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This dissertation consists of three essays on auction design. In Chapter 1, I provide an

introduction for the following chapters. In Chapter 2, I examine speculation in procurement

auctions, where speculators may have the incentive to acquire items from multiple sellers prior

to the auction in order to increase their market power and reduce competition during the auction.

I show that the profitability of the speculation scheme hinges on the auction format: Speculation

always generates a positive expected profit in second-price auctions but could be unprofitable in

first-price auctions. This comparison in profitability is driven by different competition patterns

in the two auction mechanisms. In terms of welfare, speculation causes private value destruction

and harms efficiency. Sellers benefit from the acquisition offer made by the speculator. Therefore,

speculation comes at the expense of the auctioneer.

In Chapter 3, I consider a procurement setting where suppliers may be functionally

complementary, meaning they need to collaborate to complete a complex project. I compare two

methods for incorporating complementary firms into procurement auctions: allowing them to



bid jointly or using combinatorial auctions, such as the VCG auction, to coordinate their

collaboration. The joint bidding approach leads to a double marginalization problem, as the

prime contractor must elicit private cost information from subcontractors, and then submit a bid

on behalf of the group. Consequently, the joint bidding approach often underperforms the VCG

auction in several aspects, including efficiency, procurement price, and support for small

businesses.

Chapter 4 presents both theoretical and empirical analyses for recurring auctions. Auctions

for durable assets, such as land, house, or artwork, are commonly recurring, as the seller often

holds a subsequent auction after a previous attempt fails. Theoretical results show that recurring

auctions outperform single-round auctions in terms of efficiency and revenue when potential

buyers face costly entry. This occurs because recurring auctions allow potential buyers with

different values to enter at different times, which generates savings in entry costs and increases

the overall probability of sale. Additionally, optimal reserve price sequences are derived for

recurring auctions based on whether the seller aims to maximize efficiency or revenue. In the

empirical analysis, the theory is applied to home foreclosure auctions in China, where foreclosed

homes are auctioned up to three times in a row. The study identifies the structural parameters

in a recurring auction model and compares the observed recurring auctions to counterfactual

single-round auctions. The results are in line with theoretical predictions, showing a significant

improvement in efficiency and revenue for recurring auctions over single-round auctions. Using

the optimal reserve price sequences derived from our model can further enhance the performance

of recurring auctions in practice.
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Chapter 1: Introduction

Auctions, by facilitating price discovery and transactions, are a powerful and widely-used

tool to allocate scarce resources. Their transparency makes them a particularly attractive tool

for governments. Successful auction designs must account for various real-world complications,

such as speculation, joint bidding, and costly entry.

Speculation can have significant effects on auction outcomes. For example, before the

Federal Communications Commission’s (FCC) Broadcast Incentive Auction, some private equity

firms acquired many TV stations and then seemed to engage in strategic supply reduction in the

auction to raise the prices of the TV stations they sold. In Chapter 2, I study the profitability and

welfare implications of such speculation schemes. I also consider different auction formats and

investigate which auction format offers protection against speculation.

To study the effects of speculation on the market structure, I incorporate an acquisition stage

in a standard independent private value procurement auction model. To capture the economic

insights within a simple setting, I consider a single-object auction, where the auctioneer seeks to

buy one item and many potential sellers each have one item for sale. The speculator (who has

no item for sale and no private value for any item) comes in before the auction and makes offers

simultaneously to all potential sellers. I show that the speculator can always secure a positive

expected profit in second-price auctions. By switching to first-price auctions, the auctioneer can
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reduce the profit from speculation and may even render speculation unprofitable. This is due to

the difference in how competition works in the two auction mechanisms: In first-price auctions,

sellers (who reject the speculator’s offer) respond to the speculator’s participation by bidding

more aggressively, whereas in second-price auctions, this strategic response is absent. In terms

of welfare, speculation causes private value destruction and harms efficiency. Sellers benefit from

the acquisition offer made by the speculator. Therefore, speculation comes at the expense of the

auctioneer.

Theoretical analyses of auctions often concentrate on the bidders’ equilibrium behavior

within an auction. Chapter 2 of this dissertation represents an effort to account for pre-auction

interactions between economic agents and the consequent heterogeneity across the bidders.

Likewise, Chapter 3 adds to this line of inquiry by examining strategic joint bidding in

procurement auctions.

In public procurement, some complex projects may require the joint input of multiple firms.

For example, a firm specialized in design and a firm specialized in building may cooperate on a

construction project. Of course, some big firm may be able to finish the project on its own. In such

cases, the government must decide how to include potentially small and complementary firms in

the competition for the project. There are two ways to do so: one is to let complementary firms

bid jointly, and another is to use combinatorial auctions, such as the VCG auction, to coordinate

the cooperation between complementary firms.

Joint bidding is prevalent in infrastructure procurement: Estache and Iimi (2008a) study

221 public contracts for road, water and sewage, and electricity projects in 29 developing

countries, and find that about 25 to 30 percent of the bidders are joint consortia. Notably, if

firms are required to bid jointly, they must exchange private cost information and coordinate on
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bidding in an incentive-compatible way. Since subcontracting is a common way to organize

joint bidding, I model this coordination as a mechanism design problem of a prime contractor:

The prime contractor must elicit cost information from the subcontractors, and then submit a bid

on behalf of the group. This gives rise to a double marginalization problem. As a result, the joint

bidding approach often underperforms a VCG auction in many aspects, such as efficiency,

procurement price, and small business support.

Chapter 4 of this dissertation studies recurring auctions, which are ubiquitous for selling

durable assets, such as land, home, or artwork. In these markets, when the seller fails to sell the

item in the initial auction, she often holds a subsequent auction in the near future. We

characterize the design of recurring auctions, both theoretically and empirically. On the

theoretical side, we show that recurring auctions outperform single-round auctions in efficiency

and revenue when entry is costly for potential buyers. This occurs because recurring auctions

allow potential buyers with different values to enter at different times, which generates savings

in entry costs and increases the overall probability of sale. We further derive the optimal

sequence of reserve prices in recurring auctions, depending on whether the seller aims to

maximize efficiency or revenue. On the empirical side, we apply the theory to home foreclosure

auctions in China, where a foreclosed home is auctioned up to three times in a row. After

identifying structural parameters in a recurring auction model, we compare the observed

recurring auctions to the counterfactual single-round auctions. In line with our theoretical

results, our empirical analysis suggests that recurring auctions lead to a large efficiency and

revenue gain in China’s home foreclosure market. Compared to single-round auctions with the

same (first-period) reserve price, recurring auctions raise the annual efficiency by 16.5% and

revenue by 15.7%. Using the optimal reserve price sequences derived from our model can
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further improve efficiency by 3.96% and revenue by 3.61%, respectively. These gains are quite

significant, considering the vast market size. To put it into perspective, in 2019, the transaction

volume of over 118,000 foreclosed houses amounted to 28 billion USD.
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Chapter 2: Speculation in Procurement Auctions

2.1 Introduction

2.1.1 Motivation

In anticipation of a procurement auction, speculators have the incentive to consolidate the

market by acquiring items from different sellers. By doing so, speculators gain market power and

can reduce competition in the procurement auction. Consequently, a speculator’s expected gain

from the procurement auction may be high and more than enough to cover the acquisition costs.

The speculative incentive offers a compelling explanation for the activities of some private

equity firms around the time of the Federal Communications Commission’s (FCC) Broadcast

Incentive Auction. LucasPoint Networks, NRJ TV, and OTA Broadcasting acquired 48 TV

stations in the pre-auction stage (Doraszelski et al. (2017)). To secure high transaction prices for

the stations they actually sold in the auction, they withheld supply from the auction when the

prices offered were still very high. Shortly after the auction, the firms resold many stations they

refrained from selling in the auction. The resale price of a station is often much lower than the

price at which the station is dropped out, which suggests that the firms dropped out of bidding at

high prices not because they value the stations more, but due to speculative reasons.

To study the profitability and welfare implications of such a speculation scheme, I
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incorporate a speculator and a pre-auction acquisition stage in an independent private value

procurement auction model. To capture the economic insights within a parsimonious setting, I

consider a single-object auction. In the model, the speculator is allowed to make a

take-it-or-leave-it offer to every seller before the auction to buy the items they have for sale.1

I study speculation in both second-price auctions, which are the single-object analog to

the deferred-acceptance auction design used by the FCC in the incentive auction,2 and first-price

auctions, which are adopted commonly in government procurement.

2.1.2 Overview of the Results

The sellers weigh their prospects in the auction against the speculator’s offer in deciding

whether to sell to the speculator. As will be shown later, sellers who value their items less tend

to accept the speculator’s offer in equilibrium. This may appear to be counter-intuitive at first

glance, since those sellers are more likely to win in a procurement auction than the sellers with

high valuations for their items. But the comparison is misleading, as low-valuation sellers also

have higher net gains than high-valuation sellers if they sell to the speculator. Notably, in the

incentive auction example, Doraszelski et al. (2017) report that “[f]ew of the 48 TV stations

[acquired by the private equity firms] are affiliated with major networks and many of them are

failing or in financial distress.”

After characterizing the equilibrium of the speculation game (Proposition 2.1 and

Proposition 2.3),3 I show that the profitability of the speculation scheme hinges on the auction
1In the case of contract procurement, the obligation to fulfill the contract is interpreted as an item for sale.
2To be precise, (reverse) English auctions are the single-object analog to the deferred-acceptance clock auction

used by the FCC in the incentive auction. But for the purpose of this paper, English auctions and second-price
auctions are equivalent.

3One challenge in characterizing equilibrium in the first-price auction case is to deal with asymmetric auction
subgames in which a speculator bids against some seller(s). I make use of the particular form of bidder asymmetry
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format. In second-price auctions, the speculator can always obtain a positive expected payoff by

optimally choosing the acquisition price offered to the sellers (Proposition 2.2). In contrast,

speculation could be unprofitable in first-price auctions (Proposition 2.4). Furthermore, the

expected profit from speculation is always higher in second-price auctions than in first-price

auctions (Proposition 2.5). To understand the contrast, first note that the speculator would be a

strong bidder as compared with other sellers in the auction subgame, since he has no private

value for the item(s). It has been recognized in the literature that a strong bidder would often be

better off in second-price auctions vis-a-vis first-price auctions (see, for example, Maskin and

Riley (2000)). This result, in turn, can be traced back to the different competition patterns under

the two auction formats. In a second-price auction, the sellers do not respond to the speculator’s

entry in the auction, they still bid their true values as if no acquisition had happened. However,

in a first-price auction, sellers respond to the speculator’s entry in the auction by bidding more

aggressively (Lemma 2.5). This undermines the speculator’s effort in competition reduction and

lessens the speculator’s profit. Moreover, aggressive bidding in the subgame leads to a better

prospect for sellers if they reject the acquisition offer and proceed to the auction. As a result, the

speculator has to incur higher acquisition costs. A lower gain in competition reduction and

higher acquisition costs account for the difference in speculation profitability across the two

auction formats.

The presence of a speculator has non-trivial welfare implications. Since the speculator

acquires multiple items solely for the purpose of selling one (at a high price) in the auction,

the private values of all but one seller who sell to the speculator are wasted. This implies that

speculation activities would induce efficiency losses. Sellers benefit from the presence of the

to characterize the equilibria in the auction subgames.
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speculator as the speculator overcompensates them for their loss of private value and for skipping

the auction. This means that the speculator’s profit comes at the auctioneer’s expense. Therefore,

in the case where speculation is unprofitable in first-price auctions, the auctioneer would prefer

the first-price rule to the second-price rule. In this case, first-price auctions also outperform

second-price auctions in terms of efficiency.

Two extensions to the second-price auction model are considered. The first one studies

the profitability of the speculation scheme in a general setup where sellers’ values are drawn

from different distributions, and the speculator can only make acquisition offers to a subset of

the sellers. Under quite general conditions, the expected profit from speculation is positive if

and only if the speculator can access at least two of the sellers (Proposition 2.20). This is not

surprising, since the speculator can reduce competition in the procurement auction only if he

has the chance to possess more than one item. In the second extension, I consider an enhanced

speculation scheme, in which the speculator auctions off the leftover items back to the sellers

after the procurement auction concludes. This fine-tuned approach, if feasible,4 generates even

more expected profit for the speculator (Corollary 2.3).

2.1.3 An Illustrative Example

To further illustrate the main insights of the paper, let us consider the following simple

example. A buyer seeks to buy a TV station, and two sellers each have one station for sale. The

scrap value or market value for a TV station is V = 200, meaning that a TV station can be sold
4For this approach to be feasible, either the items are homogeneous, or the timing allows the speculator to run the

“return and refund” auction before delivering an item to the auctioneer. In the latter case, bidding in the procurement
auction also needs to be for a generic item rather than a specific one. The feasibility of the approach is discussed in
greater detail in Section 2.6.2.
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for that price at any time.5 In addition to the scrap value, the buyer and the two sellers each

have their own private values for a TV station. Specifically, the buyer values a TV station for

V + 100 = 300, and seller i’s value is eVi = V + vi, where vi reflects the seller’s private value.

The sellers’ private values are independently and uniformly distributed on [0, 100]. While vi is

privately known to seller i, its distribution is common knowledge.

The buyer has scheduled a procurement auction with a reserve price of 300. Before the

auction takes place, a speculator who owns no TV stations enters the market. Although the

speculator has no private value for any TV station, he can recoup the scrap value if he owns

one. The speculator makes take-it-or-leave-it offers to the sellers simultaneously to buy their

TV stations, in the hope of selling one at a high price in the procurement auction. The sellers

independently decide whether to accept the acquisition offer or reject it and participate in the

procurement auction.

Suppose that the buyer uses a second-price sealed bid auction (SPA). The speculator’s

profit-maximizing acquisition offer is p = 2300/9 ⇡ 255.6, which makes a seller with a value of

eV ⇤ = 700/3 ⇡ 233.3 (or a private value of v⇤ = 100/3 ⇡ 33.3) indifferent between selling to the

speculator or participating in the auction.6 The premium of 22.3 reflects the seller’s expected gain

from the auction. In equilibrium, sellers with lower realized values than eV ⇤ = 233.3 accept the

speculator’s offer while sellers with higher values reject. So the probability of a seller accepting

the acquisition offer is 1/3.

When both sellers sell to the speculator, which happens with probability 1/9, the speculator
5In other words, the highest willingness-to-pay in the market for a TV station apart from that of the said buyer is

200.
6Formally, the indifference condition is p = eV ⇤+

R 300
eV ⇤ [1� (x�200)/100]dx, where the integral is the marginal

seller’s expected gain from an auction, as the integrand is a type-x seller’s winning probability in the auction.
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pays 2 ⇥ p = 511.1, sells one TV station at the reserve price of 300, and sells the other for its

scrap value of 200. The speculator incurs an ex post loss of 11.1 in this case, because he was not

aware that the competition between the sellers would have been intense (as they both have low

realized values), and he overcompensated them.

When only one seller accepts the acquisition offer, which happens with a probability of 4/9,

the speculator pays p = 255.6 and competes against the other seller in the second-price auction.

Since truthful bidding is a weakly dominant strategy, the speculator bids 200, and the seller bids

his true value. Therefore, the speculator always wins and gets paid the seller’s true value, which

is known to be above eV ⇤ = 233.3, since the seller rejected the acquisition offer. As a result, the

speculator’s expected revenue from the auction is (233.3 + 300)/2 = 266.7, and his expected

profit is 11.1 in this case.

Putting the two cases together, speculation generates an expected profit of 3.7 for the

speculator, which is equivalent to 5.5% of the expected total surplus in the first-best outcome.

The equilibrium outcomes of the SPA-speculation game are presented in the second row of

Table 2.1. The expected total surplus is 64.2, the expected procurement cost is 275.3, and each

seller’s expected payoff is 267.9.

Table 2.1: Equilibrium Outcomes in the Illustrative Example.

Expected
Total Surplus

Expected
Procurement Cost

Each Seller’s
Expected Payoff

Speculator’s
Expected Profit

FPA (No Speculation) 66.7 266.7 266.7

SPA (p = 255.6, eV ⇤ = 233.3) 64.2 275.3 267.9 3.7

Private Value
Destruction

Supply Withholding
Effect

Overcompensation
from Speculator

Difference 2.5 8.6 1.2

10



In contrast, if a first-price sealed bid auction (FPA) is used, speculation would not be

profitable for any acquisition price. As discussed in Section 2.1.2, in an FPA-speculation game,

the acquisition costs are higher and the expected revenue is lower for the speculator, due to the

sellers’ aggressive bidding. For example, if the speculator would like to induce the

acceptance/rejection cutoff eV ⇤ = 233.3, he must offer an acquisition price of 256.9, which is

higher than 255.6 in the SPA case. In the meantime, when only one seller accepts the acquisition

offer, the speculator’s expected revenue from competing against the other seller in the FPA is

237.5, which is lower than 266.7 in the SPA case.7

The equilibrium outcomes of the FPA-speculation game are presented in the first row of

Table 2.1. Since speculation does not happen, the equilibrium outcomes are the same as those

in an auction, be it SPA or FPA, without speculation. The expected total surplus is 66.7, the

expected procurement cost is 266.7, and each seller’s expected payoff is 266.7.

A comparison between the two auction formats is presented in the last row of Table 2.1.

This comparison reveals the three components of the profit from speculation. First, because the

speculator withholds one station from the auction when both sellers accept the acquisition offer,

the expected procurement cost in the SPA is 8.6 higher. This amount reflects the speculator’s gain

from supply withholding. Second, when the speculator buys two TV stations, the private value

of one TV station is destroyed: Instead of being operated by the seller who values it the highest,

it was sold by the speculator for its scrap value. This accounts for the difference in expected total

surplus with and without speculation. In this example, the loss from private value destruction

amounts to 2.5. This loss is suffered by a seller, but is passed through to the speculator. Third,
7In the FPA, the speculator uses a mixed strategy and bids randomly on the interval [237.5, 250]. As a result,

sellers with values below 250 have the opportunity to win against the speculator and get a positive payoff.
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the speculator overcompensates the sellers by paying more than their losses of private value and

the opportunity of participating in the auction. The overcompensation makes each seller better

off by 1.2 as compared to the case without speculation. Overall, the speculator’s profit is the gain

from supply withholding minus the losses from private value destruction and overcompensation.

While this paper focuses on procurement auctions, its analysis can be readily extended to a

mirror setting with forward auctions. This point can be illustrated by examining the counterpart

to the SPA case in the illustrative example. There are N = 2 buyers who seek to purchase

an item in an upcoming second-price auction. The buyers’ values eVi are independently and

uniformly distributed on [200, 300]. The reserve price in the auction is 200. In the meantime,

an outside market sells this item at a price of 300. A speculator who owns no item offers to

sell to the potential buyers at a price of p = 244.4 before the auction starts. More precisely,

the speculator offers each potential buyer a future contract. If a buyer accepts, the buyer pays

p and the speculator promises to deliver the item after the auction concludes. The speculator’s

offer makes a buyer with value eV ⇤ = 266.7 indifferent between accepting (and skipping the

auction) and rejecting (and participating in the auction).8 Buyers with higher values accept the

speculator’s offer, and buyers with lower values reject it. The speculator’s expected profit is again

3.7.9

8Formally, the indifference condition is v � p =
R eV ⇤

200 [(x � 200)/100]dx, where the integral is the marginal
buyer’s expected gain from an auction, as the integrand is a type-x buyer’s winning probability in the auction.

9Mirroring the procurement case, the speculator’s expected profit can be calculated as follows. When both buyers
buy from the speculator, which happens with probability 0.11, the speculator gets paid 2 ⇥ p = 488.8, buys one
TV station at the reserve price of 200, and buys the other from the outside market at a price of 300. The speculator
incurs an ex post loss of 11.1 in this case. When only one buyer takes the speculator’s offer, which happens with
a probability of 0.44, the speculator gets paid p = 244.4 and competes against the other buyer in the second-
price auction. Since truthful bidding is a weakly dominant strategy, the speculator bids 300 and the buyer bids his
true value. Therefore, the speculator always wins and pays the buyer’s true value, which is known to be below
eV ⇤ = 266.7, since the buyer rejected the speculator’s offer. As a result, the speculator’s expected payment in the
auction is (266.7 + 200)/2 = 233.3, so his expected profit is 11.1 in this case. Putting the two cases together,
speculation generates an expected profit of 3.7 for the speculator.
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Remark 2.1 It is clear from the illustrative example that the scrap value V does not play an

important role in the analysis. I normalize it to 0 for the rest of this paper. I also normalize the

scale of private value vi such that vi is distributed on [0, 1].

2.1.4 Related Literature

This paper is related to the literature on strategic demand/supply reduction in auctions

(see, for example, Vickrey (1961), Ausubel et al. (2014), and Doraszelski et al. (2017)). In the

procurement context, previous studies typically take the pre-auction ownership structure of goods

as given.10 This paper makes an effort to endogenize the ownership structure by considering a

pre-auction acquisition stage. It is worth highlighting that, in this case, efficiency can no longer be

restored by a VCG auction, because it does not eliminate the speculator’s incentive to accumulate

market power.

A growing literature is concerned with speculation in auctions with resale. In this

literature, the speculator seeks to gain market power in the resale stage against other bidders,

rather than in the auction stage and against the auctioneer. Garratt and Tröger (2006) show that

in second-price auctions, there exist multiple equilibria in which the speculator wins the auction

and makes positive profits, whereas speculation is unprofitable in first-price auctions. Pagnozzi

(2010) studies speculation in complete information multi-object auctions with resale and

whether the presence of speculators helps raise the auctioneer’s revenue. Saral (2012), Pagnozzi

and Saral (2019), and Garratt and Georganas (2021) experimentally study the effects of

speculation driven by post-auction resale.

Mergers in auction markets have been studied extensively (see, for example, Waehrer and
10In the studies of multi-unit forward auctions, the demand structure of goods is typically taken as given.
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Perry (2003) and the references therein). The existing literature usually assumes that mergers

happen exogenously and conducts comparative statics analysis by contrasting the equilibrium

outcome before and after a merger. In the current paper, I model the acquisition stage explicitly

and the market structure in the auction is determined endogenously in equilibrium.

Also related to this paper is the bidder collusion literature, which focuses on bidders’

endeavor to reduce prospective competition in the auction. A strand of the bidder collusion

literature studies the bidding ring’s collusive arrangement while assuming that a non-strategic

third-party coordinates the ring members’ bidding and/or side payments (see, for example,

Graham and Marshall (1987), Mailath and Zemsky (1991), and McAfee and McMillan (1992)).

Another strand of this literature, forsaking the third-party approach, considers simple collusive

plans proposed by a bidder. Eső and Schummer (2004), Rachmilevitch (2013), Rachmilevitch

(2015), and Troyan (2017) allow a bidder to make a take-it-or-leave-it bribe to his opponent in

exchange for the opponent’s abstain from (or bidding 0 in) the auction. Lu et al. (2021) allow

two-option proposals, which include a bribe (for the opponent to abstain) and also a request (for

the proposer to abstain). Technical challenges arise as a bidder’s offer may leak his private

information to the opponent. In response, the authors commonly restrict their attention to

second-price auctions with two collusive bidders.11,12 Since I also consider the case where a

strategic player (the speculator) makes simple proposals in the hope of “gaming the system,” the

current paper is more closely related to the latter strand of the bidder collusion literature. One

distinctive feature of the current paper is that the speculation scheme does not rely on (potential)

bidders’ commitment power, whereas the collusive scheme depends crucially on bidders’ ability
11One exception is Rachmilevitch (2013), in which two-bidder first-price auctions are considered.
12In this paper, I consider both first-price auctions and second-price auctions with N � 2 bidders.
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to commit to abstaining. From a practical standpoint, explicit collusion is prohibited by law in

many countries including the United States. However, a speculator may be able, legally, to buy

up the items of several sellers and have substantially the same effect (of reducing competition

and raising the price in the auction). In fact, as shown below in Corollary 2.4, in its extreme

form, speculation can be as detrimental to the auctioneer as a strong cartel (in the sense of

McAfee and McMillan (1992)): it eliminates any competition below the reserve price.

The remainder of the paper is organized as follows. Section 2.2 lays out the model of a

dynamic speculation game. Section 2.3 characterizes and analyzes the equilibrium in the second-

price auction case. Section 2.4 contains equilibrium characterization and analysis in the first-

price auction case. Section 2.5 juxtaposes the results obtained under different auction formats.

Section 2.6 includes two extensions to the baseline model. Section 2.7 concludes. Proofs omitted

in the main text can be found in Appendix A.

2.2 Model

An auctioneer seeks to buy an item through a reverse auction, which can be a second-price

sealed bid auction (SPA) or a first-price sealed bid auction (FPA). N � 2 risk-neutral sellers,

indexed by the set I := {1, 2, · · · , N}, each has one such item for sale. Sellers’ items need not

be homogeneous as long as they are perfect substitutes for the auctioneer. Seller i’s private value

for the item is denoted by vi, which is privately known to the seller.13 The sellers’ private values

are independent and identically distributed on [0, 1] according to the cumulative distribution

function (CDF) F (·). The corresponding probability density function (PDF) is denoted by f(·).
13Although the model is phrased for the procurement of goods and commodities, it can be applied in the case of

contract procurement by interpreting the items as contractual obligations and the sellers’ values as their costs.
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Throughout the paper, I assume that F (0) = 0 and that F (·) has full support on [0,1]. The

reserve price of the procurement auction is r 2 (0, 1].

A risk-neutral speculator, who has no item for sale and no private value for any item,

seeks to extract some surplus from the auction.14 To investigate the profitability and welfare

implications of speculation, I consider the following two-stage game. At the beginning of the

first stage, the speculator makes a take-it-or-leave-it offer to every seller to buy his item at a price

of p.15 Sellers choose simultaneously and individually between selling the item to the speculator,

or rejecting the offer and then participating in the auction. The first stage ends after the sellers

make their decisions.

In the second stage, the auction takes place. When the auction begins, the number of

bidders and whether the speculator participates in the auction are announced to the bidders.

Formally, the public history at the beginning of the auction is given by

h = (m,S) 2 {0, 1, · · · , N} ⇥ {0, 1}, where m is the number of sellers in the auction, and S

describes the speculator’s status, with S = 1 standing for “in the auction” and S = 0 for “not in

the auction.” If the speculator failed to buy any item in the first stage, he exits the game with

zero profit. If at least one seller sold his item to the speculator, the speculator participates in the

auction along with all the sellers who still possess an item. After the auction, if the speculator

owns any surplus item(s), he gets a scrap value of 0 from each item.

I characterize and analyze the perfect Bayesian equilibria (PBE) of the two-stage specula-

tion game in the following sections.
14As discussed in the Introduction, the speculator can always recoup the scrap value of an item. I normalize the

scrap value to 0.
15Since the sellers are symmetric, I assume the speculator offers the same price to all of them. In Section 2.6, I

relax the seller symmetry assumption and consider individualized acquisition offers.
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2.3 Speculation in Second-Price Procurement Auctions

I first study the PBE of the SPA-speculation game, holding fixed an arbitrary price offer

p 2 [0, r].16 Once the equilibrium characterization is obtained, I proceed to investigate the

speculator’s choice of p.

2.3.1 Equilibrium Characterization

To characterize the equilibrium, I use backward induction and first focus on the auction

subgame. In an auction subgame, bidding truthfully is a weakly dominant strategy for the

sellers, but not for the speculator. If the speculator enters the auction with multiple items, he has

an incentive to strategically reduce the supply and drive up the price. In fact, it is weakly

dominant for the speculator to bid 0 for one of his items and withhold the rest from the auction.

I refer to this behavior as strategic supply withholding.17 Notably, strategic supply withholding

ensures that the speculator wins the auction for sure. The above analysis reveals the equilibrium

in weakly dominant strategies of the second-price auction subgame. I focus on this equilibrium

and maintain the following assumption throughout the paper.

Assumption 2.1 (Dominant strategy equilibrium in the SPA) In the SPA subgame, sellers

bid truthfully, and the speculator engages in strategic supply withholding, meaning that he bids

0 for one of his items while withholding the rest from the auction.

Having established the equilibrium in the SPA subgame, I move backward to the acquisition
16Clearly, the speculator would never offer to pay more than r for an item.
17In the context of multi-unit auctions, the act of raising the bid for some units in order to increase the overall

price is commonly referred to as “supply reduction.” As this paper concentrates on single-unit auctions, the term
“supply withholding” is utilized to differentiate between the two contexts, although the fundamental meaning of the
two terms is the same.
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stage and analyze the sellers’ decisions regarding the speculator’s offer. It may seem intuitive that

sellers with low values for their items would reject the acquisition offer because they have a good

chance of winning in the procurement auction. However, this intuition is incomplete, since it only

takes into account a seller’s loss of the opportunity to participate in the auction, and the seller’s

loss from giving up the item is ignored. It can be shown that a seller’s overall cost of accepting

the acquisition offer, which consists of the loss of skipping the auction and the loss of value for

the item, increases with his value. In fact, seller i’s cost of accepting the acquisition offer, which

is equivalent to the seller’s expected payoff from participating in the auction, is given by

ci(vi) := vi|{z}
loss from giving

up the item

+

Z r

vi

WP i(x)dx,

| {z }
loss from skipping the auction

(2.1)

where WP i(x) is seller i’s interim expected winning probability in the procurement auction,

when his realized value is x.18 It is clear that the loss from skipping the auction decreases with vi

while ci(vi) increases with vi. As a result, sellers with low values tend to accept the speculator’s

offer in equilibrium.

Based on the above analysis, Lemma 2.1 establishes that the sellers use a cutoff

acceptance/rejection strategy. Moreover, Lemma 2.1 shows that the acceptance/rejection cutoff

is the same for every seller.

Lemma 2.1 Under Assumption 2.1 and holding fixed p 2 [0, r], in any PBE of the

SPA-speculation game, there exists v⇤ 2 [0, r] such that seller i 2 I accepts the speculator’s
18The payoff calculation in (2.1) follows from a standard payoff equivalence technique. Since a type-r seller’s

gain (in addition to his value) in the auction is 0, the type vi seller’s expected gain (in addition to his value) can be
obtained by integrating his winning probability from vi to r. This technique is used in many places throughout the
paper.
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offer if and only if vi < v⇤.

In light of Lemma 2.1, the only task left for equilibrium characterization is to determine

the cutoff v⇤. This can be done by establishing the marginal seller’s (with value v⇤) indifference

condition. By Lemma 2.1, a seller with value x 2 [v⇤, r] wins in the procurement auction if and

only if all the other sellers’ values are above x.19 So the interim expected winning probability

is [1 � F (x)]N�1. Plugging this into (2.1) yields the marginal seller’s expected payoff from

participating in the auction:

c⇤(v⇤) := v⇤ +

Z r

v⇤
[1� F (x)]N�1dx, with v⇤ 2 [0, r].

Therefore, if r � p > c⇤(0), the following indifference condition determines the cutoff v⇤:

p = c⇤(v⇤). (2.2)

If p is too low, i.e., p  c⇤(0), no seller would accept the acquisition offer and v⇤ = 0. Specifi-

cally, the acceptance/rejection cutoff v⇤ associated with a given price p is given by

v⇤(p) :=

8
>>><

>>>:

0, if p  c⇤(0),

the unique solution to (2.2), if c⇤(0) < p  r.

(2.3)

Proposition 2.1 presents the equilibrium characterization result.

Proposition 2.1 Under Assumption 2.1 and holding fixed p 2 [0, r], there exists a unique PBE of
19If some other seller’s value is below x, that seller may sell to the speculator or participate in the auction. Either

way, the type-x seller will lose in the auction.
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the SPA-speculation game. In the equilibrium, seller i 2 I accepts the speculator’s offer if and

only if vi < v⇤(p).

2.3.2 Analysis of the Equilibrium

Proposition 2.1 paves the way for investigating the speculator’s choice of p 2 [0, r]. Since

there is a one-to-one mapping between the price p and the cutoff v⇤ (except for the v⇤ = 0 case),

it is more convenient to think of the speculator’s problem as choosing a profit-maximizing cutoff

level v⇤ from [0, r].

For a fixed equilibrium cutoff v⇤ 2 (0, r], the corresponding acquisition price is c⇤(v⇤).

The speculator’s expected profit is

⇧⇤(v⇤) :=
N�1X

m=0

✓
N

m

◆
[F (v⇤)]N�m[1� F (v⇤)]my(m, v⇤)�NF (v⇤)c⇤(v⇤), (2.4)

with the expected payment from an auction subgame against m sellers given by

y(m, v⇤) := v⇤ +

Z r

v⇤


1� F (x)

1� F (v⇤)

�m
dx.

The speculator’s expected profit consists of three parts. First, the speculator gains from

strategic supply withholding, meaning that when the speculator enters the auction with multiple

items, he reduces the competition in the auction by bidding 0 for one item while withholding

the rest from the auction. Second, the speculator loses from overcompensating the sellers: when

the speculator purchases an item from a seller, he pays more than the expected payment that the
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seller would have received in an auction without speculation.20 Third, the speculator loses from

destroying private values: he has no use for the items he owns after the auction, but to purchase

them before the auction, he must compensate the sellers for their loss of private values. This

decomposition is most clearly seen in the two-seller case. Fix N = 2, the speculator’s expected

profit is

[F (v⇤)]2
(
r �

Z v⇤

0

xd


F (x)

F (v⇤)

�2)

| {z }
gain from supply withholding

� 2

Z v⇤

0

[F (x)]2dx
| {z }

loss from overcompensating the sellers

�
Z v⇤

0

xd[F (x)]2

| {z }
loss from destroying private values

.

To see that the first term represents the gain from supply withholding, note that [F (v⇤)]2 is the

probability that two sellers both accept the acquisition offer, which is the premise of supply

withholding; r is the payment received by the speculator with supply withholding, and;

R v⇤

0 xd[F (x)/F (v⇤)]2 is the payment would have been made by the auctioneer in the absence of

the speculator. The second term is the increment in the sellers’ expected payoff in the

speculator’s presence, which comes from the speculator’s overcompensation. The third term is

the expected efficiency loss due to private value destruction. This loss is suffered by a seller, but

is passed through to the speculator.

Notably, in the N = 2 case, as v⇤ approaches 0, the gain from supply withholding

dominates the losses.21 This implies that the speculator can always get a positive expected profit

by choosing v⇤ appropriately. Proposition 2.2 generalizes this result to the N -seller case.

Proposition 2.2 The speculator is always able to attain a positive expected profit in the SPA-
20Consider a seller with realized value v < v

⇤. The expected payment the seller would have received in the
absence of the speculator is v +

R r
v [1� F (x)]N�1

dx, which is less than c
⇤(v⇤), the price paid by the speculator.

21To be precise, the gain is of the magnitude [F (v⇤)]2r, whereas the losses are of the magnitude [F (v⇤)]2v⇤,
which is a higher order infinitesimal.
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speculation game.

In fact, as v⇤ approaches 0, the major component of the speculator’s profit is the gain from supply

withholding when exactly two sellers accept the acquisition offer. Formally,

lim
v⇤!0

⇧⇤(v⇤)

[F (v⇤)]2
=

✓
N

2

◆Z r

0

[1� F (x)]N�2dx.

To see that the right-hand side is the gain from supply withholding when exactly two sellers accept

the acquisition offer, note that
R r

0 [1 � F (x)]N�2dx is the limit of expected payment received by

the speculator after supply withholding. The payment would have been made by the auctioneer

in the absence of the speculator does not appear on the right-hand side because it is less than v⇤,

which approaches 0.

Proposition 2.2 implies that the speculator would always induce a positive cutoff in the

speculation game. By inspecting the equilibrium outcome, the welfare implications of

speculation are immediately obtained.

Corollary 2.1 Speculation results in an efficiency loss in the form of private value destruction.

Sellers are better off in the presence of the speculator, while the auctioneer is worse off.

It is worth highlighting that the inefficiency is not caused by strategic supply withholding

alone. If, instead of a second-price auction, a VCG auction is used for the procurement, the

speculator would bid truthfully for all of his items.22 There would be no strategic supply

withholding in the auction, yet the equilibrium outcome of the speculation game would not

change. Although VCG auctions can restore efficiency by eliminating strategic supply/demand
22For instance, if the speculator had acquired three items, he would bid (0, 0, 0) in the VCG auction. In contrast,

he effectively bids (0,1,1) in the second-price auction.
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reduction in a setting where the ownership structure is fixed, they cannot eliminate the incentive

to become a multi-unit owner in a setting where endogenous changes to the ownership structure

can happen.

2.4 Speculation in First-Price Procurement Auctions

In this section, I consider speculation in first-price auctions. For simplicity, I restrict

attention to symmetric PBE in the FPA-speculation game. That is, sellers are assumed to use the

same strategy in equilibrium. As in the previous section, I first characterize the equilibrium for

any fixed p 2 [0, r], and then proceed to analyze the speculator’s choice of p.

2.4.1 Equilibrium Characterization

Characterizing the equilibrium of the FPA subgame is a non-trivial task due to potential

asymmetries among bidders. When the speculator enters the auction, his value distribution differs

from that of regular sellers since he has no private value for the item. The fact that the sellers’

value distribution in the auction is conditional on their decision to reject the acquisition offer

further complicates things. Characterizing the equilibrium of the (asymmetric) FPA subgame for

every possible conditional value distribution is a daunting task, so the usual backward induction

approach is infeasible.

To address this problem, I establish a cutoff acceptance/rejection structure similar to the

SPA case in Lemma 2.2. This helps determine the value distribution of the sellers who reject the

acquisition offer and thereby simplifies the analysis of the FPA subgame.

Lemma 2.2 Holding fixed p 2 [0, r], in any symmetric PBE of the FPA-speculation game, there
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exists v? 2 [0, r] such that seller i 2 I accepts the speculator’s offer if and only if vi < v?.23

In light of Lemma 2.2, it is useful to consider the subgame in which the speculator and m �

1 sellers compete with each other. The speculator has no value for his item,24 while each seller’s

value is independently drawn from [v?, 1], with v? 2 [0, r], according to the CDF G(·; v?) :=

[F (·)� F (v?)]/[1� F (v?)]. The auction subgame is labeled as � := hr,m,G(·; v?)i.

I restrict attention to equilibrium in undominated strategies and maintain Assumption 2.2

throughout the rest of the paper.

Assumption 2.2 (Undominated bidding in the FPA) In the FPA subgame, bidders never bid

below their values.

Lemma 2.3 establishes several equilibrium properties that serve as the basis for equilibrium

characterization.

Lemma 2.3 For any symmetric BNE in undominated strategies of the FPA subgame

� = hr,m,G(·; v?)i, the following statements hold.

(i) The speculator mixes with full support over an interval [b(m, v?), b̄(m, v?)], where v? 

b(m, v?)  b̄(m, v?)  r. If b(m, v?) = b̄(m, v?), the mixed strategy degenerates to a pure

strategy.

(ii) The sellers’ strategy �(v;m, v?) is strictly and continuously increasing in

v 2 (v?, b̄(m, v?)), with �(v?;m, v?) = b(m, v?) and �(b̄(m, v?);m, v?) = b̄(m, v?).

Using the properties presented in Lemma 2.3, the symmetric BNE of the FPA subgame can

be obtained through three steps.
23More precisely, there exists a F -measure 0 set E such that seller i accepts the speculator’s offer if and only if

vi 2 [0, v?) \ E .
24The speculator may own many items, but he will withhold all but one from the auction.
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First, the speculator’s bidding range [b(m, v?), b̄(m, v?)] can be pinned down from the

optimality of bidding b(m, v?) and b̄(m, v?). If the speculator bids b(m, v?), he wins for sure

and gets a payoff of b(m, v?), since Lemma 2.3(ii) implies that no seller bids below b(m, v?).25

If the speculator bids b̄(m, v?), by Lemma 2.3(ii) and the assumption of undominated bidding,

the speculator wins if every seller’s value is above b̄(m, v?), and therefore his expected payoff is

b̄(m, v?)[1 � G(b̄(m, v?); v?)]m. With an arbitrary bid b 2 [v?, r], the speculator’s winning

probability is at least [1 � G(b; v?)]m, because the sellers never bid below their values. As a

result, the speculator’s expected payoff is at least b[1 � G(b; v?)]m. The optimality of bidding

b(m, v?) and b̄(m, v?) requires that

b(m, v?) = b̄(m, v?)[1�G(b̄(m, v?); v?)]m � b[1�G(b; v?)]m for all b 2 [v?, r]. (2.5)

This implies that b̄(m, v?) is a maximizer of b[1 � G(b; v?)]m on [v?, r]. Moreover, if multiple

maximizers exist, b̄(m, v?) must be the minimum among the maximizers.26 Consequently,

b(m, v?) = max
r�b�v?

b[1�G(b; v?)]m and b̄(m, v?) = min

⇢
arg max

r�b�v?
b[1�G(b; v?)]m

�
. (2.6)

When the two bounds coincide or, equivalently, when b = v? maximizes b[1 � G(b; v?)]m over

b 2 [v?, r], the speculator uses a pure strategy and bids v? for sure.

Second, the sellers’ bidding strategy can be derived from the speculator’s indifference
25In analyzing the FPA subgame, the term “payoff” pertains to the players’ payoff within the FPA subgame, rather

than their overall payoff within the speculation game.
26Otherwise, suppose b

†
< b̄(m, v

?) also maximizes b[1 � G(b; v?)]m on [v?, r]. Then (2.5) holds at equality
for b

†, which implies that �(b†;m, v
?) = b

†, because otherwise if �(b†;m, v
?) > b

†, the speculator’s payoff
from bidding b

† would be strictly greater than b
†[1 � G(b†; v?)]m = b(m, v

?), contradicting the optimality of
bidding b(m, v

?). Therefore, a type-b† seller gets a payoff of 0. However, the type-b† seller can deviate to bidding
b
† + ✏ < b̄(m, v

?) and get a positive payoff. A contradiction.
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condition. By Lemma 2.3(i), the speculator must get the same expected payoff from bidding any

b 2 [b(m, v?), b̄(m, v?)]. In particular, the speculator’s expected payoff from bidding

b = �(v;m, v?) 2 [b(m, v?), b̄(m, v?)] must equal that from bidding b(m, v?):

�(v;m, v?)[1�G(v; v?)]m = b(m, v?) for �(v;m, v?) 2 [b(m, v?), b̄(m, v?)].

As a result, within the bidding range of [b(m, v?), b̄(m, v?)], the sellers’ strategy is given by

�(v;m, v?) = b(m, v?)/[1 � G(v; v?)]m. By Lemma 2.3(ii), the bidding range

�(v;m, v?) 2 [b(m, v?), b̄(m, v?)] corresponds to the value range v 2 [v?, b̄(m, v?)]. As for

sellers with values higher than b̄(m, v?), since they never win in the auction, they may use any

bidding strategy as long as that strategy does not make bidding above b̄(m, v?) a profitable

deviation for the speculator. In particular, if �(v;m, v?) is strictly increasing for v � b̄(m, v?),

the speculator’s no-deviation condition becomes

�(v;m, v?)[1�G(v; v?)]m  b(m, v?) for v � b̄(m, v?).

This implies that sellers with v � b̄(m, v?) can bid according to any strictly increasing function

�(v;m, v?) that satisfies v  �(v;m, v?)  b(m, v?)/[1 � G(v; v?)]m. One such function is

simply �(v;m, v?) = v.

Finally, the speculator’s bidding strategy, which is described by the CDF  (b;m, v?), can

be derived by invoking the standard payoff equivalence technique. Specifically, a type-v seller’s
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interim expected payoff from the auction must equal the integral of winning probabilities:

[�(v;m, v?)� v][1�G(v; v?)]m�1 [1� (�(v;m, v?);m, v?)]

=

Z b̄(m,v?)

v

[1�G(x; v?)]m�1 [1� (�(x;m, v?);m, v?)] dx.

One can solve for  (�(·;m, v?);m, v?) from the above equation, and then obtain the CDF

 (·;m, v?) by substituting �(·;m, v?).

The above analysis yields the following equilibrium characterization result.

Lemma 2.4 There exists an essentially unique symmetric BNE in undominated strategies of the

FPA subgame � = hr,m,G(·; v?)i, which is described as follows.27

(i) The sellers bid according to

�(v;m, v?) =

8
>>><

>>>:

b(m, v?)/[1�G(v; v?)]m, if v?  v  b̄(m, v?),

v, if v > b̄(m, v?),

where b(m, v?) and b̄(m, v?) are given by (2.6).

(ii) If b(m, v?) = b̄(m, v?) or, equivalently, v? 2 argmaxr�b�v? b[1�G(b; v?)]m, the speculator

bids v? for sure. Otherwise, the speculator mixes over [b(m, v?), b̄(m, v?)] according to the

CDF

 (b;m, v?) = 1� exp

(
�
Z ��1(b;m,v?)

v?

[�(x;m, v?) + (m� 1)x]

[�(x;m, v?)� x][1�G(x; v?)]
dG(x; v?)

)
.

27Changes in the sellers’ strategy when v > b̄(m, v
?) are the only potential cause of multiplicity, but they do not

affect the equilibrium outcome, as those sellers never win the auction.
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Lemma 2.4 paves the way for the analysis of the acquisition stage. Notably, in the FPA

subgame, the speculator’s expected payoff is b(m, v?) and a type-v? seller’s expected payoff is

b(m, v?). The payoff information can be used to set up the marginal seller’s indifference condition

in the acquisition stage. Specifically, the marginal seller’s expected payoff from participating in

the procurement auction is given by

c?(v?) := v?+

Z r

v?
[1�F (x)]N�1dx+

N�2X

m=0

✓
N � 1

m

◆
[1�F (v?)]m[F (v?)]N�1�m[b(m+1, v?)�v?].

For the marginal seller to be indifferent between accepting the acquisition offer and participating

in the procurement auction, the following must hold:

p = c?(v?). (2.7)

It can be verified that c?(v?) is strictly increasing in v? 2 (0, r).28 As a result, a one-to-one

mapping between p and v? is defined implicitly by the indifference condition (2.7). For a given

price p, the corresponding acceptance/rejection cutoff is given by

v?(p) :=

8
>>><

>>>:

0, if p  c?(0) = c⇤(0),

the unique solution for v? to (2.7), if c?(0) < p  r.

Again, if the acquisition price is below c?(0) = c⇤(0), no seller would sell to the speculator.

Proposition 2.3 provides an equilibrium characterization for the speculation game.

Proposition 2.3 Holding fixed p 2 [0, r], there exists an essentially unique symmetric PBE with
28See Appendix A for details.
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undominated bidding of the FPA-speculation game, which is described as follows.29

(i) Seller i 2 I accepts the speculator’s offer if and only if vi < v?(p).

(ii) In the procurement auction, the speculator and the sellers bid according to Lemma 2.4

(with v? replaced by v?(p)).30

2.4.2 Analysis of the Equilibrium

Again, the speculator’s problem of choosing p can be reformulated as choosing v?. By

Lemma 2.4 and Proposition 2.3, the speculator’s expected profit with an arbitrary cutoff level

v? 2 [0, r] is given by

⇧?(v?) :=
N�1X

m=1

✓
N

m

◆
[1� F (v?)]m[F (v?)]N�mb(m, v?) + [F (v?)]Nr �N [F (v?)]c?(v?). (2.8)

The following result on the profitability of speculation is readily available.

Proposition 2.4 Speculation could be unprofitable in first-price auctions.

Example 2.1 provides a proof for Proposition 2.4 and a comparative statics analysis on the prof-

itability of speculation.

Example 2.1 Fix N = 2 and let F (v) = v⌘, with ⌘ > 0. Since sellers are more likely to

have high valuations (and be less competitive in the procurement auction) with a larger ⌘, ⌘ can

be thought of as a measure of sellers’ competitiveness. Figure 2.1 shows how the profitability
29The essential uniqueness is in the same sense as that in Lemma 2.4. See Footnote 27 for details.
30If all the sellers sold their items to the speculator, the speculator bids r in the procurement auction; if all the

sellers rejected the acquisition offer, they bid as in a standard FPA model with symmetric bidders.
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of speculation in first-price auctions changes with the reserve price r, and the competitiveness

parameter ⌘.

Figure 2.1: Profitability of Speculation in FPAs with N = 2 and F (v) = v⌘.

For a fixed ⌘, speculation is profitable if r is high enough and unprofitable otherwise. Since

the speculator’s profit comes from the auctioneer, it is not surprising that a higher willingness-to-

pay of the auctioneer leaves more room for speculation.

For a fixed r, speculation is profitable if ⌘ is small enough and unprofitable otherwise. A

small ⌘ implies that a seller is more likely to have a low valuation, so the seller would be willing

to accept the acquisition offer at a low price. In the meantime, a small ⌘ means that other sellers

are likely to have low valuations, so the competition in the procurement auction would be fierce.

This further reduces the seller’s willingness-to-accept for the acquisition offer. As a result, the

speculator benefits from sellers’ competitiveness.
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2.5 A Comparison of the Two Auction Formats

In this section, I compare speculation under the two auction formats and identify the driving

force underlying the difference.

2.5.1 Profitability Ranking

In the previous sections, it is shown that speculation tends to be successful in second-price

auctions but could be unprofitable in first-price auctions. Proposition 2.5 complements the result

by quantitatively comparing the expected profit from speculation under the two auction formats.

Proposition 2.5 Speculation is strictly more profitable in second-price auctions than in first-

price auctions.

The proof of Proposition 2.5 is kept here in the main text since it is informative about the under-

pinning of the result.

Proof. Consider the same equilibrium cutoff v† 2 (0, r) under the two auction formats. The

speculator’s expected profit is higher under the second-price rule than under the first-price rule—

i.e., ⇧⇤(v†) > ⇧?(v†)—for the following two reasons.

First, the corresponding acquisition price is higher in the first-price auction case, since

sellers have better prospects in the first-price auction subgames. In particular, in an auction

subgame with the speculator’s participation, a seller never wins under the second-price rule but

could win under the first-price rule. Formally,

c?(v†)� c⇤(v†) =
N�2X

m=0

✓
N � 1

m

◆
[1� F (v†)]m[F (v†)]N�1�m[b(m+ 1, v†)� v†],
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where the right-hand side represents the extra expected payoff a type-v† seller can get in first-

price auction subgames.

Second, the speculator is better-paid in a second-price auction subgame than in a first-price

auction subgame. If the speculator is competing against 1  m  N � 1 sellers in an auction

subgame summarized by � =
⌦
r,m,G(·; v†)

↵
, the speculator’s expected payoff is y(m, v†) under

the second-price rule and is b(m, v†) under the first-price rule. Lemma A.1 in Appendix A shows

that y(m, v†) > b(m, v†) for v† 2 (0, r).

As a result, it is easy to see that⇧⇤(v†) > ⇧?(v†) for all v† 2 (0, r) by comparing equations

(2.4) and (2.8). An immediate implication is maxv†2[0,r]⇧
⇤(v†) � maxv†2[0,r]⇧

?(v†). If⇧?(v†) is

not maximized by 0 or r, the inequality is strict. If ⇧?(v†) is maximized by 0, the right-hand side

of the inequality is 0. By Proposition 2.2, the left-hand side is positive, so the inequality is strict.

Finally, ⇧?(v†) cannot be maximized by r, since ⇧?(r) =
�
1� [1� F (r)]N �NF (r)

 
r < 0.

In summary, maxv†2[0,r]⇧
⇤(v†) > maxv†2[0,r]⇧

?(v†). This concludes the proof.

The proof of Proposition 2.5 builds on the difference in the auction outcomes under the

two formats, which can be traced back to the difference in competition patterns. Specifically,

in second-price auctions, sellers do not respond to the presence of a strong competitor, namely,

the speculator: they still bid truthfully in equilibrium. However, in first-price auctions, as will be

shown below, sellers respond to the presence of a strong competitor by bidding more aggressively.

This helps the sellers win the procurement auction sometimes, even if their values are surely

above the speculator’s. Therefore, sellers have better prospects in first-price auctions, whereas

the speculator’s expected payoff is lower.

To see how sellers respond to the speculator’s presence in first-price auction subgames, first

consider the following hypothetical benchmark. Suppose that in any first-price auction subgame
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� = hr,m,G(·; v?)i with 1  m  N � 1, sellers bid as if the speculator was just another seller.

That is, the speculator also drew his value from [v?, 1] according to G(·; v?). In this case, sellers’

bidding strategy is given by

�̃(v;m, v?) =

8
>>><

>>>:

v +
R r

v [1�G(x; v?)]mdx
�
[1�G(v; v?)]m, if v?  v  r,

v, if v > r.

This is a suitable benchmark, since it hypothetically achieves revenue equivalence across

the two auction formats. Specifically, the allocative outcome, the speculator’s expected profit, the

auctioneer’s expected surplus and the sellers’ expected payoffs would be the same under the two

formats.31

In contrast with the benchmark, sellers bid against a stronger competitor in reality. They

respond by bidding more aggressively as indicated by Lemma 2.5.

Lemma 2.5 In a FPA subgame, sellers bid more aggressively when they compete against the

speculator than when they compete against another seller. Formally, �(v;m, v?) < �̃(v;m, v?)

for all v 2 [v?, r).

As is shown in the previous analysis, sellers’ aggressive bidding undermines the profitability of

speculation in first-price auctions. The difference in sellers’ responses accounts for the result in

Proposition 2.5 and also for the contrast between Proposition 2.2 and Proposition 2.4.

31Notice that the speculator would bid �̃(v?;m, v
?) and always win the procurement auction in the hypothetical

benchmark.
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2.5.2 Welfare Comparison

With speculation, the revenue equivalence between first-price auctions and second-price

auctions breaks down. In this case, welfare ranking is generally ambiguous. In particular,

although speculation is more profitable in second-price auctions, it does not necessarily lead to

more efficiency loss. First-price auctions could be less efficient, as the profit-maximizing cutoff

level could be higher therein. Even with the same cutoff level, a first-price auction is less

efficient than a second-price auction, since it includes an additional source of inefficiency other

than the destruction of private values: the allocative inefficiency in asymmetric auction

subgames.

Since an explicit expression for the profit-maximizing cutoff level is unavailable under the

two formats, a general welfare ranking result cannot be obtained. Nevertheless, when speculation

is not profitable in first-price auctions, the welfare ranking is given by the following corollary.

Corollary 2.2 If ⇧?(v?) < 0 for all v? 2 (0, r], FPA leads to lower expected procurement

costs for the auctioneer and lower expected payoffs for the sellers, as compared to SPA, while

generating higher efficiency.

2.6 Extensions to the Second-Price Auction Model

Two extensions to the second-price auction model are presented in this section. First, I

consider a more general setting and reexamine the profitability of speculation. Specifically, I

relax the assumption that sellers draw their values from the same distribution. In the meantime,

I consider the case where the speculator can only make offers to a subset of the sellers. This
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limited access assumption is relevant when the speculator wishes to keep speculation discreet by

operating on a limited scale, or when the speculator is subject to a budget constraint.

Formally, the baseline model is modified as follows for this section. For all i 2 I, seller

i’s value vi is drawn from [0,1] according to the CDF Fi(·). The corresponding PDF is fi(·).

Again, I assume that Fi(0) = 0 and that Fi(·) has full support on [0,1]. The speculator can make

(potentially different) acquisition offers only to a subset of the sellers, denoted by A.

Second, I study an enhanced speculation approach which is fine-tuned to address the loss

from private value destruction. While I focus mainly on the second-price auction case, a result

regarding enhanced speculation in first-price auctions is included to facilitate comparison.

2.6.1 Speculation with Limited Access to Asymmetric Sellers

In this part, I reexamine the profitability of speculation in second-price auctions.

In light of the analysis of the baseline case, I consider price offers that will lead to a vector

of acceptance/rejection cutoffs v⇤ := (v⇤j )j2A, with v⇤j 2 [0, r].32 That is, seller j 2 A accepts

the speculator’s offer if and only if vj < v⇤j . Define

c⇤j(v
⇤) := v⇤j +

Z r

v⇤j

Y

i2I\A

[1� Fi(x)]
Y

s2A\{j}

[1� Fs(max{x, v⇤s})] dx. (2.9)

Proposition 2.6 gives the equilibrium characterization in this case.

Proposition 2.6 Suppose that the speculator offers pj = c⇤j(v
⇤) to seller j 2 A, with v⇤j 2 [0, r].

Then a PBE of the SPA-speculation game is described as follows. Seller j 2 A accepts the

speculator’s offer if and only if vj < v⇤j . In the procurement auction, sellers bid truthfully and

32Clearly, v⇤j > r (which implies that pj > r) is suboptimal for the speculator.
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the speculator engages in strategic supply withholding.

Note that the speculator’s profit originates from his ability to reduce potential competition

in the auction. If the speculator cannot reduce the competition in a meaningful way, either

because the speculator can make acquisition offer to only one seller, or because some sellers

outside the speculator’s reach are very competitive, speculation would not be profitable.

Condition 2.1 addresses the two possibilities.

Condition 2.1 There exists {k, k0} ✓ A, such that for all i 2 I \ A,

lim
v!0

[vFi(v)/Fk(v)] = 0 and lim
v!0

[vFi(v)/Fk0(v)] = 0.

It is clear that Condition 2.1 rules out the case that A is a singleton. Condition 2.1 also requires

the sellers outside the speculator’s reach are not too competitive as compared with some sellers

in the speculator’s reach. Specifically, Condition 2.1 ensures the values of the sellers in I \ A

do not concentrate at the lower end much more than the values of some sellers in A do. This

requirement does not appear to be too strong, and it is trivially met if sellers are symmetric.

Proposition 2.2 can be generalized to the current setting as follows.

Proposition 2.20 If Condition 2.1 is satisfied, speculation in the second-price procurement auc-

tion is profitable.

2.6.2 Enhanced Speculation

In this part, I consider an enhanced speculation scheme fined-tuned to address the issue of

private value destruction. To that end, I assume that after the procurement auction, the speculator
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can auction off his surplus items back to the sellers who accepted the acquisition offer. The

speculator’s auction is referred to as the “return and refund” auction.

If sellers’ items are heterogenous, they will not compete with each other in the return and

refund auction, which undermines the speculator’s incentive to carry out one. As the purpose

of the analysis is to understand whether and by how much the enhanced speculation scheme

can improve the speculator’s profit, I assume in this part (Section 2.6.2) only that the items are

homogeneous. Another way to have competition in the return and refund auction is that upon

winning the procurement auction, the speculator can conduct the return and refund auction before

delivering an item to the auctioneer. In this case, the bidding in the procurement auction must be

for a generic item, rather than a specific one.33

The three-stage SPA-enhanced-speculation game is described as follows. The first two

stages are the same as described in Section 2.2. In the third stage that happens after the

procurement auction, the speculator conducts an auction to sell back his surplus items and get

some refunds from the sellers who accepted the acquisition offer. I assume that the speculator’s

return and refund auction takes the form of a VCG auction. Specifically, if the speculator has

K � 1 item(s) for sale after the procurement auction, the return and refund auction is a

(K + 1)-st price auction.34

The limited access and seller asymmetry specifications are maintained in this part. Again,

I consider a set of prices that can induce a vector of acceptance/rejection cutoffs in equilibrium.
33For example, if bidders bid for a road pavement contract by promising to finish the job without specifying the

identity of the contractor they will use, the bidding is considered to be generic.
34It is clear that this enhanced speculation model has a forward auction counterpart, in which the speculator can

promise to sell to more than one potential buyers before a forward auction. After the auction, the speculator conducts
another auction to buy back some promises.
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For any vector v⇤ ⌘ (v⇤j )j2A with v⇤j 2 [0, r],35 define

c̄⇤j(v
⇤) :=

Z v⇤j

0

Y

s2A\{j}

[1� Fs(min{x, v⇤s})] dx+

Z r

v⇤j

Y

i2I\A

[1� Fi(x)]
Y

s2A\{j}

[1� Fs(max{x, v⇤s})] dx.
(2.10)

Proposition 2.7 provides equilibrium characterization for the enhanced speculation game.

Proposition 2.7 In the three-stage SPA-enhanced-speculation game, suppose that the speculator

offers pj = c̄⇤j(v
⇤) to seller j 2 A, with v⇤j 2 [0, r]. Then a PBE of the speculation game is

described as follows. Seller j 2 A accepts the speculator’s offer if and only if vj < v⇤j . Sellers

bid truthfully in the procurement auction or in the return and refund auction. The speculator

engages in strategic supply withholding in the procurement auction.

From the speculator’s perspective, the enhanced speculation scheme has two advantages

over the simple speculation scheme. First, holding fixed a vector of acceptance/rejection cutoffs

v⇤, the compensation to the sellers is lower under the enhanced speculation approach as the sellers

have an opportunity to win their item back.36 Second, the speculator can get some revenue from

the return and refund auction. Corollary 2.3 ensues as a result.

Corollary 2.3 Consider the equilibrium described in Proposition 2.7. The enhanced speculation

approach with appropriately chosen acquisition offers leads to strictly higher expected profits for

the speculator than the simple speculation approach.

Corollary 2.4 demonstrates the full potential of the enhanced speculation scheme in second-

price auctions. If the speculator is capable of reaching every seller and organizing the return and
35It can be shown that v⇤j > r is suboptimal for the speculator.
36It is easy to see that c⇤j (v⇤)� c̄

⇤
j (v

⇤) =
R v⇤

j

0

n
1�

Q
s2A\{j} [1� Fs(min{x, v⇤s})]

o
dx > 0.
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refund auction, he is in a position to “take over” the procurement auction from the auctioneer.

Corollary 2.4 Consider the equilibrium described in Proposition 2.7. If A = I, the speculator

can “knock out” every seller by inducing v⇤i = r for all i 2 I. Specifically, the speculator offers

pj = r to each seller, and a seller accepts the acquisition offer if and only if his value is less

than r. The equilibrium achieves the same outcome as if the speculator conducts a second-price

auction with a reserve price of r to buy an item from the sellers, and then sells the item to the

auctioneer at a price of r.

As a comparison, fix A = I and consider enhanced speculation in first-price auctions.

Proposition 2.8 shows that complete knockout is generally not feasible. This suggests that

enhanced speculation is also more profitable in second-price auctions.

Proposition 2.8 Suppose that F (r) < 1. Then in the FPA case, even if the speculator can

conduct a VCG auction to return and refund the leftover items, there exists no PBE in which the

complete knockout outcome (as described in Corollary 2.4) is achieved.37

2.7 Conclusion

This paper studies speculation in procurement auctions by means of market power

accumulation in the pre-auction stage and supply withholding in the auction stage. The PBE of a

dynamic speculation game is characterized in both the case of second-price auctions and the

case of first-price auctions. Speculation tends to be successful in second-price auctions but not

so much in first-price auctions, because sellers respond differently in bidding to the speculator
37If F (r) = 1, the speculator can threaten to bid 0 if any seller rejects his offer. Then a complete knockout can

be supported as a weak PBE. If F (r) < 1, because rejection happens with a positive probability on the equilibrium
path, the threat would violate sequential rationality.
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under the two formats. In particular, first-price auctions can prevent profitable speculation in

some cases. Since speculation harms efficiency and inflates the procurement cost, in those cases,

first-price auctions would outperform second-price auctions.

This paper represents a first step toward understanding the role of speculation in

procurement auctions. There remains considerable room for extensions. For example, analyzing

the profitability and welfare implications of speculation in a multi-unit auction setting deserves

serious scholarly effort. In the context of the FCC’s Broadcast Incentive Auction, it would be

interesting to see how the deferred-acceptance auction design compares with alternative

mechanisms, such as VCG auctions, in the presence of speculation. Exploring the design of

profit-maximizing speculation schemes is another promising avenue for future research. While

the current paper demonstrates that an enhanced-speculation approach can increase the

speculator’s profit in SPAs, it is still an open question as to what speculation approach would

maximize profits.
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Chapter 3: Strategic Joint Bidding in Procurement Auctions

3.1 Introduction

In public procurement, some complex projects may be too challenging to be completed

solely by one firm. A group of firms can be functionally complementary to each other in the

sense that they can finish the project jointly as a consortium, but not on their own. This

functional complementarity may arise because suppliers are vertically distributed in the supply

chain, or because suppliers operate in different regions. In highway procurement, for example,

firms specialized in different tasks ranging from laying asphalt to installing landscapes can

potentially cooperate to finish the project (Miller, 2014).

We consider procurement auctions in which some suppliers are complementary to one

another. Procurement agencies need to carefully address this complementarity among suppliers

and design rules to accommodate the participation of such suppliers, for several reasons. The

first consideration is competition. In the procurement of complex projects such as infrastructure,

the degree of competition is often limited because these projects are large and highly customized

(Estache and Iimi, 2008b). Making it possible for small suppliers to cooperate and participate in

the procurement process would help intensify competition, which in turn would enhance

allocative efficiency and reduce the procurement price. Second, making the public sector market

accessible to small firms would support their growth. Because the development of small
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businesses is commonly viewed as an engine for innovation and economic growth, supporting

small firms directly by offering them opportunities to do business with public service

organizations is an important policy objective. In fact, each federal agency in the United States

has a statutory annual goal for awarding contract dollars to small businesses. The combined goal

for the federal government is to award 23 percent of prime contracts to small businesses.1 In

developing countries, the concern of supporting small businesses in public procurement may be

even more vital, because small businesses in these countries typically operate on a limited scale

and would have trouble finishing complex projects on their own. Without careful designs to

include them, local businesses might be too easily squeezed out of the market by strong

international competitors.

Allowing complementary firms to form consortia and bid jointly in procurement auctions

is a straightforward approach to accommodate them in the procurement process. A consortium

can be organized by means of pre-award subcontracting: a firm group consisting of a prime

contractor and several subcontractors specialized in different tasks would make a competent

bidder in the procurement of complex projects.2 In reality, joint bidding is a common practice in

the procurement of infrastructure projects. Estache and Iimi (2008a) study 221 public contracts

for road, water and sewage, and electricity projects in 29 developing countries, and find that

joint consortia commonly account for about 25 to 30 percent of total bidders.

An alternative approach to include suppliers that are not solely capable of completing the
1See the website of U.S. Small Business Administration, https://www.sba.gov/partners/contracting-

officials/small-business-procurement.
2In the U.S., the practice of post-award subcontracting and bid-shopping for large projects is in general prevented

by regulation. FAR Section 19.702(a)(ii) states: “In sealed bidding acquisitions, each invitation for bids to perform a
contract that is expected to exceed $700,000 ($1.5 million for construction) and that has subcontracting possibilities,
shall require the bidder selected for award to submit a subcontracting plan. If the selected bidder fails to submit a
plan within the time limit prescribed by the contracting officer, the bidder will be ineligible for award.”
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project is to allocate projects using combinatorial auctions, such as Vickrey (1961)-Clarke

(1971)-Groves (1973) (VCG) auctions. In combinatorial auctions, suppliers need not form

consortia before the auction, and can participate in the auction as independent bidders. The

auction mechanism itself decides whether the project should be assigned to a firm that can finish

the project on its own or a group of complementary firms.

A natural question is which approach performs better in enhancing allocative efficiency,

minimizing public expenditure, and supporting small businesses. To study this question, we

consider a model of procurement auctions with some complementary suppliers. Specifically, we

compare the performance of a second-price sealed-bid auction in which joint bidding is allowed

with the performance of a VCG auction. In an extension, we also discuss the performance of a

first-price sealed-bid auction with joint bidding. For ease of exposition, we first compare the two

auction formats in a stylized environment, labeled as the “Local-Local-Global (LLG)” scenario

in the literature, and then extend the results to a general setting.3

Before previewing results from the baseline case, it is worth noticing that the answer to the

question above depends on how complementary firms cooperate with each other in joint bidding.

Strategic interactions within a consortium are often overlooked in the existing literature. A

widely maintained fiction is that once a consortium is formed, a decision center that can pool all

private information costlessly emerges and then acts to maximize the aggregate profit of its

members. Under this perfect cooperation assumption, we show that the second-price auction

with joint bidding can achieve full allocative efficiency. Moreover, the procurement price is

lower in the second-price auction than in the VCG auction (Proposition 3.4). However, this
3In the LLG scenario, we consider 3 suppliers, firm 1, firm 2A, and firm 2B. Firm 1 can finish the project on its

own, whereas firm 2A and firm 2B need to cooperate with each other to finish the project.
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result is only as valid as the perfect cooperation assumption, which seems too idealized to stand

scrutiny. Even though the members of a consortium work towards a common objective, nothing

keeps them from maximizing their own profits, instead of the aggregate profit of the consortium.

They are still incentivized to use their proprietary private information to collect information

rents. As a result, it is more plausible to think that members in a consortium need to cooperate

in an incentive-compatible manner. Grounded on this idea, we consider the case in which the

prime contractor in a consortium is responsible for designing a joint bidding mechanism to

facilitate incentive-compatible cooperation.4 Since the second-price auction with joint bidding

becomes a game among mechanism designers, we borrow the principals’ equilibrium concept

from Myerson (1982) and characterize the equilibrium in Proposition 3.1. That the prime

contractor rather than the auctioneer is in charge of contracting with subcontractors results in a

double marginalization problem: In forming a consortium bid, the prime contractor seeks to

maximize its profit after subcontractors’ profit maximization behavior. Because subcontractors

possess private cost information, the double marginalization problem cannot be resolved

through contracting schemes such as two-part tariff. Consequently, the consortium’s bid is

distorted upwards in equilibrium. An immediate implication from the distortion in the

consortium’s bid is that a second-price auction with (strategic and incentive-compatible) joint

bidding cannot achieve full allocative efficiency (Proposition 3.2). When the consortium

competes against a relatively strong opponent firm (which is the practically relevant case, since

we think of the consortium as a union of small businesses), the expected procurement price is

higher in the second-price auction with joint bidding than in the VCG auction (Proposition 3.3).

Moreover, the VCG auction performs better at supporting small businesses, as both the winning
4In this context, the joint bidding mechanism can also be viewed as a subcontracting agreement.
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probability and the aggregate profit of the group of complementary suppliers are higher in the

VCG auction than in the second-price auction with joint bidding (Proposition 3.5).

We then consider three extensions to the baseline model. First, we introduce

multiplicative bid weighting rules into the second-price auction and show that a small tweak to

the auction mechanism can improve its performance in various aspects. That the performance of

the (unweighted) second-price auction with joint bidding can be easily improved ascertains the

auction mechanism’s suboptimality from a new perspective. Specifically, favoring the

consortium with bid weighting rules always enhances allocative efficiency (Proposition 3.6). In

the context where a strong firm with an advantageous cost distribution competes against a

consortium consisting of small businesses, assigning a favorable weight to the consortium also

reduces the expected procurement price (Proposition 3.7). Moreover, biasing the mechanism to

the benefit of the union of small businesses is certainly in line with the policy goal of supporting

them. The study of adopting bid weighting to improve auction performance dates back to

McAfee and McMillan (1987, 1989). The authors show that general bid weighting functions,

tailored according to the cost distributions, can minimize the government’s expenditure in

procurement auctions without complementarity. In contrast, we consider how a spectrum of

objectives are affected by simple multiplicative bid weighting rules, because (i) multiplicative

rules are robust in that they depend little on distributional details, and (ii) they can generate clear

message as to which bidder should be favored.5

Second, we consider a general setting with many individually capable firms and

complementary firm groups. We characterize the equilibrium in the second-price auction with
5The multiplicative bid weighting rule is of both theoretical interest and practical relevance. In the “Buy Amer-

ican Act”, the Federal Acquisition Regulation directs the government to inflate foreign bids by an evaluation factor
ranging from 6% to 50%. The evaluation factor works exactly as an unfavorable multiplicative weight assigned to
foreign bids. See FAR Section 25.
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joint bidding again (Proposition 3.8) and show that the results from the baseline model remain

mostly intact (Propositions 3.9 and 3.10).

Third, we consider a first-price auction with joint bidding in the general setting. Under a

symmetry condition (Assumption 3.3), which ensures that the cost distributions are similar across

consortia and individually capable firms, we show that the outcomes of the first-price auction

with joint bidding are largely the same as the second-price auction with joint bidding. In other

words, the revenue equivalence result holds (Proposition 3.11). This implies that in symmetric

environments, the suboptimality of the joint bidding approach cannot be avoided by switching

from a second-price auction to a first-price auction.

The existing literature has focused on joint bidding by horizontally competing firms and

whether this kind of joint bidding is pro-competitive or anti-competitive. The main concern

against competitors teaming up and bidding jointly is that this would reduce the number of total

bids and thus affect competition adversely (Markham, 1970). In auctions with a common value

setting, DeBrock and Smith (1983) point out that joint bidding can facilitate the sharing of private

estimates and thus enhance allocative efficiency. Levin (2004) studies joint bidding in common

value multi-unit uniform-price auctions and finds that the pro-competitive benefit of joint bidding

in single-unit auctions does not pertain to the multi-unit case. Mares and Shor (2008) also argue

that the reduction in competition dominates the informational effects, which then results in lower

revenues. But the authors also note in a later paper that the informational structure resulting from

joint bidding may be more suitable for some simple auction formats (Mares and Shor, 2012).

Marquez and Singh (2013) consider synergy and value creation in forming bidding consortia and

show that joint bidding can lead to higher auction revenues when there is a fixed large number

of firms. After surveying the regulation of joint bidding (by potential competitors) in European
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public procurement and documenting the effects of joint bidding in terms of bidding competition,

coordination among firms, risk management, exploitation of other synergies, and entry, Albano

et al. (2008) conclude that

“The only strong conclusion that we can draw is that there is an urgent need for

further theoretical and empirical or experimental research on this very important

issue [joint bidding] for public procurement.”

The focus of this chapter differs from the above-mentioned ones in that we consider joint

bidding by complementary firms.6 Therefore, there is no anti-competitive effect of reducing the

number of bids: In the absence of joint bidding, these complementary firms would not be able

to submit solo bids. Clearly, allowing joint bidding by complementary firms is pro-competitive

in that it intensifies competition by bringing in some consortium bidders.7 The research question

then is whether there are better approaches than joint bidding to promote competition and support

small businesses.

Another novelty of this chapter is that we require members in a consortium to cooperate in

an incentive-compatible way. The papers mentioned above all assume away strategic interactions

within each consortium and simply treat a consortium as an individual bidder that possesses all

the private information of its members. As will become clear below, this perfect cooperation

assumption is misleading in that it significantly overestimates the performance of auctions with

joint bidding.
6The papers mentioned in the previous paragraph all consider auctions to sell. In the context of auctions to sell,

firms being complementary to each other would mean firms can share the use of the item being auctioned off.
7In practice, while joint bidding by competitors is in general prohibited by legislation, joint bidding by non-

competitors is deemed acceptable. For instance, in 2018, the Italian Competition Authority (ICA) cleared the joint
bidding agreement for the contract manufacturing of plasma therapeutic products derived from blood donations
between Grifols and Kedrion on the basis that the two barely compete with each other in the relevant market.
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This chapter also relates to studies of subcontracting in procurement auctions.

Nakabayashi (2010) models a two-stage procurement auction: Prime contractors first solicit bids

from a set of subcontractors in upstream auctions and then compete for the project in a

downstream auction. In line with the current chapter, the author also finds that revenue

equivalence holds in the downstream auction.8 Miller (2014) notices that procurement contracts

are often incomplete because of ex-post contract revisions. The author sets up a scoring auction

model that incorporates this incompleteness in contracts and estimates bidding strategies

empirically using data from bridge projects procured by the California Department of

Transportation. Branzoli and Decarolis (2015) empirically study how different auction formats

affect firms’ entry and subcontracting choices. They show that in comparison with average-bid

auctions (in which the lowest bid loses and the winner is the bid that is closest to the average

bid), first-price auctions allocate simple construction contracts more efficiently and thus witness

less entry and post-award subcontracting. Notably, the adoption of first-price auctions makes

firms more likely to form bidding consortia and essentially conduct pre-award subcontracting.

The remainder of the chapter is organized as follows. Section 3.2 lays out the baseline

model and characterizes the equilibria in the VCG auction and the second-price auction with

joint bidding. Section 3.3 compares the performance of the two auctions in terms of allocative

efficiency, procurement price, and small business support. Section 3.4 includes three extensions

to the baseline model. Section 3.5 concludes the chapter with a discussion of the results. All the

proofs are in Appendix B.
8In a similar vein, Burkett (2015) shows that the revenue equivalence result holds in a two-stage auction game,

where principals set the budget for their bidders in the first stage and bidders compete in an auction in the second
stage.
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3.2 Procurement Auctions with Bidder Complementarity: Baseline Model

An auctioneer seeks to procure a project. In the baseline model, three risk-neutral profit-

maximizing firms, indexed by the set ⌦ = {1, 2A, 2B} are interested in the auction. Firm 1 can

finish the project by itself at cost c1. Firms 2A and 2B are complementary in that they can each

finish a (different) part of the project and they can complete the project by cooperation.9 The

cost of doing its part is c2A for firm 2A and c2B for firm 2B. Costs are privately known to firms

and independently distributed. ci, i 2 ⌦, is distributed on [0, c̄i] according to the cumulative

distribution function Fi(·). The corresponding density function is fi(·), with fi(ci) > 0 for all

ci 2 [0, c̄i] and i 2 ⌦. For notational convenience, we define H̄(·) := 1�H(·) for any cumulative

distribution function H .

To address the complementarity among bidders, the auctioneer can either allow joint

bidding (between firms 2A and 2B) and conduct a second-price sealed-bid auction, or use a

VCG auction and treat all three firms as independent bidders.10 As a benchmark, we first

consider a VCG auction.

3.2.1 VCG Auctions

Before describing the rule of a VCG auction, we need to specify the set of feasible

allocations and a measure of efficiency. Let x = (x1, x2A, x2B) represent the allocative outcome

of the auction. For all i 2 ⌦, xi = 1 indicates firm i wins the auction and xi = 0 indicates firm i

9For an individually capable firm, different tasks could be carried out by different departments of the firm. But
the coordination cost within a firm is small compared with that between different firms for various reasons. For
example, the cost information of each department may be verifiable by the firm. To make the analysis tractable
without loss of economic insight, we assume that the coordination within an individually capable firm is costless.

10We extend the analysis to a first-price sealed-bid auction with joint bidding in Section 3.4.3.
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loses. The set of feasible allocations is X = {(1, 0, 0), (0, 1, 1)}. The actual construction cost of

the project under allocation x is C(x, c) :=
P

i2⌦ xici. We use �C(x, c) as a measure of

efficiency.

The the auction rule is as follows. Given a bid profile ĉ = (ĉ1, ĉ2A, ĉ2B), the allocation of

the auction is x⇤ which solves maxx2X �C(x, ĉ). Ties are broken with a fair random device. The

payment to firm i is minx2X,xi=0

P
j2⌦\i xj ĉj �

P
j2⌦\i x

⇤
j ĉj .

As is standard in the literature, truthful bidding (ĉi = ci for all i 2 ⌦) constitutes an equi-

librium in weakly dominant strategies of the game and we focus on this equilibrium throughout

the chapter.

3.2.2 Second-price Sealed-bid Auctions with Joint Bidding

Next, we consider a second-price sealed-bid auction in which joint bidding is allowed. In

this case, firms 2A and 2B participate in the auction as a consortium. One of the two firms, say

firm 2A, will serve as the prime contractor and be responsible for designing a subcontracting

mechanism to elicit the cost information of firm 2B and come up with a bid on behalf of the

consortium. Specifically, a subcontracting mechanism consists of a bidding rule ĉ2(c2A, c2B) and

a transfer rule t2B(c2A, c2B). In light of the strategic interactions between consortium members,

we label the auction game as SPA(S).

The timing of the game is as follows. Before the auction starts, the prime contractor

announces to the subcontractor the subcontracting mechanism, ĉ2(·, ·), together with its cost

type, c2A.11 So the subcontractor knows that the subcontracting scheme, conditional on the
11Sine the prime contractor is risk-neutral and its cost type is not correlated with the subcontractor’s, it is without

loss of generality to require the prime contractor reveal its type truthfully when announcing the mechanism (see, for
example, Proposition 11 in Maskin and Tirole (1990)).
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prime contractor’s type, is (ĉ2(c2A, ·), t2B(c2A, ·)). Then the subcontractor reports its cost to the

prime contractor. Given the reported cost ĉ2B, the prime contractor submits a bid of ĉ2(c2A, ĉ2B)

and pays the subcontractor an amount t2B(c2A, ĉ2B).12 At the same time, firm 1 submits a bid ĉ1.

Finally, the auction concludes according to the following rule: Given a bid profile (ĉ1, ĉ2), if

ĉ1 < ĉ2, then firm 1 wins the auction at a price of ĉ2; if ĉ1 > ĉ2, the consortium wins and firm

2A will be paid ĉ1; ties are broken with a fair random device.

We consider the solution concept of principals’ equilibrium a la Myerson (1982). The idea

is that given firm 1’s bidding strategy, the subcontracting mechanism maximizes the prime

contractor’s expected profit subject to incentive compatibility, which makes sure that the

subcontractor reports its type truthfully. In the meantime, given the bidding rule in the

subcontracting mechanism and the belief that the subcontractor reports truthfully, firm 1’s

bidding strategy maximizes its expected profit. To formally define principals’ equilibrium, we

first specify the firms’ payoffs.

Firm 1’s expected profit with a bid ĉ1, given the bidding rule of the consortium’s

subcontracting mechanism ĉ2(·, ·) and the belief that the subcontractor will report truthfully, is

⇡1(c1, ĉ1; ĉ2(·, ·)) = Pr[ĉ2(c2A, c2B) > ĉ1]E[ĉ2(c2A, c2B)� c1|ĉ2(c2A, c2B) > ĉ1].13

The subcontractor’s expected profit with a report ĉ2B under a subcontracting mechanism
12The transfer happens regardless of the result of the auction. This is without loss of generality as both the prime

contractor and the subcontractor are risk-neutral.
13To be clear, the expectation and probability on the right hand side are also conditional on the arguments on the

left hand side, c1, ĉ1 and the function ĉ2(·, ·).
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(ĉ2(·, ·), t2B(·, ·)), given the prime contractor’s type c2A and firm 1’s bidding strategy ĉ1(·), is

⇡2B(c2B, ĉ2B; ĉ2(c2A, ·), t2B(c2A, ·), ĉ1(·)) = t2B(c2A, ĉ2B)� Pr[ĉ2(c2A, ĉ2B) < ĉ1(c1)]c2B.

The prime contractor’s expected profit with a subcontracting mechanism (ĉ2(·, ·), t2B(·, ·)),

given that the subcontractor reports truthfully and firm 1’s bidding strategy ĉ1(·), is

⇡2A(c2A, ĉ2(c2A, ·), t2B(c2A, ·); ĉ1(·)) = �E[t2B(c2A, c2B)] + Pr[ĉ2(c2A, c2B) < ĉ1(c1)]

⇥ E[ĉ1(c1)� c2A|ĉ2(c2A, c2B) < ĉ1(c1)].

The definition of a principal’s equilibrium is given as follows.

Definition 3.1 A principals’ equilibrium in the SPA(S) is a collection of firm 1’s bidding strategy

ĉ⇤1(·) and subcontracting mechanism (ĉ⇤2(·, ·), t⇤2B(·, ·)) such that:

(i) Given ĉ⇤1(·), (ĉ⇤2(·, ·), t⇤2B(·, ·)) is incentive compatible, meaning that

c2B 2 argmax
ĉ2B

⇡2B(c2B, ĉ2B; ĉ
⇤
2(c2A, ·), t⇤2B(c2A, ·), ĉ⇤1(·)), 8c2A 2 [0, c̄2A], c2B 2 [0, c̄2B];

(ii) Given ĉ⇤1(·), (ĉ⇤2(·, ·), t⇤2B(·, ·)) maximizes the prime contractor’s expected profit (subject to

incentive compatibility) ⇡2A(c2A, ĉ2(·, ·), t2B(·, ·); ĉ⇤1(·)) for all c2A 2 [0, c̄2A].

(iii) Given (ĉ⇤2(·, ·), t⇤2B(·, ·)), ĉ⇤1(·) maximizes firm 1’s expected profit ⇡1(c1, ĉ1; ĉ⇤2(·, ·)) for all

c1 2 [0, c̄1].

To simplify the equilibrium analysis, we impose Assumption 3.1 on the distribution of the

subcontractor’s type throughout the chapter.
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Assumption 3.1 The virtual cost of the subcontractor c̃2B := c2B+
F2B(c2B)
f2B(c2B) , is weakly increasing

in c2B 2 [0, c̄2B].

It is straightforward to see that bidding truthfully is a (weakly) dominant strategy for firm

1 in the sense that no matter what mechanism the prime contractor chooses, bidding truthfully

always results in the maximum of expected profit. Focusing on the case where firm 1 bids

truthfully, we can obtain the following equilibrium characterization.

Proposition 3.1 A principals’ equilibrium in the SPA(S) is ĉ⇤1(c1) = c1, ĉ⇤2(c2A, c2B) = c2A+ c̃2B,

and t⇤2B(c2A, c2B) = c2BF̄1(ĉ⇤2(c2A, c2B)) +
R c̄2B
c2B

F̄1(ĉ⇤2(c2A, x))dx.

Notably, the bid of the consortium, c2A + c̃2B, is higher than its true cost, c2A + c2B,

due to double marginalization, or sequential profit maximization of the prime contractor and the

subcontractor. In determining the bidding rule, the prime contractor factors in the information

rent that needs to be paid to the subcontractor. As a result, the prime contractor distorts the

consortium’s bid upwards.

3.3 Suboptimality of Joint Bidding

In joint bidding, the prime contractor and the subcontractor both try to maximize their

own profits. This gives rise to a double marginalization problem. Because the subcontractor’s

cost information is privately known, the double marginalization problem cannot be resolved by

nonlinear contracting schemes such as two-part tariff. The prime contractor needs to make an

information rent payment to the subcontractor in order to facilitate cooperation. The double

marginalization problem and information friction within the consortium distort the consortium’s
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bid and in turn hinder the performance of the SPA(S). In this section, we substantiate this point

by comparing the performance of the SPA(S) with that of the VCG auction.

3.3.1 Efficiency and Procurement Price

From the equilibrium analysis in Section 3.2, we can easily see the following result

regarding the allocative efficiency of the two auction formats.

Proposition 3.2 The VCG auction is efficient in the sense that it achieves the lowest construction

cost of the project. In contrast, the SPA(S) is not efficient.

The inefficiency of the SPA(S) results from the distortion of the consortium’s bid. Since firm 1

bids truthfully while the consortium bids higher than its actual cost, the auction can assign the

project to firm 1 when the consortium’s cost is lower.

The ranking of the expected procurement price in the two auctions is ambiguous. This can

be seen from two polar cases. If c1 < c2A + c2B, firm 1 wins in both auctions. In this case,

the procurement price is the consortium’s bid, c2A + c̃2B, in the SPA(S) and is the consortium’s

cost, c2A + c2B, in the VCG auction. Because the consortium’s bid is above its true cost, the

procurement price is higher in the SPA(S) than in the VCG auction. If c1 > c2A + c̃2B, however,

the consortium wins in both auctions. The procurement price is firm 1’s bid, c1, in the SPA(S)

and is 2c1 � (c2A + c2B) in the VCG auction.14 In this case, it is clear that the procurement price

is lower in the SPA(S) than in the VCG auction. Proposition 3.3 summarizes the above analysis,

with the expected procurement price denoted by EP a for a 2 {SPA(S), V CG}.

14In the VCG auction, the procurement price consists of two parts: the payment to firm 2A, c1 � c2B , and the
payment to firm 2B, c1 � c2A.
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Proposition 3.3 The ranking between EP SPA(S) and EP V CG is ambiguous. In particular,

EP SPA(S) > EP V CG if firm 1 is very likely to win and EP SPA(S) < EP V CG if the consortium

is very likely to win.

Proposition 3.2 and Proposition 3.3 indicate that allowing joint bidding may be a

suboptimal way to address complementarity among bidders under various circumstances.

Nonetheless, it is worth noticing that if we ignore frictions, joint bidding would seem to be more

desirable than it actually is. To illustrate this point, we analyze a hypothetical scenario, labeled

perfect cooperation, where the two firms aim to maximize their aggregate profit as opposed to

their own individual profit in joint bidding.15 To distinguish the perfect cooperation case from

the strategic joint bidding case, we label the second-price auction with perfect cooperation as

SPA(PC). In the SPA(PC), it is as if two individual bidders compete against each other.

Therefore, truthful bidding by both bidders constitutes an equilibrium in weakly dominant

strategies. When the conflict of interest between the prime contractor and the subcontractor is

not accounted for, or when the information friction within the consortium is assumed away, the

performance of a second-price auction with joint bidding would appear to be ideal.

Proposition 3.4 The following statements regarding SPA(PC) hold.

(i) The SPA(PC) achieves full allocative efficiency.

(ii) The expected procurement price in the second-price auction is lower than that in the VCG

auction: EP SPA(PC)  EP V CG.

(iii) The expected procurement price in the second-price auction with joint bidding would be

underestimated if perfect cooperation is assumed: EP SPA(PC)  EP SPA(S).
15Perfect cooperation can also be achieved if there is complete information within the consortium.
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Point (i) in the proposition is a standard result which directly comes from the fact that both

bidders bid truthfully in the SPA(PC). Point (ii) is easily obtained by comparing the procurement

prices in the two auctions case by case. When c1 < c2A+c2B, firm 1 wins in both the SPA(S) and

the VCG auction. The procurement prices are c2A + c2B in both auctions. When c1 > c2A + c2B,

firm 2 wins in both auctions. The Procurement price in the SPA(S) is c1 while the procurement

price in the VCG auction is 2c1� (c2A+ c2B) > c1. Therefore, the procurement price in the VCG

auction is either equal to or higher than that in the SPA(S), which immediately leads to point (ii).

Point (iii) follows directly from the fact that the consortium bids higher in the SPA(S) than in the

SPA(PC).

The following numerical example helps visualize the results in this section.

Example 3.1 Suppose that c2A ⇠ U [0, 1] and c2B ⇠ U [0, 0.5]. The distribution of c1 is the same

as that of �(c2A + c2B), where � 2 R+ captures the relative strength of firm 1 and the union of

firms 2A and 2B. Figure 3.1 depicts the expected construction costs of the project (panel (a)) and

procurement prices (panel (b)) in the second-price auction (with strategic joint bidding and with

perfect cooperation) and the VCG auction.

As is shown in Figure 3.1(a), the expected construction cost is higher in the SPA(S) than

in the VCG auction due to double marginalization of the prime contractor and the subcontractor.

Were the consortium members able to cooperate perfectly, the expected construction cost in the

second-price auction would fall to the efficient level. As predicted by Proposition 3.3,

Figure 3.1(b) shows that when firm 1 is strong in the sense that its cost is likely to be low (� is

small), the expected procurement price is lower in the VCG auction than in the SPA(S); and this

ranking is reversed when firm 1’s cost is likely to be high (� is large). Notably, the expected
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Figure 3.1: Expected Construction Costs and Procurement Prices in the Second-Price Auction
and the VCG Auction in Example 3.1.
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procurement price appears to be low in the second-price auction when the strategic interactions

within the consortium are not taken into account.

3.3.2 Small Business Support

Allowing joint bidding is often viewed as a way to support small businesses since it

enables them to pool together resources and participate in competitions for large projects.

However, that the prime contractor and the subcontractor both seek to maximize their own

profits causes a double marginalization problem. We show in the previous section that this

double marginalization structure may cause second-price auctions with joint bidding to perform

worse than VCG auctions in terms of allocative efficiency and procurement price. In this

section, we think of firms 2A and 2B as small businesses and compare the two auction formats

from the two firms’ perspective. Specifically, we consider the ranking of firms 2A and 2B’s

expected winning probability and profit in the two auctions. Fixing a realization of (c2A, c2B),
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the interim winning probability of firms 2A and 2B is given by

IWP SPA(S)(c2A, c2B) : = Pr[ĉ⇤1(c1) > ĉ⇤2(c2A, c2B)|c2A, c2B], and

IWP V CG(c2A, c2B) : = Pr[c1 > c2A + c2B|c2A, c2B].

The interim expected aggregate profit of firms 2A and 2B is given by

IEAP SPA(S)(c2A, c2B) : = Pr[ĉ⇤1(c1) > ĉ⇤2(c2A, c2B)|c2A, c2B]⇥

E[ĉ⇤1(c1)� c2A � c2B|ĉ⇤1(c1) > ĉ⇤2(c2A, c2B), c2A, c2B],

IEAP V CG(c2A, c2B) : = Pr[c1 > c2A + c2B|c2A, c2B]⇥

E[2(c1 � c2A � c2B)|c1 > c2A + c2B, c2A, c2B].

Proposition 3.5 indicates the VCG auction’s advantage in supporting small businesses.

Proposition 3.5 For all realizations of (c2A, c2B), we have that

(i) IWP V CG(c2A, c2B) � IWP SPA(S)(c2A, c2B), and;

(ii) IEAP V CG(c2A, c2B) � 2⇥ IEAP SPA(S)(c2A, c2B).16

The logic behind Proposition 3.5 is straightforward. Point (i) follows immediately from the fact

that the consortium’s bid is distorted upwards in the SPA(S). Upon winning in the VCG auction,

firms 2A and 2B’s profit is 2(c1 � c2A � c2B), which is exactly twice what they would get upon

winning in the SPA(S). This, in combination with the fact that firms 2A and 2B win more often

in the VCG auction, immediately yields point (ii).

Clearly, firms 2A and 2B’s ex-ante expected winning probability and aggregate profit are
16The inequalities are strict if and only if c2A + c2B < c̄1 and c2B > 0.
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also lower in the SPA(S) than in the VCG auction. To illustrate, we continue Example 3.1 and

plot the two firms’ ex-ante expected winning probabilities and aggregate profits in Figure 3.2.

Figure 3.2: Firms 2A and 2B’s Expected Aggregate Profits and Winning Probabilities in the
SPA(S) and the VCG Auction in Example 3.1.

(a) Firms 2A and 2B’s expected aggregate profits.
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(b) Firms 2A and 2B’s expected winning probabilities.
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It is clear from Proposition 3.5 and Figure 3.2 that the VCG auction is more favorable to

the group of small businesses than the SPA(S). This implies that using the auction mechanism

itself to organize cooperation among complementary small businesses might be a better way to

support small businesses than making them form consortia prior to the auction.

3.4 Extension

In this section, we extend the baseline model in three aspects. First we introduce bid

weighting rules in the second-price auction and show some qualitative features of the construction

cost minimizing weight vector and the procurement price minimizing weight vector. Then we

generalize the results from the previous section to a general setting with many bidders. Finally,

we consider a first-price auction with joint bidding and establish its revenue equivalence with the
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second-price auction under a symmetry assumption.

3.4.1 Bid Weighting Rules as a Remedy

In the previous analysis, we demonstrate how strategic interactions between consortium

members distort the consortium’s bid and eventually cause the second-price auction with joint

bidding to underperform the VCG auction. In what follows, we show that a simple tweak to the

second-price auction can improve its performance.

We consider a weighted second-price auction with strategic joint bidding, labeled

WSPA(S). The timing of the auction game is the same as that in Section 3.2, except that the

auction rule now is described as follows. Holding fixed a weight vector (w1, w2), for a given bid

profile (ĉ1, ĉ2), if ĉ1
w1

< ĉ2
w2

, firm 1 wins the auction at a price of w1 ⇥ ĉ2
w2

; if ĉ1
w1

> ĉ2
w2

, firms 2A

and 2B win the auction at a price of w2 ⇥ ĉ1
w1

. We normalize the weight vector (w1, w2) to be

(1, w).17 Ties are broken with a fair random device. Note that the weighting rule favors firm 1 if

and only if w < 1. In essence, the auction inflates (when w > 1) or deflates (when w < 1) firm

1’s bid by a factor w in deciding the winner of the contract. The dynamic version of the

weighted second-price auction is a special case of the “deferred-acceptance” clock auction,

which is utilized to reallocate spectrums in the Broadcast Incentive Auction (Milgrom and

Segal, 2020).

The formal definition of the principals’ equilibrium in the WSPA(S) resembles

Definition 3.1, simply with the payoff functions adjusted according to the weighting rule. To

avoid redundancy, we relegate the formal definition and equilibrium characterization to
17In the weighted second-price auction, weights matter only in relative terms. Therefore, it is without loss to

normalize firm 1’s weight to be 1.
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Appendix B.3. In the equilibrium, the bidding strategy of firm 1 and the bidding rule of the

consortium remain the same as those in Proposition 3.1. In other words, firm 1 bids truthfully,

ĉ⇤1(c1) = c1, and the consortium sticks to the bidding rule ĉ⇤2(c2A, c2B) = c2A + c̃2B. This is

reminiscent of the result that truthful bidding constitutes an equilibrium in the

deferred-acceptance auction.

Suppose that the auctioneer aims to minimize the expected construction cost of the project

by choosing a weight w. Denote the cost minimizing weight for the WSPA(S) by wWSPA(S)
CM .

The following proposition suggests that favoring the consortium bidder via weighting rules can

enhance the allocative efficiency.

Proposition 3.6 The cost minimizing weight in the WSPA(S) favors the consortium bidder, i.e.,

wWSPA(S)
CM > 1. In particular, the expected construction cost as a function of w strictly decreases

in w 2 (0, 1).

That wWSPA(S)
CM is not unity corroborates the suboptimality of the SPA(S) in allocating the project.

The intuition behind the result is as follows. Because of double marginalization, the bid of the

consortium is distorted upwards and thus diminishes the competitiveness of the consortium. To

counter the distortion and restore efficiency, the auctioneer would find it desirable to boost the

consortium’s bid and dial back the balance of competition. Assigning a favorable weight to the

consortium bidder does exactly that.

We continue Example 3.1 to illustrate the result in Proposition 3.6. Figure 3.3(b) shows

the cost minimizing weights in the WSPA(S). Under the specification of uniform cost

distributions, a constant weight, wWSPA(S)
CM = 1.33 > 1, minimizes the expected construction

cost in the WSPA(S). From the consortium’s perspective, this mechanism automatically raises
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its opponent’s bid by 33%. The dash-dotted line in Panel (a) of Figure 3.3 depicts the minimized

value. Figure 3.3(a) shows that bid weighting rules very effectively improve the auction’s

allocative efficiency: The expected construction cost in the cost minimizing WSPA(S) is almost

indistinguishable from the fully efficient level.

Figure 3.3: Cost Minimizing Weighted Second-Price Auctions in Example 3.1.

(a) Expected construction costs.
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Next, we proceed to analyze the expected procurement price minimizing weight, denoted

by wWSPA(S)
PM . The following proposition shows that when the individual bidder is stronger than

the consortium, biasing the weighting rule to the consortium’s benefit reduces the expected

procurement price.

Proposition 3.7 Suppose that the distribution of c2A + c2B weakly first order stochastically

dominates that of c1. Then the price minimizing weight favors the consortium bidder, i.e.,

wWSPA(S)
PM > 1. In particular, the expected procurement price as a function of w strictly

decreases in w 2 (0, 1).

Figure 3.4 visualizes the result in Proposition 3.7 under the specifications of Example 3.1.
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Figure 3.4(b) shows the price minimizing weights in the WSPA(S). In Example 3.1, the

distribution of c2A + c2B weakly first order stochastically dominates that of c1 if and only if

�  1. As predicted by Proposition 3.7, we can see that the price minimizing weights are above

1 when �  1. The dash-dotted line in Figure 3.4(a) depicts the minimized expected

procurement prices in the WSPA(S). To facilitate comparison, we also plot in Figure 3.4(a) the

expected procurement prices in the SPA(S), in the VCG auction and in the SPA(PC). Thanks to

bid weighting rules, the optimally tailored WSPA(S) leads to lower expected procurement prices

than the VCG auction, regardless of the relative strength of firm 1 and the consortium.

Figure 3.4: Price Minimizing Weighted Second-Price Auctions in Example 3.1.

(a) Expected procurement prices.
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(b) Price minimizing weights.
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In the context where firm 1 is a capable international firm and firms 2A and 2B are small

local businesses, Proposition 3.6 and Proposition 3.7 offer a new perspective on the

suboptimality of the (unweighted) second-price auction in terms of allocative efficiency and

expenditure minimizing. The two propositions also provide a simple fix—i.e., favoring the

union of small businesses with bid weighting—which is easily implementable in practice and

comes in handy when combinatorial auctions are not feasible. In addition, assigning favorable
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weights to the consortium consisting of small businesses aligns perfectly with the policy

objective of supporting small businesses.

3.4.2 Many Bidders

Now suppose there are N � 1 firms, indexed by I = {1, · · · , N}, that can finish the project

individually. There are also M � 1 groups of firms, indexed by G = {N + 1, · · · , N + M}.

A group k 2 G consists of nk � 2 members. There is complementarity among members in the

same group in the sense that each member can finish a different part of the project, and the group

can finish the entire project only by cooperation. We refer to member j of group k as firm (k, j).

With slight abuse of notation we recycle the symbol ⌦ to denote the set of all firms and X to

denote the set of feasible allocations. Specifically, ⌦ = {i, (k, j) : i 2 I, k 2 G, 1  j  nk}

and

X =

(
(xl)l2⌦ 2 {0, 1}|⌦| :

X

i2I

xi +
X

k2G

xk,1 = 1, xk,j = xk,1 for all 2  j  nk

)
. (3.1)

The structure of complementarity in this setting is summarized by the feasibility constraint

(3.1). Firm l’s cost is denoted by cl, with l 2 ⌦. Costs are privately known and independently

distributed. cl is drawn from [0, c̄l] according to the cumulative distribution function Fl(·). The

associated density function is fl(·), with fl(cl) > 0 for all cl 2 (0, c̄l) and l 2 ⌦.

3.4.2.1 Equilibrium Analysis

We first consider a VCG auction in which all firms participate as independent bidders.

The construction cost of the project under allocation x and cost profile c is C(x, c) =
P

l2⌦ xlcl.

64



Given a bid profile ĉ = (ĉl)l2⌦, the allocative outcome of the auction is x⇤ which solves

minx2X C(x, ĉ). Ties are broken with a fair random device. The payment to firm l is

minx2X,xl=0

P
l02⌦\l xl0 ĉl0 �

P
l02⌦\l x

⇤
l0 ĉl0 . Again, truthful bidding (ĉl = cl for all l 2 ⌦)

constitutes an equilibrium in weakly dominant strategies. We focus on this equilibrium

throughout the chapter.

Next, we proceed to the analysis of a second-price auction in which joint bidding is allowed.

In this case, the M groups participate in the auction as consortia. We maintain the postulate that

members in a consortium maximize their individual profits rather than the aggregate profit of the

consortium. The second-price auction with strategic joint bidding is again referred to as SPA(S).

Following Section 3.2, we designate firm (k, 1) to be the prime contractor of consortium k. Let

ck denote the cost profile (ck,j)
nk
j=1 of consortium k. The prime contractor is responsible for

designing a subcontracting mechanism that consists of a bidding rule ĉk(ck) and a transfer rule

tk(ck) = (tk,j(ck))
nk
j=2.

The auction game proceeds as follows. Before the auction, all the prime contractors

announce their subcontracting mechanisms and their own types to their subcontractors. Then

subcontractors report their costs to their prime contractors. Given reported cost profile ĉk,�1,18

the prime contractor in consortium k submits a bid ĉk(ck,1, ĉk,�1) and pays subcontractor (k, j)

the specified amount tk,j(ck,1, ĉk,�1). In the meantime, firm i 2 I submit its bid ĉi

independently. Finally, the auction concludes and the bidder with the lowest bid wins at the

price of the second lowest bid. Ties are resolved with a fair random device.

In a similar vein to Definition 3.1, a definition of the principals’ equilibrium in the current
18We use the subscript (k,�j), with k 2 G and 1  j  nk, to represent a collection over all members of

consortium k except (k, j).
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setting is given as follows.

Definition 3.2 A principal’s equilibrium in the SPA(S) is a collection of individual bidders’ bid-

ding strategies ĉ⇤I(·) and subcontracting mechanisms (ĉ⇤G(·), t⇤G(·)) such that:19

(i) Given ĉ⇤I(·) and ĉ⇤G\k(·), (ĉ⇤k(·), t⇤k(·)) is incentive compatible for all the subcontractors in

consortium k.

(ii) Given ĉ⇤I(·) and ĉ⇤G\k(·), (ĉ⇤k(·), t⇤k(·)) maximizes the prime contractor’s expected profit

subject to incentive compatibility.

(iii) Given ĉ⇤I\i(·) and ĉ⇤G(·), ĉ⇤i (·) maximizes firm i’s expected profit.

For tractability, we maintain the following assumption throughout.

Assumption 3.2 For all k 2 G and 2  j  nk, the virtual cost of subcontractor (k, j), c̃k,j :=

ck,j +
Fk,j(ck,j)
fk,j(ck,j)

, is weakly increasing in ck,j 2 [0, c̄k,j].

As in Section 3.2, it is easy to see that bidding truthfully is a (weakly) dominant strategy

for individual bidders. Given that individual firms bid truthfully, we can obtain the following

equilibrium characterization.

Proposition 3.8 A principals’ equilibrium in the SPA(S) is ĉ⇤i (ci) = ci for all i 2 I , ĉ⇤k(ck) =

ck,1 +
Pnk

j=2 c̃k,j and t⇤k,j(ck) = ck,jH̄⇤
�k(ĉ

⇤
k(ck)) +

R c̄k,j
ck,j

H̄⇤
�k(ĉk(ck,�j, x))dx, where H⇤

�k(y) :=

Pr[min{ĉ⇤l (cl), 8l 2 ⌦ \ {k}}  y] , for all k 2 G and 2  j  nk.
19A subscript I 0 ✓ I represents a collection over i 2 I

0 and a subscript G0 ✓ G represents a collection over
k 2 G

0. For instance, ĉI0(·) := (ĉi(·))i2I0 .
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3.4.2.2 Suboptimality of Joint Bidding Revisited

With the characterization in Proposition 3.8, we are ready to show that the results found

in Section 3.3 remain largely intact in the current environment. Some results are immediately

generalizable.

Proposition 3.9 Proposition 3.2 and Proposition 3.4 hold.

In words, SPA(S) results in efficiency losses due to double marginalization of prime contractor

and its subcontractors and incomplete information within each consortium. Again, if the

auctioneer fails to take into consideration the conflict of interest between prime contractors and

their subcontractors or the information friction within each consortium, the second-price auction

would be a deceptively appealing choice: Assuming perfect cooperation between prime

contractors and their subcontractors, the SPA(PC) achieves full allocative efficiency, and the

expected procurement price is lower than in the VCG auction.

The insight from Propositions 3.3 and 3.5 remains valid in the current setting. To see that,

we consider the case where firm groups face strong competition from individually capable firms.

Specifically, we assume that the cost distribution of an individual firm, say firm 1 2 I , satisfies

F̄1(·) = [F̄◆(·)]Z , where F◆(·) is a continuously differentiable cumulative distribution function

supported on [0, c̄1] and Z 2 (0,1). If Z is an integer, c1 can be viewed as the minimum of

Z independent and identically distributed random variables with a distribution function F◆(·).

Then from the perspective of the auctioneer and firm groups, the following two scenarios are

equivalent: (i) there is one individually capable firm with a cost distribution F1(·) = 1� [F̄◆(·)]Z ;

(ii) there are Z individually capable firms with a cost distribution F◆(·). Either way, when Z is

large enough, firm groups are in fierce competition against individually capable firms. In this
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case, Proposition 3.10 shows that the VCG auction outperforms the SPA(S) in small business

support under a regularity condition.

Condition 3.1 For all k 2 G, there exists no realization of ck such that

nkX

j=1

ck,j � max

(
nk0X

j=1

c̄k0,j

)

k02G\k

and

ck,1 +
nkX

j=2

c̃k,j < max

(
c̄k0,1 +

nk0X

j=2

˜̄ck0,j

)

k02G\k

are both true.

Basically, this condition ensures that if a group is sure to lose in the VCG auction, it is also sure

to lose in the SPA(S).

Proposition 3.10 Suppose that F̄1(·) = [F̄◆(·)]Z . Then the following statements hold.

(i) EP V CG  EP SPA(S) as Z ! 1;

(ii) Under Condition 3.1, for any realization of ck with at least one non-zero ck,j , 2  j  nk,

IWPSPA(S)(ck)
IWPV CG(ck)

! 0 and IEAPSPA(S)(ck)
IEAPV CG(ck)

! 0 as Z ! 1.

To see the implications of Proposition 3.10, we think of firm groups as unions of small local

firms, and firms which can complete the project on their own as strong international competitors.

In public procurement, local governments may wish to favor small local firms. Allowing joint

bidding might appear to be a natural choice, since it makes it possible for small firms to team up

and participate in the competition. However, Proposition 3.10 shows that when there is a strong
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international firm, the SPA(S) is inferior as compared with the VCG auction in both minimizing

expenditure and supporting small businesses. To make things worse, the SPA(S) could result in

inefficient allocations as indicated by Proposition 3.9, while the VCG auction is efficient.

In practice, individually capable firms need not be too strong (Z need not be too large)

for the VCG auction to outperform the SPA(S). To see this, consider the following numerical

example.

Example 3.2 Suppose there are two prime contractor and subcontractor pairs and one

individually capable firm. That is, I = {1} and G = {2, 3}. Assume ck,1 ⇠ U [0, 1] and

ck,2 ⇠ U [0, 0.5] for all k 2 G, while c1 is distributed according to 1 � [F̄◆(·)]Z . Let

F◆(y) = y/1.5 for y 2 [0, 1.5]. For Z 2 [0, 2], Figure 3.5 depicts the expected construction costs

(panel (a)), expected procurement prices (panel (b)), expected aggregate profits of a firm group

(panel (c)) and expected winning probabilities of a firm group (panel (d)) in the second-price

auction and in the VCG auction.

As in Example 3.1, Figure 3.5(a) shows the efficiency loss from using the SPA(S) instead of

the VCG auction. In Figure 3.5(b), we can see that a Z slightly above 1 is sufficient to make the

expected procurement price in the VCG auction lower than that in the SPA(S). Figure 3.5(c) and

Figure 3.5(d) show that the VCG auction is more appealing to groups of complementary firms

than the SPA(S) in terms of both expected aggregate profit and expected winning probability.

These results echo those in Figures 3.1 and 3.2 and again cast doubt on encouraging joint bidding

as a way of supporting small businesses.

69



Figure 3.5: Performance of the Second-Price Auction and the VCG auction in Example 3.2.

(a) Expected construction costs.
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(c) Expected aggregate profits of a firm group.
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(d) Expected winning probabilities of a firm group.
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3.4.3 Revenue Equivalence between FPA and SPA

In the previous analysis, we contrast second-price auctions with VCG auctions mainly

because (i) a second-price auction is easily comparable to a VCG auction, as it is a special case

of a VCG auction; (ii) the equilibrium of a second-price auction with joint bidding is tractable.

Nevertheless, to show the robustness of the aforementioned results, we consider first-price sealed-

bid auctions with joint bidding and present a version of the revenue equivalence theorem in the
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current setting.

We consider the same set of firms and sequencing as in Section 3.4.2, except that now a

first-price rule is in place: the bidder who submitted the lowest bid wins the auction and is paid

its bid instead of the second lowest bid. The first-price auction with strategic joint bidding is

labeled as FPA(S).

We focus on a symmetric environment satisfying the following assumption.

Assumption 3.3 The types of firms that can complete the project on their own are identically

distributed, Fi(·) = F (·) for all i 2 I . In addition, for all k 2 G, ck,1 +
Pnk

j=2 c̃k,j is also

distributed according to F (·).

It is worth noticing that because ck,1 +
Pnk

j=2 c̃k,j �
Pnk

j=1 ck,j , firm i 2 I is weaker than consor-

tium k 2 G in the sense that the distribution of firm i’s cost first-order stochastically dominates

the distribution of consortium k’s total cost.

Now we are ready to state the revenue equivalence result.

Proposition 3.11 Under Assumption 3.3, the following statements hold:

(i) Equilibrium exists and the collection of bidding strategies and bidding rules is unique in

both the FPA(S) and the SPA(S);

(ii) The equilibrium allocation is the same in the two auctions, realization by realization;

(iii) The expected procurement price is the same in the two auctions;

(iv) Each firm’s expected profit is the same in the two auctions.

Proposition 3.11 indicates that in symmetric environments where virtual costs distribute

similarly across individually capable firms and firm groups, first-price auctions perform similarly
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to second-price auctions. Therefore, in such environments, the suboptimality results we obtained

in the previous analysis pertain to first-price auctions.

3.5 Discussion

In this chapter, we illustrate the impacts of double marginalization and incomplete

information within each consortium on joint bidding. We show that a VCG auction that can

coordinate cooperation by itself often outperforms a second-price auction with joint bidding on

many fronts. In this section, we briefly discuss some other factors that may also affect the choice

of the auction format.

In the model, we abstract away from the formation process of complementary firm groups.

In practice, small firms may be able to cooperate with different sets of firms. For example,

suppose that there are two firms specialized in design, D1 and D2, and two firms specialized in

building, B1 and B2. Then any combination of a design firm and a building firm can potentially

make a competent group for the construction project. Taking the consortium formation process

into consideration could tip the balance more toward the VCG auction. Since costs are privately

known to suppliers, they may not form consortia in the most efficient way: A firm that has

the lowest cost in designing the project may end up bidding jointly with a firm that has a high

building cost. This mismatch effect, which does not exist in the VCG auction, could further

undermine joint bidding as a way to address complementarity. Compared to the VCG auction,

the second-price auction with joint bidding decentralizes the consortium formation decision to

(not so well-informed) small suppliers. This decentralization may also make it hard to regulate

pre-auction communication and to prevent collusion among bidders.
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The VCG auction, of course, is far from impeccable. Ausubel and Milgrom (2006)

provide a thorough survey of the virtues and weaknesses of the mechanism. With the presence

of complementary suppliers, the payoff outcome of the VCG auction may be perceived as unfair

since it may lie outside of the core. Despite being strategy-proof from the perspective of each

individual bidder, the VCG auction is susceptible to collusive manipulations.

When the procurement agency is concerned with the potential weaknesses of the VCG

auction or is constrained from making drastic changes to the procurement process, bid

weighting rules would come in handy: Assigning a favorable weight to the union of small

businesses improves the performance of the auction mechanism in terms of allocative efficiency,

procurement price, and small business support.

In conclusion, a good procurement design should take into consideration all sorts of

relevant factors and balance a broad array of objectives. This chapter potentially aids

procurement agencies’ decision making by detailing some drawbacks of the joint bidding

approach and providing an alternative and an easy fix. We look forward to more studies in this

vein to better inform the design of the procurement process.
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Chapter 4: Recurring Auctions with Costly Entry: Theory and Evidence

This chapter is joint work with Qiyao Zhou.

4.1 Introduction

Auctions for durable assets like houses and artworks are commonly recurring: a subsequent

auction will often be held if the initial one fails to sell the item. Despite the prevalence of recurring

auctions, there has been limited scholarly effort to understand why they exist, let alone their

equilibrium properties. One possible explanation for their existence is that sellers are subject to

limited commitment: they cannot commit to withholding the item for sale forever after a failed

auction. However, this cannot be the whole story: if a single-round auction is indeed optimal,

there are many ways to address the limited commitment problem. For example, sellers can build

a reputation of no follow-up auctions by donating unsold items to charity when auctions fail.

Moreover, in many high-stake auctions of valuable assets or resources, the government acts as

the seller, and limited commitment may be less of an issue.

In this paper, we provide both a theoretical model and an empirical analysis of recurring

auctions. By showing that recurring auctions can outperform single-round mechanisms in both

efficiency and revenue, and by evaluating the related gains in an empirical setting, we offer a

new explanation for the ubiquity of such mechanisms. Our analyses also shed light on how to
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fine-tune recurring auctions to further promote efficiency and revenue.

Recurring and single-round auctions may differ significantly because entry costs are often

important in the real world. For example, it may take time and effort to qualify as a bidder and

prepare a bid. In particular, a deposit is often required in auctions for valuable assets, which

imposes a liquidity cost on the bidder. However, participation costs are usually assumed away in

the auction design literature. This leads to a biased prediction in terms of efficiency

maximization, as the social cost of entry is neglected. Failing to account for entry costs may also

mislead the revenue-maximizing design.

In an equilibrium model, we show that recurring auctions outperform single-round auctions

in efficiency and revenue when entry is costly for potential buyers. Our model setup is as follows.

We consider an independent private value environment with costly entry. Specifically, a seller

has one item for sale, and the potential buyers’ values are independently drawn from the same

distribution. The seller holds auctions in a recurring way: if an auction fails, either because no

bidder shows up or because the reserve price is not met, she will hold a follow-up auction in

the next period, until some time limit is reached. Potential buyers decide whether to incur an

entry cost to participate in an auction and become a bidder, as time progresses. To align with our

empirical context, where the majority of the entry cost comes from the financial constraints and

the eligibility screening process, we assume that potential buyers know their private values before

they make entry decisions.1 We characterize the equilibrium of the recurring auction game with

an arbitrary time limit and reserve price sequence.

The intuition for recurring auctions’ dominance is straightforward: in a recurring auction,
1The informed entry assumption dates back to Samuelson (1985). Another strand of literature (see, for example,

McAfee and McMillan, 1987; and Levin and Smith, 1994) assumes that entry decisions are made when the potential
buyers do not know their private values.
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potential buyers sort their timing of entry according to their private values for the item. Strong

potential buyers (who have high values) tend to enter early, while weak potential buyers (who

have low values) tend to wait until they have a good chance of winning. This is because strong

potential buyers lose more from waiting, and weak potential buyers’ entry costs are more likely

wasted if they enter early.

The sorted entry pattern increases the expected total surplus in two ways.2 First, it reduces

the probability that two or more bidders simultaneously incur the entry cost, and thereby reduces

waste. In particular, weak potential buyers wait until they are sure that others are not too strong

either, and then enter into the auction. This way, their entry costs are less often incurred and

wasted in early rounds. Second, it increases the probability that the item is ultimately sold. When

an auction fails, the potential buyers update their beliefs about the others. In late rounds, they

infer that the market is less competitive, as no potential rivals had high enough values to enter

in previous rounds. This encourages them to enter into the auction, which reduces the likelihood

that the item goes unsold. Because of these two benefits, recurring auctions with appropriately

chosen reserve prices always generate higher expected total surplus than single-round auctions

(Theorem 4.1). Similarly, we obtain a revenue dominance result (Theorem 4.2).

We then derive the optimal sequence of reserve prices in a recurring auction. If the seller

aims to maximize efficiency, she trades off between making a marginal potential buyer enter at

time t or at time t+1. Consider the thought experiment where the marginal potential buyer enters

at time t+ 1 instead of time t. Then there is a social gain as the marginal potential buyer’s entry

cost is less often incurred, because his entry is conditional on no entry by other potential buyers

at time t. However, there are also two kinds of social loss. First, there is a loss from discounting
2Section 4.3.1 illustrates these two benefits in detail with a simple example.
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as the item may be allocated one period later. Second, entry at time t+1 by other potential buyers

could have been avoided had the marginal potential buyer entered at time t. In the optimum, the

choice of reserve prices equalizes the social gain and loss from making a marginal potential buyer

enter at time t+1 instead of time t (Theorem 4.3). If the seller aims to maximize profit, she faces

a similar tradeoff, and the optimal reserve prices can be characterized accordingly (Theorem 4.4).

In particular, the profit-maximizing condition can be obtained by replacing the marginal potential

buyer’s value with his virtual value in the efficiency-maximizing condition. This is intuitive, as

we know from the mechanism design literature that the virtual value accrues to the seller while

the value contributes to social surplus.

Given the theoretical results, it is natural to ask the following quantitative questions in an

empirical setting: (i) What are the magnitudes of the efficiency gain and the revenue gain from

using a recurring auction relative to a single-round auction? (ii) How much can efficiency and

revenue be improved for recurring auctions in practice?

We apply our theory to home foreclosure auctions in China, which represent a significant

market. In 2019, over 118,000 foreclosed houses were transacted with a transaction volume of

28 billion USD. The market size continues to grow at a high speed due to high levels of leverage

in the country’s real estate sector. Using home foreclosure auction data in Fujian province from

2017 to 2019, we estimate structural parameters in a recurring auction model. The data attest

to the important features in our theoretical model setup: the auction failure rate is high (around

40%); up to three auctions will be held in a row for a foreclosed property; and potential buyers’

entry costs are considerable due to the financial constraints and the eligibility screening process.3

A unique ID in the data allows us to match auctions across rounds. In addition, we are able to
3See Section 4.4.1 for more details.
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observe the losing bids, which helps increase the precision of the estimation.

Using simulated maximum likelihood with importance sampling (Ackerberg, 2009), our

structural estimation comprises two steps. First, for each auction round and each simulation,

we solve for the equilibrium entry thresholds using the intertemporal indifference conditions.

Second, we calculate the likelihood using the entry thresholds and observable auction outcomes.

Our results suggest that intertemporal considerations play an important role in potential buyers’

entry decisions, which affirms the necessity of incorporating dynamics in the empirical analysis.

Our counterfactual analyses support the theoretical predictions: compared to single-round

auctions with the same (first-period) reserve price, the recurring auctions raise the annual

efficiency by 3.5 billion USD (16.5%) and revenue by 2.9 billion USD (15.7%) in China’s home

foreclosure market. Using the optimal reserve price sequences derived from our model can

further improve efficiency by 1.0 billion USD (3.96%) and revenue by 0.8 billion USD (3.61%),

respectively. Most (around 95%) of the efficiency and revenue gain is realized by holding a

two-round recurring auction. Increasing the recurring auction rounds from 2 to 3 has a relatively

small impact on the auction outcome.

This paper contributes to the literature on mechanism design with costly entry. Stegeman

(1996) investigates efficiency-maximizing mechanisms in an independent private value (IPV)

setting with costly entry. Lu (2009) and Celik and Yilankaya (2009) study revenue-maximizing

mechanisms within the same framework. These studies all focus on single-round mechanisms

in the sense that messaging and allocation happen within the same period. This single-round

assumption is innocuous with free entry. However, it misleads the auction design when entry is

costly. Notably, in the single-round mechanism design problem, it is impossible for the potential

buyers to acquire any information about others’ values before deciding whether to enter, because
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the mechanism only assigns allocation conditional on entry. This paper complements the existing

literature by incorporating the time dimension and considering a dynamic auction setting. We

demonstrate how sorted entry emerges in recurring auctions, which allows potential buyers to

update their beliefs about competitors’ values and make more efficient entry decisions. McAfee

and Vincent (1997), Skreta (2015), and Liu et al. (2019) also consider auction games with the

possibility of follow-up auctions. However, they abstract away from entry costs and focus on

the implications of limited seller commitment on the reserve price sequence and optimal auction

design.

We also contribute to the empirical literature in two ways. First, there is no attempt to date

to empirically estimate the auction model parameters (i.e., potential buyers’ value distribution

and entry costs) in the dynamic setting described above. The empirical auction literature usually

focuses on (or implicitly assumes) the single-round setting where the items that failed to sell

previously will not reappear in future auctions. Building upon previous research on single-round

auction estimation (Guerre et al., 1995, 2000; Hortaçsu and Perrigne, 2021; Laffont et al., 1995),

this paper proposes a framework for estimating recurring auctions with costly entry. Our findings

suggest that neglecting the dynamics when auctions are recurring can result in an underestimation

of bidders’ value distribution and an overestimation of entry costs. Second, we contribute to the

literature by structurally analyzing the home foreclosure industry in China. Despite being a

sizable industry with rapidly growing transaction volumes, it has received little attention in the

literature. This paper represents one of the first attempts to utilize a structural approach in this

market. Our structural estimation affords a broad variety of counterfactual analyses and thus

helps inform better designs to promote important social objectives.

The remainder of this paper proceeds as follows: Section 2 lays out the recurring auction

79



model and discusses the single-round benchmark. Section 3 provides some illustrative examples

and the theoretical results. Section 4 discusses the data and institutional background of home

foreclosure auctions and presents descriptive evidence. Section 5 proposes an empirical

framework to identify the recurring auction model. Section 6 presents the estimation results.

Section 7 shows the counterfactual analyses. Section 8 concludes the paper. All proofs are

relegated to Appendix C.1.

4.2 Model

A seller has one item for sale, and her value for the item is vs. There are N potential buyers,

indexed by the set N := {1, 2, . . . , N}. Each potential buyer n 2 N has a private value vn for

the item. The values of the potential buyers are independently and identically distributed on the

interval [v, v] according to the cumulative distribution function F (·). The seller holds an English

auction or possibly a sequence of English auctions to sell the item.4 Participation or entry in an

auction is costly for potential buyers. The entry cost is K > 0. Potential buyers know their values

at the time they make entry decisions. It is natural to require that vs < v̄ �K.

The timing of the auction game is as follows. An auction is held at time t = 1. If no buyer

shows up and an auction fails at time t,5 the seller will hold another auction at time t + 1 until

time T � 1, after which the seller keeps the item forever. Before the game starts, the seller sets

a reserve price sequence r := (rt)1tT , where rt is the reserve price in the auction (possibly)
4Our results hold for any standard auction format because revenue equivalence can be established in the current

setting. We focus on English auctions for ease of exposition. Also, in the empirical part, our data is from open-outcry
auctions.

5An auction could also fail if some buyers show up but do not bid up to the reserve price. That will not happen
in equilibrium because entry is costly: If a potential buyer would not bid up to the reserve price, he would not enter
in the first place.
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held at time t. If T = 1, we have a single-round auction; if T > 1, we refer to the auction as a

recurring auction.

At the beginning of each period, the potential buyers simultaneously and independently

decide whether to incur an entry cost of K to participate in the auction. If any potential buyers

choose to enter, the auction begins and a price clock ascends continuously from the reserve price.

The price clock continues to ascend so long as two or more bidders remain in the auction and

stops when all but one have dropped out. The last bidder remaining in the auction wins the item

at the final clock price, and the auction game ends. If no one enters, the game proceeds to the

next period or ends if this is the last period T .

The common discount factor for the seller and potential buyers is � 2 (0, 1). As long as

the item has not been sold, the seller derives a flow utility (1� �)vs from the item in each period.

Everything described above, apart from potential buyers’ private values, is common knowledge.

For the equilibrium analysis, which will be detailed in the next section, it is useful to note

that, conditional on participation, bidding truthfully is the best a bidder can do in both the single-

round auction and the recurring auction. Therefore, throughout the paper, we focus on equilibria

in cutoff strategies, under which a potential buyer participates and bids his value if and only if his

value is above a cutoff. Given that the potential buyers are ex-ante symmetric, we further restrict

our attention to the symmetric equilibrium of the auction game, where the entry thresholds are

identical for the potential buyers.

Assumption 4.1 (Symmetric Equilibrium in Cutoff Strategies) Throughout the paper, unless

otherwise mentioned, we focus on symmetric equilibria in cutoff strategies.

We take the single-round auction as a benchmark since it performs well in terms of both
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efficiency and revenue. Celik and Yilankaya (2009) point out that the single-round auction, with

an appropriately chosen reserve price, is optimal among all symmetric single-round mechanisms.

That is, with an appropriately chosen reserve price, the single-round auction can maximize either

the efficiency or the seller’s expected profit. Moreover, the authors provide conditions under

which the single-round auction is optimal among all single-round mechanisms, symmetric or

not.6

Notably, a disadvantage of the single-round auction, or any other single-round

mechanism, is that potential buyers cannot learn anything about their rivals’ values before

making entry decisions. This foreshadows an efficiency loss in wasteful entry. In contrast, the

recurring auction incorporates the time dimension, which allows potential buyers to make

dynamic entry decisions. As such, potential buyers have the opportunity to update their beliefs

about others’ realized values and to economize on their entry decisions. For example, if a

potential buyer observes that no one has participated in the previous periods, he would infer that

others do not have high values for the item and thus feel more confident about entry into the

auction. This comparison underlies the superior performance of the recurring auction. We

elaborate more on this point in the following section.

4.3 Illustrative Examples and Equilibrium Analysis

4.3.1 Illustrative Examples

Before we analyze the general model in detail, it would be beneficial to demonstrate the

main insights through simple examples.
6Under certain circumstances, an asymmetric equilibrium in a single-round auction can achieve the highest effi-

ciency or revenue (Stegeman, 1996; Lu, 2009). We discuss this in more detail at the end of Section 4.3.1.
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Example 4.1 There are N = 2 potential buyers whose values are independently and identically

drawn from the uniform distribution on [0, 1]. The seller’s value is vs = 0. A potential buyer’s

entry cost is K = 0.2. The common discount factor is � = 0.97.

In this example, there is a unique equilibrium of the single-round auction with no reserve

price (Tan and Yilankaya, 2006). In the equilibrium, the potential buyers use a cutoff entry

strategy: potential buyer n participates and bids vn in the auction if and only if vn � 0.45.7 This

equilibrium maximizes the expected total surplus among all single-round mechanisms

(Stegeman, 1996). The expected total surplus in this case is 0.39.

Now consider a two-period recurring auction (i.e., T = 2) with a reserve price sequence

(r1, r2) = (0.14, 0).8 By Assumption 4.1, to characterize the equilibrium, we only need to pin

down entry thresholds. Intuitively, a strong potential player (who has a high realized value) tends

to enter early while a weak player tends to wait, because: (i) the strong player loses more if he

waits and the item is bought by other potential buyers, he also loses more to discounting if he

wins in the next period as compared with winning now; and (ii) the weak player has a lower

chance of winning in the current period, which means the entry cost is more likely wasted. We

therefore consider the following cutoff equilibrium structure: potential buyers whose values are

above v⇤1 enter in the first period; those with values in between v⇤1 and v⇤2 , with v⇤2  v⇤1 , enter

in the second period; and those whose values fall below v⇤2 never enter. The entry cutoffs can

be pinned down by the indifference conditions of the marginal potential buyers. The idea is that

a potential buyer with a cutoff value should be indifferent between entering now or in the next

period (or, if the current period is the last period, not entering at all). In Example 4.1, we have
7The cutoff 0.45 is obtained by solving the indifference equation for the marginal type potential buyer:

v[F (v)]N�1 �K = 0.
8This reserve price sequence maximizes the expected total surplus across all reserve price sequences.
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that (v⇤1, v⇤2) = (0.66, 0.36). The expected total surplus in this case is 0.42, which is higher than

that in the single-round auction.

To understand the reason behind the comparison in efficiency, it is useful to note that the

recurring auction allows the potential buyers to sort their entry over time. This provides an

opportunity for the players to condition their entry on some information they can obtain about

potential rivals. Sorting brings about two benefits to the total surplus: First, weak potential buyers

can wait until they are sure that others are not too strong either, and then enter into the auction.

This way, their entry costs are wasted less often. We refer to this as the economizing on entry

benefit. Second, when an auction fails, the potential buyers update their beliefs about the others.

They infer that the market is less competitive, as no potential rivals have a high enough value

to enter in the previous period.9 So they would be encouraged to enter into the auction, which

reduces the possibility that the item remains unsold. This is reflected by the fact that the entry

threshold in the single-round auction (0.45) is higher than the entry threshold in the recurring

auction at t = 2 (0.36). In the single-round auction, the item remains unsold with a probability

of 0.2; whereas in the recurring auction, the probability is reduced to 0.13. We refer to this as the

reducing auction failure benefit.

We use Figure 4.1 to visualize the two benefits mentioned above. Figure 4.1(a) shows the

entry decisions in the single-round auction. When both potential buyers’ values are above the

entry cutoff 0.45, there is excessive entry: The ex post efficiency would be maximized if the

strong potential buyer is the only participant. The value profiles corresponding to excessive entry

are reflected by the shaded area in the upper right corner. When both potential buyers’ values

are below the entry cutoff, but one of the potential buyers has a value higher than the entry cost
9In this example, after the first auction fails, potential buyers know that no one has a value above v

⇤
1 = 0.66.
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(the shaded area close to the lower left corner), there is no entry, which is not efficient: the total

surplus would be raised if the strong potential buyer were to enter. In all the other unshaded

areas, (no) entry is efficient in equilibrium. We similarly plot the efficient and inefficient areas

in terms of entry for the recurring auction in Figure 4.1(b). Because players sort their entry over

time, both the areas of excessive entry and inefficient no entry are much smaller as compared

with the single-round auction case.10 The difference between the excessive entry areas reflects

the economizing on entry benefit, and the difference between the inefficient no entry areas reflects

the reducing auction failure benefit.

Figure 4.1: Equilibrium Entry in Recurring and Single-Round Auctions.

(a) Entry in the Single-Round Auction. (b) Entry in the Recurring Auction.

Notably, as is pointed out by Samuelson (1985), setting the reserve price equal to the

seller’s valuation maximizes the expected total surplus in the single-round auction. In contrast,

to maximize efficiency in the recurring auction, a non-trivial reserve price at t = 1 would be
10When the item is not allocated in the first period, there is a loss in total surplus from discounting, but that in

general does not offset the gain in more efficient entry.
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used in the recurring auction. This is because the first-period reserve price affects the extent of

sorting. If r1 is 0, too many potential buyers would participate in the first period, and this

reduces the informativeness of observing whether or not the first auction has failed. As a result,

the gain from sorting is not maximized. In Figure 4.1(b), varying r1 effectively changes the

entry threshold in the first period and thus the positions of the two shaded squares. If the entry

threshold is too low (resp. too high), the excessive entry with t = 1 (resp. t = 2) area will grow

too big and squeezes out the economizing on entry benefit.

Figure 4.2 plots how the maximized efficiency (by varying reserve prices) changes along

with the total number of periods. Compared to the single-round auction, the 6-period recurring

auction increases efficiency by around 11% of the first-best efficiency level, given by

E{maxn2N [max(vn � K � vs, 0)]}. It is clear that the value of having one more auction or

period diminishes over time. The majority of the efficiency improvement over the single-round

auction is realized after having the second and the third period.

Next, we consider the revenue comparison between the revenue-maximizing single-round

mechanism and the recurring auction. Because the recurring auction outperforms single-round

mechanisms in terms of efficiency, one might expect the recurring auction (with appropriately

chosen reserve prices) to also generate more revenue for the seller. After all, the seller’s revenue

is part of the total surplus. Celik and Yilankaya (2009) set up the single-round mechanism design

problem with costly entry and study revenue maximization. From their results, it follows that a

second-price auction with a reserve price of 0.35 maximizes the revenue across all single-round

mechanisms in Example 4.1. The maximized revenue is 0.25. In contrast, with the reserve price

sequence set to (r1, r2) = (0.4, 0.37), the recurring auction generates a revenue of 0.26.

Finally, we briefly discuss another example to further illustrate the recurring auction’s
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Figure 4.2: Maximized Expected Total Surplus in Single-Round and Recurring Auctions While
Varying T .

Notes: The numbers above the bars (and not in the square brackets) are the values of maximized
expected total surplus in the auctions, and the numbers in the square brackets are those values as
a percentage of the full efficiency. The numbers in or pointing to the upper (red) parts of the bars
are the efficiency gain of extending the auction game for 1 more period. Again, the numbers in
the square brackets are those values as a percentage of the full efficiency.

efficiency dominance over the single-round auction. With costly entry, it is well-known that the

efficiency may not be monotonically increasing in the number of potential buyers (Samuelson,

1985). This is because, with more potential buyers, each potential buyer worries more about

prospective competition and is more inclined to skip the auction to save entry costs. We

demonstrate that recurring auctions can reverse this counterintuitive result using the following

example taken from Stegeman (1996).

Example 4.2 There are N � 1 potential buyers whose values are independently and identically

drawn from the uniform distribution on [1, 2]. The seller’s value is vs = 0. A potential buyer’s

entry cost is K = 0.3. The common discount factor is � = 0.97.
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The diamond markers in Figure 4.3 show how the expected total surplus in the single-round

auction changes with the number of potential buyers.11 It can be seen that the efficiency actually

decreases with more potential buyers. This reflects that coordinating and economizing on entry

is difficult in a single-round setting. Without coordination, the prospect of excessive competition

distorts entry and harms efficiency. The triangle and circle markers show the maximized

expected total surplus (across all reserve price sequences) in 2- and 3-period recurring auctions,

respectively. As the potential buyers sort their entry over time in recurring auctions, the

efficiency is monotonically increasing in the number of potential buyers.

Figure 4.3: Maximized Expected Total Surplus in Single-Round and Recurring Auctions While
Varying N .

Stegeman (1996) points out that coordination may happen in single-round auctions in the

form of asymmetric equilibria. Consider the N = 2 case: apart from the symmetric equilibrium

where a potential buyer enters if his value is above 1.24, there is also an asymmetric equilibrium

where one bidder always enters and the other enters if his value is above 1.77. The expected

total surplus is 1.22 in the asymmetric equilibrium,12 which is greater than that in the symmetric
11Recall that a reserve price equal to vs = 0 maximizes the expected total surplus in the single-round auction.
12This is the maximum efficiency that can be achieved by any single-round mechanism.
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equilibrium, 1.20. However, relying on asymmetric equilibria to coordinate entry and improve

efficiency is precarious, as an asymmetric equilibrium need not always exist.13 Moreover,

coordination in the form of asymmetric equilibrium may not be very effective as compared with

the sorted entry pattern in recurring auctions. As Figure 4.3 shows, in the N = 2 case, the

efficiencies in the 2- and 3-period recurring auctions are 1.23 and 1.26, respectively.

In a similar vein, Celik and Yilankaya (2009) and Lu (2009) provide examples where

asymmetric equilibria in single-round auctions generate higher expected revenue for the seller.

However, these improvements are insignificant and once dynamics are incorporated, the

symmetric equilibria in recurring auctions lead to much more sizable improvements.14,15

4.3.2 Equilibrium Analysis

We now proceed to the formal analysis of the model. For notational ease, we denote the

CDF of the highest value among N � 1 potential buyers by G(·). That is,

G(·) := [F (·)]N�1.

13In Example 4.1, there is no asymmetric equilibrium in cutoff strategies. More generally, Tan and Yilankaya
(2006) provide a sufficient condition for there to be a unique symmetric equilibrium and no asymmetric equilibrium
in the class of cutoff strategies equilibria.

14In Example 1 of Celik and Yilankaya (2009), there are two potential buyers whose valuations are distributed
according to F (v) = v

4 on [0, 1], and the participation cost is K = 0.4. In the revenue-maximizing single-round
auction, the entry cutoffs are asymmetric. A cutoff pair (0.816,0.92) generates a profit of 0.2525 for the seller,
whereas the optimal symmetric cutoff, 0.868, generates a profit of 0.25155. However, suppose � = 0.97, the seller’s
expected revenue is 0.2935 in (the symmetric equilibrium of) a two-period recurring auction with optimally selected
reserve prices.

15In the example of Lu (2009), there are two potential buyers whose valuations are distributed uniformly on
[0.6, 1], and the participation cost is K = 0.2. A cutoff pair (0.66,0.86) generates a profit of 0.431 for the seller,
whereas the optimal symmetric cutoff, 0.76, generates a profit of 0.427. However, suppose � = 0.97, the seller’s
expected revenue is 0.467 in (the symmetric equilibrium of) a two-period recurring auction with optimally selected
reserve prices.
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Note that when bidders compete in an auction, there will be no continuation games as the item

will be sold in the current period. As a result, truthful bidding is the best that a bidder can do

conditional on entry. We focus on the symmetric Perfect Bayesian Equilibrium (PBE) with a

cutoff structure of the recurring auction game. In equilibrium, potential buyers’ entry is governed

by a sequence of cutoffs v⇤ := (v⇤t )1tT , where v⇤t is the lowest type that will enter at time t if

an auction is held at that time (which implies all previous auctions have failed).16 Given that all

the other potential buyers enter according to the cutoff strategy and bid truthfully upon entry, a

type-v potential buyer’s interim expected payoff from entering in the time-t auction is given by

⇧t(v;v⇤)/G(v⇤t�1), where

⇧t(v;v
⇤) = �t�1

"Z min{max{v,v⇤t },v⇤t�1}

v⇤t

(v � x)dG(x) + (v � rt)G(v⇤t )�G(v⇤t�1)K

#
. (4.1)

We are now ready to characterize the symmetric PBE using the marginal potential buyers’ indif-

ference conditions. Again, the idea is that a potential buyer with a cutoff type should be indiffer-

ent between entering in the current period or not.

Proposition 4.1 (Equilibrium Characterization) A PBE is characterized by a sequence of

(weakly) decreasing entry thresholds, v⇤ := (v⇤t )
T
t=0, with v⇤0 := v. In equilibrium, potential

buyers with values between v⇤t�1 and v⇤t enter at time t. If no period is skipped for sure—i.e.,

v⇤t�1 > v⇤t for all 1  t  T—the entry thresholds solve the following indifference conditions:

16It is convenient to let v⇤0 := v.
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⇧t(v⇤t ;v
⇤) = ⇧t+1(v⇤t ;v

⇤),17 or equivalently,

G(v⇤t )(v
⇤
t � rt)�KG(v⇤t�1) =

8
>>><

>>>:

�
h
G(v⇤t )(v

⇤
t �K)�

R v⇤t
v⇤t+1

xdG(x)� rt+1G(v⇤t+1)
i
, if t < T,

0, if t = T.

(4.2)

If some periods, say, the periods from t0 to t1, are skipped for sure, then the equilibrium conditions

for these periods become

v⇤t0�1 = v⇤t0 = . . . = v⇤t1 and

8
>>><

>>>:

⇧t0�1(v⇤t0�1;v
⇤) = ⇧t1+1(v⇤t0�1;v

⇤) � maxt0tt1 ⇧t(v⇤t0�1;v
⇤), if t0 > 1;

⇧t1+1(v⇤t0�1;v
⇤) � maxt0tt1 ⇧t(v⇤t0�1;v

⇤), if t0 = 1.

Conditional on entry, bidders bid truthfully in the auction.

With the equilibrium characterization, we now compare the efficiency in recurring auctions

and that in single-round auctions. Because of the economizing on entry benefit and the reducing

auction failure benefit laid out in Section 4.3.1, the following efficiency dominance result can be

obtained.

Theorem 4.1 (Efficiency Dominance) Suppose that N � 2 and K > 0. Then a recurring

auction with an appropriately chosen reserve price sequence will achieve strictly higher efficiency

than the symmetric equilibrium in any single-round auction.

Further, we show that the dominance of recurring auctions over single-round auctions also

applies to the seller’s expected profit.
17We let ⇧T+1(·) = 0, since there will be no follow-up auctions after time T .
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Theorem 4.2 (Revenue Dominance) Suppose that N � 2 and K > 0. Then a recurring auction

with an appropriately chosen reserve price sequence will generate strictly higher profit for the

seller than the symmetric equilibrium in any single-round auction.

4.3.3 Recurring Auction Design

In this part, we study the design of recurring auctions to maximize either efficiency or the

seller’s profit. It is useful to note that the equilibrium conditions in Proposition 4.1 establish a

mapping between reserve price sequences and the entry threshold sequences. The mapping allows

us to reformulate the problem of choosing a reserve price sequence to that of choosing an entry

threshold sequence. The reformulation will greatly simplify things, since it is generally infeasible

to obtain an analytical solution of the entry threshold sequence given an arbitrary reserve price

sequence, but the reverse is easy. In fact, an arbitrary entry threshold sequence v⇤ which is

weakly decreasing can be induced by the reserve price sequence r(v⇤), with rt(v⇤) given by the

following:18

rt(v
⇤) =

1

G(v⇤t )

2

664

PT
⌧=t(1� �)�⌧�tG(v⇤⌧ )v

⇤
⌧ �KG(v⇤t�1)+

PT�1
⌧=t �

⌧�t+1
R v⇤⌧
v⇤⌧+1

xdG(x) + �T�t+1G(v⇤T )v
⇤
T

3

775 . (4.3)

We now present and solve the efficiency and revenue maximization problem with respect

to entry thresholds.
18If a certain period is skipped for sure, say v

⇤
t0 = v

⇤
t0+1 for some 1  t0  T , multiple reserve prices can be used

for that period. But they all lead to the same equilibrium outcome.
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Efficiency Maximization Given a weakly decreasing entry threshold sequence v⇤, the expected

total surplus in the recurring auction is

TS(v⇤) =
TX

t=1

�t�1

⇢Z v⇤t�1

v⇤t

(x�vs)d[F (x)]N�N [F (v⇤t�1)]
N�1[F (v⇤t�1)�F (v⇤t )]K

�
+vs, (4.4)

where
R v⇤t�1

v⇤t
(x � vs)d[F (x)]N is the expected gain in allocative efficiency in period t, and the

second term in the bracket is the expected entry cost in period t. The efficiency maximization

problem is

max
v⇤

TS(v⇤) s.t. v⇤t�1 � v⇤t for all 1  t  T. (4.5)

The key to solving the problem is to show that the constraint v⇤t�1 � v⇤t does not bind. The reason

that v⇤t�1 > v⇤t in the optimum can be seen by discussing two cases. First, if some final periods

are skipped—i.e., v⇤t0�1 > v⇤t0 = v⇤t0+1 = . . . = v⇤T for some t0—then the seller is effectively

holding a single-round auction at time t0� 1, which cannot be efficient by Theorem 4.1. Second,

if some periods other than the final periods are skipped—i.e., v⇤t0 = v⇤t0+1 > v⇤T for some t0—

then the seller could in effect move every period after t0 to one period earlier by using the entry

threshold sequence v⇤0 = (v⇤1, . . . , v
⇤
t0 , v

⇤
t0+2, . . . , v

⇤
T , v

⇤
T ). This is more efficient than the original

entry threshold sequence v⇤ since the efficiency gains in periods after t0 are realized earlier.

Having established that the constraint does not bind, the solution to (4.5) is characterized by the

first-order conditions. Formally, we have the following result.

Theorem 4.3 (Efficient Recurring Auction) Suppose the seller aims to maximize the expected

total surplus by selecting a reserve price sequence of the recurring auction. Then in the efficient
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design, the equilibrium entry thresholds v⇤ solve the following:

8
>>>><

>>>>:

⇢h
F (v⇤t�1)

F (v⇤t )

iN�1

� �
NF (v⇤t )�(N�1)F (v⇤t+1)

F (v⇤t )

�
K � (1� �)(v⇤t � vs) = 0, if t < T,

h
F (v⇤t�1)

F (v⇤t )

iN�1

K � (v⇤t � vs) = 0, if t = T.

(4.6)

The corresponding reserve price sequence can be obtained from (4.2).

To see the intuition behind Theorem 4.3, let us consider the social gain and loss of making

the marginal potential buyer with value v⇤t enter at time t + 1, instead of time t. The social gain

manifests as saving in entry costs. Conditional on time t is reached (i.e., no one has shown up

in previous auction rounds), the cost of participating at time t is K. However, if the marginal

seller participates at time t + 1, he incurs entry cost only if no one shows up at time t, so the

expected entry cost is �[F (v⇤t )/F (v⇤t�1)]
N�1K. Consequently, the social gain of cost saving is

{1 � �[F (v⇤t )/F (v⇤t�1)]
N�1}K. The social loss consists of two parts. First, in the event that

all the other potential buyers have values below v⇤t , there is a loss of allocating the item one

period later. Specifically, the loss from discounting is (1 � �)[F (v⇤t )/F (v⇤t�1)]
N�1(v⇤t � vs).

Second, if the marginal potential buyer had entered in period t, entry by other potential buyers

in period t + 1 could have been avoided. Since there are N � 1 other potential buyers and the

probability of each one of them entering in period t + 1, conditional on period t + 1 is reached,

is [F (v⇤t ) � F (v⇤t+1)]/F (v⇤t ), the waste of period-(t + 1) entry is �[F (v⇤t )/F (v⇤t�1)]
N�1(N �

1)[F (v⇤t )� F (v⇤t+1)]/F (v⇤t )K.

To maximize the expected social surplus, the choice of the entry thresholds must equalize

the social gain and the social loss. We rewrite the condition in Theorem 4.3 for the t < T case as
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follows to reflect the tradeoff.

(
1� �


F (v⇤t )

F (v⇤t�1)

�N�1
)
K

| {z }
social gain in entry cost saving

= (1� �)(v⇤t � vs)| {z }
social loss of

delayed allocation

+ �


F (v⇤t )

F (v⇤t�1)

�N�1

(N � 1)
F (v⇤t )� F (v⇤t+1)

F (v⇤t )
K

| {z }
social loss of period-(t+ 1) entry

.

Profit Maximization The problem of maximizing profits requires additional effort as it is non-

trivial to derive the expression of the seller’s expected profit in terms of entry thresholds v⇤. To

do that, we first express the seller’s expected profit as a function of both entry thresholds and

reserve prices:

R(v⇤; r) =
TX

t=1

�t�1

8
>><

>>:

N(N � 1)
R v⇤t�1

v⇤t
(x� vs)f(x)[F (v⇤t�1)� F (x)][F (x)]N�2dx

+N [F (v⇤t�1)� F (v⇤t )][F (v⇤t )]
N�1(rt � vs)

9
>>=

>>;
,

where the first line in the bracket is the expected profit in the event that at least two bidders show

up at time t, and the second line in the bracket is the expected profit when exactly one bidder

presents at time t (so the reserve price is charged).

Next, we plug r(v⇤) given by (4.3) into R(v⇤; r). After algebraic manipulation, we have

that

R(v⇤;r(v⇤)) = �TN [1� F (v⇤T )]G(v⇤T )v
⇤
T+

TX

t=1

�t�1

8
>><

>>:

N
R v⇤t�1

v⇤t
x[1� F (x)]dG(x) +N(1� �) [1� F (v⇤t )]G(v⇤t )v

⇤
t

�NG(v⇤t�1)[F (v⇤t�1)� F (v⇤t )]K � vs
⇥
(F (v⇤t�1))

N � (F (v⇤t ))
N
⇤

9
>>=

>>;
.

(4.7)
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The profit maximization problem becomes

max
v⇤

R(v⇤; r(v⇤)) s.t. v⇤t�1 � v⇤t for all 1  t  T. (4.8)

A similar technique as in the efficiency part would establish that the constraint v⇤t�1 � v⇤t does

not bind in the optimum. As a result, Theorem 4.4 characterizes the profit-maximizing recurring

auction.

Theorem 4.4 (Profit-Maximizing Recurring Auction) Suppose the seller aims to maximize the

seller’s profit by selecting a reserve price sequence of the recurring auction. Then in the profit-

maximizing design, the equilibrium entry thresholds v⇤ solve the following:

8
>>>><

>>>>:

⇢h
F (v⇤t�1)

F (v⇤t )

iN�1

� �
NF (v⇤t )�(N�1)F (v⇤t+1)

F (v⇤t )

�
K � (1� �)

h
v⇤t �

1�F (v⇤t )
f(v⇤t )

� vs
i
= 0, if t < T,

h
F (v⇤t�1)

F (v⇤t )

iN�1

K �
h
v⇤t �

1�F (v⇤t )
f(v⇤t )

� vs
i
= 0, if t = T.

(4.9)

The corresponding reserve price sequence can be obtained from (4.2).

Notably, the condition for profit-maximizing (4.9) is similar to the condition for efficiency-

maximizing (4.6). In fact, the profit-maximizing condition can be obtained by replacing v⇤t with

the virtual value v⇤t � [1 � F (v⇤t )]/f(v
⇤
t ) in the relevant places of the efficiency-maximizing

condition. This is intuitive, as the mechanism design literature suggests that the virtual value

accrues to the seller while the value contributes to social surplus.

In what follows, we take our model to a practical setting and empirically estimate the model

parameters. The structural estimation allows us to quantitatively identify the efficiency gain and

revenue gain brought about by recurring auctions. We also conduct counterfactual analyses to
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inform a better auction design.

4.4 Industry Background, Data, and Descriptive Evidence

This section introduces the background of the home foreclosure auction market in China

and presents the data, summary statistics, and some descriptive evidence.

4.4.1 Industry Background

Home foreclosure auctions represent a significant market in China, with an annual

transaction volume of 196 billion CNY (28 billion USD) in 2019. Since 2014, it has become a

common practice for Chinese local courts to conduct foreclosure auctions through online

platforms, with over 90% of these auctions taking place on Alibaba. Starting in 2017, the

supreme court mandates that auctions for foreclosed properties must be held publicly and online.

When a foreclosed property is up for auction, the government will commission a company

to assess the property’s market value. This assessment price will be used as a benchmark to

determine the reserve price in the auction and any follow-up auctions. In the initial auction, it

is required by law that the reserve price is set above 70% of the assessment price. For more

than 60% of the properties in our sample, the initial reserve price is between 70% to 80% of the

assessment price. Information regarding the property, the assessment price, and the reserve price

will be posted online one month prior to the auction date. An open outcry auction is held on the

auction date if any potential buyer qualifies as a bidder and participates. The open outcry stage

lasts for 24 hours. During this stage, bidders can observe the standing bid and decide whether to

raise their own bid. If no bid (above the reserve price) is received, the auction fails. If a property
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is not successfully sold in the initial auction, the government will hold a follow-up auction within

two months.19 The law mandates that the reserve price in the second auction is set above 80% of

the reserve price in the initial auction. In practice, the majority of second-round reserve prices

are set at exactly 80%.20 If the second auction also fails, the property will be listed again for the

third and final auction.21 The reserve price in this stage typically remains the same as that in the

second auction.

In principle, if an auction fails, the lender and the owner of the foreclosed property may

negotiate over the property. If they reach an agreement, the unsold property may be transferred to

the lender without being auctioned again. Such cases rarely happen as most lenders prefer to get

repayment from the auction revenues. In our data, around 9% of the properties that failed to sell in

the first two auctions did not appear again in a follow-up auction. This attrition between auction

rounds may also be caused by other reasons, such as the foreclosed property owner securing

enough funds to pay off their outstanding debts, or legal complications arising for either the

lender or the foreclosed property owner.

There were purchase and reselling restrictions during our sample periods from 2017 to

2019, which discouraged speculators from entering the home foreclosure market. In most cities

in our sample, a household was permitted to buy only one house after 2016. Some cities have
19We plot the distribution of the time gap between two auctions in Figure 4.4(a). The median time gap is 37 days.
20In our sample, the average reserve price in the second round is 82% of the reserve price in the initial auction.
21The third auction is referred to as the liquidation stage by the court. In 2017, there was no substantial difference

between the liquidation stage and the first two rounds, so the liquidation stage can be treated simply as the third
auction round. In 2018, the supreme court of Fujian changed the auction rule of the liquidation stage. Following
the change, a foreclosed property can be listed for sale at the liquidation stage for a 60-day period. If a bid is
received during this period, an open out-cry auction is initiated, and other qualified bidders can participate within a
24-hour timeframe. Since it is impossible to finish all the paperwork and qualify for participation within 24 hours,
bidders’ cannot condition their entry decisions on others’ actions. For the sample period after the policy change, we
continue to treat the liquidation stage as the third round of the recurring auction game. This simplification offers
great tractability without much loss. As we shall see, the outcomes of two-period recurring auctions are similar to
those of three-period auctions, indicating that the value of having additional rounds beyond the second is limited.
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stricter purchase restrictions. Reselling the property within five years of purchase resulted in an

additional tax of 5.6%. As a result, most participants in home foreclosure auctions are ordinary

homebuyers rather than speculators.

Entry costs in the auction market are non-negligible. Potential buyers must fulfill several

requirements to qualify as bidders, including depositing 10% to 20% of the reserve price before

the auction to demonstrate their eligibility. Furthermore, the winning bidder must pay the full

amount within 5 working days, which poses a financial challenge for home buyers as obtaining

a mortgage from a bank within 5 working days is infeasible. Along with the liquidity cost, there

are also bureaucracy costs associated with preparing documents to participate in the auction.22

4.4.2 Data

The home foreclosure auction data used in this paper comes from CnOpenData, a data

consulting company. CnOpenData has collected information on home foreclosure auctions via

Alibaba’s digital platform since 2017. The dataset contains detailed information about each

auction, including a unique identification number, the deal price (if any), the reserve price, the

area of the property, the number of bidders, the assessed value, the location, and the bidding

records of each bidder.

Our data consists of home foreclosure auctions that took place in Fujian province from 2017

to 2019. The province’s population is approximately 41 million, which is roughly equivalent to

that of California. Its per capita GDP is 15,500 USD. In our sample periods, there are a total of

12558 auctions for 8541 foreclosed homes. Other types of foreclosed properties, such as parking

spaces, shops, and factories, are excluded from the analysis. During the sample periods, the total
22The cost of services that assist with filing the paperwork is approximately 100 USD.
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transaction volume of home foreclosure auctions in Fujian is 9.2 billion CNY, or 1.3 billion USD.

Table 4.1 presents the summary statistics of the main variables used in this paper.

Table 4.1: Summary Statistics.

Percentiles

Mean Std. dev. 0.25 0.5 0.75 Obs

Deal price (10K CNY) 132.66 124.14 55.82 88.00 157.41 7489
Assessment price (10K CNY) 146.42 153.38 59.09 90.51 163.91 12558
Reserve price (10K CNY) 111.79 119.70 44.00 69.23 124.50 12558
Losing bid (10K CNY) 135.88 121.32 59.31 92.71 160.78 4880
Success 0.596 0.491 12558
Number of bidders 3.02 3.83 0 1 5 12558
Number of potential entrants 10.09 5.89 5 9 13 12558
Area (m2) 130.18 46.00 96.81 127.92 155.90 12558
Distance to city center (km) 7.31 14.04 1.25 2.40 5.68 12558

Notes: (1) We pool auctions across rounds. (2) We can only observe the losing bid for
the auctions with more than 2 entrants. Therefore, the number of observations is smaller
than the number of successful auctions.

In Table 4.1, the auction data from all rounds are pooled together. The average auction

failure rate is around 40%. The average assessed value for a house is about 1.4 million CNY (or

200 thousand USD), which is approximately 138 thousand CNY (or 20 thousand USD) higher

than the average deal price. In addition to the deal price, which represents the winning bid, we

can also observe the highest losing bid in the data. This additional information allows for a more

precise estimation of the potential buyers’ value distribution. As the number of potential buyers

cannot be directly observed, we construct a proxy using the number of individuals who have

bookmarked and browsed the properties online. Specifically, the number of potential buyers is

defined as the number of individuals who have shown interest online divided by 1000, and the

number of entrants.23 We use the location information to compute the distance of foreclosed
23Our results remain robust to a factor of 1/500 or 1/1500.
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homes to the city center, which is included as a variable in our econometric model.

Table 4.2 presents the recurring pattern of the home foreclosure auctions. As discussed

previously, there is some attrition of houses across auction rounds. In the first round, 3,347 houses

were unsold, out of which 260 houses never appeared in subsequent auctions. In the second

round, 1,071 auctions failed, and 930 of those houses entered the liquidation stage afterward.

Overall, the attrition rate is around 9%. We incorporate the possibility of houses “disappearing”

when setting a discount factor. For our empirical analysis, we exclude the unsold properties that

disappeared from the market before the third round.

Table 4.2: Number of Auctions across Rounds.

First auction Second auction Third auction

Success 5194 2016 279
Fail 3347 1071 651
Total 8541 3087 930
Auction failure rate 0.39 0.35 0.70

Figure 4.4(a) displays the distribution of time intervals between auctions for the same

property. After an unsuccessful auction, the government will typically organize a follow-up

auction within two months. The median interval between auctions for the same property is 37

days. Given that the time gap between auction rounds is short, there is limited scope for

potential buyers to enter or exit the market.

We also construct a dissimilarity measure for the foreclosed homes. We group the

foreclosed homes at the county/district level by quarter and house type. House types are defined

based on the area of houses, with each type comprising a range of 30 m2. Our dissimilarity

measure is conservative because houses in the same group may still differ in other dimensions.24

24Also, the district/county information does not fully capture dissimilarity in location, as the average area of a
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Figure 4.4: Distributions of the Time Gap between Two Consecutive Auctions and the Number
of Homes in the Same Group.

(a) Time Gap between Two Consecutive Auctions. (b) Number of Homes in the Same Group.

Notes: The medium of the time gap is 37 days. Groups are defined by quarter and house type
at the county/district level. Houses are categorized into different types based on their area, with
each type comprising a range of 30 m2.

Figure 4.4(b) plots the distribution of the number of houses within one group. Almost half of the

groups contain only one house, and more than 75% of the groups contain less than 3 houses.

This dissimilarity pattern helps to mitigate the concern that potential buyers may substitute

between properties.

Furthermore, we perform a robustness check (reported in Table B1) by dividing our

sample into two groups: the big city group consisting of Xiamen and Fuzhou, and the small city

group consisting of the remaining seven prefecture-level cities. The chance of similar houses

being auctioned at the same time is higher in big cities than in small cities. If potential buyers’

entering and exiting auctions for substitutable properties is a major concern, we should expect

the coefficent estimates obtained from the big city subsample to differ significantly from those

obtained from the small city subsample. However, our estimates are very similar for the two

subsamples, which further alleviates such concerns.

district is around 200 km2, and the average area of a county is usually between 1000 and 2000 km2.
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The home foreclosure auction market represents an exemplary empirical setting for our

recurring auction model. In particular, the auction failure rates (especially for the initial rounds)

are high, and the entry costs are sizable. Using the unique property ID to track auctions for the

same property across rounds, we conduct a structural analysis of the auction market. But before

that, we first present some reduced-form evidence of the dynamics in this setting.

4.4.3 Hedonic Housing Price Regression

We use the following hedonic regression to investigate how various factors affect the deal

price in home foreclosure auctions, with particular emphasis on the effects of auction rounds:

log(pi) = ↵0 + ↵1 log(assessi) + ↵2areai + ↵3 log(disti)

+ ↵4Dround=2,i + ↵5Dround=3,i + ↵6 log(reservei) + ⌘t + ✏i.

(4.10)

Specifically, pi is the deal price, assessi represents the assessment price, areai is the

construction area of the property, and disti denotes property i’s distance to the city center.

Dround=2,i and Dround=3,i are dummies that switch on if the auction round is two and three,

respectively. The auctions in the first round are set as the base group. reservei is the reserve

price in the (successful) auction. ⌘t controls for the year-by-month fixed effects. Table 4.3

reports the regression results with gradually added controls. Column (5) corresponds to the

setup in Equation (4.10). All coefficients are significant at the p < 0.01 level.

The regression results suggest that the assessment price accurately reflects the housing

value, as its coefficients are close to 1 in all specifications, except for Column (5). In Column (5),

the reserve price is also included in the regression, which is highly correlated with the assessment
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Table 4.3: Effects of Auction Rounds on Deal Price.

(1) (2) (3) (4) (5)
log(deal price)

log(assessment price) 0.981 0.981 0.988 0.991 0.280
(0.003) (0.003) (0.003) (0.003) (0.014)

round=2 -0.194 -0.189 -0.185 -0.088
(0.005) (0.005) (0.005) (0.004)

round=3 -0.296 -0.289 -0.281 -0.207
(0.011) (0.011) (0.011) (0.009)

area (100 m2) -0.015 -0.025 -0.015
(0.005) (0.005) (0.004)

log(distance to city center) -0.022 -0.023 -0.014
(0.002) (0.002) (0.001)

log(reserve) 0.710
(0.014)

Year-by-month fixed effects X X
Observations 7489 7489 7489 7429 7429
R2 0.935 0.950 0.951 0.953 0.965

Notes: (1) The first-round auctions (round=1) are set as the base group, and the
corresponding coefficient is absorbed. (2) Standard errors in parenthesis. (3)
All coefficients are significant at the p < 0.01 level.

price. Column (1) shows that assessment price alone can explain 94% of the variation in the deal

price.

Column (5) demonstrates the effects of auction rounds on the deal price after controlling

for the reserve price. The transaction price for a property sold in the second round is 9% lower

than a property sold in the first round. The price reduction is 21% for a property sold in the third

round.

These findings support the sorted entry pattern predicted by our theoretical model. That is,

potential buyers with high private values tend to participate in early auction rounds, while weak

potential buyers tend to wait and enter late. The sorted entry pattern offers an explanation for

lower prices in later auction rounds. Alternatively, if sorting is absent and each auction
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independently draws a new set of potential buyers, the auction round should not have a

significant impact on the deal price. While other factors such as the “stigma” effect may also

negatively impact the auction prices, they are likely to be much smaller in magnitude than the

estimates in Table 4.3.25

Finally, we note that conditional on the assessment price, the area and the distance to the

city center negatively affect the deal price, but the magnitude is small. One explanation is that

the construction area is over-accounted, and the distance to the city center is under-accounted in

the calculation of the assessment price.

4.5 Empirical Strategy

In this section, we specify our empirical model, introduce the simulated maximum

likelihood method, and briefly discuss the sources of identification.

4.5.1 Empirical Model

Our empirical model is specified as follows. For property i, we assume each potential

buyer’s value follows a truncated log-normal distribution, i.e., vn ⇠ TRLN(µi, �i, v, v), where

µi and �i are the location parameters of the log-normal distribution, and v and v are the lower and

upper truncation bounds.26 Then the auction setting for property i is described by the vector of

parameters e⇤i = (µi, �i, Ki;Ni, T, �, ri), where Ki is the entry cost, Ni is the number of potential

buyers, T is the maximum number of auction rounds, � is the discount factor, and ri = (rti)1tT

25For instance, Cortés et al. (2022) suggest that the size of the “stigma” effect in the Australian home auction
market is approximately 1%.

26In practice, we set the lower bound v to be sufficiently low and the upper bound v to be sufficiently high, thereby
rendering the truncation of the distribution negligible.
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is the reserve price sequence.

The parameters (Ni, T, �, ri) can be obtained using information from data. As discussed

in Section 4.4.2, the number of potential buyers is proxied using the number of individuals who

have bookmarked and browsed the property online. We set T = 3 to reflect the institutional setup

and let � = 0.95, which encompasses both discounting and the probability of a property being

withdrawn from the market. For the auctions that actually happened, we can observe the reserve

prices. But if a property is sold in either the first period or the second period, we cannot observe

the full reserve price sequence, as the subsequent auctions never took place. In such cases, we

follow the common practice we see in the data and assume that the second-period reserve price is

80% of the initial reserve price, and the third-period reserve price is the same as the second-period

reserve price.

Our objective is to identify the value distribution parameters (µi, �i) and the entry cost Ki

in the home foreclose auctions. For notational ease, we define

⇤i := (µi, �i, Ki).

Given a set of observables Xi, including a constant, the logarithm of the assessment price, the

area, and the logarithm of the distance to city center, we assume the auction parameters ⇤i =
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(µi, �i, Ki) are governed by the following truncated normal distributions:27,28

µi ⇠ TRN(Xi�µ,!µ, 1, 7), (4.11)

�i ⇠ TRN(Xi��,!�, 0.01, 3), (4.12)

Ki ⇠ TRN(Xi�K ,!K , 0, 15), (4.13)

where (�µ, ��, �K) are the coefficients of the covariates, and (!µ,!�,!K) are the standard

deviations of the untruncated distributions. We denote the set of parameters to be estimated by

B. Formally,

B := (�µ, ��, �K ,!µ,!�,!K).

Our model specification allows for cross-auction heterogeneity in the structural parameters,

which is crucial given the considerable variation in assessment price, deal price, area, and location

across the auctions in our sample, as shown in Table 4.1.

4.5.2 Simulated Maximum Likelihood

To estimate our structural model, we adopt the simulated maximum likelihood method with

importance sampling (Ackerberg, 2009; Roberts and Sweeting, 2013). We denote the observable

auction outcome for property i by yi, which consists of the number of bidders, the winning bid,

the losing bid, and the transaction round. Given the outcome yi and the auction parameters ⇤i,

one can calculate the likelihood of the outcome, denoted by Li(yi|⇤i). The calculation steps are
27We denote by TRN(µ,�, D,D) a truncated normal distribution with location parameters µ and � and truncation

bounds D and D.
28Note that µi, �i and Ki are in 10K CNY (1.5K USD). The truncation bounds are chosen to cover sensible

ranges of these parameters. For example, with µi = 7, the mean of the value distribution TRLN(µi,�i, v, v) is
above exp(7) = 1096, which is greater than the highest deal price in our sample.
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detailed in Appendix C.2.1. Then the log-likelihood function can be written as:

L(B;X) =
PX

i

log

Z
Li(yi|⇤i)�(⇤i|B,Xi)d⇤i

�
, (4.14)

where P denotes the number of properties, �(⇤i|B,Xi) is the probability density of ⇤i

conditional on Xi and B, which can be calculated from (4.11), (4.12), and (4.13).

Since evaluating the log-likelihood by simulation is computationally expensive,29 we

follow Ackerberg (2009) to reduce the computational burden using importance sampling.

Specifically, we rewrite the integral in equation (4.14) as follows:

Z
Li(yi|⇤i)�(⇤i|B,Xi)d⇤i =

Z
Li(yi|⇤i)

�(⇤i|B,Xi)

g(⇤i|Xi)
g(⇤i|Xi)d⇤i, (4.15)

where g(⇤i|Xi) is the importance sampling density which does not depend on the parameters B.

In practice, we pick an initial guess B0 and use �(⇤i|B0, Xi) as the importance sampling density.

We then simulate the right-hand side of (4.15) by drawing S = 500 realizations of ⇤i ac-

cording to the importance sampling density, g(⇤i|Xi). As compared to �(⇤i|B,Xi), the impor-

tance sampling density makes ⇤i draws independent of B. The simulation is given by

1

S

X

s

Lis(yis|⇤is)
�(⇤is|B,Xi)

g(⇤i|Xi)
, (4.16)

where ⇤is denotes a representative draw. The benefit of the importance sampling approach can

be clearly seen from (4.16): When B changes, it is not necessary to draw a new set of realizations
29To put it into perspective, suppose we draw S = 500 realizations of ⇤i to simulate the likelihood for a given

B. We would need to solve for the equilibrium S ⇥ P times. Given a sample size of 7,989 properties and that each
solving takes 15 seconds on average, the evaluation would take approximately 700 days.
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of ⇤i and reevaluate Lis(yis|⇤is). Instead, the same set of S = 500 simulations can be used, and

only �(⇤is|B,Xi)/g(⇤i|Xi) needs to be reevaluated, which is significantly less time-consuming.

We utilize a computer cluster to evaluate Lis(yis|⇤is) for all properties and simulations in

parallel. After obtaining the results, we search for B that maximizes the simulated likelihood.

Standard errors are computed using a bootstrapping method where properties are resampled 200

times.

4.5.3 Identification

We now discuss the sources of identification briefly. First, the mean value parameter µ

captures the potential buyers’ valuations of the houses. The identification of µ is primarily based

on the transaction price, with a higher price corresponding to a higher µ. Information on the

highest losing bid also contributes to the identification of µ. Second, the scale parameter �

reflects the extent to which potential buyers disagree on the value of a given property. A larger

� corresponds to a greater variation in potential buyers’ private valuations of the same property.

Therefore, � can be identified by the difference between the highest losing bid and the winning

bid. Third, the entry cost K is identified through potential buyers’ entry decisions across auction

rounds. If the entry cost is high, potential buyers would be reluctant to enter in the first period.

They are more likely to wait until the next period to ensure that there are no strong competitors.

4.6 Parameter Estimates

Having discussed our empirical strategies, we now report our parameter estimates in Table

4.4. The estimation results of the recurring auction model are reported in Panel A. As a
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comparison, we also estimate a single-round model using the same data and the same parametric

distribution assumptions. In the single-round model, we ignore the links between auction rounds

for the same property and treat them as independent auctions. The estimation results for the

single-round model are presented in Panel B of Table 4.4.

Table 4.4: Parameter Estimates.

constant log

✓
assess.
price

◆
log(dist.) area (100 m2) ! mean

Panel A: Recurring auction model results
µ ⇠ TRN -0.344 1.011 -0.045 -0.055 0.188 4.240
(X�µ,!µ, 1, 7) (0.018) (0.004) (0.003) (0.008) (0.004)
� ⇠ TRN 0.346 -0.045 0.030 0.052 0.130 0.247
(X��,!�, 0.01, 3) (0.018) (0.005) (0.003) (0.009) (0.005)
K ⇠ TRN -2.926 0.665 -0.291 0.184 0.513 0.537
(X�K ,!K , 0, 15) (0.136) (0.028) (0.020) (0.046) (0.011)

Panel B: Single-round auction model results
µ ⇠ TRN -0.439 1.018 -0.059 -0.0801 0.238 4.097
(X�µ,!µ, 1, 7) (0.018) (0.004) (0.003) (0.008) (0.004)
� ⇠ TRN 0.279 -0.023 0.023 0.031 0.117 0.248
(X��,!�, 0.01, 3) (0.023) (0.006) (0.004) (0.009) (0.008)
K ⇠ TRN -2.354 0.533 -0.300 0.283 0.538 0.569
(X�K ,!K , 0, 15) (0.146) (0.029) (0.021) (0.044) (0.014)

Notes: (1) We use the same data and the same parametrization in Panel A and Panel B. The
only difference lies in the likelihood function. (2) Potential buyers’ valuation follows a truncated
lognormal distribution: v ⇠ TRLN(µ, �, 10�4, 1200). (3) Standard errors in parentheses are
obtained through 200 times bootstrapping. (4) The rightmost column shows the mean of ⇤ =
{µ, �, K}. It is obtained through simulation. (5) All coefficients are significant at the p < 0.01
level.

As Panel A shows, the assessment price accurately reflects potential buyers’ mean value

parameter µ. The coefficient is close to the hedonic regression results reported in Table 4.3.

This is consistent with the observation that the assessment price strongly correlates with the deal

price, which, in turn, captures the bidders’ valuation. Conditional on the assessment price, µ is

negatively affected by the property’s distance to the city center and its construction area. This is

110



reminiscent of the reduced-form results reported in Table 4.3. The magnitude of the coefficients

is also comparable to the reduced-form results. Again, this could mean that the price assessment

overvalues the construction area and undervalues the distance to the city center, given the reserve

price.

The estimation results for � suggest that there is greater variation in potential buyers’

private valuations for properties located in the suburbs and those with larger construction areas.

However, there is more consensus among potential buyers regarding the value of properties with

higher assessment prices.

The mean values of µ and � in our sample are 4.240 and 0.247, respectively. The

corresponding value distribution TRLN(4.240, 0.247, 10�4, 1200) has a mean of 71.6, which

implies that the mean of the private value distribution is 716 thousand CNY (or 104 thousand

USD).

Our estimation indicates that entry costs are higher for properties with higher assessed

values, larger construction areas, and shorter distances to the city center. As discussed in

Section 4.4.1, the requirement to deposit 10 to 20% of the assessed value and to pay the full

amount within five working days of winning poses a financial challenge for potential buyers,

who must make costly efforts to tackle the liquidity constraint. For properties with higher

assessed values, the liquidity constraint binds more tightly. Additionally, the cost of borrowing

may not be linear, as the marginal cost of borrowing may increase with the amount borrowed.

The mean entry cost in our sample is 5370 CNY (or 767 USD).

From the estimation results, we can calculate the efficiency and revenue outcome of our

sample auctions. The average expected total surplus for a home is 1.34 million CNY (or 0.19

million USD), and the average expected revenue is 1.18 million CNY (or 0.17 million USD).
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The main difference between estimating the recurring auction model and the single-round

auction model is that the former is based on observations at the property level, whereas the latter is

estimated at the auction level. As a result, the single-round auction model misses information on

the linkage between auction rounds. Since the single-round auction model does not incorporate

the sorted entry pattern across auction rounds, it is “unaware” of the downward updates in the

upper bound of potential buyers’ value distribution. By treating the subsequent auction rounds

in the same way as the initial round, the single-round auction model may well underestimate

potential buyers’ values and overestimate entry costs. As can be seen from Panel B, while the

coefficients from estimating the single-round auction model are qualitatively similar to those

from estimating the recurring auction model, the mean of µ is notably lower and the mean of K

is higher. In this case, the mean value for a property becomes 620 thousand CNY (or 90 thousand

USD), which is underestimated by 13.3%. The mean entry cost is 5690 CNY (or 825 USD),

which is overestimated by 6.0%.

4.7 Counterfactuals

Based on the structural estimation results, we conduct two counterfactual exercises. First,

to quantify the efficiency and revenue gains associated with recurring auctions, we reduce the

number of possible auction rounds and examine the outcomes of single-round auctions and 2-

period recurring auctions. We keep the reserve prices unchanged for this exercise. Specifically,

the reserve prices in the single-round auctions are the observed first-period reserve prices, and the

reserve prices in the 2-period recurring auctions are the observed first- and second-period reserve

prices. The results are presented in Panel A of Table 4.5. The rightmost column reports the

112



efficiency and revenue of the observed 3-period recurring auctions. Compared to single-round

auctions, 3-period recurring auctions increase the efficiency and revenue by 16.5% and 15.7%,

respectively. This translates to an efficiency gain of 1.5 billion CNY (0.22 billion USD) and a

revenue gain of 1.3 billion CNY (0.19 billion USD) from 2017 to 2019 in Fujian province alone.

Extrapolating to the entire country, the efficiency and revenue gains become 23.9 and 20.2 billion

CNY (or 3.5 and 2.9 billion USD), respectively.30

Table 4.5: Counterfactual Analyses.

Single-Round (T = 1) Recurring (T = 2) Recurring (T = 3)

Panel A: current reserve price
Mean efficiency (10K CNY) 114.71 132.74 133.61
Mean revenue (10K CNY) 102.12 117.42 118.12

Panel B: optimal reserve price
Mean efficiency (10K CNY) 137.99 138.86 138.91
Mean revenue (10K CNY) 121.48 122.33 122.38

Notes: (1) To make the results comparable, we report the mean revenue and efficiency for the
sample of 7,989 houses. (2) “Single-Round (T=1)” refers to single-round auctions; “Recurring
(T=2)” refers to two-period recurring auctions; “Recurring (T=3)” refers to three-period recurring
auctions. (3) For Panel A, we use the current reserve prices, i.e., the reserve prices used in the es-
timation of the three-period recurring auctions. A single-round auction is a three-period recurring
auction with the last two periods removed. A two-period recurring auction is a three-period re-
curring auction with the last period removed. For Panel B, we use the optimal reserve prices for
efficiency and revenue, respectively, in each of the three cases where T = 1, T = 2, and T = 3.

It is worth pointing out that most of the efficiency and revenue gain from using recurring

auctions is realized when there are two possible rounds, i.e., T = 2. Adding an additional

auction round beyond the second improves the auction outcome to a lesser degree. Interestingly,

prior to 2017, foreclosed homes were auctioned up to four times in a row. Our findings provide
30Note that home foreclosure auctions in Fujian province represent approximately 2.4% of the total market in

China. And the home foreclosure auction in 2019 accounts for 38% of the sample.
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justification for the policy change that reduced the number of auction rounds by one.

Second, we explore optimal auction design in practice by applying the pricing rules in

Theorem 4.3 and Theorem 4.4. The results are presented in Panel B of Table 4.5. The optimal

reserve price sequences can raise efficiency by 3.96% and revenue by 3.61% over observed

auctions. On a national scale, these translate to an efficiency gain of 6.7 billion CNY (or 1.0

billion USD) and a revenue gain of 5.4 billion CNY (or 0.8 billion USD).

Recurring auctions continue to outperform single-round auctions in both revenue and

efficiency with optimal reserve prices (for both kinds of auctions). While the relative gain is

moderate, sellers may still benefit from holding recurring auctions for practical reasons. For

example, the optimal single-round auctions require relatively low reserve prices, but in the home

foreclosure market, the reserve price in the initial auction must be set above 70% of the

assessment price, as mandated by law. To put it into perspective, the average

efficiency-maximizing reserve price is 0 and the average revenue-maximizing reserve price is

253 thousand CNY, both of which are nowhere close to the law-required amount, 1.025 million

CNY. This is less of an issue for recurring auctions. The mean efficiency-maximizing reserve

price sequence is (1.018, 0.910, 0) in million CNY, and the mean revenue-maximizing reserve

price sequence is (1.037, 0.931, 0.356) in million CNY.

4.8 Conclusion

This paper studies the theoretical and empirical properties of recurring auctions where the

auctioneer can auction the object again if a previous auction fails. These auctions are common in

practice, especially for durable goods, such as artworks, homes, land, and used trucks. In contrast
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to their prevalence in practice, the literature has paid little attention to these auctions. The current

paper represents an effort to fill in this gap. We investigate the theoretical properties of recurring

auctions, and propose an empirical framework to identify the model parameters. We apply our

empirical framework in China’s home foreclosure auction market. The data align well with our

model: The auction failure rate is considerable, and the government will hold follow-up auctions

if a previous auction fails.

Our theoretical analysis shows that a recurring auction with an appropriately chosen reserve

price sequence can generate higher expected total surplus compared to any single-round auctions.

This is because potential buyers sort their entry over time, and participation in later rounds is

contingent on no entry in previous rounds. Sorting brings about two benefits to the expected

total surplus. First, sorting allows potential buyers to economize on their entry, as weak potential

buyers can wait and enter until the market is less competitive. Second, weak potential buyers

are encouraged to enter if nobody has entered in previous rounds, which reduces the auction

failure rate. Similarly, recurring auctions can always raise the seller’s expected profit compared

to single-round auctions.

In the literature, dynamic mechanism design problems are considered when the

fundamentals (supply, demand, and information) change over time (Bergemann and Välimäki,

2019). However, we show that in the presence of costly entry, even absent fundamental changes

over time, a dynamic mechanism may improve total surplus and seller’s profit as it allows more

efficient sorted entry. It remains an interesting open question of how to design an efficiency- or

revenue-maximizing dynamic mechanism when participating in the mechanism is costly.

In light of the prevalence of recurring auctions in practice, we take our theory results to a

highly relevant real-world setting. We propose an empirical framework to estimate the recurring
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auction model parameters, and use the simulated maximum likelihood method to estimate the

model. We find that the entry costs are significant, and our structural results suggest that when

the dynamics are ignored in auctions for durable goods, potential buyers’ mean valuation will be

severely underestimated.

In line with our theoretical results, our empirical analysis suggests that recurring auctions

lead to a large efficiency and revenue gain in China’s home foreclosure market. Compared to

single-round auctions with the same (first-period) reserve price, recurring auctions raise the

annual efficiency by 16.5% and revenue by 15.7%. Using the optimal reserve price sequences

derived from our model can further improve efficiency by 3.96% and revenue by 3.61%,

respectively.
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Appendix A: Proofs for Chapter 2

Proof of Lemma 2.1. I prove the lemma in two steps. In step 1, I show that for each seller

i 2 I, there exists v⇤i 2 [0, r] such that seller i takes the speculator’s offer if and only if vi < v⇤i .

I then show in step 2 that v⇤i s are the same across i 2 I.

Step 1. Given that all the other sellers and the speculator play their equilibrium strategies, con-

sider seller i’s problem. Clearly, if seller i accepts the speculator’s offer, his payoff is

⇡A
i (vi) = p.

Suppose that all the other sellers reject the speculator’s offer with probability 1. Then if

seller i rejects the offer, he competes in a second-price auction against all the other sellers. It is

straightforward to see that his payoff is

⇡R
i (vi) = vi +

Z r

vi

[1� F (x)]N�1
{xr}dx.
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Therefore,

@[⇡A
i (vi)� ⇡R

i (vi)]

@vi
=

8
>>><

>>>:

�{1� [1� F (vi)]N�1} < 0, if 0 < vi  r,

�1 < 0, if vi > r.

This implies that ⇡A
i (vi)�⇡R

i (vi) strictly decreases with vi, which further implies that there exists

a desired cutoff v⇤i .

Next, suppose that the probability of at least one other seller taking the speculator’s offer,

denoted by Q, is positive. If seller i rejects the offer, his payoff is 0 if at least one other seller

accepts the offer, which happens with probability Q. If no seller accepts the offer, or equivalently,

after the public history (N, 0), seller i’s payoff is

⇡R
i (vi;N, 0) = vi +

Z r

vi

WP i(x;N, 0)dx,

where WP i(x;N, 0) stands for the winning probability of seller i with a realized value x. Then

seller i’s interim expected payoff is

⇡R
i (vi) = vi + (1�Q)

Z r

vi

WP i(x;N, 0)dx,

which implies that

@[⇡A
i (vi)� ⇡R

i (vi)]

@vi
= �[1� (1�Q)WP i(vi;N, 0)] < 0.

Again, because ⇡A
i (vi) � ⇡R

i (vi) strictly decreases with vi, there exists a desired cutoff v⇤i . In
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particular, the following holds true for the cutoff v⇤i ,

⇡A
i (v

⇤
i )  ⇡R

i (v
⇤
i ), and ⇡A

i (v
⇤
i ) = ⇡R

i (v
⇤
i ) if v⇤i > 0. (A.1)

Step 2. Without loss of generality, suppose that v⇤1  v⇤2  . . .  v⇤N . Assume by contradiction

that v⇤` < v⇤`+1 for some 1  ` < N . Note that for each i 2 I, given vi � v⇤i , seller i’s winning

probability is

WP i(vi) = [1� F (vi)]
s�1

NY

t=s+1

[1� F (v⇤t )] {vir}, if v⇤s  vi < v⇤s+1.

Consider seller ` with value v⇤` . If he rejects the acquisition offer, his expected payoff from the

auction is

⇡R
` (v

⇤
` ) = v⇤` +

Z r

v⇤`

WP`(x)dx.

It follows from (A.1) that

p  ⇡R
` (v

⇤
` ) = v⇤` +

Z v⇤`+1

v⇤`

[1� F (x)]`�1
NY

t=`+1

[1� F (v⇤t )] {v`r}dx+

Z r

v⇤`+1

WP`(x)dx. (A.2)

Since

[1� F (x)]`�1
NY

t=`+1

[1� F (v⇤t )] {v`r}  1� F (v⇤`+1) < 1,

(A.2) implies that

p < v⇤` + v⇤`+1 � v⇤` +

Z r

v⇤`+1

WP`(x)dx. (A.3)
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Because v⇤`+1 > 0, one can see that

p� v⇤`+1 =

Z r

v⇤`+1

WP`+1(x)dx =

Z r

v⇤`+1

WP`(x)dx, (A.4)

where the the first equality follows from (A.1) and the second equality is due to the fact that

WP`(x) = WP`+1(x) for x � v⇤`+1. It is easy to see that a contradiction arises between (A.3)

and (A.4). This completes the proof.

Proof of Proposition 2.1. By Lemma 2.1, it suffices to show that the equilibrium cutoff is

unique and is given by v⇤(p).

If seller i rejects the speculator’s offer, it is weakly dominant for him to bid truthfully in

the procurement auction. Given that other sellers follow the equilibrium strategy, the winning

probability of seller i is

WP i(vi) =

8
>>><

>>>:

[1� F (v⇤)]N�1
{vir}, if vi < v⇤,

[1� F (vi)]N�1
{vir}, if vi � v⇤.

Then (A.1) in the proof of Proposition 2.1 can be rewritten as follows,

p  v⇤ +

Z r

v⇤
[1� F (x)]N�1

{xr}dx, and p = v⇤ +

Z r

v⇤
[1� F (x)]N�1

{xr}dx if v⇤ > 0.

This immediately implies that v⇤ = v⇤(p).
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Proof of Proposition 2.2. Note that ⇧⇤(v⇤) can be rewritten as follows.

⇧⇤(v⇤) =
N�2X

m=0

✓
N

m

◆
[F (v⇤)]N�m[1� F (v⇤)]m

⇢
v⇤ +

Z r

v⇤


1� F (x)

1� F (v⇤)

�m
dx

�

�NF (v⇤)
�
1� [1� F (v⇤)]N�1

 
v⇤.

As v⇤ ! 0, the only non-zero term of limv⇤!0
⇧⇤(v⇤)
[F (v⇤)]2 is

lim
v⇤!0

✓
N

N � 2

◆
[1� F (v⇤)]N�2

Z r

v⇤


1� F (x)

1� F (v⇤)

�N�2

dx =

✓
N

2

◆Z r

0

[1� F (x)]N�2dx > 0.

Since ⇧⇤(v⇤)
[F (v⇤)]2 is continuous in v⇤ 2 [0, r], limv⇤!0

⇧⇤(v⇤)
[F (v⇤)]2 > 0 implies that ⇧⇤(v⇤) > 0 for

small enough v⇤ > 0. Consequently, the speculator’s expected profit is maxv⇤2[0,r]⇧⇤(v⇤) > 0.

This concludes the proof.

Proof of Lemma 2.2. Let ↵(v) denote the probability that a type-v seller accepts the speculator’s

offer in equilibrium. Define v := inf{v 2 [0, 1] : 9✏ > 0 such that ↵(v0) < 1 for all v0 2

U✏(v) := (v, v + ✏)}. By construction, ↵(v) = 1 for all v < v except for a set with F -measure 0.

It is clear that v  p  r.

It suffices to show that ↵(v) = 0 for all v > v. Consider seller i with vi > v. If seller i

accepts the speculator’s offer, his payoff is

$A(vi) = p.

If seller i rejects the speculator’s offer, the interim expected payoff to seller i can be established
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as follows by a standard payoff equivalence argument,

$R(vi)� vi = $R(v)� v

�
N�1X

m=1

Pr[h = (m, 1)]

Z vi

v

WP?(x;m, 1)dx� Pr[h = (N, 0)]

Z vi

v

WP?(x;N, 0)dx,

where WP?(x;h) is the winning probability of seller i with value x after a history h, given that all

the other bidders in the auction use their equilibrium bidding strategies and seller i best-responds

to the other bidders’ equilibrium bidding. Note that

@[$A(vi)�$R(vi)]

@vi
=

�1 +
N�1X

m=1

Pr[h = (m, 1)]WP?(vi;m, 1) + Pr[h = (N, 0)]WP?(vi;N, 0)  0.

By the definition of v, one can see that ↵(vi) < 1 for vi 2 U✏(v). Therefore, Pr[h = (N, 0)] > 0

and WP?(vi;N, 0) < 1 for vi 2 U✏(v). This implies that @[$A(vi) � $R(vi)]/@vi < 0 for

vi 2 U✏(v). Further,

$A(vi)�$R(vi) = $A(v)�$R(v) +

Z vi

v

@[$A(vi)�$R(vi)]

@vi
dx < $A(v)�$R(v). (A.5)

Since the speculator’s offer is rejected with a positive probability when a seller’s value is in U✏(v),

we know that

$A(v)�$R(v)  0.

Plugging this into (A.5) yields that $R(vi) > $A(vi), which implies that ↵(vi) = 0. This

completes the proof.

Proof of Lemma 2.3. To start the proof, let b(m, v?) and b̄(m, v?) denote the speculator’s lowest
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and the highest possible bid in equilibrium, respectively.1 Clearly, v?  b(m, v?)  b̄(m, v?)  r.

It is convenient to prove Point (ii) first. Claim A.1 through Claim A.5 below collectively

serve as a proof of Point (ii).

Claim A.1 �(v;m, v?) < b̄(m, v?) for all v < b̄(m, v?).

Proof. Suppose to the contrary that �(v0;m, v?) � b̄(m, v?) for some v0 < b̄(m, v?). Then a

type-v0 seller loses for sure. But he can profitably deviate to bidding b̄(m, v?)� ✏ for some small

✏ > 0.

Claim A.2 �(v;m, v?) is strictly increasing in v 2 (v?, b̄(m, v?)).

Proof. Suppose v? < v0 < v00 < b̄(m, v?). The no-deviation condition of the two types are

[�(v0;m, v?)� v0]WP(�(v0;m, v?)) � [�(v00;m, v?)� v0]WP(�(v00;m, v?)),

[�(v00;m, v?)� v00]WP(�(v00;m, v?)) � [�(v0;m, v?)� v00]WP(�(v0;m, v?)),

where WP(b) stands for the winning probability of bidding b given that other players use their

equilibrium bidding strategies. Adding up the two no-deviation conditions yields the following,

(v00 � v0)[WP(�(v0;m, v?))�WP(�(v00;m, v?))] � 0,

which implies that �(v0;m, v?)  �(v00;m, v?). As a result, �(v;m, v?) is weakly increasing in

v 2 (v?, b̄(m, v?)).
1To be more precise, b̄(m, v

?) should be interpreted as the maximum possible bid such that the left neighborhood
(b̄(m, v

?) � ✏, b̄(m, v
?)) is assigned a positive probability. Similarly, b(m, v

?) should be interpreted as the lowest
possible bid such that the right neighborhood (b(m, v

?), b(m, v
?) + ✏) is assigned a positive probability.
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It suffices to show that �(v;m, v?) cannot remain constant on some interval [v0, v00].

Suppose to the contrary that �(v;m, v?) = b� for v 2 [v0, v00]. By Claim A.1, b� < b̄(m, v?).

Then a type-v0 seller can profitably deviate to bidding b� � ✏ for a small enough ✏ > 0. A

contradiction.

Claim A.3 �(v;m, v?) is continuous in v 2 (v?, b̄(m, v?)).

Proof. Suppose to the contrary that �(v;m, v?) has a jump at v̂ 2 (v?, b̄(m, v?)). Formally,

b̂� := limv!v̂� 6= b̂+ := limv!v̂+ . By Claim A.1 and Claim A.2, b̂� < b̂+ < b̄(m, v?) and no

seller bids between b̂� and b̂+. This implies that bidding b̂+ is strictly more profitable than any

bid between b̂� and b̂+ for the speculator. As a result, the speculator does not bid between b̂� and

b̂+. Consequently, for a type-v̂� seller, it is profitable to deviate to bidding b̂+. A contradiction.

Claim A.4 �(b̄(m, v?);m, v?) = b̄(m, v?).

Proof. By combining Claim A.1 with the assumption of undominated bidding, it follows that

�(b̄(m, v?);m, v?) = b̄(m, v?), or more precisely, limv!b̄(m,v?)� �(v;m, v?) = b̄(m, v?).

Claim A.5 �(v?;m, v?) = b(m, v?).

Proof. If �(v?;m, v?) > b(m, v?), the speculator can profitably deviate from bidding b(m, v?) to

bidding �(v?;m, v?), so �(v?;m, v?)  b(m, v?). Suppose by contradiction that

�(v?;m, v?) < b(m, v?). By Claim A.2, Claim A.3, and Claim A.4, there exists v̂ > v? such that

�(v̂;m, v?) = b(m, v?). Note that for v  v̂, the speculator’s payoff from bidding �(v;m, v?) is

[1 � G(v; v?)]m�(v;m, v?). I show next that [1 � G(v; v?)]m�(v;m, v?) is decreasing in
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v 2 [v?, v̂], which implies that the speculator can profitably deviate from bidding b(m, v?) to

bidding �(v?;m, v?).

By the standard payoff equivalence argument, the following holds for v 2 [v?, v̂]:

$(v̂)� v̂ +

Z v̂

v

[1�G(x; v?)]m�1dx = [�(v;m, v?)� v][1�G(v; v?)]m�1,

where $(v̂) denotes the interim expected payoff of a type-v̂ seller. Therefore,

d {[1�G(v; v?)]m�1�(v;m, v?)}
dv

=
d
nR v̂

v [1�G(x; v?)]m�1 + v[1�G(v; v?)]m�1
o

dv

= v
d[1�G(v; v?)]m�1

dv
< 0.

This implies that [1 � G(v; v?)]m�1�(v;m, v?) decreases in v 2 [v?, v̂]. Consequently, [1 �

G(v; v?)]m�(v;m, v?) decreases in v 2 [v?, v̂].

I proceed to the proof of Point (i) next. It suffices to prove that the speculator does not

skip bidding on any interval between b(m, v?) and b̄(m, v?). Suppose to the contrary that the

speculator does not bid on (b†, b̄†), with b(m, v?)  b† < b̄†  b̄(m, v?). It is without loss to

assume that the speculator does possibly bid b̄†. By Point (ii), there exists v̂ 2 (v?, b̄(m, v?))

such that �(v̂;m, v?) = b̄†. By a similar argument as in the proof of Claim A.5, I show in

what follows that the speculator’s expected payoff from bidding �(v;m, v?), which is given by

[1�G(v; v?)]m�(v;m, v?), is decreasing in a small left neighborhood of v̂, denoted by [v̂� ✏, v̂].

This leads to a contradiction as the speculator can profitably deviate from bidding b̄† to bidding

�(v̂ � ✏;m, v?).
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By the standard payoff equivalence argument, the following holds for v 2 [v̂ � ✏, v̂]:

$(v̂)� v̂ +

Z v̂

v

[1�G(x; v?)]m�1b dx = [�(v;m, v?)� v][1�G(v; v?)]m�1b ,

where $(v̂) denotes the interim expected payoff of a type-v̂ seller, and b denotes the probability

that the speculator’s bid is above b̄† = �(v̂;m, v?). Therefore,

d {[1�G(v; v?)]m�1�(v;m, v?)}
dv

= v
d[1�G(v; v?)]m�1

dv
< 0.

This implies that [1 � G(v; v?)]m�1�(v;m, v?) decreases in v 2 [v?, v̂]. Consequently, [1 �

G(v; v?)]m�(v;m, v?) decreases in v 2 [v?, v̂].

Proof of Lemma 2.4. In light of the analysis in the main text, it suffices to verify the strategies

proposed in Lemma 2.4 constitute an equilibrium. By construction, the speculator has no

profitable deviation.

Next, consider the problem of seller i 2 I, holding fixed all the other sellers’ and the

speculator’s equilibrium bidding. If vi � b̄(m, v?), seller i can never win the auction with a

positive payoff, bidding truthfully yields a zero payoff and thus is optimal for him.

Suppose vi 2 [v?, b̄(m, v?)). Seller i never bids strictly less than b(m, v?). Otherwise,

he can deviate to a slightly higher bid and still win for sure. Bidding above b̄(m, v?) is also

not optimal for seller i since he loses for sure in that case. Therefore, seller i chooses a bid

in [b(m, v?), b̄(m, v?)] to maximize his expected payoff. This is equivalent to choosing v̂ 2
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[v?, b̄(m, v?)] and bidding �(v̂;m, v?). Formally, seller i solves

max
v̂2[v?,b̄(m,v?)]

$(v̂; vi) := [1�G(v̂; v?)]m�1[1� (�(v̂;m, v?))][�(v̂;m, v?)� vi] + vi.

It can be verified that

@$(v̂; vi)

@v̂
=

m�(v̂;m, v?)

�(v̂;m, v?)� v̂
[1�G(v̂; v?)]m�2G0(v̂; v?)[1� (�(v̂;m, v?))](vi � v̂).

Therefore, $(v̂; vi) is maximized by v̂ = vi and it is optimal for seller i to bid �(vi;m, v?).

Proof of Footnote 28. Consider the right derivative of c?(v) for any v 2 (0, r). For notational

ease, define

C(v;m) := [1� F (v)]m[F (v)]N�1�m[b(m+ 1, v)� v]. (A.6)

I first prove that C 0
+(v;m) := lim✏!0+

C(v+✏;m)�C(v;m)
✏ > �[1� F (v)]m[F (v)]N�1�m.

By definition,

b(m+ 1, v) =
maxr�b�v b[1� F (b)]m+1

[1� F (v)]m+1
.

If there exists b0 2 (v, r] such that b0 2 argmaxr�b�v b[1�F (b)]m+1, then increasing v marginally
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would not change the value of maxr�b�v b[1� F (b)]m+1. It follows that

C 0
+(v;m) =

@
�
[F (v)]N�1�mb0[1� F (b0)]m+1/[1� F (v)]

 

@v
�

@
�
[1� F (v)]m[F (v)]N�1�mv

 

@v

= b0[1� F (b0)]m+1 (N � 1�m)[F (v)]N�2�m[1� F (v)] + [F (v)]N�1�m

[1� F (v)]2
f(v)

� v
�
(N � 1�m)[F (v)]N�2�m[1� F (v)]m �m[1� F (v)]m�1[F (v)]N�1�m

 
f(v)

� [1� F (v)]m[F (v)]N�1�m

> �[1� F (v)]m[F (v)]N�1�m,

where the inequality follows from the fact that b0[1� F (b0)]m+1 � v[1� F (v)]m+1.

If v[1 � F (v)]m+1 > b[1 � F (b)]m+1 for all b 2 (v, r], there exists ✏ > 0 such that

b(m+ 1, v0) = v0 for all v0 2 [v, v + ✏]. As a result, C(v0;m) = 0 for v0 2 [v, v + ✏]. This implies

that

C 0
+(v;m) = 0 > �[1� F (v)]m[F (v)]N�1�m.

To sum up, (A.6) holds and the following ensues,

lim
✏!0+

c?(v + ✏)� c?(v)

✏
= 1� [1� F (v)]N�1 +

N�2X

m=0

✓
N � 1

m

◆
C 0
+(v;m)

> 1� [1� F (v)]N�1 �
N�2X

m=0

✓
N � 1

m

◆
[1� F (v)]m[F (v)]N�1�m = 0.

Consequently, c?(v) is strictly increasing in v 2 (0, r).

Proof of Proposition 2.3. Point (i) follows immediately from Lemma 2.2 and the indifference

condition (2.7).

To prove Point (ii), it suffices to verify the cutoff acceptance strategy is optimal for a

representative seller i 2 I. If seller i, with a realized value of vi, accepts the acquisition offer,
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his payoff is

$A
i (vi) = p.

If seller i rejects the acquisition offer, he participates in the procurement auction. As is shown in

the proof of Lemma 2.2, seller i’s expected payoff $R
i (vi) satisfies

@$R
i (vi)

@vi
� 0.

As a result, $A
i (vi)�$R

i (vi) decreases with vi. Since $A
i (v

?) = $R
i (v

?), it is optimal for seller

i to accept the acquisition offer if and only if vi < v?.

Proof of Proposition 2.4. See Example 2.1 in the main text.

Lemma A.1 For all v† 2 [0, r),

y(m, v†) := v† +

Z r

v†


1� F (x)

1� F (v†)

�m
dx > b(m, v†) := max

r�b�v†
b[1�G(b; v†)]m.

Proof of Lemma A.1. Recall that G(v; v†) := F (v)�F (v†)
1�F (v†) for v 2 [v†, 1]. So it suffices to prove

that

v† +

Z r

v†

⇥
1�G(x; v†)

⇤m
dx > b[1�G(b; v†)]m for all v† 2 [0, r) and b 2 [v†, r].
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In fact,

v† +

Z r

v†

⇥
1�G(x; v†)

⇤m
dx � v† +

Z b

v†

⇥
1�G(x; v†)

⇤m
dx

� v† +

Z b

v†

⇥
1�G(b; v†)

⇤m
dx

= v†
�
1�

⇥
1�G(b; v†)

⇤m 
+ b[1�G(b; v†)]m

� b[1�G(b; v†)]m.

The equalities cannot hold at the same time, as that requires b = r (from the first inequality),

G(x; v†) = G(b; v†) for almost every x 2 [v†, b] (from the second inequality), and v† = 0 (from

the last inequality).

Proof of Lemma 2.5. It suffices to prove that �̃(v;m, v?) > �(v;m, v?) for all

v 2 [v?, b̄(m, v?)), which is equivalent to

Z(v) := v[1�G(v; v?)]m +

Z r

v

[1�G(x; v?)]mdx > b(m, v?) for all v 2 [v?, b̄(m, v?)).

It is easy to verify that Z(v) is strictly decreasing in v 2 [v?, b̄(m, v?)]. Then the proof is

completed by the following fact,

Z(b̄(m, v?)) = b(m, v?) +

Z r

b̄(m,v?)

[1�G(x; v?)]mdx � b(m, v?).

Proof of Proposition 2.6. It suffices to verify that the acceptance/rejection schedule is optimal

for an arbitrary seller j 2 A, given that all the other sellers follow the equilibrium strategies
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described in Proposition 2.6.

If seller j, with a realized valuation vj  r,2 accepts the offer, his payoff is ⇡A
j (vj) =

pj(v⇤). If he rejects the offer, he participates in the procurement auction. Seller j wins in the

procurement auction if and only if all the other sellers’ valuations are above vj and the speculator

failed to acquire any item. Formally, seller j’s winning probability is

WPj(vj) =
Y

i2I\A

[1� Fi(vj)]
Y

s2A\{j}

[1� Fs(max{vj, v⇤s})] .

As a result, seller j’s expected payoff in the auction is ⇡R
j (vj) = vj +

R r

vj
WPj(x)dx.

The following two facts in combination verify the optimality of accepting the acquisition

offer if and only if vj < v⇤j :

@[⇡A
j (vj)� ⇡R

j (vj)]

@vj
= �[1�WPj(vj)]  0, and ⇡A

j (v
⇤
j ) = ⇡R

j (v
⇤
j ).

Proof of Proposition 2.20. I show in what follows that the speculator can obtain a positive

expected profit by setting v⇤j = v⇤ for all j 2 A and appropriately choosing v⇤.

Given that v⇤j = v⇤ for all j 2 A, the speculator’s profit from the events in which only one

seller accepts the offer is

⇧⇤(v⇤, 1) =
X

j2A

Fj(v
⇤)

Y

j02A\{j}

[1� Fj0(v
⇤)]

(Z v⇤

0

Y

i2I\A

[1� Fi(x)]dx

+

Z r

v⇤

Q
i2I\{j}[1� Fi(x)]Q

j02A\{j}[1� Fj0(v⇤)]
dx� v⇤ �

Z r

v⇤

Y

i2I\{j}

[1� Fi(x)]dx

)
.

2Note that c⇤j (v⇤)  r, so seller j would reject the acquisition offer if vj > r.
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As v⇤ approaches 0, one can see that3

⇧⇤(v⇤, 1) =
X

j2A

X

j02A\{j}

Fj(v
⇤)Fj0(v

⇤)

Z r

v⇤

Y

i2I\{j}

[1� Fi(x)]dx

+
X

j2A,i2I\A

O (v⇤Fj(v
⇤)Fi(v

⇤)) +
X

j2A,j02A\{j}

o (Fj(v
⇤)Fj0(v

⇤))

=
X

j2A,j02A\{j}

Fj(v
⇤)Fj0(v

⇤)

8
<

:

Z r

v⇤

Y

i2I\{j}

[1� Fi(x)]dx+

Z r

v⇤

Y

i2I\{j0}

[1� Fi(x)]dx

9
=

;

+
X

j2A,i2I\A

O (v⇤Fj(v
⇤)Fi(v

⇤)) +
X

j2A,j02A\{j}

o (Fj(v
⇤)Fj0(v

⇤)) .

The speculator’s expected profit from the events in which two sellers accept the offers is

⇧⇤(v⇤, 2) =
X

j2A,j02A\{j}

Fj(v
⇤)Fj0(v

⇤)
Y

j002A\{j,j0}

[1� Fj00(v
⇤)]

(Z v⇤

0

Y

i2I\A

[1� Fi(x)]dx

+

Z r

v⇤

Q
i2I\{j,j0}[1� Fi(x)]Q

j002A\{j,j0}[1� Fj00(v⇤)]
dx� 2v⇤ �

Z r

v⇤

Y

i2I\{j,j0}

[1� Fi(x)][2� Fj(x)� Fj0(x)]dx

)
.

As v⇤ approaches 0, one can see that

⇧⇤(v⇤, 2) =
X

j2A,j02A\{j}

Fj(v
⇤)Fj0(v

⇤)

Z r

v⇤

Y

i2I\{j,j0}

[1� Fi(x)][Fj(x) + Fj0(x)� 1]dx

+
X

j2A,j02A\{j}

o (Fj(v
⇤)Fj0(v

⇤)) .

Analogously, one can calculate ⇧⇤(v⇤,m) for m � 3. For m � 3, it is clear that

⇧⇤(v⇤,m) =
P

j2A
P

j02A\{j} o (Fj(v⇤)Fj0(v⇤)) as v⇤ approaches 0. Since the speculator’s

3I use O(·) to denote the same order infinitesimal and o(·) to denote higher order infinitesimal as v⇤ ! 0. That
is, for an arbitrary function of v

⇤ denoted by T (v⇤), limv⇤!0 O(T (v⇤))/T (v⇤) equals a non-zero constant, and
limv⇤!0 o(T (v⇤))/T (v⇤) = 0.

132



expected profit is ⇧⇤(v⇤) =
P

m⇧
⇤(v⇤,m), as v⇤ approaches 0,4

⇧⇤(v⇤) =
X

j2A

X

j02A\{j}

Fj(v
⇤)Fj0(v

⇤)

Z r

v⇤

Y

i2I\{j,j0}

[1� Fi(x)]dx

+
X

j2A,i2I\A

O (v⇤Fj(v
⇤)Fi(v

⇤)) +
X

j2A,j02A\{j}

o (Fj(v
⇤)Fj0(v

⇤)) .

One can find j1, j2 2 A such that limv!0[Fj(v)/Fj1(v)] < 1 for all j 2 A and that

limv!0[Fj0(v)/Fj2(v)] < 1 for all j0 2 A \ {j1}. Then j1 and j2 (as k and k0) must satisfy

Condition 2.1. From Condition 2.1 and the specification of j1 and j2, it follows that

lim
v!0

vFj(v)Fi(v)

Fj1(v)Fj2(v)
= 0 and lim

v!0

o (Fj(v⇤)Fj0(v⇤))

Fj1(v)Fj2(v)
= 0, 8j 2 A, j0 2 A \ {j}, and i 2 I \ A.

Therefore,

lim
v⇤!0

⇧⇤(v⇤)

Fj1(v⇤)Fj2(v⇤)
�
Z r

0

Y

i2I\{j1,j2}

[1� Fi(x)]dx > 0.

This completes the proof.

Proof of Proposition 2.7. First, it is useful to note that a seller can either participate in the pro-

curement auction, or the return and refund auction, but not both. Since there are no continuation

games for the sellers in the two auctions, it is easy to verify that the bidding strategies described

in Proposition 2.7 are optimal for the sellers.

For the speculator, the return and refund auction happens after the procurement auction.

Therefore, his bidding in the procurement auction may affect how many items he has for sale in

the return and refund auction. Suppose that the speculator acquired K � 1 items from K sellers.

The speculator’s opportunity cost for selling one item in the procurement auction is that he has
4Note that |A| > 1 is needed to make sure A \ {j} is not an empty set.
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one less item to bring to the return and refund auction. Because bringing all K items to the return

and refund auction yields a zero auction revenue, the speculator’s opportunity cost for selling one

item is 0. Therefore, strategic supply withholding—i.e., bidding 0 for one item and withholding

the rest—is optimal for the speculator.

It only remains to verify that the acceptance/rejection schedule is optimal for an arbitrary

seller j 2 A, given that all the other sellers follow their strategies described in Proposition 2.7.

If seller j 2 A, with a realized valuation vj 2 [0, 1], accepts the acquisition offer, he gets a

payment of c̄⇤j(v⇤) and a chance to participate in the return and refund auction. In the return and

refund auction, seller j wins if his valuation is not the lowest among the sellers who accepted the

acquisition offer. The winning probability is

WPj(vj) = 1�
Y

s2A\{j}

[1� Fs(min{vj, v⇤s})] .

Therefore, seller j’s expected payoff in the return and refund auction is
R vj
0 WPj(x)dx. Further,

seller j’s expected payoff from accepting the acquisition offer is

⇡A
j (vj) = c̄⇤j(v

⇤) +

Z vj

0

WPj(x)dx.

If seller j rejects the acquisition offer, he participates in the procurement auction. Seller j

wins in the procurement auction if his valuation is lower than the reserve price and is the lowest

among all the sellers, and no seller sold to the speculator. Formally, seller j’s winning probability

is

WPj(vj) := {vjr}
Y

i2I\A

[1� Fi(vj)]
Y

s2A\{j}

[1� Fs(max{vj, v⇤s})] .
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Therefore, seller j’s expected payoff from the procurement auction is

⇡R
j (vj) = vj +

Z r

vj

WPj(x)dx.

Note that ⇡A
j (v

⇤
j ) = ⇡R

j (v
⇤
j ). Then it suffices to show that ⇡A

j (vj) � ⇡R
j (vj) decreases with

vj . In fact,

@[⇡A
j (vj)� ⇡R

j (vj)]

@vj
= �

⇢ Y

s2A\{j}

[1� Fs(min{vj, v⇤s})]

� {vjr}
Y

i2I\A

[1� Fi(vj)]
Y

s2A\{j}

[1� Fs(max{vj, v⇤s})]
�

 0,

where the inequality follows from {vjr}
Q

i2I\A[1 � Fi(vj)]  1 and 1 � Fs(min{vj, v⇤s}) �

1� Fs(max{vj, v⇤s}). This completes the proof.

Proof of Proposition 2.8. Suppose that in an equilibrium, all the sellers with valuations lower

than r are knocked out of the procurement auction. Because F (r) < 1, on the equilibrium path,

rejection of the acquisition offer can still happen. Therefore, the speculator cannot tell whether a

rejection is because of a deviation or because the seller has a valuation above r. So the speculator

must bid r in the procurement auction, regardless of how many rejections occurred.

For a seller with value v < r, the equilibrium payoff in the complete knockout scenario is

v+
R r

v [1�F (x)]N�1dx. However, if the seller deviates and bids r�✏ in the procurement auction,

where ✏ is an arbitrarily small number, he gets a higher payoff of r � ✏. This means complete

knockout cannot happen in equilibrium.
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Appendix B: Proofs for Chapter 3

B.1 Equilibrium Derivation for Auctions with Joint Bidding

In this section we lay out a general framework to analyze auctions with joint bidding and

prove Proposition 3.1, Proposition 3.8 and Proposition 3.11.

Consider the set of firms described in Section 3.4.2 and an (↵ + 1)th-price, ↵ 2 {0, 1},

sealed-bid auction with joint bidding. The payoff functions of the players in the auction game are

as follows.

⇡↵
i (ci, ĉi; ĉI\i(·), ĉG(·)) = Pr(min{ĉI\i, ĉG} > ĉi)

⇥ E[ĉi � (1� ↵)ci � ↵min{ĉI\i, ĉG}|min{ĉI\i, ĉG} > ĉi],

⇡↵
k,j(ck,j, ĉk,j; ĉk(ck,1, ·), tk(ck,1, ·), ĉG\k(·), ĉI(·)) = Etk,j(ĉk,j, ck,�j)

� Pr(ĉk(ĉk,j, ck,�j) < min{ĉI , ĉG\k})ck,j,

⇡↵
k,1(ck,1, ĉk(·), tk(·); ĉG\k(·), ĉI(·)) = �E

nkX

j=2

tk,j(ck) + Pr(ĉk < min{ĉI , ĉG\k})

⇥ E[ĉk � (1� ↵)ck,1 � ↵min{ĉI , ĉG\k}|ĉk < min{ĉI , ĉG\k}].

We fix ĉ⇤I and ĉ⇤G\k and consider prime contractor (k, 1)’s mechanism design problem.

Given ĉ⇤I and ĉ⇤G\k, H⇤
�k(y) := Pr(min{ĉ⇤I , ĉ⇤G\k}  y) gives the distribution of the lowest bid
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from consortium k’s opponents.

Assuming that the bidding rule ĉk(·) is non-decreasing in ck,j , we can rewrite the incentive

compatibility constraint for subcontractor (k, j) as the following,

@⇡↵
k,j

@ck,j
= �E[H̄⇤

�k(ĉk(ck))|ck,1, ck,j].1

Integrating the two sides from c̄k,j to ck,j and plugging in ⇡↵
k,j|ck,j=c̄k,j = 0 yield

⇡↵
k,j =

Z c̄k,j

ck,j

E[H̄⇤
�k(ĉk(ck,�j, x))|ck,1]dx.

Because ⇡↵
k,j = E[tk,j(ck)� H̄⇤

�k(ĉk(ck))ck,j|ck,1, ck,j], we have that

E[tk,j(ck)|ck,1, ck,j] = E
"
H̄⇤

�k(ĉk(ck))ck,j +

Z c̄k,j

ck,j

H̄⇤
�k(ĉk(ck,�j, x))dx

����ck,1, ck,j

#
. (B.1)

Taking expectation over ck,j and applying integration by parts yield

E[tk,j(ck)|ck,1] = E
⇥
H̄⇤

�k(ĉk(ck))c̃k,j|ck,1
⇤
.

Then the expected profit of prime contractor (k, 1) can be written as the following,

⇡↵
k,1 = �

nkX

j=2

E[tk,j(ck)|ck,1] + E
Z 1

p=ĉk(ck)

[↵p+ (1� ↵)ĉk(ck)� ck,1]dH
⇤
�k(p)

����ck,1
�

= E
(Z 1

p=ĉk(ck)

"
↵p+ (1� ↵)ĉk(ck)� (ck,1 +

nkX

j=2

c̃k,j)

#
dH⇤

�k(p)

����ck,1

)
.

1Recall that we require the prime contractor to announce its type along with the mechanism, so ck,1 is known to
subcontractors in consortium k.
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Now it becomes apparent that in choosing a bidding rule ĉk(·) to maximize ⇡↵
k,1, prime contractor

(k, 1) acts as if it is an individual bidder with cost ck,1 +
Pnk

j=2 c̃k,j . Consequently, in second-

prices auctions (↵ = 1), individual bidders bid truthfully and prime contractors choose to bid

ck,1 +
Pnk

j=2 c̃k,j and use transfer rules satisfying (B.1) constitute an equilibrium. It is easy to see

that Proposition 3.1 and Proposition 3.8 hold.

Under Assumption 3.3, the bidders in a first-price auction or a second-price auction would

bid as if in a standard IPV (independent private value) setting with identical type distributions.

From this observation, it is straightforward to see that Proposition 3.11 holds.2

2For derivations of the results in Proposition 3.11 in a standard symmetric IPV environment, see, for example,
Milgrom and Weber (1982).
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B.2 Comparison of Auction Formats

B.2.1 The Baseline Case

To prove Proposition 3.2, Proposition 3.3, Proposition 3.4, and Proposition 3.5, we first list

here the expected construction cost and expected procurement price in various auctions.

ECV CG = Emin{c1, c2A + c2B} (B.2)

EP V CG = Pr(c1 � c2A + c2B)E[2c1 � (c2A + c2B)|c1 � c2A + c2B] (B.3)

+ Pr(c1 < c2A + c2B)E[c2A + c2B|c1 < c2A + c2B]

ECSPA(S) = Pr(c1 � c2A + c̃2B)E[c1|c1 � c2A + c̃2B] (B.4)

+ Pr(c1 < c2A + c̃2B)E[c2A + c2B|c1 < c2A + c̃2B]

EP SPA(S) = Emax{c1, c2A + c̃2B} (B.5)

ECSPA(PC) = ECV CG (B.6)

EP SPA(PC) = Emax{c1, c2A + c2B} (B.7)

Proof of Proposition 3.2. It is obvious from (B.2) and (B.4).

Proof of Proposition 3.3. The proof is given in the main text.

Proof of Proposition 3.4. When the consortium seeks to maximize its aggregate profit, bidding

c2A + c2B in the second-price auction is a weakly dominant strategy. Since bidding truthfully

is also weakly dominating for firm 1, obviously the equilibrium allocation is efficient. Point (ii)
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results from the following.

EP V CG = Pr(c1 � c2A + c2B)E[2c1 � (c2A + c2B)|c1 � c2A + c2B]

+ Pr(c1 < c2A + c2B)E[c2A + c2B|c1 < c2A + c2B]

� Pr(c1 � c2A + c2B)E[2c1 � c1|c1 � c2A + c2B]

+ Pr(c1 < c2A + c2B)E[c2A + c2B|c1 < c2A + c2B]

= Emax{c1, c2A + c2B} = EP SPA(PC)

As for point (iii), since c̃2B � c2B, clearly EP SPA(PC) = Emax{c1, c2A + c2B}  EP SPA(S) =

Emax{c1, c2A + c̃2B}.

Proof of Proposition 3.5. The interim expected winning probability of the two firms is F̄1(c2A+

c2B) in the VCG auction and F̄1(c2A + c̃2B) in the second-price auction. Point (i) follows from

the fact that c̃2B � c2B.

Point (ii) follows from the simple algebra below.

IEAP V CG(c2A, c2B) =

Z c̄1

c2A+c2B

2[c1 � (c2A + c2B)]dF1(c1)

� 2

"Z min{c2A+c̃2B ,c̄1}

c2A+c2B

0dF1(c1) +

Z c̄1

min{c2A+c̃2B ,c̄1}
[c1 � (c2A + c2B)]dF1(c1)

#

= 2⇥ IEAP SPA(S)(c2A, c2B).
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B.2.2 Many Bidders

We prove Proposition 3.9 and Proposition 3.10 in this section. For notational convenience,

we define Ck :=
Pnk

j=1 ck,j and C̃k := ck,1 +
Pnk

j=2 ck,j and use Fk(Ck) and F̃k(C̃k) to denote the

cumulative distribution function of Ck and C̃k for all k 2 G.

Proof of Proposition 3.9.

The first sentence (regarding Proposition 3.2). That firms bid truthfully in equilibrium

and the auction rule imply that the VCG auction is efficient. Because the bidding rules in

subcontracting mechanisms are distorted as shown in Proposition 3.8, the second-price auction

is not efficient.

The second sentence (regarding Proposition 3.4). When members in a consortium seek

to maximize their aggregate profit, bidding Ck in the second-price auction is a weakly dominant

strategy. Since bidding truthfully is also weakly dominating for firm i, i 2 I , obviously the

equilibrium allocation is efficient.

In the VCG auction, the ex-post profit for firm l 2 ⌦ is

min
x2X,xl=0

X

l02⌦\l

xl0cl0 �
X

l02⌦\l

x⇤
l0cl0 � x⇤

l cl = min
x2X,xl=0

X

l02⌦

xl0cl0 �min
x2X

X

l02⌦

xl0cl0 .

So the aggregate profit of consortium k is

nk ⇥
 

min
x2X,xk,j=0 for all 1jnk

X

l02⌦

xl0cl0 �min
x2X

X

l02⌦

xl0cl0

!
= nk[min(CG\k, cI)�min(CG, cI)],

where CG0 := (Ck)k2G0 for G0 ✓ G.
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Note that in the second-price auction with perfect cooperation, the ex-post profit of

consortium k is exactly

min
x2X,xk,j=0 for all 1jnk

X

l02⌦

xl0cl0 �min
x2X

X

l02⌦

xl0cl0 = min(CG\k, cI)�min(CG, cI),

Therefore, for group k, the aggregate profit is higher in the VCG auction than in the second-price

auction with perfect cooperation. It is also clear that for firm i 2 I , the ex-post profit is the same

in VCG auction and the second-price auction with perfect cooperation. Then because the two

auctions both result in the same social surplus, it has to be that EP V CG � EP SPA(PC).

Note that the ex-post procurement price is the second smallest number in

{ci, Ck : i 2 I, k 2 G} in the second-price auction with perfect cooperation, but is the second

smallest number in {ci, C̃k : i 2 I, k 2 G} in the second-price auction without. Therefore,

EP SPA(S) � EP SPA(PC).

Proof of Proposition 3.10.

Point (i). When Z ! 1, EP V CG = Emin{CG, cI\1} < Emin{C̃G, cI\1} = EP SPA(S).

Point (ii). For the rest of the proof, we fix Ck < C̃k. Recall that we use Fk(Ck) and

F̃k(C̃k) to denote the distribution of Ck and C̃k respectively. For notational convenience, define

FG0(CG0) := ⇧k2G0Fk(Ck), F̃G0(C̃G0) := ⇧k2G0F̃k(C̃k), FI0(cI) := ⇧i2I0Fi(ci), and F̄G0(CG0) :=

⇧k2G0F̄k(Ck),
¯̃FG0(C̃G0) := ⇧k2G0

¯̃Fk(C̃k), F̄I0(cI) := ⇧i2I0F̄i(ci).

The interim winning probability of group k in the VCG auction is

IWP V CG(ck) = F̄G\k(Ck)[F̄◆(Ck)]
ZF̄I\1(Ck),
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in the SPA(S) is

IWP SPA(S)(ck) =
¯̃FG\k(C̃k)[F̄◆(C̃k)]

ZF̄I\1(C̃k).

Since F◆(·) is strictly increasing in [0, c̄1] and Ck < c̄1, we know that F◆(Ck) < F◆(C̃k) and

F̄◆(Ck) > F̄◆(C̃k). So when Z ! 1, IWPSPA(S)(ck)
IWPV CG(ck)

! 0.

The interim expected aggregate profit of group k in the VCG auction is

IEAP V CG = nk

Z 1

Ck

(y � Ck)d(1� F̄G\k(y)(F̄◆(y))
ZF̄I\1(y)) = nk

Z 1

Ck

F̄G\k(y)(F̄◆(y))
ZF̄I\1(y)dy

�

= nk

"Z 1

C̃k

F̄G\k(y)(F̄◆(y))
ZF̄I\1(y)dy +

Z C̃k

Ck

F̄G\k(y)(F̄◆(y))
ZF̄I\1(y)dy

#
,

and in the SPA(S) is

IEAP SPA(S) =

Z 1

C̃k

(y � Ck)d
h
1� ¯̃FG\k(y)(F̄◆(y))

ZF̄I\1(y)
i

=

Z 1

C̃k

¯̃FG\k(y)[F̄◆(y)]
ZF̄I\1(y)dy + (C̃k � Ck)

¯̃FG\k(C̃k)[F̄◆(C̃k)]
ZF̄I\1(C̃k).

Let C̄ := max
n
c̄k,1 +

Pnk
j=2

˜̄ck,j, c̄i
��� k 2 G, i 2 I

o
. When Z ! 1,

R1
C̃k

¯̃FG\k(y)[F̄◆(y)]ZF̄I\1(y)dy
R C̃k

Ck
F̄G\k(y)[F̄◆(y)]ZF̄I\1(y)dy


¯̃FG\k(C̃k)[F̄◆(C̃k)]ZF̄I\1(C̃k)(C̄ � C̃k)R Ck+"0

Ck
F̄G\k(y)[F̄◆(y)]ZF̄I\1(y)dy


¯̃FG\k(C̃k)[F̄◆(C̃k)]ZF̄I\1(C̃k)(C̄ � C̃k)

"0F̄G\k(Ck + "0)[F̄◆(Ck + "0)]ZF̄I\1(Ck + "0)
! 0,

where "0 is a constant satisfying Ck + "0 < C̃k, F̄G\k(Ck + "0) > 0 and Ck + "0 < min{c̄I}.
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Similarly,

(C̃k � Ck)
¯̃FG\k(C̃k)[F̄◆(C̃k)]ZF̄I\1(C̃k)

R C̃k

Ck
F̄G\k(y)[F̄◆(y)]ZF̄I\1(y)dy


(C̃k � Ck)

¯̃FG\k(C̃k)[F̄◆(C̃k)]ZF̄I\1(C̃k)

"0F̄G\k(Ck + "0)[F̄◆(Ck + "0)]ZF̄I\1(Ck + "0)
! 0.

As a result, IEAPSPA(S)

IEAPV CG ! 0 as Z approaches infinity.

B.3 Weighted Second-Price Auction with Joint Bidding

B.3.1 The Principals’ Equlibrium

For a fixed weight vector (1, w), we first lay out the payoff functions of the firms in the

weighted second-price auction with joint bidding, WSPA(S).

Firm 1’s expected profit with a bid ĉ1, given the bidding rule of the consortium’s

subcontracting mechanism ĉ2(·, ·) and the belief that the subcontractor will report truthfully, is

⇡WSPA(S)
1 (c1, ĉ1; ĉ2(·, ·)) = Pr(ĉ2(c2A, c2B)/w > ĉ1)E[ĉ2(c2A, c2B)/w�c1|ĉ2(c2A, c2B)/w > ĉ1].

The subcontractor’s expected profit with a report ĉ2B under a subcontracting mechanism

(ĉ2(·, ·), t2B(·, ·)), given the prime contractor’s type c2A and firm 1’s bidding strategy ĉ1(·), is

⇡WSPA(S)
2B (c2B, ĉ2B; ĉ2(c2A, ·), t2B(c2A, ·), ĉ1(·)) = t2B(c2A, ĉ2B)�Pr(ĉ2(c2A, ĉ2B)/w < ĉ1(c1))c2B.

The prime contractor’s expected profit with a subcontracting mechanism (ĉ2(·, ·), t2B(·, ·)),
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given that the subcontractor reports truthfully and firm 1’s bidding strategy ĉ1(·), is

⇡WSPA(S)
2A (c2A, ĉ2(c2A, ·), t2B(c2A, ·); ĉ1(·)) = �E[t2B(c2A, c2B)] + Pr(ĉ2(c2A, c2B)/w < ĉ1(c1))

⇥ E[wĉ1(c1)� c2A|ĉ2(c2A, c2B)/w < ĉ1(c1)].

Then the definition of the principals’ equilibrium is simply Definition 3.1, with ⇡ being

substituted with ⇡WSPA(S).

Next we characterize the equilibrium. It is straightforward to see that bidding truthfully is

optimal for firm 1 regardless of the consortium’s bidding rule. For the consortium bidder’s

problem, note that the proof in Appendix B.1 goes through with H⇤
�k(y) being replaced with

H⇤
�1(y;w) = Pr(wĉ⇤1(c1)  y). We thus know that in equilibrium the bidding rule of the

consortium is ĉ⇤2(c2A, c2B) = c2A + c̃2B, and the transfer rule is

t⇤2B = c2BH̄⇤
�1(c

⇤
2(c2A, c2B);w) +

R c̄2B
c2B

H̄⇤
�1(c

⇤
2(c2A, x);w)dx.

B.3.2 Cost and Price Minimizing Weights

We prove Proposition 3.6 and Proposition 3.7 here. For notational convenience, we define

C2 := c2A + c2B and C̃2 := c2A + c̃2B, and use F2(C2) and F̃2(C̃2) to denote the cumulative

distribution function of C2 and C̃2.

Proof of Proposition 3.6. The expected construction cost in the WSPA(S) is

ECWSPA(S)(w) =

Z 1

0

"Z C̃2/w

0

c1dF1(c1) +

Z 1

C̃2/w

C2dF1(c1)

#
dF̃2(C̃2).
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We have that

dECWSPA(S)(w)

dw
=

Z 1

0

"
�C̃2

w
f1

 
C̃2

w

!
C̃2

w2
+ C2f1

 
C̃2

w

!
C̃2

w2

#
dF̃2(C̃2).

For w  1, C̃2
w > C2 so the expression in the square brackets is non-positive and generically

negative. Consequently, dECWSPA(S)(w)
dw < 0 for w  1.

Proof of Proposition 3.7. The expected procurement price in the WSPA(S) is

ECWSPA(S)(w) =

Z 1

0

"Z C̃2/w

0

C̃2

w
dF1(c1) +

Z 1

C̃2/w

wc1dF1(c1)

#
dF̃2(C̃2).

We have that

ECWSPA(S)(w)

dw
=

Z 1

0


�
Z C̃2/w

0

C̃2

w2
dF1(c1)�

C̃2

w
f1

 
C̃2

w

!
C̃2

w2

+

Z 1

C̃2/w

c1dF1(c1) + C̃2f1

 
C̃2

w

!
C̃2

w2

�
dF̃2(C̃2).

For w  1,

ECWSPA(S)(w)

dw

Z 1

0


�
Z C̃2/w

0

C̃2

w2
dF1(c1) +

Z 1

C̃2/w

c1dF1(c1)

�
dF̃2(C̃2)

= �
Z 1

0

C̃2

w2
F1

 
C̃2

w

!
dF̃2(C̃2) +

Z 1

0

c1F̃2(wc1)dF1(c1)

 �
Z 1

0

C̃2F1(C̃2)dF̃2(C̃2) +

Z 1

0

c1F̃2(c1)dF1(c1)

 �
Z 1

0

C̃2F1(C̃2)dF̃2(C̃2) +

Z 1

0

c1F1(c1)dF1(c1) < 0.
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The first inequality is due to C̃2f1
⇣

C̃2
w

⌘
C̃2
w2  C̃2

w f1
⇣

C̃2
w

⌘
C̃2
w2 when w  1. Integration by parts

yields the equality sign in the second line. The second inequality is due to w  1 again. Because

F̃2 strictly f.o.s.d. F2, which in turn f.o.s.d. F1 by assumption, F̃2 strictly f.o.s.d. F1 and F̃2(c1) 

F1(c1). Hence the third inequality. The last inequality is also an implication of that F̃2 strictly

f.o.s.d. F1.
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Appendix C: Supplementary Materials for Chapter 4

C.1 Proofs

Proof of Proposition 4.1. The necessity of the equilibrium conditions stated in Proposition 4.1

is obvious. The sufficiency part requires that no deviation is profitable given that v⇤ satisfies the

stated conditions. We show the proof for the case where v⇤t�1 > v⇤t for all 1  t  T . Proof for

the case where some periods are skipped is similar and thus omitted.

It suffices to show that at any given time t, a potential buyer finds it optimal to enter if

and only if vn � v⇤t . Note that at time t, if a potential buyer with value v enters, his expected

payoff is ⇧t(v;v⇤)/G(v⇤t�1); if he chooses to delay and enter at time t+1, his expected payoff is

⇧t+1(v;v⇤)/G(v⇤t�1). Simple algebra yields that

d[⇧t(v;v⇤)� ⇧t+1(v;v⇤)]

dv
= �t�1{G[max(v, v⇤t�1)]� �G[max(v, v⇤t )]} > 0. (C.1)

Equation (C.1) together with the fact that ⇧t(v⇤t ;v
⇤) = ⇧t+1(v⇤t ;v

⇤) imply that

⇧t(v;v
⇤) R ⇧t+1(v;v

⇤) () v R v⇤t .
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Therefore, if v < v⇤t , the potential buyer will choose to delay. If v > v⇤t , the above analysis can be

applied iteratively to show that⇧t(v;v⇤) > ⇧t+1(v;v⇤) > . . .⇧t+⌧ (v;v⇤) for any T�t � ⌧ � 1.

As a result, the potential buyer will choose to enter at time t. This completes the proof.

Proof of Theorem 4.1. First, it is useful to note the following result.

Lemma C.1 (Samuelson, 1985) In a single-round auction, a reserve price equal to the seller’s

valuation maximizes efficiency.

Proof of Lemma C.1. Samuelson (1985) provides a proof in the context of procurement

auctions. For completeness, a proof for forward auctions is provided here.

For any reserve price r � 0, in equilibrium, the entry threshold in value v⇤ satisfies the

following indifference condition: (v⇤ � r)[F (v⇤)]N�1 = K. That is, potential buyers with values

above v⇤ participate in the auction, while those with values below v⇤ do not. It is useful to note

that at r = vs, the threshold, denoted by v⇤⇤, satisfies

(v⇤⇤ � vs)[F (v⇤⇤)]N�1 = K. (C.2)

For any given threshold v⇤, the expected total surplus is

TS(v⇤) =

Z v

v⇤
(x� vs)d[F (x)]N �N [1� F (v⇤)]K + vs.

Note that

@TS(v⇤)

@v⇤
= Nf(v⇤)

�
K � (v⇤ � vs)[F (v⇤)]N�1

 
R 0 () v⇤⇤ R v⇤.
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Therefore, TS(v⇤) is maximized at v⇤ = v⇤⇤. Since r = vs induces the threshold v⇤⇤, it

maximizes efficiency.

By Lemma C.1, in a single-round auction, efficiency is maximized at the reserve price

r = vs. In this case, the entry threshold in value v⇤⇤ is given by (C.2). The expected total surplus

is TS(v⇤⇤) =
R v

v⇤⇤(x� vs)d[F (x)]N �N [1� F (v⇤⇤)]K + vs.

Consider a two-period recurring auction. If r1 = vs and r2 = v⇤⇤ � K,1 then the entry

threshold in period 1 is exactly v⇤⇤ and no one enters in the second period. That is, v⇤1 = v⇤2 = v⇤⇤.

Therefore, the equilibrium outcome coincides with that in the single-round auction with r = vs.

To complete the proof, it suffices to show that lowering r2 improves efficiency.

Note that the expected total surplus in the two-period auction is

TS(v⇤1, v
⇤
2) =

Z v

v⇤1

(x� vs)d[F (x)]N + �

Z v⇤1

v⇤2

(x� vs)d[F (x)]N

�N
�
[1� F (v⇤1)]K + �[F (v⇤1)� F (v⇤2)][F (v⇤1)]

N�1K
 
+ vs.

Simple algebra shows that2

@TS(v⇤1, v
⇤
2)

@v⇤1

����
v⇤1=v⇤2=v⇤⇤

= �(v⇤⇤ � vs �K)
@[F (v⇤⇤)]N

@v⇤⇤
, and

@TS(v⇤1, v
⇤
2)

@v⇤2

����
v⇤1=v⇤2=v⇤⇤

= ��(v⇤⇤ � vs �K)
@[F (v⇤⇤)]N

@v⇤⇤
.

1It is useful to note that by (C.2), v⇤⇤ �K > vs.

2It is useful to note that
@
nR v

v⇤
1
(x�vs)d[F (x)]N�N [1�F (v⇤

1 )]K
o

@v⇤
1

�����
v⇤
1=v⇤⇤

= @TS(v⇤
1 )

@v⇤
1

���
v⇤
1=v⇤⇤

= 0, where the second

equality follows from the proof of Lemma C.1.
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Therefore, after a marginal decrease in r2, the change in TS(v⇤1, v
⇤
2) is

�(v⇤⇤ � vs �K)
@[F (v⇤⇤)]N

@v⇤⇤
@(v⇤1 � v⇤2)

@r2
.3

In fact, given r1 = 0, a decrease in r2 from v⇤⇤ �K must increase (v⇤1 � v⇤2). Otherwise, if

(v⇤1 � v⇤2) were not increased, no one would enter in the second period. Then the entry threshold

in period 1 stays at v⇤⇤, and a potential buyer with value v⇤⇤ gets a payoff of 0. But for the

potential buyer, deviating to the second period generates a positive payoff of �[F (v⇤⇤)]N [v⇤⇤ �

(r2 ��r2)�K] = �[F (v⇤⇤)]N�r2. A contradiction.

Since @(v⇤1�v⇤2)
@r2

< 0 and �(v⇤⇤ � vs �K)@[F (v⇤⇤)]N

@v⇤⇤ > 0, the change in TS(v⇤1, v
⇤
2) is positive

after a decrease in r2. This completes the proof.

Proof of Theorem 4.2. In Section 4.3.3, we derive the seller’s expected profit as a function of

v⇤, (4.7). In the T = 1 case, simple algebra yields that

dR(v⇤1; r1(v
⇤
1))

dv⇤1
=

d[F (v⇤1)]
N

dv⇤1

(
1

F (v⇤1)

�N�1

K �

v⇤1 �

1� F (v⇤1)

f(v⇤1)
� vs

�)
. (C.3)

Since v⇤1 = v or v⇤1 = v does not maximize R(v⇤1; r1(v
⇤
1)), (C.3) must equal 0 in the optimum. We

denote the maximizer by v⇤⇤.

Consider a two-period recurring auction, with v⇤ = (v⇤⇤, v⇤⇤). Clearly, this recurring

auction generates the same expected profit for the seller as the optimal single-round auction.

3To be precise, the expression @(v⇤
1�v⇤

2 )
@r2

denotes the left derivative of (v⇤1 � v
⇤
2) with respect to r2. That is, we

consider a marginal decrease in r2.
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However, by taking derivative of (4.7) with respect to v⇤1 , we have that

dR(v⇤; r1(v⇤))

dv⇤1

����
v⇤1=v⇤2=v⇤⇤

= �K
d[F (v⇤⇤)]N

dv⇤⇤

(
1

F (v⇤⇤)

�N�1

� 1

)
> 0.

As a result, the seller’s expected profit can be improved by raising v⇤1 in the recurring auction.

Proof of Theorem 4.3. We prove the theorem in two steps. First, we show that a solution to

(4.5) exists. Second, we establish that (4.6) is the necessary condition for the optimum and has

at most one solution. As a result, the solution to (4.6) must exist and be optimal.

Step 1: Existence. It is useful to note that to maximize efficiency, it is never optimal to have

types below vs � K enter into the auction. So it is without loss to impose the constraint vT �

min{vs +K, v}. This constraint and the constraints of (4.5) form a compact set. Since TS(v⇤)

is continuous in v⇤, the compactness of the feasible set guarantees the existence of a solution.

Moreover, the constraint vT � min{vs�K, v} never binds. That is, vT > min{vs�K, v} in

the optimum. Suppose to the contrary that v⇤T = min{vs+K, v} in the optimum. It is without loss

to assume that v⇤T�1 > min{vs +K, v}, because, otherwise, if v⇤T�1 = v⇤T = min{vs +K, v}, we

can think of T�1 as the last period. For a given v⇤T�1 > min{vs+K, v}, choosing the last-period

entry threshold is like a single-round problem considered in Lemma C.1. From (C.2), it follows

that the efficiency-maximizing entry threshold should be strictly greater than min{vs + K, v},

which contradicts with v⇤T = min{vs +K, v} being optimal.

Step 2: The Necessary Condition. First, we show that the constraint v⇤t�1 � v⇤t does not bind in

the optimum. To see that, consider the entry threshold sequence v⇤ and assume that v⇤t0 = v⇤t0+1

for some period t0. It suffices to show that v⇤ is never optimal. If
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v⇤t0 = v⇤t0+1  min{vs + K, v}, then it follows from Step 1 that v⇤ cannot be optimal. So we

focus on the v⇤t0 = v⇤t0+1 > min{vs + K, v} case. If v⇤t0 = v⇤t0+1 = v⇤T , it is like using a

single-round auction at time t0. It follows from Theorem 4.1 that efficiency can be improved for

the subgame starting from t0, so v⇤ is not optimal. If v⇤t0 = v⇤t0+1 > v⇤T , consider an alternative

entry threshold sequence, in which all the entry thresholds after time t0 are moved to one period

earlier—i.e., v⇤0 = (v⇤1, . . . , v
⇤
t0 , v

⇤
t0+2, . . . , v

⇤
T , v

⇤
T ). v⇤0 improves over v⇤ since the efficiency

gain after time t0 is realized one period earlier.

Since the constraint v⇤t�1 � v⇤t does not bind, the necessary condition is given by the first-

order condition of the unconstrained maximization problem. Simple algebra would verify that

the first order condition (with respect to v⇤t ) is equivalent to (4.6).

Proof of Theorem 4.4. The proof of Theorem 4.4 is omitted since it closely follows that of

Theorem 4.3.

C.2 Details in Empirical Analysis

C.2.1 Likelihood Function

Four scenarios emerge as the outcomes of recurring auctions. The likelihood function for

each scenario can be calculated as follows.

Scenario 1: No one enters for three consecutive auctions. This implies that nobody’s

valuation is higher than the entry threshold in the last auction (v⇤3), so the likelihood is:

L1 = [F (v⇤3)]
N .

153



Scenario 2: Only one potential buyer enters and wins at the reserve price. This implies

that there is only one potential buyer whose private value is above the entry threshold. The

probability for that event is:

L2 =

✓
N

1

◆
[F (v⇤t�1)� F (v⇤t )]F (v⇤t )

N�1.

Scenario 3: There are multiple entrants and the deal price is higher than the reserve price.

We calculate the likelihood as the unconditional probability of Ne entrants, multiplied by the

conditional density of the second highest value being the deal price and that of the third highest

value being the losing bid:

L3 =

✓
N

Ne

◆
Ne(Ne � 1)(Ne � 2)[F (v⇤t )]

N�Nef(b̂1)f(b̂2)[F (b̂2)� F (v⇤t )]
Ne�3[F (v⇤t�1)� F (b̂1)],

where b̂1 is the observed winning bid and b̂2 is the highest losing bid.

Scenario 4: Zero probability events given the equilibrium, such as the winning bid being

lower than the predicted entry threshold. The likelihood is 0 for these events. However, this does

not imply that the simulated likelihood is 0, since this is only for one particular simulation. In

all simulations for property i, there is at least one simulation draw of where the outcome can be

rationalized, so the simulated likelihood 1
S

P
s Lsi is positive.

C.2.2 Estimation Results by City Types

In this section, we divide our sample into two groups based on their per capita GDP and

housing price. The big city group consists of Xiamen and Fuzhou, and the small city group
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consists of the remaining seven prefecture-level cities in Fujian. The per capita GDP and housing

prices in the big city group are more than twice as high as those in the small city group.

The significance of this exercise is twofold. First, it sheds light on the concern that

potential buyers may substitute similar properties and therefore enter and exit different auctions.

Figure 4.4(b) shows that similar foreclosed houses appearing in the same quarter is infrequent in

our sample. Nonetheless, this occurs more often in big cities than in small cities. As a result, if

potential buyers’ substituting is a major concern, the coefficient estimates obtained from the big

cities subsample should differ significantly from those obtained from the small cities. Second,

this exercise allows us to examine whether house buyers’ preferences differ across different city

types.

Table B1 presents the results for this analysis. The coefficient estimates obtained from

the big city subsample are similar to those obtained from the small city subsample. Potential

buyers’ value parameter µ and entry cost K are significantly higher in big cities. This is mainly

due to differences in house traits across subsamples, rather than differences in potential buyers’

preferences.

C.2.3 Alternative Definitions of Potential Buyers

We examine the robustness of our results to alternative definitions of potential buyers. In

the baseline setting, we compute the number of potential buyers as the number of individuals who

have shown interest online, divided by 1000, plus the number of actual entrants. In this section,

we vary the factor from 1/1000 to 1/500 and 1/1500 and reestimate the recurring auction model.

The estimation results reported in Table B2 suggest that our results are robust to these variations.
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Table B1: Parameter Estimates of Recurring Auction Model by City Types.

constant log

✓
assess.
price

◆
log(dist.) area (100 m2) ! mean

Panel A: Big cities
µ ⇠ TRN -0.163 0.968 -0.042 -0.024 0.183 4.935
(X�µ,!µ, 1, 7) (0.051) (0.010) (0.008) (0.019) (0.009)
� ⇠ TRN 0.282 -0.029 0.023 0.042 0.118 0.225
(X��,!�, 0.01, 3) (0.051) (0.010) (0.008) (0.014) (0.010)
K ⇠ TRN -2.632 0.596 -0.227 0.185 0.536 0.728
(X�K ,!K , 0, 15) (0.297) (0.056) (0.038) (0.067) (0.021)

Panel B: Small cities
µ ⇠ TRN -0.345 1.011 -0.045 -0.055 0.188 3.940
(X�µ,!µ, 1, 7) (0.018) (0.004) (0.003) (0.008) (0.004)
� ⇠ TRN 0.346 -0.045 0.030 0.052 0.130 0.255
(X��,!�, 0.01, 3) (0.018) (0.005) (0.003) (0.009) (0.005)
K ⇠ TRN -2.926 0.665 -0.291 0.184 0.513 0.457
(X�K ,!K , 0, 15) (0.136) (0.028) (0.020) (0.046) (0.011)

Notes: #Obs.=1,831 in Panel A; #Obs.=5,623 in Panel B. (2) Potential buyers’ valuation follows
a truncated lognormal distribution: v ⇠ TRLN(µ, �, 10�4, 1200). (3) Standard errors in paren-
theses are obtained through 200 times bootstrapping. (4) The rightmost column shows the mean
of ⇤ = {µ, �, K}.

156



Table B2: Parameter Estimates.

constant log

✓
assess.
price

◆
log(dist.) area (100 m2) ! mean

Panel A: Factor=1/500
µ ⇠ TRN -0.370 1.001 -0.051 -0.038 0.189 4.182
(X�µ,!µ, 1, 7) (0.022) (0.005) (0.003) (0.010) (0.004)
� ⇠ TRN 0.331 -0.034 0.033 0.023 0.145 0.255
(X��,!�, 0.01, 3) (0.023) (0.006) (0.004) (0.010) (0.010)
K ⇠ TRN -2.503 0.543 -0.275 0.330 0.487 0.536
(X�K ,!K , 0, 15) (0.147) (0.026) (0.016) (0.042) (0.014)

Panel B: Factor=1/1500
µ ⇠ TRN -0.268 0.995 -0.0378 -0.034 0.181 4.270
(X�µ,!µ, 1, 7) (0.018) (0.004) (0.002) (0.008) (0.004)
� ⇠ TRN 0.330 -0.038 0.029 0.034 0.150 0.253
(X��,!�, 0.01, 3) (0.024) (0.006) (0.003) (0.010) (0.010)
K ⇠ TRN -3.016 0.627 -0.282 0.345 0.523 0.523
(X�K ,!K , 0, 15) (0.184) (0.031) (0.018) (0.045) (0.016)

Notes: (1) We use the same data and the same parametrization for Panel A and Panel B. The
only difference lies in the definition of potential buyers. (2) Potential buyers’ valuation follows
a truncated lognormal distribution: v ⇠ TRLN(µ, �, 10�4, 1200). (3) Standard errors in paren-
theses are obtained through 200 times bootstrapping. (4) The rightmost column shows the mean
of ⇤ = {µ, �, K}.
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