable for the auc-
tion method and the logarithm of the
quantity of timber for sale. The conclu-
sion was that the sealed-bid auctions had
yielded significantly higher revenue than
the English auctions. Further unpub-
lished regressions by Mead and coau-
thors (summarized by Hansen 1985b)
supported this conclusion, finding that
the sealed-bid auctions yielded about 10
percent more revenue. These results
have been questioned by Hansen (1985b,
1986), who noted a selection bias caused
by the way the Forest Service chose
which auction to use.?” (Evidently the
Forest Service does not believe in reve-
nue equivalence.) Some unobserved
variables, such as the bidders” timber in-
ventories, affected the choice of auction
method. But to the extent that these vari-
ables also affected the size of the bids,
ordinary-least-squares estimates are bi-
ased. After correcting for this selection
bias by using a simultaneous-equations
model, Hansen found that, although the
sealed-bid auctions yielded slightly
higher prices than the English auctions,
the difference was statistically insignifi-
cant. (With high bids averaging $130, the
expected difference in revenue was be-

2TFor the institutional details of the auction-
selected process, see Hansen (1986, pp. 129-31).

tween $1 and $6, with a standard error
of $5.) Revenue equivalence therefore
cannot be rejected.

A question not addressed in these tim-
ber-bidding studies is, How appropriate
is the independent-private-values as-
sumption in this application? In other
words, on a priori grounds, should we
expect revenue equivalence to hold in
this set of data? Because different bidders
have different inventories of timber on
hand and different stocks of equipment
for harvesting timber, it is reasonable to
suppose that there are inherent differ-
ences among the bidders’ valuations at
any particular sale. But because the tim-
ber is eventually to be resold at the as
yet unknown market price, there might
be some correlation among the bidders’
valuations. To the extent that the sec-
ond effect is empirically significant, the
independent-private-values assumption
breaks down and the appropriate model
is the affiliation model of Milgrom and
Weber (1982a) (see Section IV). We are
now left with a puzzle: Contrary to the
empirical results just cited, this model
predicts that the English auction will pro-
duce the higher bids (Section X). The
puzzle could be resolved by appealing
to risk aversion of the bidders, but this
remains an open empirical question.
Given the sensitivity of the Revenue-
Equivalence Theorem to its underlying
assumptions, this theorem cannot be
meaningfully tested until some way is
found to test for independent private
values against affiliated values.

A further reason, distinct from correla-
tion of valuations, why revenue equiva-
lence can break down is the existence
of systematic differences among bidders’
valuations that are observable by all of
the bidders (as discussed in Section VII).
For timber-rights bidding, Ronald John-
son (1979) and Hansen (1986) suggested
that such variables as the required
amount of road building or the required
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harvest rate might cause harvesting costs
and therefore valuations to differ in ob-
servable ways among the bidders. John-
son separated the data into auctions with
symmetric bidders and auctions with
asymmetric bidders by an ad hoc
method: He hypothesized that asymme-
try is more likely the larger the amount
of road construction required, and took
as his cutoff between symmetry and
asymmetry sales involving $20,000 worth
of road building. He ran ordinary-least-
squares regressions with, as dependent
variable, the price, and as independent
variables, a dummy representing the
auction form as well as all of the compo-
nents of the Forest Service’s appraisal.
For the symmetric auctions, consistent
with the Revenue-Equivalence Theo-
rem, there was no significant difference
in price between the English auctions
and the sealed-bid auctions. For the
asymmetric case, there was a significant
difference: The sealed-bid auctions
yielded higher prices. Contrary to John-
son’s interpretation, however, this does
not test the theory, because in the asym-
metric case there is only an ambiguous
result: Either auction form can yield the
higher price (see Section VII).28
Another theoretical result on asym-
metric auctions is that, in the absence
of a reserve price, an English auction al-
ways yields an efficient outcome (the bid-
der with the highest valuation wins),
whereas a sealed-bid auction may yield
an inefficient outcome (Section VII).
When the seller is the government (as
in the timber-rights auctions), this pro-
vides a reason for using English auctions
that is distinct from issues of revenue

% Maskin and Riley (1985) conjectured that, in an
asymmetric auction, a sealed-bid auction yields a
higher price than an English auction if the bidders
have distributions of valuations with roughly the
same shape but different supports. While it remains
to be shown that this is valid in general, it provides
a potential explanation for Johnson’s finding.

raising. Johnson (1979) tested this propo-
sition by noting that it implies that, if
resale is allowed, it should occur only
after a sealed-bid auction and not after
an English auction. In Johnson’s data,
with a total of 379 sales, all seven of the
resales that occurred followed sealed-bid
auctions, corroborating the theory.

In value terms, one of the world’s larg-
est users of auctions is the U.S. Treasury
in its selling of securities. This is an in-
stance of a multiple-unit auction: Both
the discriminatory auction (in which each
successful bidder pays the amount he
bid) and the uniform-price auction (in
which all pay a price equal to the lowest
accepted bid) have been used to sell
Treasury bills. Because this is a common-
value setting, theory predicts that the
uniform-price auction, which is similar
to the second-price auction, yields more
revenue than the discriminatory auction,
which corresponds to the first-price auc-
tion (Sections X and XI.1). Charles Baker
(1976) summarized some Treasury stud-
ies that attempted to compare the per-
formance of the two auction forms. Un-
fortunately the data are not strictly com-
parable: Uniform-price auctions were
used to sell long-term bonds, whereas
discriminatory auctions were used to sell
short-term and medium-term bonds. Be-
cause of this, the empirical conclusions
can only be tentative; however, they do
support the theory, in that the uniform-
price auctions seemed to generate the
higher revenue.

An unsurprising prediction of auction
theory is that, other things being equal,
a bidder with a higher valuation will sub-
mit a higher bid (or, in the case of con-
tract bidding, a firm with lower costs sub-
mits a lower bid). In their study of
bidding for construction contracts for San
Francisco’s Bay Area Rapid Transit sys-
tem, Kenneth Gaver and Jerold Zimmer-
man (1977) estimated a model with, as
the dependent variable, the level of each
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firm’s bid for each contract, and, among
the independent variables, various prox-
ies for '‘costs as well as the number of
bidders. They found that bids were
higher (a) the more BART work the bid-
der had in process; (b) the less time the
contractor had to complete the project;
and (c) the smaller the firm. Of these
three variables, (a) reflects the bidder’s
opportunity cost, and (b) and (¢) affect
production costs if it is presumed respec-
tively that faster production is more
costly and that there are economies of
scale.

Another prediction is that competition
matters: The winning bid increases as the
number of bidders increases (or, in the
case of contract bidding, the winning bid
falls). In their study of contract bidding,
Gaver and Zimmermann (1977) found
that the price fell as the number of bid-
ders increased. One of their regressions,
for example, implied that bids decline
by about 2 percent when the number of
bidders increases by one. Similarly,
Lance Brannman, Douglas Klein, and
Leonard Weiss (1984), using data from
auctions of tax-exempt bonds, govern-
ment-owned timber, and offshore oil
rights, and attempting to control for the
inherent value of the item being sold,
found the effect of the number of bidders
on the price to be statistically significant.
Large gains can be obtained by introduc-
ing bidding competition where none for-
merly existed: Larry Yuspeh (1976) found
price differences averaging 50 percent
between identical military contracts let
successively on a sole-source basis and
under competitive bidding. A cartel re-
duces the effective number of bidders:
In a study of collusion among bidders
for North Carolina highway-construction
contracts, Jonathan Feinstein, Michael
Block, and Frederick Nold (1985) found
that the cartel not only significantly
raised the bids but also reduced the vari-
ance of the bids.

729

While there appear to be no economet-
ric analyses of the use of reserve prices
(Section VI), there is some informal evi-
dence. Practice does not seem to be in
accord with the theoretical result that it
is in a seller’s interest to announce a re-
serve price. In practice, reserve prices
are often not used; when they are used,
their existence is often not announced,
and even when their existence is an-
nounced, the seller usually keeps the
level of the reserve price secret (Cassady
1967, pp. 226-27). Thus there appears
to be a discrepancy between theory and
practice.?’ Consistent with the prediction
that the reserve price will be set at a
level that exceeds the seller’s own valua-
tion, in the Netherlands cut flowers not
attaining the reserve price are destroyed,
indicating that their value to the seller
is zero despite being given a positive re-
serve price (Cassady 1967, p. 230).

Studies of the bidding for offshore oil
rights have focused on the existence and
consequences of the winner’s curse (Sec-
tion X).3° The first of these studies, by
Capen, Clapp, and Campbell (1971),
claimed that winning bidders earned on
average less than the market rate of re-
turn on their investments. They found
surprisingly large ranges of bids: The ra-
tio of highest to lowest bid was as high
as 100 and typically between 5 and 10,
indicating much uncertainty about the
amount of oil beneath any tract. They
attributed the low rates of return to the
fact that “the winner tends to be the

2 This need not, however, be inconsistent with
theory. One explanation for the seller’s not imposing
areserve price is that he lacks the necessary bargain-
ing power, that is, the ability to precommit himself
to his selling policy (see Milgrom 1986).

30The auctioning of mineral rights to government-
owned land is almost unique to the United States;
governments in other countries usually allocate min-
eral rights to firms by discretionary procedures (Ram-
sey 1980, pp. 56-62). It is noteworthy, however, that
in 1982 the People’s Republic of China began auction-
ing offshore exploration contracts (New York Times,
March 23, 1985).
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player who most overestimates the true
tract value” (p. 643). The conclusion of
Capen, Clapp, and Campbell about low
rates of return was based on casual em-
piricism. Subsequent, more careful stud-
ies have overturned this conclusion.
Mead, Moseidjord, and Sorensen (1984)
estimated after-tax internal rates of re-
turn of outer-continental shelf lessees to
be roughly the same as the average rate
of return on investments in the U.S.
manufacturing industry. Kenneth Hen-
dricks, Robert Porter, and Paul Gertler
(1986) similarly found reasonable rates of
return. Hendricks, Porter, and Gertler
also discussed the practical importance
of two aspects neglected by the theorists.
Often, several tracts are auctioned simul-
taneously, so that a bidder’s decision on
how to bid on one tract may be influ-
enced by his bids on other tracts. More-
over, as also emphasized by Otis Gilley
and Gordon Karels (1981), there is a prior
decision on whether to bid on a particular
tract; only some of the potential bidders
actually bid for any one tract. There tend
to be more bidders for tracts that are
perceived to be more valuable. Thus esti-
mating the effect of competition by sim-
ply regressing price on the number of
bidders (as discussed above) can be mis-
leading.

Gilley and Karels (1981), after correct-
ing for the sample-selection bias arising
from the bidders’ participation decisions,
found that individual bids in an oil-rights
auction decreased as the numbers of bid-
ders increased. This apparently paradoxi-
cal result can be explained as resulting
from the bidders’ rationally taking ac-
count of the winner’s curse effect of con-
dition (9) above. Recall that a rational
bidder in a common-value auction bases
his bid not only on his own estimate of
the item’s worth, but also on the pre-
sumption that he has the highest esti-
mate. The more bidders there are, the
more marked is the second of these ef-
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fects. This can mean that individual bids
decline as the number of bidders rises.
Hendricks, Porter, and Gertler (1986),
generalizing the Gilley-Karels model by
allowing nonlinear bidding functions,
found that bids initially increased and
then decreased as the number of bidders
increased. (Note that these results are
not inconsistent with the result that the
winning bid increases with the number
of bidders, for the more bidders there
are, the more likely it is that some bidder
perceives the item’s value to be high.)
More accurate information about the
item’s true value mitigates the effect of
the winner’s curse in causing the bidders
to be cautious: Gilley and Karels found
that the smaller the variance in the initial
estimates of the tract’s value, the higher
the bids. With millions of dollars at stake,
the oil firms evidently avoid falling victim
to the winner’s curse.

The results of Milgrom and Weber
(1982b) (Section X above) create a pre-
sumption that having private information
raises a bidder’s profits. A test of this
prediction is provided by the study of
oil-rights bidding by Mead, Moseidjord,
and Sorenson (1984) (although the study
is not explictly based on the Milgrom-
Weber model). Two types of leases exist:
drainage tracts (close to an existing well)
and wildcat tracts (in an area for which
no drilling data exist). For drainage
tracts, denote by “neighbor” a bidder
who has information because he has
already drilled nearby wells. Mead,
Moseidjord, and Sorenson estimated that
there were gains from superior informa-
tion. Drainage leases earned a higher af-
ter-tax internal rate of return than wildcat
leases, and, among drainage leases,
neighbors earned a higher rate of return
than non-neighbors. Similar results were
obtained by Hendricks, Porter, and
Bryan Boudreau (1987). Theory suggests
that the gains from superior information
are lessened if a rival also has superior
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information (Milgrom and Weber 1982a).
Mead, Moseidjord, and Sorenson, how-
ever, found an unusually high rate of re-
turn when a neighbor competed with a
neighbor (although a very small sample
underlay this estimate).3!

More empirical work is needed, both
because several testable predictions re-
main untested and because usable sets
of microlevel data have not yet been ex-
ploited. To what extent do royalties serve
to extract surplus from the bidders, as
discussed in Section VIII? Mineral-rights
auctions, which sometimes use royalties
and sometimes do not, might provide
data for estimating this. Mineral-rights
data might also be used to address the
question: When reserve prices are used,
are they set at a level that approximates
the optimum (Sections VI, X)? Govern-
ment contracting provides an underex-
ploited source of data on bidding; ques-
tions such as the effect of incentive
contracts as a rent-extracting device (Sec-
tion VIII) and the effects on the bids of
discriminating against foreign bidders
(Section VII) could be examined. What
types of auction are actually used when
the bidders are markedly risk averse
(Section IX)? In privatizing publicly
owned firms, governments sometimes
have auctioned the whole firm and some-
times have sold shares at preset prices.
Which method has yielded more revenue
for the government? Different auction
forms are used in apparently similar cir-
cumstances; for example, at various times
and in various places, tobacco has been
sold by English, Dutch, and first-price

LThere is a stylized fact from the sealed bidding
for mineral rights: In common-value auctions, the
distribution of bids is approximately lognormal (Ches-
ter Pelto 1971; Reece 1978). Albert Smiley (1979),
however, found that the Weibull distribution fitted
bidding data better than the lognormal distribution.
The shape of the distribution of bids is of interest
for simulating bidding behavior; also, under the as-
sumption that the theory is correct, the distribution
of valuations can be deduced from the distribution
of bids.
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sealed-bid auctions. Can each use be ex-
plained, or is this merely due to revenue
equivalence, which means that the seller
is indifferent about the choice of auction
form?

Another source of empirical evidence
on bidding behavior is laboratory experi-
ments. There is a large and growing liter-
ature on experiments with auctions,
which is not surveyed here for space rea-
sons. See Charles Plott (1982) and Ver-
non Smith (1982) for general surveys of
experimental economics, including some
discussion of auction experiments; and,
for representative papers, see Cox,
Smith and Walker (1984) (on indepen-
dent-private-value auctions) and Max
Bazerman and Samuelson (1983) (on
common-value auctions).

XIII. An Agenda for Research

Many questions about the working of
the various auction institutions remain
unanswered by the theory.

Much of the existing theory assumes
independent private values. While this
makes for elegant theorems, many real-
world auctions fail to satisfy this assump-
tion (as Milgrom and Weber 1982a per-
suasively argued). Independent private
values requires, for example, that there
be no resale possibilities, and that each
bidder knows exactly how much the item
would be worth to him. In the case of
contract bidding, independent private
values means that firms” production costs
differ only because of differences in their
production capabilities or in their alter-
native opportunities; however, if there
is a common element of technological un-
certainty, then the appropriate assump-
tion is affiliation (Section IX). Despite the
prevalence in practice of affiliation of val-
uations, little is known beyond the analy-
sis of Crémer and McLean (1985a, 1985b)
about optimal auctions with affiliated
values.
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In all of the existing models, the selling
is in effect done by the owner. In prac-
tice, often the owner hires an agent, the
auctioneer. How can the auctioneer be
motivated to act in the owner’s interest?
Should he be paid a fixed fraction of the
selling price? Might the buyer pay the
auctioneer in some circumstances? Does
the presence of a hired auctioneer affect
the choice of auction form?

A question prompted by the empirical
studies (Gilley and Karels 1981; Hen-
dricks, Porter, and Gertler 1986) is,
What determines the number of bidders?
Although most existing models take the
set of bidders to be exogenous, the bid-
ders do in fact make a decision to learn
their valuations. What are the determi-
nants of this decision? The costs of col-
lecting information and preparing a bid
presumably are relevant here (compare
with French and McCormick 1984,
McAfee and McMillan 1987b, Samuelson
1985). How does the incorporation of this
decision affect the performance of the dif-
ferent auction forms? How does the
choice of auction form influence this deci-
sion?

In government contracting, bids are
often multidimensional, involving quality
as well as price. For example, in the com-
petition for the contract for a new fighter
aircraft, design features are at least as
important as price. If the government has
its own preferences over the various
quality attributes and price, and the dif-
ferent firms have different technological
trade-offs, what is the best procurement
mechanism P3?

The advantages resulting from the sell-
er’s ability to commit himself to a mecha-
nism have been made apparent: We
know why the seller would want to com-
mit himself. One might conjecture that

32This question was posed by Paul Milgrom and
by William Samuelson. The second-stage decision
in Riordan and Sappington (1987) can be interpreted
as a quality decision.

commitment is a natural concomitant of
monopoly: A rational monopolist will find
some way to achieve commitment. How-
ever, it is not well understood how this
can be done. One way of rationalizing
this is that the seller plays the game re-
peatedly, while the buyers play it only
once. Then it might be in the seller’s
interest to adhere to his mechanism, for
a deviation might destroy his commit-
ment ability for the future. However
plausible this argument appears, it re-
mains to be formalized and its logical co-
herence remains to be established.3?

The opposite question should also be
addressed. What happens if we drop the
assumption that the seller is able to com-
mit himself? The commitment assump-
tion makes the theorist’s life easier by
providing a clear-cut solution in place of
the indeterminacy of the bargaining
problem: Apart from the rents due to the
informational asymmetries, all of the
gains from trade go to the individual who
is able to precommit himself. Without
the commitment assumption, the bar-
gaining problem must be addressed. In
an interesting analysis, Milgrom (1986)
developed a bargaining model in which
a seller finds it in his interest to sell by
auction. This is an important area for fur-
ther research.

Turn now to the broader questions
posed by Hayek (1945) and discussed in
Section I. To what extent has auction the-
ory generated answers to questions about
the working of the price system in the
presence of informational asymmetries?

The questions examined by auction
theory form a subset of the class of ad-
verse-selection problems; that is, prob-
Iems in which one individual knows
something that the others do not know
(Arrow 1985). The foregoing theorems

33 Also, repeated games typically have' many equi-
libria. It may be that, while commitment emerges
as an equilibrium of a repeated mechanism-design

game, noncommitment remains as another equilib-
rium.
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show that bidders can be induced to re-
veal implicitly (or, in the case of the Vick-
rey auction, directly) their private infor-
mation, namely, how highly they value
the item. With some exceptions (given
in Sections VI and VII), the bidder who
values the item the most is awarded it.
The Revelation Principle shows that, in
many cases, individuals can be given in-
centives to share their information. As
Hayek suggested, markets can work de-
spite the dispersion of information.

The results described above have gen-
erated some insights into how the price
system works: into the nature of the pro-
cess of bidding competition and price
formation. We have arrived at some
understanding of why particular trading
institutions—the English auction, for
example—arise in particular circum-
stances. (See the optimal-auctions analy-
ses of Sections VI and VII.) Do prices
serve to aggregate dispersed informa-
tion? The result of Wilson (1977) and Mil-
grom (1979a) (summarized in Section X)
shows that they can: Provided there are
many bidders, and provided information
is sufficiently dispersed among the bid-
ders, the price equals the item’s true va-
lue even though no individual knows
what this true value is. Is it correct, as
Hayek asserted, that the price summa-
rizes all of the relevant information about
supply and demand? The answer is no:
If competition is less than perfect it is
in the seller’s interest, if possible, to ad-
just the price after the sale in the light
of any new information he obtains about
the item’s value to the buyer (as dis-
cussed in Section VIII).

Much remains to be done. The auction
models are partial-equilibrium models.
The role of the price system in coordinat-
ing the actions of different people cannot
be understood except within a general-
equilibrium system. How to embed bid-
ding models in a general-equilibrium
context remains an open question. Ques-

tions of the existence and social optimal-
ity of competitive equilibrium with in-
formational asymmetries await the reso-
lution of this question.

One crucial step toward a general-
equilibrium formulation is modeling
competition among mechanism design-
ers. Consider a seller who designs an auc-
tion-like mechanism. If the buyers have
an alternative, that is, if the seller faces
a competing mechanism, competition
may constrain the seller’s choice of mech-
anism. If there is one phenomenon that
economists understand to be important,
it is competition. Solving the difficult
technical problems of modeling competi-
tion among mechanisms is, in our view,
the major problem facing the asym-
metric-information literature.

XIV. Machiavellian Advice to a
Monopolist

You are the seller of some good or ser-
vice in the fortunate position of having
no competitors. How should you design
your selling methods so as to squeeze
the last possible cent from your custom-
ers?

The first rule is to make your custom-
ers believe that, whatever pricing strat-
egy you have chosen, you will not under
any circumstances depart from it. Once
you are visibly committed, all that pre-
vents you from completely exploiting
your customers is your lack of knowledge
of exactly how high you can drive the
price to any particular buyer without los-
ing the sale.

Should you post a take-it-or-leave-it
price, or should you hold an auction? If
your production capacity is large, fixing
a price maximizes your expected profits.
The price you should charge, if you be-
lieve your customers’ valuations of your
product are approximately uniformly dis-
tributed, is the average of your unit pro-
duction cost and the highest possible val-
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uation (provided this exceeds the lowest
possible valuation). On the other hand,
if you have only one or a few units to
sell, you should sell by auction.

What kind of auction should you
choose? To answer this question, you
must know whether your customers
would be prepared to pay higher prices
in exchange for your sheltering them
from risk. You must also know whether
differences among the bidders’ valuations
of the item are due to inherent differ-
ences in their tastes or to their having
made different guesses about the unique
true value of the item.

If your customers are no more reluc-
tant to bear risk than you are and their
different valuations reflect their different
tastes, then your best selling device is
any of the simple auction forms: English,
Dutch, first-price sealed-bid, or second-
price sealed-bid. You should impose a
reserve price. If the commodity is useless
to you unsold, and if you estimate the
distribution of your customers’ valuations
to be approximately uniform, the reserve
price you should set is one-half of the
maximum possible valuation.

If your customers prefer to avoid risk,
then you are no longer indifferent among
the simple auction forms; your revenue
will on average be higher from a first-
price sealed-bid auction than from an En-
glish auction. However, if you have very
sophisticated computational capacities,
you can do still better by announcing that
you will require payment from bidders
who bid too low and that you will subsi-
dize bidders who bid high but not quite
high enough to win. You should, if possi-
ble, keep secret from each bidder how
many other bidders he is competing
with.

If the bidders fall into several catego-
ries and you observe that there are sys-
tematic differences in valuations across
categories, then you can exploit this to
your advantage (provided you can some-

how prevent resale by the winning bid-
der). You do this by discriminating in
favor of bidders in the category with on
average low valuations: You announce
that you will accept a lower bid from a
member of the favored category over a
higher bid from a member of another cat-
egory, provided the difference in bids
is not too great.

If you can monitor the buyer’s subse-
quent usage of the commodity, you
should, by the use of a royalty scheme,
require continuing payments from the
buyer based on value in use: Royalties
induce the bidding to be more competi-
tive.

If the item you are selling has a unique
true value, but the bidders have different
imperfect estimates of this value, the En-
glish auction will on average yield more
revenue for you than any of the other
simple auction forms. You can encourage
the bidders to raise their bids by having
a policy of publicizing any information
you yourself have about the item’s true
value.

Finally, if your monopoly power is be-
ing eroded by the formation of a counter-
vailing buyers’ cartel, you can regain
some of your monopoly profits by in-
creasing your reserve price, making it
higher the larger the number of cartel
members.
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