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1. Introduction

The classical auction theory literature studies the problem of allocating an exogenously given set of items, assuming that
bidders’ valuations over each item or subset of items are exogenously given, and the final allocation only enters payoffs of
auction participants and does not enter payoffs of any outsider who does not participate in the auction. However, these
assumptions can fail to hold in many auction markets. This paper studies the design of efficient and optimal auctions when
each bidder’s value from winning is decreasing in the total quantity of items allocated in the auction, and the total quantity
of items allocated in the auction enters payoffs of outsiders who do not participate in the auction. Moreover, the auctioneer
not only cares about surplus created within the auction, but also cares about surplus of outsiders who are affected by the
auction outcome. A few examples that motivate this research are described below.

Example A (Government-sponsored Auctions for Production Rights)

In many countries, governments use auctions to sell production rights that determines the market structure of the
corresponding industry.! For example, the US government uses auctions to allocate spectrum licenses to mobile service
providers.? In this setting, a firm has to obtain a license to enter the industry, and such licenses can only be obtained
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1 The use of government-sponsored auctions for allocating production rights is discussed in Dana and Spier (1994) and Jehiel and Moldovanu (2004).
2 The presence of quantity externalities in spectrum auctions is pointed out in Izmalkov et al. (2016). In reality, spectrum auctions usually involve
allocation of heterogeneous licenses to multi-unit demand bidders. This paper abstracts away from more complicated spectrum auction models and focuses
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through auctions. The value of a license to each firm depends on the total number of licenses allocated in the auction, as
each firm’s profit upon entry depends on the number of competitors who also win a license to enter the industry. Sell-
ing more licenses allows more firms to enter the market but reduces the payoff from winning a license to each firm. At the
same time, consumers can benefit from having more firms competing in the industry, so selling more licenses also increases
consumer surplus. The government often cares about efficiency and revenue generated within auction as well as consumer
surplus in the post-auction market.

Example B (Car License Plate Auctions in Shanghai)

The Shanghai government uses auctions to sell car license plates to residents who want to purchase new cars for private
use in Shanghai, China. A car buyer has to obtain a license plate in order to enter the road, and car license plates can only
be obtained through auctions. In this auction, the value of a license plate to each car buyer is decreasing in the total number
of license plates allocated in the auction,’ as selling more licenses allows more cars to enter the road and leads to worse
traffic congestion, which reduces each car buyer’s value of owning a car. Selling more licenses also increases demand for
new cars, leading to higher equilibrium prices in Shanghai’s automobile market, further reducing each individual car buyer’s
surplus, while increasing car sellers’ surplus at the same time. The government cares about both car buyers’ surplus and car
sellers’ surplus and therefore faces a trade-off when deciding the number of car license plates to allocate in the auction.

Example C (Sponsored Advertising Auctions in Online Platforms)

Many online platforms such as Amazon.com and eBay.com use auctions to allocate sponsored advertising slots to sell-
ers. A sponsored advertising slot can be viewed as a license for entering the sponsored product list. The value of a slot
is decreasing in the total number of slots allocated in the auction, as the click-through rate and conversion rate of each
sponsored product are likely to be lower when there are more sponsored products listed on the platform.* At the same
time, consumers shopping on the platforms may benefit from having more products in the sponsored product list, as having
more products on the sponsored list not only provides more choices to the consumers, but also promotes price competi-
tion among suppliers. The platform designer cares about both revenue generated from advertisers and surplus of consumers
shopping on the platform.

In all the aforementioned examples, auctions are used to sell licenses that are effectively entry permits to some post-
auction markets. The number of licenses sold in the auction determines the number of participants on one side of the
post-auction market. When more licenses are sold in the auction, more bidders will be competing on the same side of the
post-auction market, which decreases the payoff of each individual bidder who enters the market and increases the payoffs
of participants on the other side of the post-auction market. Therefore, two types of “quantity externalities” present in the
auction. First, selling an additional license imposes negative externalities on all winning bidders, as each bidder’s value from
winning is decreasing in the total number of licenses allocated in the auction. Second, selling an additional license imposes
positive externalities on auction outsiders who participate on the other side of the post-auction market.

Under the presence of these quantity externalities, the auctioneer faces a trade-off when selecting the total number of
licenses supplied in the auction. Selling all licenses up to the capacity constraint may not maximize total surplus in the
post-auction market. Therefore, it would be natural for the auctioneer to choose the quantity supplied endogenously within
auction. How to design an auction to select both the quantity of licenses to sell and the assignment of licenses to bidders
is an interesting and challenging problem. On one hand, bidders can fail to consider the negative externalities imposed
on other bidders when bidding for licenses. This may result in overbidding and oversupply of licenses, causing too many
bidders entering the post-auction market. On the other hand, bidders can fail to take the positive externalities imposed on
outsiders into account. This can result in underbidding and undersupply of licenses, causing too few bidders entering the
post-auction market. This paper shows that both type of quantity externalities can be “priced” correctly by designing two
auctions that can implement the efficient market structure under the presence of quantity externalities.

In this paper, I revisit the model in Gebhardt and Wambach (2008) where a license auction is used for selling entry
permits to a post-auction market. In this model, each bidder’s value from winning a license depends on its private type
and final supply of the auction. Moreover, the final supply of auction also affects payoffs of some auction outsiders who
participate on the other side of the post-auction market. I first show that a sequence of conditional reserve prices can
be used to determine supply endogenously in the auction. That is, the auctioneer conditions reserve price on final supply
by setting a minimum acceptable bid for every additional unit to be sold. For every possible supply level k, a kth unit
is sold only if the kth highest bid meets the conditional reserve price r,. Then I construct a static auction called multi-
dimensional uniform-price auction that allows the auctioneer to condition reserve price on supply and allows bidders to
condition bids on supply. I show that this auction can implement the efficient allocation in a dominant strategy equilibrium
under a sequence of efficient conditional reserve prices. Moreover, I construct a dynamic auction called Walrasian clock
auction that can dynamically implement the efficient allocation. With efficient conditional reserve prices, both the multi-

on designing efficient mechanisms under the presence of quantity externalities, with the simplifying assumptions of homogeneous licenses and single-unit
demands. How to design a spectrum license auction under quantity externalities with more practical assumptions is left for future research.

3 The number of licenses should be measured in thousands in this example. Although selling one extra license plate on the margin does not make a
difference on traffic congestion or prices in automobile market, selling thousands more licenses can have an impact.

4 The presence of allocative externalities on sellers in sponsored advertising is pointed out in Hummel and McAfee (2014), Ghosh and Mahdian (2008),
and Izmalkov et al. (2016) with different modeling approaches and research focuses. None of these papers considers the potential externalities on con-
sumers.
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dimensional uniform-price auction and the Walrasian clock auction are outcome equivalent to the VCG mechanism. I also
characterize the revenue-maximizing mechanism and the optimal conditional reserve prices. Both the multi-dimensional
uniform-price auction and the Walrasian clock auction can also implement the optimal revenue under optimal conditional
reserve prices.

The two proposed auctions have many desirable properties to the auctioneer. First, conditioning reserve price on final
supply facilitates price discovery process at every feasible supply level and allows the auctioneer to easily evaluate the
marginal benefit and marginal cost of selling every additional license given any bid profile. The auctioneer simply needs to
compare the kth highest bid to the conditional reserve price r, to decide whether a kth license should be allocated. This
feature makes the outcome determination straightforward and allows the auction to conclude in a timely manner. Second,
both auctions have very little informational requirement on the auctioneer. The auctioneer can set the efficient conditional
reserve price schedule without having any information about the distribution of bidders’ private types.’

In addition to having desirable simplicity and efficiency properties to the auctioneer, the two proposed auctions also have
many desirable properties to the bidders. First, bidders are able to protect themselves from instances where the market is
over-flooded with supply, making the ex-post payoff from winning significantly lower than the expected payoff at the time
of bidding. At the same time, bidders are also able to protect themselves from losing after underbidding and then realizing
that they could have received higher payoffs from winning than what they expected. Allowing bidders to condition bids on
final supply effectively removes any potential strategic considerations that bidders might otherwise have in order to prevent
overpayment when too many licenses are sold or underbidding when too few licenses are sold. Second, both auctions have
little informational requirement on bidders, as truthful bidding at every supply level is a dominant strategy equilibrium in
both auctions. This feature greatly increases the simplicity of auction design and reduces uncertainty in the auction.

The main contribution of this paper is to construct both static and dynamic auction mechanisms to implement the
efficient market structure under the presence of quantity externalities. With correctly designed efficient conditional re-
serve prices, the two proposed auctions are outcome equivalent to the Jumping English auction proposed in Gebhardt and
Wambach (2008) but have simpler design and take shorter time to conclude. Moreover, the two proposed auctions can im-
plement the VCG outcome in a dominant strategy equilibrium, contributing to the literature on practical implementation of
the VCG mechanism. Under optimal reserve prices, the two proposed auctions can also yield the optimal revenue, contribut-
ing to the literature on optimal auction design. The main implication of this paper is that auctions can be used as regulation
devices in markets where firms fail to consider negative externalities on competitors or positive externalities on consumers
when making entry decisions, leading to market failure in firm entry and product selection. By imposing a reserve price at
every supply level and allowing bidders to condition bids on supply, the auctioneer can price both negative and positive
externalities associated with entry correctly under either surplus-maximizing or revenue-maximizing objective.

2. Related Literature

This paper is built upon the strand of literature on designing a private industry using government auctions. Dana and
Spier (1994) study mechanisms for selling production rights in which both the market structure and the winners are a
function of the bids. They demonstrate that the optimal mechanism is one in which the market structure is endogenous.
Jehiel and Moldovanu (2004) examine the existence of mechanisms for implementing efficient market structure in a similar
setting and show that efficient auctions exist only if firms’ private types are single-dimensional. There are a few other papers
that study government-sponsored auctions for selling production rights with different focuses and modeling assumptions
(Katz and Shapiro, 1986; Rodriguez, 1997; Jehiel and Moldovanu, 2000; Ozcan, 2004).

Among this strand of literature, this paper is most closely related to Gebhardt and Wambach (2008), who design an
efficient license auction for selling entry permits when each bidder’s value depends on its private setup cost and the total
number of licenses sold in the auction. They propose a dynamic auction called Jumping English auction to maximize total
surplus in the post-auction market. In a Jumping English auction with maximum supply level K, the auctioneer specifies a
sequence of 2K critical price points (P, P!, Py, PZ, P;, P3, ... P, PX).% The clock price first increases from P; and supply is
initially set to 1. If only one bidder is left in the auction before the clock price reaches P!, then that bidder gets a monopoly
license. Otherwise, the clock price jumps down to P, and the supply is adjusted to 2, then the price increases again. If
there are only two bidders left before the clock price reaches P2, then those two bidders each get a license. Otherwise, price
jumps down to P3 and supply is adjusted to 3, etc. This process is repeated until the auction reaches a supply level k at
which there is no excess demand in the price interval [P}, PX]. If there is still excess demand at PX, then the auction ends at
PX with supply level K. A lottery will be used to select K winners from all active bidders at PX,

While the Jumping English auction can implement the efficient allocation in a dominant strategy equilibrium, it can
be difficult to be implemented in practice. First, the use of 2K critical price points makes the auction design complicated.
Second, because the Jumping English auction consists of a series of price increases (from P, to P¥) and jumps (from P¥
to P,q) for all k € {1, 2, ---, K}, it can take a long time for the auction to conclude. This paper extends Gebhardt and
Wambach (2008) by proposing two simpler auction mechanisms to implement the efficient market structure in the same

5 The auctioneer needs to know the distribution of bidders’ private types in order to set the optimal conditional reserve prices. This informational
requirement is needed for designing any optimal auction with or without quantity externalities.
6 Py is zero in any efficient auction.



4 H. Yan/International Journal of Industrial Organization 71 (2020) 102638

setting. More specifically, I show that given any maximum supply level K, only K critical price points (conditional reserve
prices) are required to implement the efficient outcome. Then I propose an efficient static auction and an efficient dynamic
auction with a sequence of K conditional reserve prices. Compared to the Jumping English auction, these two auctions can
implement the VCG outcome in a dominant strategy equilibrium while utilizing fewer critical price points and taking shorter
time to conclude. This can be viewed as the main contribution of this paper relative to Gebhardt and Wambach (2008).

This paper is also related to the strand of literature on firm entry and product selection in monopolistic competition
markets. Spence (1976) investigates firm entry and product selection in monopolistic competition under entry costs. He
shows that monopolistic competition can lead to market failure in product selection due to two forces. First, each firm
does not take the impact on consumer surplus into account when making the entry decision. This can cause too few firms
entering the market, resulting in too little product diversity. Second, each entering firm does not take adverse effects on
competitors’ profits into account. This can cause too many firms entering the market, resulting in excessive product diver-
sity. Koenker and Perry (1981) extend the Spence (1976) model and show that excessive diversity is more likely to occur
when product differentiation is weak relative to the scale economies of production. This paper contributes to this strand of
literature by designing auction mechanisms to implement the socially optimal entry outcome when each individual firm’s
entry imposes negative externalities on competing firms and positive externalities on consumers. One implication of this
paper is that auctions can be used as regulation devices in markets where entry-related externalities lead to market failure.
By correctly pricing the externalities associated with entry through a centralized auction mechanism, the regulation author-
ity can implement the socially optimal outcome by selecting both the optimal number of firms to enter the market and the
firms that can create greatest surplus upon entry.

Another strand of relevant literature is on auctions with allocative externalities. Jehiel et al. (1996) construct a revenue-
maximizing mechanism when a sale creates negative externalities on losing bidders and the magnitude of externalities
depends on the identity of the winner. In a subsequent paper, Jehiel et al. (1999) characterize the optimal multi-dimensional
mechanism when each buyer’s multi-dimensional type specifies its payoff under every possible allocation in the auction.
[zmalkov et al. (2016) study sponsored search auctions in which the click-through rate of each advertising slot depends on
the total number of advertisements placed on the website. They construct an efficient auction and an optimal auction as
direct revelation mechanisms. Other papers in this literature include Varma (2002), Hansen (1988), and Lengwiler (1999).
This paper complements this strand of literature by studying a model in which allocative externalities come from how
auction shapes the structure of the post-auction market.

3. Model
3.1. Environment

An auctioneer can sell up to K licenses that allow entry to a post-auction market. There are N > K bidders hoping to
enter the post-auction market.” The bidders are indexed by i € {1, 2, ---, N}. Each bidder is required to have a single license
to enter the market and can only obtain a single license through the auction.® All bidders who win a license will compete
on the same side of the post-auction market. Upon entering the post-auction market, each bidder’s payoff (v;, n) depends
on its private type v; and the total number of entrants n:

(v, n) =v;+8(n) (1)

Assume §(K) = 0, then v; can be interpreted as bidder i’s payoff from participating in the post-auction market when all K
licenses are allocated. §(n) can be interpreted as the extra payoff to each entrant when (K —n) fewer bidders are allowed
to enter the market. Since each entrant’s payoff is lower when there are more competitors, §(1) > §(2) > --- > §(K).

Each bidder’s value from winning a license equals its payoff from participating in the post-auction market, i.e., each
bidder’s value from winning in the auction when supply equals n is also given by (v;, n). Under the context of auctions, §(n)
represents the premiumness of a license. Each bidder’s value of a license is increasing in its private type v; and decreasing in
the total supply n. Assume that (vq, v, ---, vy) are independently and identically distributed according to joint distribution
function F(v) with density function f{v) on [v, V]. §(1), §(2), ---, 6(K) are commonly known to the auctioneer and the bidders.

The number of bidders who enter the post-auction market also affects payoffs of participants on the other side
of the market. Let w°(n) denote the payoffs to these auction outsiders when n bidders are allowed to enter. Then

7 The number of potential entrants N and the maximum number of licenses to allocate K are exogenous. Note that K represents the maximum supply,
not the final supply, in the auction. Given that each bidder only needs a single license to enter the market, it can be assumed that when the number of
bidders is lower than the maximum supply (N < K), the auctioneer will adjust the maximum supply level to be N. Therefore, we can assume N > K here
without loss of generality.

8 In this model, each bidder is restricted to bid for at most one license in the auction. Since each bidder only needs a single license to enter the market,
allowing bidders to demand multiple licenses in the auction can only hurt efficiency and increase the complexity of auction design. This is because each
bidder's value of a license beyond the first unit is the decrement in payoff associated with having an additional competitor entering the post-auction
market. Bidders are unable to take negative externalities on other winning bidders or positive externalities on outsiders into account when bidding for
extra licenses, which means that allowing bidders to express their values beyond the first license does not help to improve efficiency. Moreover, since the
negative externalities that selling each additional license imposes on each bidder is common information, it is also unnecessary to elicit this information.
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mo(1) < m°(2) < ®°(3) < ++- < wK), as greater competition on one side increases payoffs of market participants on
the other side. Assume that 7°(1), w°(2), ---, 7°(K) are commonly known to the auctioneer and the bidders.

The bidders’ value functions and the auction outsiders’ payoff functions imply the presence of quantity externalities.
For every bidder, obtaining a license imposes negative externalities on all the other winning bidders and imposes positive
externalities on some auction outsiders by increasing competition in the post-auction market.

3.2. The auctioneer’s surplus-maximization problem
The auctioneer can freely choose to sell any number of licenses up to K licenses. Assume that the auctioneer’s objective is

to maximize social surplus in the post-auction market. The following analysis shows that in any socially optimal mechanism,
both the number of licenses to allocate and the corresponding set of winning bidders should be selected based on the

bidders’ private types (vq, v, ---, vy) elicited in the mechanism.

Given any private type profile v = (vq, v, -+, vy), let v, denote the nth highest value among (vq, vo, -+, vy), then
VayZ Vo) = V) = = v(N)g. The social surplus generated by selling n licenses to a set of S;{1, 2, ---, N} bidders is given
by

TS(v,n,Sy) = w°(n) + nd(n) + Y v; (2)
ieS,

The total surplus conditional on selling n licenses is maximized when the n licenses are sold to the n highest-type bidders:

n
TS*(v,n) = °(n) + nd(n) + » v (3)
i=1
The socially optimal supply level n* under type profile v is given by
n* = argmax,TS* (v, n) (4)

Given any type profile (vq, v,, - -+, vy), suppose the auctioneer always sells a license to each of the n highest-type bidders
conditional on any supply level n, then the social marginal benefit of selling an nth license under any realization of v, is
given by

MBey, n) = [7°(n) —w°(n—1)]+ Viny +8(n) (5)
————
positive externalities value to the marginal bidder

in which [7°(n) — 7w°(n — 1)] is the positive externalities imposed on the outsiders by selling the nth license, and v, + 6 (1)
is the payoff to the marginal bidder who would not win a license if supply is restricted to (n — 1). Assume that 7 (1), 7°(2),
-+, mO(K) satisfy the following assumption:

Assumption 1. 7°(n) —7°(n—1) > 7°(n+1) —7°(n), Yne{1,2,.-- , K -1}

Assumption 1 implies that the magnitude of positive externalities from selling an additional license becomes lower when
more licenses are sold. Since the marginal bidder’s value of winning also becomes lower when more licenses are sold, we
must have MB(V(y). ) > MB(V(n,1). 1+ 1) given any type profile (vy, v,, --+, vy), for any n. The social marginal benefit of
selling an additional license is diminishing in the number of licenses sold.

On the other hand, the social marginal cost of selling an nth license is given by

MC(n)=(m-1)[6(n-1) = 8(n)] (6)

negative externalities

(n—1)[6(n—1) —§(n)] is the negative externalities imposed on the (n — 1) bidders who would still win a license if supply
is restricted to (n—1). For each of these bidders, the value from winning becomes lower when the nth license is sold.
Assume that §(1), 6(2), ---, §(K) satisfy the following assumption:

Assumption 2. (n—1)[§(n—1)-8(n)] <n[§(n) —d(n+1)], Vne{1,2,--- ,K—-1}

Assumption 2 implies that the magnitude of negative externalities from selling an additional license becomes greater
when more licenses are sold, i.e., MC(n) < MC(n+ 1) for any n. The social marginal cost of selling an additional license is
increasing in the number of licenses sold.

In an efficient license auction that maximizes social surplus in the post-auction market, an nth license should be sold if
and only if MB(v(y), n) = MC(n). Given that MB(v(,, n) is decreasing in n and MC(n) is increasing in n under any type profile
(vq, vo, ---, vN), the social surplus TS*(v, n) is maximized at n = n* such that

MB (), n*) = MC(n*)

7
MB(V(ns1), 1* + 1) < MC(n* + 1) ™

9 Any tie is broken randomly.
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This characterization gives the definition of efficient auction.

Definition 1. A license auction is efficient if given any type profile (vq, vo, ---, vy), it always allocates a license to each of
the n* highest type bidders, in which
n* = max {n|MB(v(,. n) = MC(n),n € {1.2,-- . K}} (8)
To make the problem more interesting, assume that the bidders’ type space [v, V] satisfies the following assumption:
Assumption 3. For every n € {2, 3, ---, K}, there exists a continuum of types [v, v5) such that for any v; € [v,15),
MB(v;, n) < MC(n) 9)

That is, for every unit of license beyond the first unit, there exists a continuum of types [v, v$) such that if the nth highest
type vy falls into this interval, it is not efficient to allocate the nth license. Since MB(v,, n) is monotonically increasing in
V(n), V5 is effectively the minimum acceptable value that the nth highest type can take for n licenses to be allocated in any
efficient auction. In other words, 4 is the “efficient reserve type” for selling an nth license to be socially beneficial.

Lemma 1. The efficient reserve types (V§,v5,---, Vg) in which v}, specifies the minimum value that the nth highest type v, can
take for an nth license to be sold in any efficient auction are characterized below:
0 for n=1
e = mn-D[(n-1) -8(n)]-[7°(n) —7w°(n—-1)]-8(n) forall ne{2,3, .- K} (10)
negative externalities positive externalities

For every unit n beyond the first unit, the efficient reserve type v¢ that justifies selling the nth license to the nth highest
type bidder is the threshold type that satisfies MB(v§, n) = MC(n). Since there is no social marginal cost associated with
selling the first license, the efficient reserve type for the first license is always zero. For every n € {2, 3, ---, K}, the allocation
of an nth license imposes negative externalities on all the (n — 1) highest-type bidders who would still win a license when
the nth license is not allocated. Whether it worths to allocate the nth license depends on whether the social marginal
benefit of selling an nth license exceeds the associated social marginal cost. Since allocating an nth license to a marginal
bidder with a type below vj; makes MB(v(,), n) < MC(n), it is not efficient to allocate an nth license if the nth highest type
V(n fails to meet the efficient reserve type v5. Therefore, under any exogenously given maximum supply level K, the final
supply of licenses should always be chosen endogenously in an efficient auction, and a sequence of positive reserve prices
can be used to withheld items efficiently.

Note that the positive term in v§ is increasing in n, while all negative terms in v§ are decreasing in n, which implies that
the efficient reserve types (v5, V5, --- , Vg) must satisfy 0 = v{ < 1§ < .- < V. That is, the minimum acceptable type for the
highest type bidder to enter the market is lower than the minimum acceptable type for the second highest type bidder to
enter the market, which is in turn lower than the minimum acceptable type for the third highest type bidder to enter the
market, etc. As more licenses are allocated, the minimum acceptable type of the marginal bidder becomes greater.

Moreover, note that all terms in v§ are common knowledge in the game. This gives an informational advantage to the
auctioneer, as it effectively allows the auctioneer to set reserve prices to withhold licenses efficiently without knowing
bidders’ private types.

3.3. The VCG mechanism

I next describe the VCG mechanism under this context and prove that the VCG mechanism implements the efficient
allocation in a dominant strategy equilibrium.

Definition 2. In a VCG mechanism, each bidder is asked to report its private type v;. Given any profile of reported types
D= (01,7, -, Dy), the auctioneer ranks the reports in descending order, ¥(;y > ¥(3) > --- = D(y), and then allocates licenses
according to the following algorithm:

(R1) Allocate one license to the bidder with the highest reported type ;) and continue to (R2).

(R2) Allocate one license to the bidder with the second highest reported type D,y and continue to (R3) if ) > 15.
Restrict final supply to 1 license otherwise.

(R3) Allocate one license to the bidder with the third highest reported type 73, and continue to (R4) if D3y > v§. Restrict
final supply to 2 licenses otherwise. ---

(RK) Allocate one license to the bidder with the Kth highest reported type ¥ if D) > v§. Restrict final supply to
(K — 1) licenses otherwise.

Given any final supply level n determined by the above algorithm, each winning bidder’s VCG payment is given by

P (@) = max [0, 15} +5(n) (1)

Each losing bidder’s VCG payment is zero.
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In a VCG mechanism, each agent is required to pay the externalities it imposes on other agents in the society. In standard
auctions without quantity externalities,'® each winning bidder’s VCG payment is given by the value of the marginal losing
bidder. Under the presence of quantity externalities, the externalities that each winning bidder imposes on other agents in
the society becomes ambiguous. Since the auctioneer wants to maximize social surplus in the post-auction market, both
externalities imposed on other bidders and externalities imposed on participants on the other side of the post-auction
market should be considered when calculating each winning bidder’s VCG payment.

Given any supply level n, there are two types of externalities that each winning bidder can impose on the society. First,
each winning bidder can impose externalities on losing bidders by depriving a license from the marginal losing bidder.
Second, each winning bidder can impose externalities on other winning bidders and participants on the other side of the
post-auction market by increasing the final supply level from (n — 1) to n. Note that the first type of externalities presents
in any standard auction setting, while the second type of externalities only presents under quantity externalities. Since the
magnitudes of both externalities do not depend on the type of the winning bidder, every winning bidder’s VCG payment
should be the same under any supply level n.

Given the two different types of externalities that each winning bidder can impose on the society, which externalities
should be charged as the VCG payment depends on what would happen if any of the n winning bidders was absent in
the auction. When ¥, 1) > v, the marginal losing bidder would win a license absent the presence of any winning bidder,
implying that the first type of externalities is in effect, and each winning bidder's VCG payment should be given by #,, 1) +
d(n), the negative externalities imposed on the marginal bidder. When 9,1, < v5. the final supply would be (1 — 1) instead
of n absent the presence of any winning bidder, implying that the second type of externalities is in effect, and each winning
bidder’s VCG payment should be given by (n — 1)[6(n — 1) — §(n)] — [7°(n) — 7°(n — 1)], the negative quantity externalities
imposed on other winning bidders subtracted by the positive quantity externalities imposed on auction outsiders. Note that
the VCG payment given in Eq. (11) can be rewritten as

ph() = max{ Dy +8(0), (=1 —1) —8m)]— [7°(n) — 7°(n - 1)] } (12)

externalities on marginal bidder negative quantity externalities positive quantity externalities

The VCG payment rule effectively “prices” the quantity externalities present in the auction and ensures that each winner’s
payment is no lower than the quantity externalities incurred from winning an license.

It can be shown that truth-telling by reporting true types is a dominant strategy for every bidder in the VCG mechanism
under quantity externalities.

Proposition 1. Truth-telling is a dominant strategy equilibrium in the VCG mechanism."!

Proof. See Appendix. O

4. Two practical efficient auctions

Despite of its efficiency, the VCG mechanism is rarely implemented in practice, as it can be impractical to ask bidders
report their types directly in real-world auctions.'? In this section, I propose two practical non-direct mechanisms that are
outcome equivalent to the VCG mechanism under correctly designed reserve prices.

Lemma 1 implies that final supply should be determined endogenously based on the bid profile in any efficient auc-
tion under the presence of quantity externalities.'”> A natural instrument to implement this goal is to use a sequence of
conditional reserve prices to determine supply endogenously. That is, for every feasible supply level n € {1, 2, ---, K}, the
auctioneer sets a conditional reserve price r, > 0 such that the nth license is allocated if and only if the nth highest bid is
no lower than ry,. Since the social marginal cost of selling the first license is zero and the social marginal benefit of selling
the first license is strictly positive, the conditional reserve price for selling the first license is always zero in any efficient
auction.

For every additional unit n € {2, 3, ---, K} beyond the first license, the conditional reserve price r, must be chosen such
that any bidder with type below the efficient reserve type v§ bids below r,;, and any bidder with type above the efficient
reserve type 15 bids above r, in equilibrium. This property ensures that an nth license is always allocated when the nth
highest type v( is above the efficient reserve type vj, implying that social marginal benefit of selling an nth license is
greater than the social marginal cost, and ensures that an nth license is always withheld by the auctioneer when the nth
highest type v falls below the efficient reserve type vf, implying that social marginal benefit of selling an nth license
is lower than the social marginal cost. Since the social marginal benefit of selling an additional license is decreasing in n

10 Assuming homogeneous items and single-unit demand.

' This proposition is a corollary to Gebhardt and Wambach (2008)’s discussion on the VCG mechanism with omitted proof.

12 In this setting, the auctioneer may elicit bidders’ type profiles (v, vy, -+, vy) by committing to selling K licenses and then running a standard uniform-
price auction. However, it is unethical for the auctioneer to renege on the supply level it commits to when the elicited type profile implies that efficient
supply level should be lower than K.

13 This is also pointed out in Dana and Spier (1994).
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and the social marginal cost of selling an additional license is increasing in n, we must have 0 =1y <1y <--- <1y, i.e., the
minimum acceptable bid for each additional license becomes higher when more licenses are allocated.

Lemma 2. In any efficient auction that adopts a sequence of conditional reserve prices (rqy, 15, ---, Tx) Where 1, specifies the
minimum acceptable bid at supply level n, the reserve prices must satisfy

0=T1<T'2<T3<~~-<TK (]3)
For any n € {1, 2, ---, K}, r, must satisfy

Br(v) <1, YU <18

B (i) =1, VYV = V5 (14)

in any auction with monotonic equilibrium bid strategy B"(.) at supply level n.

In this section, I construct two auctions to maximize total surplus in the post-auction market by adopting such sequence
of reserve prices. Both proposed auctions can implement the VCG outcome in a dominant strategy equilibrium with correctly
specified efficient conditional reserve prices.

4.1. Multi-dimensional uniform-price auction

This subsection constructs a static sealed-bid auction called multi-dimensional uniform-price auction that allows the
auctioneer to condition reserve price on supply and allows the bidders to condition bids on supply.

Definition 3. In a multi-dimensional uniform-price auction, the auctioneer announces a sequence of conditional reserve
prices (ry, 1y, ---, k) where r; < 1, < r3--- < ry. Each bidder i € N submits a vector of bids b; = (b}, b?, .-, bK) e RK,
in which b} is bidder i’s bid conditional on final supply being equal to n. The auctioneer processes bids in a sequence of
rounds. For every possible supply level n € {1, 2, ---, K}, let S; denote the set of bidders who win a license in or before
round (Rn).

(R1) Rank all bids in {b}}ieN. Allocate one license to the highest bidder and continue to (R2) if max{b}}ieN > 11, restrict
supply to be zero and end the auction otherwise.

(R2) Rank all bids in {bl‘z}ieN\Sl' Allocate one license to the highest bidder among the remaining bidders who have not
won a license and continue to (R3) if max{bl?}ie,\,\s1 > I, restrict supply to 1 and end the auction otherwise. ---

Rank all bids among remaining bidders conditional on the next higher supply level until reaching the highest integer
n* < Ks.t. max{b?}ieN\SM > rp. Then n* is the final supply level chosen in the auction.

For any final supply level n*, each winner’s payment is given by

p"(b) = max{rn*,l;“*} (15)

in which b is the highest losing bid in {b }iowns,. ;-
The following examples illustrate how the multi-dimensional uniform-price auction works.

Example 1. Consider an auction with N =3 bidders, A, B, and C. The auctioneer can allocate up to K =2 licenses. In a
multi-dimensional uniform-price auction with conditional reserve prices (r{,12) = (0, 5), suppose the bid profile is given as
follows:

Bidder A Bidder B Bidder C

bl 10 8 3
n 6 5 2

The auctioneer processes bids in the following procedure:

(R1) Rank all bids conditional on supply being equal to 1. Since b} > b} > bl and b} > ry, allocate one license to bidder
A and continue to the next round.

(R2) Rank all bids conditional on supply being equal to 2 among the remaining bidders who have not won a license.
Since b,z3 > bg and bﬁ > 15, allocate one license to bidder B. The final supply is therefore set at 2.

Both Bidder A and Bidder B’s payment is given by p2(b) = max{r,, b%} =ry=5.

Example 2. In the previous example, suppose the bid profile is given as follows:

Bidder A Bidder B Bidder C
b} 10 8 3
b 6 4 2

The auctioneer processes bids in the following procedure:
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(R1) Rank all bids conditional on supply being equal to 1. Since b} > b} > bl and b} > ry, allocate one license to bidder
A and continue to the next round.

(R2) Rank all bids conditional on supply being equal to 2 among remaining bidders who have not won a license. Since
the highest bid b§ < 1y, restrict supply to be 1 and end the auction.

Bidder A’s payment is given by p!(b) = max({r;, b}} = b} = 8.

4.2. Equilibrium of multi-dimensional uniform-price auction

This subsection characterizes the equilibrium of multi-dimensional uniform-price auctions.

Proposition 2. Under any sequence of conditional reserve prices (ry, 1, -+, I¢) that satisfy ry <ry <13 < --+ < g, @ Symmetric
monotonic equilibrium bidding strategy B(.) = (B(.), B2(.), ---, BX())) exists in the multi-dimensional uniform-price auction. Each
bidder i’s dominant strategy bi = B(v;) is characterized below.

Forallne{1,2, -, K},

non Juid@), for vie[r—8(n), 7]
B = {0, for v;e [y, rn —8(n)) (16)
The N-tuple strategy (b3, D5, ---, by) where bi = B(v;) is a dominant strategy equilibrium in the multi-dimensional uniform-price
auction.

Proof. See Appendix. O

The dominant strategy equilibrium in the multi-dimensional uniform-price auction has the following monotonicity prop-
erties. First, every bidder’s equilibrium bid conditional on a lower supply level is always greater than its equilibrium bid
conditional on a higher supply level, i.e.,

ﬂn(vi)zﬂnJrl(vi)v Vne{1529"'71(_]}7 Vvie[y’f)] (]7)

Second, the equilibrium bidding strategy S"(v;) conditional on any supply level n is monotonically increasing in each bidder’s
private type v;, i.e.,

B"(w) = B"(v;) ifandonlyif v;>=v;, Vne{l2,... K} (18)

The second monotonicity property also implies that if g¥(v;) > ﬂ"(vj) at some k, then B"(v;) > B"(v;) for any n € {1, 2, ---,
K}. That is, the ranking of bidders at their equilibrium bids stays the same across different supply levels.
Comparing Proposition 2 and Lemma 2 shows that the multi-dimensional uniform-price auction is efficient if and only if
the dominant strategy equilibrium B(.) characterized in Proposition 2 satisfies the following condition:
For alln e {1, 2, ---, K},
B () = {v,v +8(n), for v;e[vg D]

0, for ve v 1) (19)

in which 1§ is the efficient reserve type characterized in Lemma 1. Eq. (19) requires that for every possible supply level n,
it is a dominant strategy for each bidder to bid its true value when its type is above 1§ and bid zero otherwise. Comparing
Egs. (16) and (19) shows that the efficient reserve prices should be set at 1§ =0 and r; = v +4(n) for alln € {2, 3, ---, K},
which gives the following corollary.

Corollary 1. The multi-dimensional uniform-price auction implements the efficient allocation in a dominant strategy equilibrium

with a sequence of efficient conditional reserve prices (r§,r5,--- ,1%), where 1§ =0 and rf = v +8(n) for alln € {2, 3, ---, K}.
More specifically,
0, for n=1
re={(-Dn-1)-3m]-[7°(n) -7°(n-1)], Vne{23,..- K} (20)
negative externalities positive externalities

Under efficient conditional reserve prices, the multi-dimensional uniform-price auction is outcome equivalent to the VCG mecha-
nism and the Jumping English auction in Gebhardt and Wambach (2008).

Note that the efficient reserve price r§ is given by the net quantity externalities associated with selling an nth license.
The efficient reserve price schedule can therefore be viewed as an instrument to correctly “price” quantity externalities in
the auction. Since both negative externalities and positive externalities are common knowledge, the auctioneer is able to
set the efficient reserve price schedule without acquiring any additional information. Given that the negative externalities is
increasing in n and the positive externalities is decreasing in n, it is straightforward to see 0 = 1§ < 1§ <---1%.

The efficiency of the multi-dimensional uniform-price auction is driven by the multi-dimensional bidding language and
conditional reserve prices. The former allows bidders to condition their bids on supply, and the latter allows the auctioneer

to condition reserve prices on supply. By allowing the bidders to condition their bids on supply, the uncertainty in bidders’
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values at the time of bidding is eliminated, and any strategic considerations under this uncertainty is therefore removed.
Each bidder can easily incorporate its values conditional on winning at different supply levels into its bids. For every fea-
sible supply level n, it is a dominant strategy for each bidder to bid its true value conditional on supply level n when its
conditional value exceeds the conditional reserve price r,. This feature allows the auctioneer to elicit bidders’ values condi-
tional on every supply level and understand the marginal social benefit of selling every additional license. At the same time,
allowing the auctioneer to condition reserve prices on final supply enables the auctioneer to maximize social surplus by
comparing the marginal social benefit from selling an additional license to the corresponding marginal social cost at every
feasible supply level.

Furthermore, allowing the auctioneer to condition reserve prices on supply and allowing bidders to condition bids on
supply are not only desirable but also essential in driving efficiency. Consider an alternative uniform-price auction with a
single reserve price. It would be impossible for the auctioneer to choose the socially optimal supply level, as both marginal
social benefit and marginal social cost of selling an additional license differ across supply levels, and a single-dimensional
reserve price is not sufficient for evaluating trade-offs at every supply level. On the other hand, consider an alternative
uniform-price auction where a sequence of conditional reserve prices is used but each bidder can only submit a single-
dimensional bid. This alternative auction is inefficient given any conditional reserve prices. This comes from the fact that
when final supply is uncertain and only single-dimensional bids are allowed, each bidder bids according to its expected
value conditional on winning in equilibrium. A low-type bidder knows that it only wins when the competition is weak,
leading to few licenses being allocated. As a result, the expected value conditional on winning can be high for a low-type
bidder. A high-type bidder knows that it may still win when the competition is strong within auction, leading to many
licenses being allocated. As a result, the expected value conditional on winning can be low for a high-type bidder. Given
this differentiated beliefs in expected supply conditional on winning, lower type bidders bid more aggressively than higher
type bidders in equilibrium when bidders are not allowed to condition bids on supply, which leads to inefficiency. Therefore,
allowing the auctioneer to condition reserve prices on supply and allowing bidders to condition bids on supply are essential
features that drive efficiency in the multi-dimensional uniform-price auction.

Compared to the Jumping English auction in Gebhardt and Wambach (2008) that is also outcome equivalent to the
VCG mechanism, the multi-dimensional uniform-price auction has the following desirable properties. First, its static nature
makes it practically easier to be implemented. Dynamic auctions requires gathering all bidders to participate in a centralized
clock auction at the same time, which is usually not feasible in practice. Second, its sealed-bid nature better preserves
bidders’ privacy. Third, its static nature makes it take shorter time to conclude than dynamic auctions. Therefore, the multi-
dimensional uniform-price auction can be viewed as a more practical mechanism that implements the VCG outcome.

4.3. Walrasian clock auction

This subsection constructs a dynamic auction called Walrasian clock auction, in which the clock price can either go up or
go down depending on whether there is excess demand or excess supply. The Walrasian clock auction is defined as follows.

Definition 4. In a Walrasian clock auction, there is a clock showing the current price. At any time of the auction, each
bidder states whether it is “in” or “out” of the auction given the current clock price. Denote the number of active bidders at
clock price p as k(p), then k(p) represents the aggregate demand at price p. At the beginning of the auction, the auctioneer
announces a sequence of reserve prices (rq, 13, ---, I'x) where r; < r, < --- < rg. The auction proceeds in a sequence of
rounds described below:

(RK) The auctioneer sets supply to be K and sets clock price to be rg. Each bidder states whether it is “in” or “out” of the
auction at rg. The auctioneer then compares aggregate demand k(rx) to aggregate supply K.

o If k(rg) > K, there is excess demand at price ri. The auctioneer sets final supply to be K and then runs a standard
ascending clock auction with reserve price r.

o If k(rg) = K, then the auction ends immediately. All the K active bidders receive a license at price r.

o If k(rx) < K, there is excess supply at price rg. The auctioneer reduces supply to K — 1 and reduces clock price to r¢_;.
The auction continues to round (RK-1).

(RK-1) The auctioneer sets supply to be K — 1 and sets clock price to be rix_;. Each bidder states whether it is “in” or “out”
of the auction at rx_;. Those who are active at price ri in the previous round (RK) are required to stay in the auction when
price jumps down to rg_1, so k(rx_1) > k(rk). The auctioneer then compares aggregate demand k(rx_q) to aggregate supply
K-1.

o If k(rg_1) > K—1, there is excess demand at price rg_4. The auctioneer sets final supply to be K — 1 and then runs an
ascending clock auction with reserve price r¢_q.

o If k(rg_1) = K — 1, the auction ends immediately. All the K — 1 active bidders receive a license at price ry_1.

o If k(rk_1) < K —1, there is excess supply at price ri_;. The auctioneer reduces supply to K — 2 and reduce clock price to
rk_». The auction continues to round (RK-2). ...
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(Rn) The auctioneer sets total supply to be n and set clock price to be r,. Each bidder states whether it is “in” or “out”
of the auction. Those who are active at price r,,¢ in the previous round (Rn+1) are required to remain in the auction when
price jumps down to r,,. The auctioneer then compares aggregate demand k(r) to aggregate supply n.

o If k(rp) > n, there is excess demand at price r,. The auctioneer sets final supply to be n and runs an ascending clock
auction with reserve price ry.

o If k(ry) = n, the auction ends immediately. All the n active bidders receive a license at price ry.

o If k(rp) < n, there is excess supply at r,. The auctioneer reduces supply to n — 1 and reduces clock price to r,,_;. The
auction continues to round (Rn-1).

In the Walrasian clock auction, the supply level is adjusted down until reaching the highest integer n < K such that there
is no excess supply at ry, i.e., k(r;) > n. Then the auction turns into a standard ascending clock auction with n licenses and
reserve price ry. If there is still excess supply in the final round (R1), i.e., k(r{) = 0, then the auction ends at the beginning
of the final round with no license being sold.

The following examples illustrate how the Walrasian clock auction works.

Example 3. Consider an auction with N =3 bidders, A, B, and C. The auctioneer can allocate up to K = 2 licenses. In a
Walrasian Clock auction with conditional reserve prices (r1,1r3) = (0,5), the auction starts from round (R2), in which the
auctioneer sets supply at 2 and sets clock price at 5 at the beginning of the round. Suppose the bid profile is given as
follows:

Supply  Price Bidder A Bidder B Bidder C  Excess Supply

2 5 in in out 0

Since there are exactly 2 active bidders at r, = 5 when supply is set at 2, there is no excess supply or excess demand in
the auction. The auction ends immediately and the final supply is set at 2. Both Bidder A and Bidder B receive a license at
the final clock price of 5.

Example 4. In the previous example, suppose the bid profile in the first round (R2) is given as follows:

Supply  Price  Bidder A Bidder B Bidder C  Excess Supply

2 5 in out out 1

Since there is only 1 active bidder at r, = 5, there is excess supply in round (R2). Round (R2) ends immediately and the
auction proceeds to the next round (R1). The auctioneer adjusts supply to be 1 and adjusts clock price to be 0. Suppose the
bid profile in (R1) is given as follows:

Supply  Price Bidder A Bidder B Bidder C Excess Demand

1 0 in in in 2
1 3 in in out 1
1 8 in out out 0

Since all 3 bidders are active at r; = 0 when supply is set at 1, there is excess demand in the auction at the beginning of
(R1). The auctioneer sets final supply to be 1 and starts an ascending clock auction from reserve price r{. When the clock
price reaches p = 3, Bidder C drops out, which reduces excess demand from 2 to 1. The clock price continues to increase
since there is still excess demand. When the clock prices reaches p = 8, Bidder B drops out, which further reduces excess
demand from 1 to 0 and ends the auction. Bidder A receives a license at the final clock price of 8.

4.4. Equilibrium of Walrasian clock auction

The next proposition characterizes a dominant strategy equilibrium of the Walrasian clock auction:

Proposition 3. For all feasible supply levels n e {K,K —1,---,2,1}, a dominant strategy equilibrium in round (Rn) of the Wal-
rasian clock auction is characterized as follows.

1. At the beginning of every round (Rn), it is a dominant strategy equilibrium for each bidder i to state “in” if v; + §(n) > r, and
state “out” if v; + 8(n) < ryp. Only bidders with types v; > r, — §(n) are active in round (Rn).

2. If k(ry) = n and the auction transforms into an ascending clock auction with n licenses, it is a dominant strategy equilibrium
for each bidder who states “in” at price rp to drop out at its true value of winning one out of n licenses, v; + §(n).

3. If k(rn) < n and the auction proceeds to round (Rn-1), the equilibrium in (Rn) with all n replaced by (n— 1) is a dominant
strategy equilibrium in round (Rn-1).

Proof. See Appendix. O
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Given the equilibrium characterized above, it is straightforward to see that with reserve prices r{ =0 and rj =} +
8(n) for n e {2,3,--.,K}, the Walrasian clock auction implements the VCG outcome in a dominant strategy equilibrium.

Corollary 2. The Walrasian clock auction implements the efficient allocation in a dominant strategy equilibrium with a sequence

of efficient conditional reserve prices (15,15, ,1%), where r{ =0 and r§ = v +3(n) for all n € {2, 3, .-+, K}. More specifically,
0, for n=1
re={m-Dn-1)-3m]-[n°(n) -n°(n-1)]. VYne{23,... K} (21)
negative externalities positive externalities

Under efficient conditional reserve prices, the Walrasian clock auction is outcome equivalent to the VCG mechanism, the Jumping
English auction in Gebhardt and Wambach (2008), and the multi-dimensional uniform-price auction.

Compared to the Jumping English auction proposed in Gebhardt and Wambach (2008), the Walrasian clock auction have
a few advantages. First, it only uses K critical price points to allocate up to K licenses, which simplifies the auction design
and makes it easier for practical implementation. Moreover, since each round ends immediately when there is excess supply,
and a full ascending clock auction is only conducted in the final round, the Walrasian clock auction takes shorter time to
conclude compared to the Jumping English auction, which consists of a sequence of ascending clock auctions before reaching
the efficient supply level.

Compared to the multi-dimensional uniform-price auction, the Walrasian clock auction implements the VCG outcome
using a dynamic format under the same conditional reserve prices. More interestingly, the Walrasian clock auction implic-
itly allows bidders to condition their bids on final supply by adjusting supply level at the beginning of every round in
the auction. Bidders become certain about final supply once the auction proceeds into the ascending clock stage. The Wal-
rasian clock auction can be viewed as the dynamic format of the multi-dimensional uniform-price auction. The outcome
equivalence between the two proposed auctions echos the classical equivalence between second-price auctions and English
auctions. Note that the multi-dimensional uniform-price auctions, the Walrasian clock auctions and the Jumping English
auctions all allow the auctioneer to condition reserve prices on supply and allow bidders to condition bids on supply. This
is the main source that drives efficiency in auctions under quantity externalities.

5. An optimal direct mechanism

In this section, I follow Myerson (1981)’s optimal auction design approach and characterize the optimal auction under
quantity externalities as a direct revelation mechanism. I show that the multi-dimensional uniform-price auction and the
Walrasian clock auction can also implement the optimal revenue with a sequence of conditional optimal reserve prices.

5.1. Mechanism design and solution concepts

In a direct mechanism, bidders report their private types v; directly. An auction mechanism (u, t) consists of an allo-
cation rule p;(v) and a payment rule t;(v) for every bidder i. u; = (//Li(l)(l}), ufz)(v), e ,/Lf’” (v)), in which ,ul.(")(v) is the

joint probability that bidder i wins a license when supply equals to n given reported types v e [v, ]N. t;(v) is the expected
payment of bidder i given reported types v e [v, ¥]V. The feasibility constraint in a direct mechanism is defined as follows:

Definition 5. An allocation rule u is feasible if for every supply level n € {1, 2, ---, K}, given any reported type profile v,

MOo<u™w)<1.Vi, and Y u"®) <n (22)

) If uf") (v) > 0 for some i, then /,L;k) (v) =0, for all k # n, for all j.

That is, at any supply level n, each bidder’s probability of winning must fall in [0,1] and at most n unit can be allocated.
The total supply must be unique in the auction.
For each bidder i with type v;, the interim utility U;(v;) is given by

K
U = [ [P @ o+ sm]-awvn ] £ (23)
v n=1

u; (v, v_)
in which u;(v;, v_;) = Zﬁ:] M,-(") (v;, v,i)[ui + é(n)] — t;(v;, v_;) is the ex-post utility of bidder i given reports (v;, v_;). A direct
mechanism (u, t) satisfies incentive compatibility and individual rationality conditions if the following definition holds:
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Definition 6. A direct auction mechanism (u, t) is Bayesian incentive compatible (IC) and individually rational (IR) if for
every bidder i, given any true type v; and any reported type v;.,

U = J,. [ S i Wv o[+ 6] = 60h v |£iw-pdv o)
Ui(v;)) =0

In the following analysis, I characterize the optimal auction mechanism under quantity externalities among all Bayesian
IC and IR mechanisms subject to the feasibility constraint.

5.2. Characterization of the optimal auction mechanism

For any possible supply level n € {1, 2, ---, K}, define bidder i's marginal revenue conditional on total supply being equal
ton as
1-E(v)
MR(v;,n) =v;+8(n) - —— 2 25)
= T (

MR(v;, n) represents the marginal revenue gain to the auctioneer when it allocates a license to bidder i conditional on supply
level being equal to n.

Assume the marginal revenue function MR(v;, n) is strictly increasing in v; for all n. The next lemma gives a characteri-
zation of any Bayesian IC and IR mechanism.

Lemma 3. A mechanism (u, t) is Bayesian IC and IR if and only if for every bidder i, the following conditions hold:
(1)

For any v;,v; € [v. D], if v; > v, then

/ S U W v ) < / S 1 v )i (26)
i n=1 Vi n=1
2
U(vl)—U(V)+/ / Zuf")(s v_) foi(v_)dv_ids (27)
Vi n=1
3)
i) = 0 (28)

Proof. See Appendix. O

Lemma 3 shows that in any Bayesian IC and IR mechanism, each bidder’s expected probability of winning must be
increasing in its true type v;'4; each bidder’s interim utility by reporting true type v; is given by the sum of the interim
utility of the lowest type bidder and the increase in expected probability of winning from having a type above the lowest
type v; and the interim utility of the lowest type bidder must be weakly greater than zero. The intuition of Lemma 3 is the
follows: in order to incentivize each bidder to report its true type (IC), the expected probability of winning should always
be increasing in each bidder’s type, and each bidder with a type above the lowest type should be rewarded by the increased
expected probability of winning in expectation. In order to incentivize all bidders to participate in the mechanism (IR), the
expected payoff to the lowest type bidder must be weakly positive.

The next lemma characterizes the seller’s ex-ante expected revenue in any Bayesian IC and IR mechanism:

Lemma 4. For any Bayesian IC and IR mechanism characterized in Lemma 3, the ex-ante expected revenue is given by

ER = Zf{ZMf”)(vu o fnrom - 19  rwar - Suw (20)

MR(v;,n)

Proof. See Appendix. O

Let v(3) = V(z) = --+ > V(i) denote the realizations of the highest, the second highest, ..., the Kth highest type among the
N bidders. Lemma 4 implies that conditional on any supply level n, the optimal auction always assigns n licenses to the n
bidders with highest marginal revenues. It is well known that in Myerson (1981)’s optimal auction, an nth license should be

sold if and only if MR(V(py, ) = V() — 1}?5:)()";) > 0. However, under the presence of quantity externalities, MR(v(y), n) > 0 is
1 n

a necessary but insufficient condition for total supply to be n. This is because selling each additional license not only creates

14 2511 p.i(”)(u,-, v_;) is the ex-post probability that bidder i wins a license unconditional on supply level given type profile (v;, v_;).



14 H. Yan/International Journal of Industrial Organization 71 (2020) 102638

marginal revenue gain but also creates marginal revenue loss to the auctioneer by reducing marginal revenues extracted
from other winning bidders.

Conditional on having allocated (n — 1) licenses, the marginal revenue gain to the auctioneer from selling the nth license
is the marginal revenue extracted from the nth highest type bidder:

1-E(Wep)
fi(v(n))

Note that since MR(v;, n) is strictly increasing in v;, MR(v(,), n) is strictly decreasing in n. Comparing Eq. (30) to Eq. (5) shows
that MB(v(yy, n) > MR(v(,y, n) for any vy, for any n. That is, the social marginal benefit from selling an nth license is always
greater than the auctioneer’s marginal revenue gain from selling an nth license. This result comes from two forces. First,
selling an additional license creates positive externalities outside of auction and the auctioneer is unable to extract revenue
from these positive externalities. Second, each winning bidder is able to keep some informational rent from the auction,
which means that the auctioneer is unable to extract all the surplus created within auction by allocating the licenses. The
first force is unique under the presence of quantity externalities, while the second force exists in all private values settings.

Conditional on having allocated (n — 1) licenses, the marginal revenue loss to the auctioneer from selling the nth license
is the reduction in marginal revenues extracted from all (n — 1) highest type bidders who would still win a license when
the nth license is not sold:

MR(U(H), n) = v(n) + 5(11) — (30)

n-1
ML(n) = > [MR(Vgy, n = 1) = MRy, m)] = (n = D[(n = 1) = §(n)] (31)
k=1

Note that the marginal revenue loss from selling the nth license is the total negative externalities that selling each additional
license imposes on the winning bidders. Comparing Eq. (31) to Eq. (6) shows that MC(n) = ML(n) for any n. That is, the
auctioneer’s marginal revenue loss from selling an nth license is also the social marginal cost of selling an nth license.

The nth license should be sold in the optimal auction if and only if the marginal revenue gain from selling an nth license
is greater than the marginal revenue loss from selling an nth license, i.e., MR(v(y), n) = ML(n). Since the marginal revenue
gain MR(v(yy, n) is decreasing in n and the marginal revenue loss ML(n) is increasing in n, the total revenue is maximized at
the supply level n* s.t.

MR(v(y.), n*) = ML(n*)

MR(V(y 1), 1" + 1) < ML(n* + 1) (32)

Therefore, the optimal direct mechanism can be constructed as follows. Each bidder i is asked to report its private type
v;. Given any profile of reported types ¥, the auctioneer ranks the reported types indescending order: 91y = D5y = -+ = Dy,
and allocates licenses according to the following procedure:

(R1) Allocate one license to the bidder with the highest reported type ¥y if MR(v(y), 1) > ML(1) and continue to (R2).
End the algorithm and sell zero license otherwise.

(R2) Allocate one license to the bidder with the second highest reported type 9 if MR(v(z), 2) = ML(2) and continue to
(R3). End the algorithm and sell one license otherwise.

(RK) Allocate one license to the bidder with the Kth highest reported type , if MR(v(k), K) > ML(K). End the algorithm
and sell (K — 1) licenses otherwise.
The following proposition gives the formal definition of the optimal direct mechanism:

Proposition 4. Given any type profile (v;,v_;), let V" (v;, v_;) denote the nth highest value among (v;, v_;). Consider the follow-
ing mechanism (u*, t*):
Forallne{1,2, ---, K},
1 if v =V, v),
MR(V"(v;, v_), n) = ML(n),
MR§V”“ (v, v_),n+1) < ML(n+1)
0 else

wi™ i v) =

Any tie is broken randomly. The payment rule is given by
K v K
v = Y i v o[ sm] - [T Y 1 s v ds (34)
n=1 Vop=1

(u*, t*) is an optimal auction among all Bayesian IC and IR mechanisms.

Let v} denote the optimal reserve type that justifies selling n licenses for any n € {1, 2, ---, K}. The characterization of
optimal reserve types follows from Proposition 4.

5 For n =K, ;™ (i, v_) = 1if v; > V¥, v;) and MR(VX(c;, ¢i), K) = ML(K).
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Corollary 3. The optimal reserve types (vi,vs,---,Vg) in which v} specifies the minimum value that the nth highest type v,
can take for an nth license to be sold in the optimal auction are characterized below:
MRV}, n) = ML(n) (35)
More specifically,
1-F;
vy 8 — 1R o sm-1—sm). forall n (36)
fiwp)

For every unit n, the optimal reserve type v}, that justifies selling the nth license to the nth highest type bidder is the
threshold type that satisfies MR(v;,, n) = ML(n). Since the allocation of an nth license reduces marginal revenues extracted
from the (n — 1) highest type bidders who would still win a license when the nth license is not allocated, whether it worths
to allocate the nth license depends on whether the marginal revenue extracted from the marginal bidder is greater than
the loss inrevenues extracted from the (n— 1) highest type bidders. For any v; > vi;, MR(v;, n) > ML(n), implying that the
marginal revenue gain from selling an additional license to a marginal bidder with type v; > v, is greater than the marginal
revenue loss from the negative externalities imposed on the other (n— 1) winners. For any v; < vj;, MR(v;, n) < ML(n),
implying that it is not optimal to allocate an nth license to a marginal bidder with type v; < v;.

Furthermore, note that MR(v;,n) > MR(v;,n+1) and ML(n) < ML(n+ 1) for any n, at any v;, which implies that the
optimal reserve types must satisfy v} < v < ... < v¢. Therefore, in any optimal auction that adopts a sequence of optimal
reserve prices (rj, 15, ---,15) where rj; specifies the minimum acceptable bid at supply level n, the optimal reserve prices
must also satisfy r{ <15 <--- <rk. Given the equilibria characterized in Propositions 2 and 3, it follows that the multi-
dimensional uniform-price auction and the Walrasian clock auction can yield the optimal revenue under a sequence of
optimal reserve prices that correspond to the optimal reserve types characterized in Corollary 3.

Corollary 4. The multi-dimensional uniform-price auction and the Walrasian clock auction can implement the optimal revenue
in dominant strategy equilibria with a sequence of optimal conditional reserve prices (1,15, --- . 1%) given below:

r=vi+48(n), Y¥ne{1,2,.-. K} (37)
in which v;; is characterized by MR (v}, n) = ML(n).

Note that setting the optimal reserve price schedule requires the auctioneer to know the distribution of bidders’ private
types F(.). This informational assumption is also required in Myerson (1981). The presence of quantity externalities does not
introduce additional informational requirement to the auctioneer in the optimal auction.

Next, compare the optimal reserve type v;, to the efficient reserve type v%. For any supply level n, the optimal reserve
type v;, and the efficient reserve type v§ are given by

MR(v}, n) = ML(n)

MB(vg, n) = MC(n)
Since MR(v;, n) < MB(v;, n) and ML(n) = MC(n) for any n, at any v;, and both MR(v;, n) and MB(v;, n) are strictly increasing
in v;, we must have v}, > v for any n. Given r}; = v}, + 6(n) and ré = v§ + 6(n), it follows that r}; > r§ for any n.

(38)

Corollary 5. For any supply level n € {1, 2, ---, K}, given any type profile, the optimal reserve price r;; is strictly higher than the
efficient reserve price 1.

Corollary 5 implies that the optimal auction always sells fewer licenses than the efficient auction in expecation given any
type profile.

6. Conclusions

This paper constructs both static and dynamic license auctions for selling entry permits to a post-auction market. In such
license auction settings, two types of quantity externalities present. First, selling more licenses allows more bidders to enter
the post-auction market while reducing the payoff of every individual bidder who enters the market. Second, selling more
licenses increases surplus of participants on the other side of the post-auction market. Under the presence of quantity ex-
ternalities, standard auctions such as uniform-price auctions and ascending clock auctions no longer implements efficiency,
and alternative auction formats should be considered. I show that the socially optimal allocation can still be implemented
through auctions, and any efficient auction that maximizes social surplus should determine total supply endogenously based
on bid profile. More specifically, I propose two practical auctions that choose supply endogenously by allowing the auction-
eer to condition reserve prices on supply and allowing the bidders to condition bids on supply. The two proposed auctions
are outcome equivalent to the VCG mechanism under efficient reserve prices. Moreover, both auctions can implement the
optimal revenue under optimal reserve prices. Both auctions also have simpler design and take shorter time to conclude
compared to the Jumping English auction proposed by Gebhardt and Wambach (2008) for allocating licenses under the
same setting.

One implication of this paper is that when bidders’ values depend on final supply, any efficient auction should allow the
auctioneer to condition reserve prices on supply and allow bidders to condition bids on supply. Both auctions proposed in
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this paper as well as the Jumping English auction proposed by Gebhardt and Wambach (2008) share this feature. Simply
introducing a sequence of conditional reserve price into uniform-price auctions or ascending clock auctions with single-
dimensional bids can lead to inefficient outcomes, as the expected supply conditional on winning is differentiated across
bidders, causing lower type bidders to bid more aggressively than higher type bidders. Simply allowing bidders to condition
bids on supply with a single reserve price can also lead to inefficient outcomes, as the social marginal benefit and marginal
cost of selling each additional license differ across supply levels, and it is impossible to select the socially optimal supply
level with a single reserve price. This paper shows that by allowing the auctioneer to condition reserve prices on supply and
allowing bidders to condition bids on supply, the VCG outcome can be practically implemented in both static and dynamic
auctions under the presence of quantity externalities.

Another implication of this paper is that auctions can be used as regulation devices in markets where existence of entry-
related externalities leads to market failure in firm entry and product selection. This market failure is pointed out in earlier
theoretical literature (Spence, 1976; Koenker and Perry, 1981) and still exists in many real markets. This paper shows that,
with correctly designed auction rules and reserve prices, any market failure associated with positive or negative externalities
induced by firm entry can be eliminated by allocating entry permits in a centralized auction mechanism. Therefore, this
paper not only has implications in the field of mechanism design, but also has important policy implications.

In fact, the idea of using market design to address market failures under externalities is not new. For example, the US
government assigns tradable emission permits to firms in order to control air pollution.'® However, most of the tools used
to design markets in previous applications are restricted to regulation tools such as quotas, taxes or subsidies, instead of
well-designed allocation mechanisms that assign permits to those with the highest values. On the other hand, the potential
of designing a centralized allocation mechanism to address market failure under externalities is emerging. The adoption
of auctions for allocating car license plates in Shanghai is a pliot example in this space, and there is empirical evidence
showing that assigning car license plates through a lottery-based quota system instead of an auction can lead to significant
welfare loss due to misallocation of licenses when car buyers have different willingness of pay for licenses (Li, 2018). This
paper sheds some light on the application of market design in entry regulations by offering a new perspective for addressing
market failures under entry-related externalities.

There are a few future research directions related to this paper. First, this paper assumes that the magnitude of external-
ities imposed on winning bidders and auction outsiders from selling an additional license only depends on the number of
licenses already allocated and does not depend on identity or type of the bidder who wins the marginal license. This can
be a practical assumption when bidders are roughly homogeneous in the post-auction market. For example, in car license
plate auctions, the externalities that each additional car brings to the society can be viewed as homogeneous if car buyers
are equally likely to drive upon getting license plates. However, this assumption may not hold in auctions where bidders
have heterogeneous impact in the post-auction market. For example, if car buyers with higher values for licenses are more
likely to drive, the externalities associated with the entry of a high-value car buyer can be different from that associated
with the entry of a low-value car buyer.!” In government-sponsored auctions for selling production rights, the externali-
ties associated with the entry of a dominant firm are likely to be different from that associated with the entry of a small
firm. One future research direction is to explore the design of efficient auctions to implement the socially optimal outcome
when entry-related externalities not only depends on the number of licenses already sold, but also depends on the types or
identities of winning bidders.

Second, this paper provides some implications for empirical research. One future research direction is to estimate how
bidder valuations change with total supply in auctions and quantify the policy impact of varying supply level on welfare
and revenue outcomes.

Third, this paper assumes that all licenses sold in the auction are identical. In some real-world settings, licenses sold in
the auction can be heterogeneous. For example, in spectrum auctions, spectrum bands can differ in band width, frequency
range, and geographic coverage. In sponsored advertising auctions, advertising slots can differ in display region and rank. A
natural extension of the model is to introduce heterogeneity into licenses and explore the design of efficient auctions for
allocating heterogeneous items under quantity externalities.

Fourth, this paper assumes that all licenses are sold in the same auction. In some real-world settings, licenses can be
sold sequentialy one at a time. Another future research direction is to explore the design of efficient mechanisms when
licenses are sold sequentially under the presence of quantity externalities.

Appendix A

Proof of Proposition 1:

16 According to Canon et al. (2013), the criteria for assigning permits was ad hoc, with the endowment of each polluting unit depending on each firm’s
fuel input share. Therefore, the mechanism used to assign emission rights is quite different from an auction mechanism.

17 Li (2018) empirically quantifies the welfare outcomes of two car license plate allocation mechanisms when the negative externalities associated with car
usage is increasing in car buyer’s willingness to pay for a license plate. Under this type-dependent externalities, the social benefit from assigning a license
can be decreasing in the car buyer’s private value. This implies that any auction that assigns licenses to those with highest values without considering this
type-dependent externalities is inefficient.
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Proof. For any bidder i, for any n € {1, 2, ---, K}, given any profile of bidder i's opponents’ reported types 7_;, define
max(n){P_;} as the nth highest value among 7_;. Define

Vo(D_;) = max { max(n){D_;}, vf,} (39)

in which v§ = (n—1)[d(n—1) —&(n)] — [7°(n) — w°(n —1)] — 8(n) is the efficient reserve type that justifies selling an nth
license as defined in Lemma 1.

For any bidder i, for every feasible supply level n € {1, 2, ---, K}, given any opponents’ reported type profile ¥_;, define
Scenario n to be the event that D_; satisfies the following conditions's:
MBgmax(n —D{v_h ng > MC(n)

MB(max(n){?_;},n+1) < MC(n+1) (40)

Note that the scenarios 1, 2, ---, K partition the space of ¥_; € [v, »JN~1. That is, for any bidder i, its opponents’ type profile
D_; must fall into one of the K scenarios, in which Scenario n is characterized by conditions (40) for all n € {1, 2, ---, K}.
For every n € {1, 2, ---, K}, it is never efficient to sell fewer than (n — 1) licenses or more than n licenses given opponents’
report ¥_; in Scenario n, regardless of bidder i's report. This is because that no matter what type that bidder i reports, its
opponents’ reported type profile _; always justifies allocating an (n — 1)th license and always fails to justify allocating an
(n+ 1)th license in the auction in Scenario n.
Under Scenario n, bidder i wins a license and make final supply equal to n if and only if

7; > max { max(n){P_;}, vf,} (41)

ie, U; > A (v_;). Bidder i does not win a license otherwise.
Bidder i's payoff from winning under Scenario n is given by

Vi +8(n) — pa(D)
= V;+68(n) —max { max(n){?_;} + §(n), v& + é(n)}

= min{v; — max(n){D_;}, v; — 1%, (42)

= v —max { max(n){i_;}, v}
= V- Vn (V—i)

Therefore, bidder i's payoff from winning when opponents’ reports ¥_; satisfy Scenario n is non-negative if and only if
v; > Vu(P_;). Since bidder i wins if and only if #; > V, (v_;), reporting #; = v; maximizes bidder i's payoff when the opponents’
reports ¥_; satisfy Scenario n, for every n € {1, 2, ---, K}. Since Scenarios 1, 2, ---, K partition the space of ¥_;, reporting
D; = v; maximizes bidder i's payoff given any opponents’ report ¥_;, which means the truth-telling is a dominant strategy
equilibrium in the VCG mechanism. O

Proof of Proposition 2:

Proof. For any bidder i, for all n € {1, 2, ---, K}, let [T} (bi, b,i) denote bidder i’s ex-post payoff from winning a license when
total supply equals to n, given bidder i’s bid b; € RK and opponents’ strategy b_; ¢ RKN=1)_ The second price payment rule
implies that IT}(b;, b_;) depends only on b"; and does not depend on bidder i's own bid b;. Let P (b,-, b,i) denote the ex-
post probability that bidder i wins a license when total supply equals to n given bid profile (b;, b_;). In a dominant strategy
equilibrium, bidder i chooses bid b; to maximize its ex-post payoff given any opponents’ bids b_;:

K
n})aXZP,-"(bi, b_i) x I} (b, b_;), forany b_; (43)

' on=1

Given any opponents’ bid profile b_;, let BL. denote the highest bid conditional on supply equals to 1 among bidder i’s
opponents. Let 52_1. denote the highest bid conditional on supply equals to 2 among bidder i’s opponents who do not win in

any round before round 2. Similarly, for any n € {3, 4, ---, K}, let B”_i denote the highest bid conditional on supply equals to
n among bidder i's opponents who do not win in any round before round n.
Given any bid profile (b;, b_;), the ex-post probability for bidder i to win a license when supply equals to 1 is given by

Lomom oy 1 if b= max{bl. 1}, B <1,
B (b by) = {0 otherwise l l (44)

18 Since MB(v;, 1) > MC(1) for any v;, the first condition is automatically satisfied in scenario 1. Scenario 1 can be characterized by MB(max(1){D_;},2) <
MC(2) only. Similarly, Scenario K can be characterized by MB(max(K - D{v_}, I() > MC(K) only.
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That is, bidder i wins a license when supply is set to 1 if and only if b} is the greatest bid at supply n and passes the reserve
price r1, and the highest bid among bidder i’s opponents who have not won in round 2 fails to meet the reserve price rs.
Given any bid profile (b;, b_;), the ex-post probability for bidder i to win a license when supply equals to 2 is given by

1 if bl > max{Bli, 1}
Bz,i =T, B:L <T3
P2(bi,b_i) = { or bl < b, b? > max{b?, 1.} (45)

b],l' =T, bil <T3
0 otherwise

Note that bidder i can win a license when supply is set at 2 under 2 potential scenarios. In the first scenario, bidder i wins
a license in round (R1) by bidding b} > max{bl_i, r1}, the highest bidder among i's opponents wins a license in round (R2)
by bidding BEI. > 1. In the second scenario, bidder i loses to an opponent who bids BL. >ry in (R1), but wins a license in
(R2) by bidding bl? > max{lAﬁi, r2}. In both scenarios, the highest bidder in the remaining opponents in (R3) fails to meet the
reserve price r3, so only two licenses are sold. Under the same reasoning, there are n scenarios for bidder i to win when
supply equals to n (basically winning in round 1, 2, ---, n when supply equals to n).

Egs. (44) and (45) show that b? only enters P?(b;, b_;) and does not enter P! (b;, b_;), while b} enters both P! (b;, b_;) and
P2(b;. b_;). Moreover, given any b_;, increasing b! while keeping b? constant increases P2 (b;, b_;) only if b? < max{Bz_i, rh
Decreasing b! while keeping b? constant does not affect P2 (b;, b_;).

For all n € {1, 2, ---, K}, the probability for bidder i to win a license when supply equals to n is given by'°
1 if bl > max{b',, i}
b, > 1, Vk e {2,3,;-- B <
or bl < b!,, b? > max{b?, 1}
Pr(bi, b_;) = B, =1 Vke (1,3, 0}, B <1y (46)
or bf <Bli,’7 Vke {]525 7n_1}, b? zmaX{B'ii,rn},
B =1, Vke{1,2,--- . n—1}LD"! <1y
0 otherwise

Eq. (46) shows that for all n, given any b_;, P'(b;, b_;) depends only on b? for k < n and b_; but does not depend on any
b for m > n. That is, for any supply level k, each bidder i's bid bif only enters P!'(b;, b_;) for n > k, ex-post probabilities of
winning conditional on supply level being greater than or equal to k, but does not affect any P"(b;, b_;) for n < k, ex-post
probabilities of winning conditional on supply level being lower than k. Moreover, for any n > k, holding all b{ for j # k and
b_; constant, increasing b{? increases P (b;, b_;) only if b} < max{B’li, rn}, while decreasing b{.‘ does not affect P(b;, b_;).

I next formally prove that bidding b! = v; + §(n) when v; + §(n) > r, and bidding b} =0 when v; +8(n) <, for all n is
a dominant strategy equilibrium in the multi-dimensional uniform-price auction.

First, consider bidder i's bid conditional on the highest possible supply level n =K. Since bX only enters PX(b;, b_;) and
does not enter any P!'(b;, b_;) or I1}(b;, b_;) for n < K, a dominant strategy b{(* should solve

maXPiK(bi, b_i) X I—H((bi, b_,‘), Vb_i (47)
B

Given the second-price payment rule and reserve price ry, it is a dominant strategy to bid b§< =v;+8(n) if v;+8(n) >rg
and bid b¥ = 0 otherwise.

Next, consider bidder i's bid conditional on supply level K — 1. b¥~! enters both PX~!(b;,b_;) and PX(b;, b_;). Therefore,
a dominant strategy b¥~! should solve

I}J}gﬂ’,-K_](bi» b_;) x TIK=1(by, b_;) + P (b, b_y) x TI¥(b;, b_;) Vb_; (48)

Given the second price payment rule and rg_q, the objective function (48) is maximized by bidding bffl =v; + 8(n) when
Vi +8(n) > r_ and bidding b¥~! = 0 otherwise. The reasoning is given below:

» Suppose v; + 8(K — 1) > r¢_y. Consider an alternative strategy of bidding bX~! < v; + §(K — 1). It decreases PX~"(b;,b_;)
only if v; + 8(K — 1) > ;. i.e, TIX~1(b; b_;) > 0. It does not affect PX(b;. b_;). Therefore, for any b_;, bidding b¥~1 = v; +

8(K — 1) when v; + 8(K — 1) > r_y yields a weakly better payoff than bidding bX~" < v; + §(K — 1).

9 For n =K, define ﬁ’flf‘ =0 and rg,1 = oo so that B’f,.“ < rg41 always hold.
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» Suppose v; + 8(K — 1) > rg_. Consider an alternative strategy of bidding b¥~! > v; + 8(K — 1). It increases PX~1(b;, b_;)
only if ITf~1(b;. b_;) < 0. It increases PX(b;. b_;) only if b¥ =v; + §(K) < max{b¥,. r}. i.e, TIK(b;,b_;) < 0. Therefore, for any
b_;. bidding b~ =v; + §(K — 1) when v; + §(K — 1) > r¢_; yields a weakly better payoff than bidding b¥~! > v; + 8(K — 1).

» Suppose v; +8(K — 1) < r¢_;. Consider an alternative strategy of bidding bX~! > rx_. It increases Pf~1(b;, b_;) when
{1 (b;. b_;) < 0. It increases PX(b;. b_;) only if bX =v; + §(K) < max{b¥,. r}. ie, TIK(b;. b_;) < 0. Any alternative strategy
of bidding b{~! < r, yields the same payoff as bidding b¥~' = 0. Therefore, for any b_;, bidding bf~! = 0 when v; + §(K —
1) < r¢_1 yields a weakly better payoff than bidding b~! > 0.

Using a similar reasoning, it can be shown that for all n € {1, 2, ---, K}, it is a dominant strategy to bid b} = v; +&(n) if
V;+68(n) > ry and bid b = 0 otherwise.

Note that given b;‘ does not enter P!'(b;,b_;) for any n < k, it is impossible to manipulate probability of winning
P(b;, b_;) through bi‘ for any n < k. Although it is possible to increase probability of winning P*(b;, b_;) through increasing
bi.‘ for n > k, any such manipulation makes i weakly worse off. Therefore, each bidder i simply chooses b{F to maximize the
expected payoff conditional on supply being equal to k in equilibrium. The multi-dimensional uniform-price auction can
be viewed as a set of simultaneous independent second-price auctions conditional on supply being equal to 1, 2, ---, K,
respectively. It follows that truth-telling is a dominant strategy equilibrium conditional on every supply level. O

Proof of Proposition 3:

Proof. For all ne {K,K—1,---,1}, first consider each active bidder’s drop-out strategy in the ascending clock auction in
the final round (Rn) where k(r;) > n. When k(r;) = n, the market clearing price is r, and the auction ends immediately, so
there is no need to discuss bidders’ strategies. When k(r,) > n, the auction is equivalent to an ascending clock auction with
fixed supply of n identical items and k(r,) bidders with single-unit demands. It is a dominant strategy for each bidder to
drop out at its true value v; + §(n) at supply n.

Next, consider each bidder’s strategy at the beginning for each round (Rn), when the clock price is set to r, and supply
is set to n. Each bidder i needs to decide whether to state “in” or “out” at r,. For each bidder i, participating in round
(Rn) implies that it pays at least r,;, conditional on winning in round (Rn). Consider the strategy for any bidder i with type
Vi <1p—8(n):

o If there are fewer than (n — 1) opponents stating “in” at clock price r,, then stating “in” and “out” yields the same zero
payoff for bidder i in round (Rn), since no allocation will occur in (Rn) and the auction will proceed to round (Rn-1)
under either strategy.

o If there are exactly (n — 1) opponents stating “in” at clock price r,, then bidder i wins a license with a negative payoff
of v; + 8(n) — r, < 0 by stating “in” and gets payoff of zero by stating “out” in round (Rn).

o If there are more than (n — 1) opponents stating “in” at clock price r,, then bidder i gets a non-positive payoff by stating
“in” and gets a zero payoff by stating “out” in (Rn), since the auction will end in (Rn) with a price strictly higher than
Tn.

Therefore, at the beginning of every round (Rn), it is a weakly dominant strategy to state “out” at initial clock price ry,
for any bidder with type v; <y, —6(n).
Next, consider the strategy for any bidder with type v; > r, — §(n):

o If there are fewer than (n — 1) opponents stating “in” at the price of r, then stating “in” and “out” yields the same zero
payoff for bidder i in round (Rn), since no allocation will occur in (Rn) and the auction will proceed to round (Rn-1)
under either strategy.

o If there are exactly (n — 1) opponents stating “in” at the price of r,, that implies there are (n — 1) opponents with types
Vj >y — 8(n), since no bidder with type vj < ry — §(n) would state “in” as proved above.

« If bidder i state “in” at ry, the auction ends immediately and bidder i gets a payoff of v; + &(n) —r, > 0.

o If bidder i state “out” at ry, the auction will proceed to round (Rn-1). Bidder i will get a payoff of zero if it does
not participate in (Rn-1). Suppose bidder i participate in (Rn-1). Since all bidders who state “in” at r, are required to
remain in the auction when price jumps down to r,_1, all of these (n — 1) active bidders in round (Rn) must remain
active in round (Rn-1) and the auction will end in (Rn-1) with a probability of 1. Let v,_; denote the lowest type
among those (n — 1) active bidders in (Rn), then v,,_y > r, — 6(n). This bidder’s drop out price will be v,,_1 +§(n—1)
in the ascending clock auction in round (Rn-1).

o If bidder i drops out before clock price reaches v,_1 + é(n — 1), then bidder i does not get a license and gets zero
payoff.

o If bidder i stays in the auction when the clock price reaches v,_; +8(n — 1) and wins one out of (n — 1) licenses,
then bidder i gets a payoff of v; — v,_1. However, since v, 1 > r, — §(n), it follows that v; — v, 1 <v; +8(n) —ry,
i.e,, even if bidder i wins in round (Rn-1) after stating “out” at the beginning of (Rn), its payoff will be weakly
lower than its payoff from stating “in” and winning in (Rn) when there are (n — 1) opponents stating “in” at the
beginning of (Rn).

Therefore, bidder i is always worse off by stating “out” instead of “in” under every possible scenarios when there are
exactly (n— 1) opponents stating “in” at price ry.
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o If there are more than (n — 1) opponents stating “in” at clock price r,, then bidder i gets a non-negative payoff by stating
“in” at r, and gets a zero payoff by stating “out” at ry.

Therefore, for any bidder with type v; > r, — §(n), it is a dominant strategy to state “in” at clock price r, at the beginning
of every round (Rn). O

Proof of Lemma 320;

Proof. I first show that any Bayesian IC and IR mechanism must satisfy the characterizations in Lemma 3, then I show that
any mechanism satisfying the characterizations in Lemma 3 must be Bayesian incentive compatible and individually rational.

Suppose (u, t) is a Bayeisan IC and IR mechanism. Let 7 (v;, n) = v; + §(n). According to the Bayesian IC and IR condition,
for any bidder i, for any true type v; and any reported type 1/;,

Uw) = [, S T W, v — G, U—i)}f—i(v—i)dv—i

> o 4 S [0 ) + (0 = 0) | ™ (W, v_) — (0], v_) } faw_pdv_;
z o, Yt (v}, n),ui(”)(v;, Vi) — (v, Vfi)}ffi(v—i)dvfi (49)
+ i, { Yono (vi— v;)u,f”)(v;, V—i)}f—i(u—i)du—i
> Ui) + Wi = 1) [, Sy iV W v fi(v_i)dv
Therefore,
Uiv)  =Ui) + Wi—v) J, YK ™ W v faopdv (50)
Uiv)  =Uw) + W, —vy) [, YK ™ v favodv
which can be rewritten as
U = Ui () = W = 1)) f,, Sy " W v (v -dv. (51)
Uiw) = Ui()) < Wi =) [, Sy i i, v fi(v_)dv
The inequalities imply that if v, < v;, then U;(v;) — U;(v;) > 0.
Suppose v; < v;. Divide both sides by (v; — 1) and take limit:
, - Ui(v) = Uy(v)) g
Ujwy) = lim SR S v ) f (v pdv g > 0 (52)
V=i Vi — U,' Voinq
Therefore, the Bayesian IC condition implies
” K
Uy =U + [ [ 300 ds (53)
voMVeipg
Therefore, for all v; <,
K K
[ Eur v ofiwdvis [ 3P0 f - pdv (54)
- n=1 —in=1

Since Ui/ (v;) > 0, the Bayesian IR condition Uj(v;) > O for all v; € [v, V] implies
Uw) =0 (55)
Therefore, any Bayesian IC and IR mechanism must satisfy the three conditions (53), (54), and (55) characterized in Lemma 3.
It left to show that any mechanism (u, t) that satisfies the characterization in Lemma 3 must be Bayesian IC and IR.
Eq. (53) and inequality (54) implies that Uj(v;) > Uj(v) for all v; > v. Uj(v) > 0 implies Bayesian IR.
Suppose v; < v;, then
U = U+ [y, S w0 v Jas
i) + fyf | o, S 1" W, v_of_i(v_i)dv_,-]ds (56)
= Uiwp) + W =) f, 3oy i W vop) foiuop)dg

According to inequality (50), this condition implies Bayesian IC. O

v

20 The proof of Lemma 3 follows from Myerson (1981).
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Proof of Lemma 4:

Proof. For each bidder i, the ex-ante expected payoff is given below:

E U] =U@ -+, f) S8 i v dsfiudduf v pdv
= U@+, Jy [ S 1 s v ) fiwpdv |dsf v
=Ui@ + [, f; (1= F©) T ™ (s, v_pdsfi(v_pdv_ (57)
=Uw)+ [, f, (1=F@w)) oy w™ vy, v_dvif_(v_)dv_;
= U@+ J, [ 55 xS 1w )y

The expected total surplus generated within the auction is given by

K
1= [ { S u wovom | o 58)
i 7V n=t

The seller’s expected revenue can be derived by subtracting the expected total payoff of bidders from the expected total
surplus:

ER= TS—YE, [Ui(vi)]
= DS e e T e | e
=S U@ ¢ 5 S v | fardo] (59)
=S T P v < - s H oy - Do
= S | P v < o s - S H royar - Suw)
O

Proof of Proposition 4:

Proof. The seller’s problem is to maximize
R =/, { S nP v x fu+ s - e H rwya - 2 U
= S | T " @) < MR@ ) | @) - T, U@)

subject to U;j(v) > 0 and the feasibility constraints characterized in Definition 5. It follows that U;(v) =0 in the optimal
auction. For every feasible supply level n, it is optimal to rank bidders according to their marginal revenues MR(v;, n) and
allocate a license to each of the n highest marginal revenue bidders. Since MR(v;, n) is increasing in v;, it is equivalent to
say that conditional on selling n licenses, it is optimal to allocate one license to each of the n highest type bidders.

The marginal revenue gain from selling the nth license is given by

1-E(Wp)
fi(v(n))

which is the marginal revenue extracted from the nth highest type bidder. MR(v(,, n) is decreasing in n.
The marginal revenue loss from selling the nth license is given by

ML(n) = (n—1)[8(n-1) —=8(n)] (62)

(60)

MR(U(H), n) = Viny + é(n) — (61)

which is the loss in marginal revenues extracted from the (n— 1) highest type bidders who would still win a license if
supply is restricted to n — 1. ML(n) is increasing in n.
Therefore, the revenue-maximizing supply level n* must satisfy

MR(v(y), 1) > ML(n)

MR(V(ns1y. 1+ 1) < ML(n+ 1) (83)
If follows that the allocation rule in the optimal auction is given by
1 if v <V, v),
1™ vy = MR(V" (v;, v_), n) = ML(n), (64)

MR(V™1 (v, v_), n + 1) < ML(n)
0 else
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for all n € {1, 2, ---, K}*!, where V"(1;,v_;) is the nth highest type given a profile of reported types (v;,v_;). Any tie is
broken randomly.
The IC and IR conditions imply that

U@ =Uiw) = [, [, Too k(v fi(v_)dv_ids
=/, [251(:1 ™ i, v [vi+ 8] = [y Yy ™ (s, v_)ds — (v, v—i)]f—i(u—i)du—i (65)
=0
It follows that ¢ (v;, v_;) can be set as

K - K

W) =D @[ sm] - [ s v ds (66)

n=1 L p=1

(u*, t*) is an optimal mechanism among all Bayesian IC and IR mechanisms. O
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