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Abstract
Simple vs. Optimal Mechanism Design

Mingfei Zhao
2021

Mechanism design has found various applications in today’s economy, from ad auctions to online
marketplaces. The goal of mechanism design is to design a mechanism or system such that a group
of strategic agents are incentivized to choose actions that also help achieve the designer’s objective.
However, in many of the mechanism design problems, the theoretically optimal mechanisms are
hard to characterize. They are often too complex to implement in practice.

The focus of this thesis is to resolve the discrepancy between theory and practice by studying the
following questions: Are the mechanisms used in practice close to optimal? Can we design simple
mechanisms to approrimate the optimal one? In this thesis we focus on two important mechanism
design settings: multi-item auctions and two-sided markets. We show that in both settings, there
are indeed simple and approximately-optimal mechanisms.

Following Myerson’s seminal result [Mye81], which provides a simple and revenue-optimal auc-
tion when a seller is selling a single item to multiple buyers, there has been extensive research effort
on maximizing revenue in multi-item auctions. However, the revenue-optimal mechanism is known
to be complex and randomized [HN13, DDT13]. We provide a unified framework to approximate
the optimal revenue in general multi-item multi-bidder auctions. Our result substantially improves
and extends existing results.

Another line of works in this thesis focuses on two-sided markets. The main difference between
two-sided markets and auctions is that mechanism in two-sided markets is designed by a third
party instead of the seller. The mechanism need to incentivize both buyers and sellers to report
their private information truthfully. The impossibility result by Myerson and Satterthwaite [MS83]
shows that even in the most basic bilateral trade setting (1 buyer, 1 seller, 1 item), the full efficiency
is not achievable by a truthful mechanism that does not run a deficit. In this thesis we focus on

approximating the efficiency in terms of the objective of gains from trade. We provide simple



mechanisms that approximate the optimal gains from trade, in bilateral trade and many other

two-sided market settings.
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Chapter 1

Introduction

Mechanism Design is a fairly classical field that lies in the intersection of Economics, Game Theory
and Optimization. Unlike most of existing directions in Economics and Game Theory, mechanism
design is referred to as “reverse game theory”: The core problem is how to design the right incentive
structure, so that the group of strategic participants of a system are motivated to take actions that
will help to realize the system designer’s goals.

With the growth of online markets and platforms, mechanism design has become increasingly
important and relevant as demonstrated by its abundant applications including auctioning ad slots
to advertisers on websites (e.g. Google), buying and selling goods in online marketplaces (e.g.
Amazon, eBay), routing internet traffic, scheduling tasks in the cloud, and more. In all these
applications, designing a good mechanism in favor of the designer’s goal is crucial, as it might
cause a difference of billions of dollars. Besides its practical importance, the area also has great
theoretical depth. Despite being a relatively young field, we have already witnessed an explosion
of new technical tools that lead to the resolution of many longstanding open problems in the last
15 years.

The major challenge in mechanism design comes from the misalignment of incentive between
the designer and participants. While the designer aims to implement an outcome in favor of her
objective, the participants pick their actions according to their own preferences (e.g. maximize their

utilities). To address this issue and make participants’ actions predictable, the designed mechanism



is often required to be truthful, which means that the participants are willing to honestly report
her private preferences. As a seminal result of mechanism design, Vickrey [Vic61], Clarke [Cla71]
and Groves [Gro73] proposed a mechanism that is truthful and maximizes the social welfare - the

sum of the buyers’ values for the chosen outcome - in general mechanism design settings.

Simple vs. Optimal

Clearly, the quality of the solution with respect to the designer’s objective is crucial. However,
one should also pay equal attention to another criterion of a mechanism, that is, its simplicity.
Compared to complicated mechanisms, a simple mechanism has advantages for both the designer
and participants. For the designer, the mechanism with a simple format can be implemented by
people that are not only experts in mechanism design; For participants, when facing a complicated
mechanism, they may be confused by the rules and thus unable to optimize their actions and react
in unpredictable ways instead. This may lead to undesirable outcomes and poor performance of
the mechanism.

The mechanism design community has yet to converge to a single definition of simplicity. Mecha-
nisms designed in this thesis will satisfy the following two appealing properties: (i) The mechanisms
are deterministic, i.e. the outcome of the mechanism is completely determined by its input. In a
deterministic mechanism, participants can easily see their utilities without simulating the execution
of the mechanism with random bits, and thus it’s easier for them to optimize their actions. (ii)
The mechanisms are posted price mechanisms and their variations, i.e., there is a separate price
associated with each good on the market, and each participant can choose their favorite bundles
by paying the according price.

In mechanism design, an ideal mechanism would be both optimal and simple. However, in many
settings, the theoretically optimal mechanisms are complex and randomized. To move forward, one
has to compromise — either settle with optimal but somewhat complex mechanisms or turn to simple
but approximately optimal solutions. In this thesis, we focus on the latter approach. We discuss
two well-motivated mechanism design problems whose optimal solutions are complex: revenue (or

profit) maximization in multi-item auctions, and maximizing gains from trade in two-sided markets.



We design simple and approximately optimal mechanisms for both problems.

1.1 Revenue Maximization

One fundamental question in mechanism design is how to maximize the revenue of the designer.
In particular, maximizing revenue in multi-item auctions, where a seller is selling multiple items to
a set of buyers, has attracted lots of attention from the mechanism design community.

When there is a single item to sale, the seminal result by Myerson [Mye81] shows that there
is a truthful mechanism of a simple format that maximizes the revenue. After Myerson’s result,
maximizing revenue in multi-item auctions has become one of the central problems over the past
decades. However, no general characterization has been found for the revenue-optimal mechanism.
Moreover, even in fairly basic settings, the revenue-optimal mechanism has been proved to be
complex and suffer many undesirable properties including randomization, non-monotonicity, and
others [RC98, Tha04, Pav11l,HN13, HR12, BCKW10,DDT13,DDT14]. To facilitate this discussion,
we focus on the case of two items and a single additive buyer and present some examples. A buyer

is additive if her value for a bundle of items is equal to the sum of her value for each item.

Selling Items Separately is not Optimal: There is a single additive buyer whose value for
each item is drawn independently from the uniform distribution on {1,2}. Since the items are
independent, the mechanism that sells both items separately becomes a natural candidate. The
optimal revenue by doing so is 2. However, consider the mechanism that offers a take-it-or-leave-it
price 3/2 for both items together. The buyer will accept the price with probability 3/4, which
generates expected revenue 9/4 > 2.

Hart and Nisan [HN13] then showed that when selling m independent items to a single additive

1

buyer, the optimal revenue by selling items separately can only achieve an O({5 o

)-fraction of the
revenue by selling them together at a take-it-or-leave-it price. When m — oo, the mechanism that

sells items separately could be far from the optimal revenue.



Randomization: [DDT13] Consider a single additive buyer with 2 items. Her value for item 1
is drawn uniformly from {1,2} and her value for item 2 is drawn independently and uniformly
from {1,3}. Then the unique optimal mechanism allows the buyer to choose from the following
three options: receive both items with price 4; or receive the first item and a lottery for the
second item, meaning that the second item is given to buyer with probability 1/2, by paying 2.5; or
receive nothing and pay nothing. Daskalakis, Deckelbaum, and Tzamos further provide an example
with a single additive buyer and two items where the unique optimal mechanism offers a menu of
uncountably many lotteries.

For the above examples, the revenue-optimal mechanism becomes significantly more complex
even when there is a single buyer and two items. There is a line of works characterizing the revenue-
optimal mechanisms for this special setting [DDT13,DDT14, TW17, GK14a, GK18, HH19|. But in
general, a simple and optimal solution is unlikely to exist.

To move forward, there has been extensive research effort studying the performance of simple
mechanisms in multi-item auctions through the lens of approximation. However, a constant factor
approximation for the optimal revenue was proved only when buyers’ valuations are unit-demand,
i.e. the buyer is interested in purchasing at most one item, due to a line of work initiated by
Chawla et al. [CHKO07, CHMS10, CMS15, CDW16], or when buyers are additive due to a series
of work initiated by Hart and Nisan [HN12, CH13,LY13, BILW14, Yaol5, CDW16]. Chawla and
Miller [CM16] considered a generalization of additive and unit-demand valuation, proving a constant
factor approximation to the optimal revenue via a variation of posted price mechanism.

Nonetheless, all results above only apply to the settings where buyers have linear valuations,
i.e. each buyer’s value for a bundle of items (which may be subject to some constraint) equals to
the sum of her value for each item in the bundle. On the other hand, buyers in real auctions and
markets often have more complex non-linear valuations. For example, a telecom company has a
certain number of target customers in each city, but also has a capacity on how many customers
its service can support. When the number of customers exceeds the capacity, extending service
to a new city will not increase the value for the company. However, when comes to non-linear

valuations, a constant factor approximation is known only for a single buyer [RW15]. It is a major



open problem to extend this result to multiple buyers.

Question 1. Is there a simple and truthful mechanism that can approximate the optimal revenue

in multi-item auctions, with multiple buyers who have non-linear valuations?
In Chapter 3 of this thesis, we give an affirmative answer to this question:

Informal Theorem 1. There exists a simple and truthful mechanism that achieves a constant
fraction of the optimal revenue, even when there are multiple buyers with fractionally-subadditive!
valuation functions. For a more general subadditive? valuations, our approzimation ratio degrades

to O(logm), where m is the number of items in the auction.

We introduce a new class of mechanisms called sequential posted price with entry fee to approx-

imate the optimal revenue. Informally, the procedure of the mechanism is shown as follows:

Sequential Posted Price with Entry Fee Mechanism (informal)

0: Before the mechanism starts, the seller designs a posted price for every buyer and every item
in the auction.

1: Buyers will come to the auction and purchase items sequentially.

2: When a buyer comes, the seller shows her all remaining items as well as their posted price
dedicated to this buyer.

3: The buyer is asked to pay an entry fee. If she agrees, then she can enter the mechanism and
take any set of remaining items by paying the posted prices. If she refuses, she gets nothing

and pays 0.

Our mechanism is deterministic and truthful. Moreover, it has a simple format by using posted
prices for separate items and entry fees. In fact, mechanisms of this form have already found broad
real-world applications, for example in Costco and Amazon Prime, where the entry fee can be
viewed as a membership fee.

We prove our result via an extension of the duality framework proposed by Cai et al. [CDW16].

Their framework provided a unified treatment for approximating optimal revenue for additive and

1. Informally, it’s the maximum over linear functions. See Chapter 2 for a formal definition.

2. A buyer has subadditive valuations if the sum of her value for two bundles is at least her value for their union.
The result by Rubinstein and Weinberg [RW15] study this valuation but for a single buyer.



unit-demand valuations. Roughly speaking, the framework generates a useful benchmark of the
optimal revenue and then designs mechanisms to approximate the benchmark. However, the original
approach by Cai et al. [CDW16] is inadequate to provide an analyzable benchmark, when buyers
have non-linear combinatorial valuations. In this paper, we show how to extend their duality
framework to accommodate general subadditive valuations. Another major contribution of our work
is a novel approach to analyze the benchmark. More specifically, we draw a connection between
approximating our benchmark using the sequential posted price with entry fee mechanisms and
approximating optimal welfare with posted price mechanisms.

Our results substantially improve the approximation ratios for many of the settings studied in
the literature, and in the meantime generalize the results to broader cases. See Chapter 3 for a
detailed comparison between the best ratios reported in the literature and the new ratios obtained

in this thesis.

1.2 A General and Practical Model: Profit Maximization

Most results in mechanism design assume that the seller has no cost to produce or own the items.
However, in real markets, the seller often has its own cost for each item. It may be a production
cost, or an opportunity cost, e.g., there is an outside option to sell the item at a certain price if
the item is unsold in this auction. Motivated by this phenomenon, we also study the multi-item
auctions where the seller has costs for obtaining the items in this thesis. As these costs usually
depend on private information that is only available to the seller, we assume that the costs are
private to the seller but are drawn from a distribution also known to the buyers. The goal is to
design a mechanism that maximizes the profit, that is, the total revenue minus the total cost. We
refer to this problem as Profit Maximization. Revenue maximization in multi-item auctions, one of
the most classical and widely studied problem in mechanism design, is clearly a special case of this
problem, where the seller always has cost 0 for each item.

Despite being realistic and widely applicable, the profit maximization problem is not well-

understood. To the best of our knowledge, the only case with non-zero and randomized costs that



has been studied is in the context of ad auctions [BMS12, FIM*12, DIR14, EFG*14, DPT16]. In
ad auctions, the auctioneer is selling an ad displaying slot to an advertiser and aims to maximize
revenue. There are multiple types of viewers of the webpage. The advertiser has a different value
for displaying his ad to a viewer of different type. In an ad auction, only the auctioneer observes the
type of the viewer, and the advertiser only knows a prior distribution from which the viewer-type
is drawn from. In fact the problem can be easily cast as a special case of the profit maximization
problem by mapping each type of viewer to an item. We will give a more detailed comparison
between profit maximization and ad auctions in Chapter 4.

In revenue maximization, the optimal mechanism is known to be randomized and complex
in multi-item settings. As a more general model, it is clear that the profit-optimal mechanism
also requires complex allocation rules and randomization. Thus following the major and successful
research theme in designing simple and approximately revenue-optimal mechanisms, the thesis aims

to design simple and approximately-optimal mechanisms in profit maximization.

Question 2. In profit maximization, is there a simple and truthful mechanism that approzimate

the optimal profit?

Before answering this question, it’s worth to discuss a natural but crucial question raised by
this general setting: Is profit maximization substantially harder than revenue maximization? To
facilitate the discussion, we examine two natural but unsuccessful attempts to solve the profit

maximization problem.

Two unsuccessful attempts: (i) Use a mechanism that (approximately) optimizes the revenue.
This is a terrible solution as some of the items sold by the mechanism may have extremely high
costs, and as a result the mechanism only generates low if any profit. (ii) After the seller sees the
costs, reveal them to the buyer, then use the (approximately) optimal mechanism that is tailored
to those particular costs. To see why this mechanism can be far away from optimal, let us consider

the following example adapted from [HN17].

Example 1.1. A random variable X with support [1,+00) follows the equal revenue (ER) dis-

tribution if and only if Pr(X <z] = 1 — 2. Consider a profit maximization problem with m



heterogeneous items and a single additive buyer. The buyer’s value t; for each item j is drawn from
an ER distribution. Define ¢; to be the m-dimensional vector whose j-th entry is 0 and all the other
entries are co. The seller has a private and random cost vector ¢ as follows: ¢ = (c1,...,¢m) = 0;
with probability 1/n for each j.

The expected profit of the mechanism in (iz) is 1, since for every j, after revealing cost J;, the
seller can only sell item j to the buyer, which can generate 1 expected profit.> However, consider an
alternative mechanism which does not reveal the costs, but offers the buyer the following contract:
if the buyer pays logm/2 up front, the buyer can take any item that is available, e.g. has cost 0.
The chance that the buyer accepts the contract is Pr % . Zje[m] tj > l“% , and due to [HN17],

it is at least 1/2. Hence, the mechanism has profit at least % - log m.

The two failed attempts highlight two major challenges of profit maximization compared to
revenue maximization: (i) how to balance the revenue and cost; (ii) how to capture the informational
rent of the buyer, leveraging the fact that the costs are private information to extract more revenue.

In Chapter 4, we overcome these two challenges and give an affirmative answer for Question 2:

Informal Theorem 2. In the profit maximization problem, there are simple and truthful mecha-
nisms that achieve a constant fraction of the optimal profit. Our result holds for arbitrary distri-

bution of the cost vector.

To prove our result, we propose a novel mechanism called permit-selling. For the single-buyer

case, an informal procedure of the mechanism is shown as follows:

Permit-Selling Mechanism (informal)

0: For each item, the mechanism creates a separate permit that allows the buyer to purchase the
item at its cost.

1: The mechanism first sells the permits without revealing any information about the actual costs.

2: Then the mechanism reveals all the costs. The buyer can buy each item by only paying the

cost, if the buyer has purchased the permit for this item in the first stage.

3. For every j, the profit of selling item j is max, p - Pr[t; > p] = 1, since the seller has 0 cost for this item.



The permit-selling mechanisms can in fact help addressing the two challenges of profit maxi-
mization as mentioned. Since in the second stage, the price for each item is the same as the seller’s
cost, the profit of the permit-selling mechanisms is exactly the revenue from the first stage. So any
mechanism that achieves high revenue in the first stage also generates high profit. Moreover, the
buyer needs to make a decision on what permits to purchase without learning the costs, therefore,
the seller can extract the informational rent by pricing the permits appropriately. Indeed, we do not
even need to use any complex pricing scheme in the first stage. We sell the permits separately or sell
them as a grand bundle. To accommodate multiple buyers, we then generalize the permit-selling
mechanisms by selling the permits sequentially.

Similar to revenue maximization, in the proof we first come up with a benchmark of the optimal
profit using the Cai-Devanur-Weinberg duality framework [CDW16], which has become a standard
tool for analyzing the performance of simple mechanisms. In most of the results based on this
duality approach, a particular family of dual variables is used to provide a benchmark for the
objective function. However, this set of dual variables does not provide an appropriate benchmark
due to the existence of costs. We propose a new set of dual variables that is tailored to handle
the costs. Indeed, these dual variables are so informative that they inspired us to introduce the

permit-selling mechanisms.

1.3 Two-sided Markets

As discussed in previous sections, mechanism design for one-sided markets, where a single seller
owns all the items and designs the mechanism, has been extensively studied in Economics and more
recently investigated in Computer Science. In the past few years, there also has been increasing
interest in understanding how to design mechanisms for two-sided markets. In two-sided markets,
there are two distinct groups of selfish agents in a two-sided market — the sellers and buyers.
Sellers own the items and have costs for parting with the items that they own; buyers have values
for acquiring the items that are on the market. Both sides are assumed to act strategically in order

to maximize their own utilities. The goal is to design a mechanism to facilitate trade between the



two groups and optimize a certain objective, e.g., efficiency.

Two-sided markets are ubiquitous in today’s economy: take for example the New York Stock
Exchange, online ad exchange platforms (e.g., Google’s Doubleclick, Microsoft’s AdECN, etc.),
where advertisers try to purchase ad slots from websites who wish to sell the slots, crowdsourc-
ing platforms, FCC’s spectrum auctions where the telecommunication companies try to purchase
spectrum from television broadcasting companies, online market places (e.g., Amazon, eBay, etc.)
where buyers and sellers trade on the large-scaled trading platforms, or sharing economy platforms
such as Uber, Lyft, and Airbnb.

Mechanism design for two-sided markets, where both the buyer(s) and seller(s) are strategic, is
known to be substantially harder than for one-sided markets. The additional challenges stem from

the following requirements:

1. The mechanism must be truthful for both sides of the market;

2. The buyer and seller payments must satisfy budget balance, that is, the mechanism must not

run a deficit.

The limitations of these constraints are best illustrated by the seminal impossibility result of Myer-
son and Satterthwaite [MS83]. They show that even in the most basic two-sided market—bilateral
trade, when one seller is selling a single item to a buyer—mno truthful and budget balanced mech-
anism can achieve full efficiency (the trade is made whenever the buyer’s value is higher than
the seller’s cost). In the same paper, Myerson and Satterthwaite also provided the mechanism
that maximizes the efficiency among all truthful and budget balanced mechanisms (known as the
second-best mechanism). Unfortunately, even in bilateral trade, it’s a non-trivial task to explicitly
describe the second-best mechanism as it requires to solve a system of differential equations that
depend on the buyer’s and seller’s distributions. Such a mechanism is difficult to implement in prac-
tice. Motivated by the aforementioned results, we aim to design simple and approximately-optimal

mechanisms in two-sided markets in this thesis.

Gains from Trade: A More Challenging Objective

There are two ways to measure the efficiency of a mechanism in two-sided markets. One is the
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standard notion of social welfare, which is the sum of the agents’ values/costs of the resulting
allocation. An alternative objective is gains from trade (GFT), which is the social welfare of
the final allocation minus the total cost of the sellers. In other words, the GFT captures how
much more social welfare the mechanism generates. Clearly, the two measures are equivalent when
they are maximized exactly. However, approximating the GFT is much more challenging than
approximating the social welfare. For example, if the buyer’s value is 10 and the seller’s cost is 9,
not trading the item is a 9/10-approximation to the optimal social welfare but an 0-approximation
to the optimal GFT. Obviously, any good approximation to the optimal GFT immediately gives a
good approximation to the optimal social welfare, but the opposite direction is rarely true.

Prior to our work, all results approximating the GFT study the bilateral trade setting, and
rely on assumptions that make the value/cost distributions nice [McA08, BM16, CBGdK*17]. One
natural question following their results is whether there are approximation results that work for

arbitrary distributions:

Question 3. In two-sided markets, is there a simple, truthful, and budget balanced mechanism that

achieves an unconditional approzimation guarantee for the optimal Gains from Trade?

The last part of this thesis is devoted to approximating GFT in two-sided markets. Our result
gives an affirmative answer to Question 3, for bilateral trade and more general two-sided markets

with multiple agents and multiple items.

1.3.1 Result in Bilateral Trade and Its Generalization (Chapter 5)

For the bilateral trade setting, we consider the following two mechanisms and show that the better
of the two achieves % of the optimal GFT. The first mechanism is called Seller-Offering (SO),
proposed by Blumroson and Mizrahi [BM16]: The seller offers to sell the item at a take-it-or-leave-
it price. The buyer receives the item if she pays the offered price to the seller. Otherwise, the
seller keeps the item and no payment is transferred; The second mechanism Buyer-Offering (BO)
is essentially the same mechanism but with the roles of buyer and seller exchanged: Now the buyer
offers to buy the item at a take-it-or-leave-it price and the item is traded if the seller agrees to sell

at this price. The result is achieved by bounding the GFT of any truthful and budget balanced

11



mechanism by the buyer’s utility plus the seller’s utility of this mechanism, and then proving that
both terms can be further upper-bounded by the GFT of the SO and BO mechanisms accordingly.

We extend our result to a more general setting with multiple buyers and sellers, which is known
as the double auction in the literature. In a double auction, each seller is endowed with precisely
one item, all items are identical, and each buyer is interested in buying one item. So, there is a
single number associated with each buyer’s value or seller’s cost. We prove a 2-approximation to
the optimal GF'T via a generalization of the SO and BO mechanisms. In this thesis we only present
our result for double auctions. But the result can in fact accommodate any two-sided market where

agents’ type can be described as a scalar.

Informal Theorem 3. In bilateral trade and a more general double auction setting, there is a

simple, truthful and budget balanced mechanism that achieves at least half of the optimal GF'T.

1.3.2 Approximating Gains from Trade with Asymptotically Efficient Mecha-
nisms (Chapter 6)

The mechanism proposed in Chapter 5 achieves (in expectation) a constant approximation to
the optimal GFT. However, one caveat of this mechanism is that its expected GFT does not
asymptotically converge to the optimal GFT as the market grows large. In fact, even when the
values (or costs) of all agents are sampled i.i.d. from the uniform distribution over [0,1], the
mechanism will at most achieve a constant fraction (strictly smaller than 1) of the optimal GFT
(see Section 6.4). This caveat makes the mechanism less attractive in real-world applications with
large markets.

On the other hand, the famous Trade Reduction mechanism by McAfee [McA92] in double
auctions does not suffer from the above drawback. It is asymptotically efficient, i.e. the mechanism
gets close-to-optimal GFT when the market size goes large. Moreover, its asymptotically efficiency
guarantee holds for any agents’ profile, while our generalized SO and BO mechanisms in Chapter 5
only have GFT guarantee in expectation over agents’ distributions. However, the trade reduction
mechanism, while asymptotically efficient, fails to give any unconditional approximation to the

GFT in expectation.
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To achieve the best of both worlds, in Chapter 6, we aim to design mechanisms that are
asymptotically efficient, and also achieve a constant factor approximation to the optimal GFT in
expectation. We show that there is a truthful and budget balanced mechanism that achieves both
guarantees in double auctions, and a more general matching market setting, where trade between

some buyer-seller pairs are disallowed.

Informal Theorem 4. There is a simple, truthful and budget balanced mechanism that are asymp-
totically efficient, and also achieves a constant fraction of the optimal GFT, in double auctions and

matching markets.

Our mechanism combines the generalized offering mechanism presented in Chapter 5 with the
trade reduction mechanism. The major challenge here is truthfulness. Without the truthfulness
restriction, one can simply compare the GF'T generated by both mechanisms for every agents’ input,
and then choose to run the mechanism with a higher GFT. However, an agent may misreport her
value (or cost) to make the designer choose the mechanism that gives her higher utility. In our
result, we properly adjust the scenario that items are traded in the offering mechanism, as well as

carefully design the payments to guarantee truthfulness.

1.3.3 Two-sided Markets with Heterogeneous Items (Chapter 7)

In the two-sided markets discussed in Chapter 5 and Chapter 6, all items are identical. In Chapter 7
we move on to the setting with heterogeneous items. We design a simple, truthful and budget
balanced mechanism and prove that it approximates the optimal GFT, with an approximation
ratio logarithmic in the number of items. To the best of our knowledge, this is the first result that

achieves a worst-case approximation guarantee in two-sided markets with heterogeneous items.

Informal Theorem 5. In two-sided markets with heterogeneous items, there is a simple, truthful

and budget balanced mechanism that achieves unconditional approximation to the optimal GFT.

More specifically, we focus on a setting with n heterogeneous items, where each item is owned

by a different seller, and there is a constrained-additive? buyer. Under this setting, we prove an

4. It’s a natural generalization of unit-demand, additive, and matroid-rank valuations. Informally, the buyer is
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O(log?(n))-approximation using some simple mechanisms.’

To prove the result, we propose a new class of mechanisms called seller adjusted posted price
(SAPP). 1t is a variation of posted price mechanisms. Informally, the procedure of the mechanism

is shown as follows:

Seller Adjusted Posted Price Mechanism (informal)

1: Each seller reports her private cost of her item to the mechanism.

2: The mechanism designs a posted price for each item according to the reported cost profile.

3: The mechanism shows to the buyer all the items, together with their posted prices.

4: The buyer is only allowed to purchase at most one item by paying the posted price for this

item.

Comparing to a classic posted price mechanism where the prices are designed before the mech-
anism starts, the main advantage of using an SAPP mechanism is that it provides the flexibility to
set prices based on the sellers’ cost, which allows an SAPP mechanism to achieve a higher GFT.
An astute reader may have already realized that the amount of money that sellers gain are not yet
defined in the SAPP mechanism. In fact, it is the major technical challenge to carefully design the
adjusted prices as well as the sellers’ gains, to make the mechanism truthful and budget balanced.

We postpone a more detailed discussion in Chapter 7.

1.4 Thesis Organization

In Chapter 2, we introduce all mechanism design concepts, definitions and technical background
that are needed to read this thesis. Then we overview the related work on both lines of work:
multi-item auctions and two-sided markets.

In Chapter 3, we present our result for revenue maximization in multi-item auctions. We

first review the duality framework of [CDW16]. Then we derive an upper bound of the optimal

only interested in a set of items subject to some downward-closed constraint, and is additive over the items. See
Chapter 2 for a formal definition.

5. Our approximation ratio is O(log(n)) for a broad class of constraints (such as matroid, matching, knapsack, or
the intersection of these).
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revenue for subadditive buyers by combining the duality framework with our new techniques. To
familiarize the readers with some basic ideas and techniques used to bound the benchmark, we first
give our proof for the single buyer case. Then we show how to upper bound the optimal revenue
for multiple fractionally-subadditive (or subadditive) buyers with our sequential posted price with
entry fee mechanisms.

In Chapter 4, we present our results for profit maximization. We first introduce a benchmark of
the optimal profit by extending the duality framework of [CDW16] to our profit setting. And then
we show how to bound the benchmark with the permit-selling mechanisms. After that, we design
simple mechanisms to approximate the benchmark for both the single-buyer and multiple-buyer
case.

Starting from Chapter 5, we discuss approximating GFT in two-sided markets. In Chapter 5, we
first prove a 2-approximation in the bilateral trade setting. And then we generalize this result to the
double auction setting with an arbitrary trading constraint. In Chapter 6, we design asymptotically
efficient mechanisms to approximate GFT. We first show by an example that the GFT of the
mechanism we design in Chapter 5 does not converge to the optimal GFT when the market goes
large. Then we design a truthful and budget balanced mechanism that are both approximately-
optimal and asymptotically efficient in double auctions and a more general setting called matching
market.

In Chapter 7, we present the results for two-sided markets with heterogeneous items. We start
by proving a distribution-parameterized approximation to the optimal GFT. Then we prove an
unconditional O(log2 n)-approximation by using the first result. At the end of this chapter, we
draw a connection between a lower bound to our analysis and one of the major open problems in
a special matching market.

In Chapter 8, we give a conclusion of this thesis and list some open questions following from

our results.
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Chapter 2

Background

In this chapter we introduce some basic definitions and notations, as well as useful tools in the
literature that are needed to read this thesis. Then we overview the related work on both lines of

works that this thesis focuses on: multi-item auctions and two-sided markets.

2.1 Basic Concepts in Mechanism Design

In this section we give the definition of basic concepts in mechanism design.

Agent’s type: The type of an agent contains all of her private information in order to design

mechanisms. A type profile is a collection of types of all agents.

Single-Dimensional vs. Multi-Dimensional: A mechanism design problem is called single-
dimensional if the type of every agent can be described as a scalar. An example of the single-
dimensional setting is single-item auction, where a seller is selling a single item. On the other

hand, the problem is called multi-dimensional if the type is described as a vector of numbers.

Bayesian setting: Throughout this thesis, we consider mechanism design problems in a Bayesian

setting, i.e. the type of each agent is drawn from some distribution that is known to the public.
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(Direct) Mechanism: A mechanism takes inputs from all agents (called bid or report), decides
an outcome (called allocation rule), and then charges each agent some payment (called payment

rule).

Agent’s value: An agent’s value maps a tuple of her type and an outcome to a non-negative
real number, which represents how much happiness the buyer has for this outcome. The agent is
risk-neutral, meaning that her value for a randomized allocation equals to the expectation of her

value over the randomness of the allocation.

Agent’s utility: An agent’s utility maps a tuple of her type, an outcome and a payment to a
real number. An strategic agent aims to maximize her utility in any mechanism she joins. In this
thesis, we assume that every agent has quasi-linear utility, which means that her utility equals to

her value minus the payment.

Truthfulness/Incentive compatibility: A mechanism is truthful or incentive compatible (IC)
if for every agent, reporting her type truthfully maximizes her utility. There are two IC concepts

we consider in this thesis:

e Bayesian Incentive Compatible (BIC): For every agent, reporting her type truthfully maxi-
mizes her expected utility if other agents also report truthfully. The expectation is taken over

the distribution of other agents’ types and the randomness of the mechanism.

e Dominant Strategy Incentive Compatible (DSIC): For every agent, reporting her type truth-

fully maximizes her utility for any reported profile of other agents.

Individual Rationality (IR): A mechanism is individual rational (also called interim individual
rational or interim IR) if for every agent, reporting her type truthfully gives her non-negative utility
in expectation over other agents’ types. A mechanism is ex-post IR if for every agent, reporting

her type truthfully gives her non-negative utility for any reported profile of other agents.
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Revelation Principle: A mechanism can have a more complicated format than a direct mech-
anism that simply asks the buyers to submit their types. Myerson introduced the revelation prin-
ciple [Mye79], which states that every incomplete information game can be simulated by a direct
mechanism. Thus throughout this thesis, we will, without loss of generality, focus on direct and

truthful mechanisms.

2.2 Background of Multi-Item Auctions

In multi-item auctions, there are n buyers and m heterogenous items. For every buyer i, we denote

m
j:la

her type t; as (tij) where t;; is buyer i’s private information about item j. For each ¢, j, we
assume t;; is drawn independently from the distribution D;;. Let D; = x;”leij be the distribution
of buyer ¢’s type and D = x| D; be the distribution of the type profile. We use T;; (or T3,T)
and fi; (or fi, f) to denote the support and density function of D;; (or D;, D). For notational
convenience, we let t_; to be the types of all buyers except i and t-; (or t<;) to be the types of the
first ¢ — 1 (or i) buyers. Similarly, we define D_;, T_; and f_; for the corresponding distributions,

support sets and density functions.

Throughout this thesis, we use the notation [k] = {1,2, ..., k} for any positive integer k.

Valuation Function: The buyer’s valuation is a function that maps each type ¢ and a subset
of items S € [m] to a positive number, which represents how much she values the bundle S when
her type is t. For every buyer ¢ with type t;, her valuation for a subset of items S is denoted by
vi(t;, S).

Independent System and Matroid: Given a finite ground set I, a set system F C 2! is a
family of subsets of I. F is called downward-closed if for every S € F, we have S’ € F,VS' C S.

The pair (I, F) is called a matroid if it satisfies all of the following properties:

1. 0 e F.

2. F is downward-closed.
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3. F has exchange property: For every S,S" € F and |S’| > |S], there exists e € S’\\S such that

Su{e} e F.

In the thesis we say F is a matroid constraint with respect to I if (I, F) forms a matroid.

Hierarchy of the Valuation Functions: Throughout this thesis, every buyer in the auction

has a valuation that is subadditive over independent items:

Definition 2.1. [RW15] For every buyer, whose type t is drawn from a product distribution D

with support T', her valuation function v(t,-) is subadditive over independent items if:

e v(-,-) has no externalities, i.e., for each t € T and S C [m], v(t,S) only depends on (t;)jes,

formally, for anyt’ € T such that t; =t; for all j € S, v(',S) = v(t, S).
e v(-,-) is monotone, i.e., forallt € T and U CV C [m], v(t,U) <v(t,V).
e v(-,-) is subadditive, i.e., for allt € T and U,V C [m], v(t,UUV) <w(t,U) +v(t,V).
We give a formal definition of different classes of buyer’s valuation covered in this thesis.
Definition 2.2. Let t be the type and v(t,S) be the value for bundle S € [m].
e Additive: v(t,5) =3 ;cgv(t, {j}).
e Unit-demand: v(t,S) = maxjesv(t,{j}).

o Constrained Additive: v(t,S) = maxpcs,rez ) jcp V(¢ {j}), where T C 2l is a downward-
closed set system over the items specifying the feasible bundles (called feasibility constraint ).
The valuation function is called matroid-rank if T is a matroid. An equivalent way to represent
any constrained additive valuations is to view the function as additive but the bidder is only

allowed to receive bundles that are feasible, i.e., bundles in T.

e XOS/Fractionally Subadditive: v(t,S) = max;c(g) v (t, S), where K is some finite number

and v (t,-) is an additive function for any i € [K].
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e Subadditive: v(t,S; USy) < wv(t,S1)+ v(t,Sa) for any S1,S2 C [m)].

Constrained additive valuation is a generalization of additive and unit-demand valuation by
choosing Z = 20" and 7 = {{j} | j € [m]} accordingly. We notice that since the valuation has
no externalities, v;(¢;,{j}) only depends on t;; for all buyer i. To ease notations, for constrained
additive valuations, we interpret t; as an m-dimensional vector (¢;1, %2, - ,tim) such that t;; =

vi(ti,{j}) is buyer i’s value for item j.

Mechanisms: A mechanism M in multi-item auctions can be described as a tuple (x,p). For
every type profile t, buyer ¢ and bundle S C [m], x;5(t) is the probability of buyer i receiving
the exact bundle S at profile t, p;(t) is the payment for buyer i at the same type profile. To ease
notations, for every buyer i and types t;, we use p;(t;) = E;_,[pi(ti,t_;)] as the interim price paid
by buyer i and o;5(t;) = E;_,[x;5(t;,t—;)] as the interim probability of receiving the exact bundle
S.

IC and IR constraints: A mechanism M = (z,p) is BIC if:

> oig(t) - vilt, S) —pit) = D ois(t]) - vilti, S) — pilt)), Vi, ti, t; € T,

5C[m] 5C[m]

The mechanism is DSIC if:

> wig(tintoi)vilt, §)—piltit—i) > > wis(tht_i)-vi(ti, §)—pi(ti, t—i), Vi, ti,t; € Ty t_; € T_,.
SC[m] SC[m]

The mechanism is (interim) IR if:

Z ois(ti) - vi(ti, ) — piti) = 0,Vi,t; € T;.
SC[m]

The mechanism is ex-post IR if:

> migtit-i) - vi(ti, S) = piltit—i) > 0,Vi ti € Tyt 5 € Ty
SC[m]
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Designer’s Objectives: Given a BIC and IR mechanism, the social welfare of this mechanism
is the expected sum of buyers’ value over the distributions of buyers. Formally, the social welfare

of a mechanism M = (z,p) is

Eeer | z[:]iis(t) = Euer, | Y ois(t)
SClm %

i SClm]

The revenue of this mechanism is the expected sum of buyers’ payment over the distributions

of buyers. Formally,

REV(M) = Eger !Zpi(t)] = ZEtieTi [pi(t:)]

2.3 Myerson’s Result

In this section we present the celebrated result by Myerson [Mye81] in single-item auctions. Note

that the result also applies to any single-dimensional settings.

Mechanism in Single-Item Auction: Given any mechanism M = (z,p). For every buyer i,
x;(t) denote the probability that buyer ¢ wins the item under type profile t, and p;(t) denote her
payment. Let x;(t;) = E;_ [x;(t)] be the interim probability that buyer ¢ wins the item and let

pi(ti) = pi(t) be her interim payment.

Properties of Allocation Rule: An allocation rule x is implementable if there exists a payment
rule p such that M = (x,p) is DSIC and ex-post IR. An allocation rule = is monotone if for every
buyer ¢ and t_;, x;(t;,t_;) is non-decreasing on ;.

Myerson’s result [Mye81] gives an exact characterization of implementable allocation rule in

single-item auction.

Lemma 2.1. [Mye81] An allocation rule x is implementable if and only if x is monotone. More-

over, the payment rule p such that M = (x,p) is DSIC and ex-post IR is defined as follows:
ti
pi(tist—i) =ti - xi(ti, t—;) — / zi(y,t—i)dy — 0
0
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for any 8 > 0. We refer to it as Myerson’s payment identity.

Revenue vs. Virtual Welfare: For any BIC and IR mechanism M = (z,p), the expected

revenue equals to the expected “virtual welfare” for particular virtual value functions. Formally,

S Eulpi(t)] = 3 Bufai(ts) - (0]

Myerson’s Virtual Value Function: ¢;(t;) = t; — I;Fé(?) is called Myerson’s virtual value

function with respect to distribution D;.
According to Lemma 2.1, the revenue-optimal mechanism in single-item auction (Myerson’s

auction) is defined as follows:

Myerson’'s Mechanism in Single-item Auction

1: Each buyer ¢ reports her value ¢; to the mechanism.

2: The mechanism calculates the Myerson’s virtual value ¢;(t;) for every buyer 4.

3: The mechanism allocates the item to buyer i with the highest ¢;(¢;) (break ties arbitrarily) if
max; ¢;(t;) > 0. Otherwise, the mechanism don’t allocate the item.

4: The payment for each buyer follows from Lemma 2.1.

Given any distribution D;, we say D; is reqular if ¢;(t;) is monotone non-decreasing. When D;
is regular for all 4, the allocation rule defined above is indeed monotone. For general distributions,
the allocation may not be monotone, and thus not implementable. Instead, Myerson performed an

“ironing procedure” [Mye81] on the virtual value functions to get a monotone allocation rule.

Ironing: Consider a distribution D with cdf F' and pdf f. Consider the quantile space for distri-
bution D: For any ¢ € [0,1], let R(q) = ¢- F~1(1 — q). By taking derivative, one can easily check
that R'(q) = @(F~1(1 — ¢)) holds for every q. Thus ¢(-) is non-decreasing if and only if R(-) is
concave. Let R(q) = maxg, o,e0,1](6 - R(q1) + (1 =) - R(g2)), where § € [0,1] is the unique value
such that ¢ =6 - q; 4+ (1 — 8) - g2. Now R(-) is a concave curve. The Myerson’s ironed virtual value

function is defined as @(b) = R'(1 — F(b)).
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2.4 Background of Two-sided Markets

Two-sided Markets: We use m to denote the number of sellers and n to denote the number of
buyers. For each seller j (or buyer i), her type s; (or type b;), is drawn independently from her
type distribution D7 (or DF). Let D¥ = x» D and D® = x| DF be the product distribution
of sellers” and buyers’ type profile respectively. For notational convenience, let DS j (or Di) be
the distribution of types of all sellers (or buyers) except j (or 7). We use TjS (or TS, TB, TB,
T*_gj, T5) and fJS (or 9, fB, f5, f*_gj, B.) to denote the support and density function of Df (or

D%, D7, DB, D%, DB)). Let D = (D%, DP).

Double Auction: Double auction is a special case of two-sided markets, where sellers are unit-
supply with identical items and buyers are unit-demand. In other words, each seller only owns one
item, and each buyer only wishes to buy one item and treat all the items as the same. This is
a single-dimensional setting as every buyer’s type and each seller’s type can be represented as a
scalar. For each buyer i, b; is the value of buyer 7 if she gets an item. For each seller j, s; is her
value for the item she owns. To distinguish from buyer’s value, we refer to s; as seller j’s cost.
Let V ={(i,j) | i € [n],j € [m]} be the set of all possible trading pairs between the sellers and
buyers. We use F C 2" to denote the trading constraint. More specifically, F is a set system that
contains all of the feasible sets of seller-buyer pairs that can be traded simultaneously. We allow

any JF that satisfies the following two properties:

e Every § € F is a matching, in other words, for every buyer ¢ there is at most one seller

Jj € [m] such that (i,7) € S. Same for the sellers.
e F is downward closed, i.e., if S € F, and S’ C S, then S’ € F.

We refer to this setting as double auction with trading constraint F. In the (classic) double auction,

any matching is in F, indicating that any buyer can trade with any seller.

Bilateral trade: It’s the simplest setting in two-sided markets, with a single buyer, a single

seller, and a single item. It’s a special case of double auction when n =m = 1.
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Mechanisms in Double Auctions: Any mechanism in double auctions (with trading constraint
F) can be specified as a tuple (A, p?,p°), where A represents the allocation rule, p? and p° are
the payment rule for buyers and sellers. Given a type profile s and b, A(b,s) € F is a (random)
matching that contains all the pairs of sellers and buyers who trade with each other under this type
profile. In other words, for every pairs (i,7) € A(b,s), buyer i receives the item from seller j and
pays sz (b, s) to the mechanism. p}q (b, s) is the amount of money seller j gains from the mechanism.
For notational convenience, we slightly abuse notation to let p? (b;) = Ey_, s[p? (bi, b_;,s)] be buyer
1’s expected payment when she reports type b;, over the randomness of mechanism and other agents’
types. Similarly, let pjs (sj) be seller j’s expected gains when she reports type s;.

In our analysis, we usually use an alternative representation of the allocation rule. For any type
profile b and s, for every i € [n], we use x” (b, s) to denote the probability that buyer i gets an item
under this type profile, i.e., the probability that (i,7) € A(b,s) for some j. Similarly, for every
J € [m], we use azf (b,s) to denote the probability that seller j sells her item. Given a mechanism
(B, 2%, pB, p®), for every type profile (b,s), buyer i’s utility is her value minus payment, which is
bi - 2B (b,s) — pB(b,s), and seller j’s utility is her gain minus cost, which is pf(b, s) — s; ‘a:f(b, s).

We again slightly abuse notation to let 22 (b;) = Ey,_, s[zP(b;, b—i, )] be the interim probability
that buyer i gets an item when she reports type b;, over the randomness of mechanism and other
agents’ types. Similarly, let x]S (sj) be seller j’s interim probability to sell her item when she reports
type s;.

An allocation rule z = (2, 2) is monotone if for every buyer i € [n], xP(b;,b_;,s) is non-
decreasing in b; for any fixed b_; and s, and for every seller j € [m], a:f (b, sj,5_;) is non-increasing

in s; for any fixed b and s_;.

Budget Balance Constraints: We give formal definitions of variants of the budget balance

constraints. In Section 5.4, we discuss the connections between these variants.

e Strong Budget Balance (SBB): Under any type profile, the sum of all buyers’ (expected)

payment is equal to the sum of all sellers’ (expected) gains, over the randomness of mechanism.

25



Formally,

S pP(b,s) =3 pP(b,s),vb,s

J

e Weak Budget Balance (WBB): Under any type profile, the sum of all buyers’ (expected)
payment is at least the sum of all sellers’ (expected) gains, over the randomness of mechanism.

Formally,

> pP(b,s) =Y pP(b,s),¥b,s
( J

e Ex-ante Strong Budget Balance (Ex-ante SBB): The sum of all buyers’ expected pay-
ment is equal to the sum of all sellers’ expected gains, over the randomness of mechanism

and the type profile of all agents. Formally,
EypB suDs E pP(b,s) — E p}B(ba s)| =0
i J

e Ex-ante Weak Budget Balance (Ex-ante WBB): The sum of all buyers’ expected pay-
ment is at least the sum of all sellers’ expected gains, over the randomness of mechanism and

the type profile of all agents. Formally,
EypB suDs E pP(b,s) — E p}B(baS) >0
i J

Gains from Trade (GFT): Gains from trade describes the gains of social welfare induced by the
mechanism. Formally, given a mechanism M = (A, pB.p° ), the expected GFT for the mechanism

is defined as

GFT(M) = EbNDB,SNTS Z (bz - Sj) (2.1)
(3,7)€A(b,s)

or using the definition of 22, 25,

GFT(M) =Epupsgurs | Y ar(b,s)-bi— Y zf(b,s)-s; (2.2)
i=1 j=1
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2.4.1 Impossibility Result by Myerson and Satterthwaite

In this section we overview the impossibility result by Myerson and Satterthwaite [MS83] in bi-
lateral trade. We will use b and s to represent the buyer and seller’s type accordingly. In any
mechanism M = (z,p?, p%) in bilateral trade, for every type profile (b, s), 2(b, s) is the probability
that the item is traded. p®(b,s) and p° (b, s) are the payments. For simplicity, for every b let
2B(b) = Es[z(b, 5)], pP(b) = E4[pP (b, s)] be the buyer’s interim allocation and payment. Similarly,
let 25(s) = Ey[z(b, 5)],p° (s) = Ey[p® (b, 5)] for every s.

Given any allocation rule x, we say x is implementable if there exists a payment rule p = p? =

p°, such that M = (=, p) is BIC, IR and SBB.

Theorem 2.1. [MS83] (Impossibility Result) In bilateral trade, consider the allocation rule x such

that x(b,s) = 1[b > s| for all b and s. Then x is not implementable.

First-best vs. Second-best: The impossibility result distinguishes two maximum GFT in two-
sided markets. The first-best GFT (denoted as FB-GFT) is defined as the maximum expected

GFT without any constraint. In double auctions with trading constraint F, we have
FB—GFT = EbNDB,SNTS glea]}__( Z (bl - Sj)
(i.j)eA

On the other hand, the second-best GFT (denoted as SB-GF'T) is defined as the maximum expected
GFT obtainable by any IR, BIC, ex-ante WBB mechanism.
In the same paper, they also presented an exact characterization of implementable allocation

rules.

Theorem 2.2. [MS83] In bilateral trade, an allocation rule x is implementable if and only if
o 2B(b) is non-decreasing on b. x5(s) is non-increasing on s;.
® By ps supslz(b,s) - (p(b) —7(s))] = 0.

Here o(-) is the Myerson’s virtual value function for DP, i.e. p(b) = b — 1}1;2)51’),%. 7(-) s
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an analogous definition for the seller. We will refer to it as the Myerson’s virtual cost function for

S _ FS(s)
D~. For every s, 7(s) = s+ 5(s) -

Theorem 2.2 can be proved using the following lemma, which is known as the Myerson’s lemma

for two-sided markets.
Lemma 2.2. [MS83] For any BIC, IR mechanism M = (z,p?,p®) in bilateral trade, we have
1. 28(b) is non-decreasing on b. x°(s) is non-increasing on s;.

2. For every b,

where 6 is some non-negative constant.

3. For every s,

[e.e]
P =s-aS(s)+ [ aS(odtr, (2.4)
S
where 1 1s some non-negative constant.

Furthermore, if (p®,p®) satisfies Equation (5.2) and (5.3), then

Eo[p” (b)) = By [27(b) - (b)] — 6 25)

2.5 Related Work

2.5.1 Revenue Maximization in Multi-item Auctions

In recent years, we have witnessed several breakthroughs in designing (approximately) optimal
mechanisms in multi-dimensional settings. The black-box reduction by Cai et al. [CDW12a,
CDW12b, CDW13a, CDW13b] shows that we can reduce any Bayesian mechanism design prob-
lem to a similar algorithm design problem via convex optimization. Through their reduction, it
is proved that all optimal mechanisms can be characterized as a distribution of virtual welfare

maximizers, where the virtual valuations are computed by an LP. Although this characterization
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provides important insights about the structure of the optimal mechanism, the optimal allocation
rule is unavoidably randomized and might still be complex as the virtual valuations are only a
solution of an LP.

Another line of work considers the “Simple vs. Optimal” auction design problem. For instance, a
sequence of results [CHKO07,CHMS10,CMS10,CMS15] show that sequential posted price mechanism
can achieve le of the optimal revenue, whenever the buyers have unit-demand valuations over
independent items. Another series of results [HN12, CH13, LY 13, BILW14, Yaol5] show that the
better of selling the items separately and running the VCG mechanism with per bidder entry fee
achieves 6—19 of the optimal revenue, whenever the buyers’ valuations are additive over independent
items. Cai et al. [CDW16] unified the two lines of results and improved the approximation ratios
to % for the additive case and 2—14 for the unit-demand case using their duality framework.

Works in the literature have shown that simple mechanisms can approximate the optimal rev-
enue even when buyers have more sophisticated valuations. For instance, Chawla and Miller [CM16]
showed that the sequential two-part tariff mechanism can approximate the optimal revenue when
buyers have matroid rank valuation functions over independent items. Their mechanism requires
every buyer to pay an entry fee up front, and then run a sequential posted price mechanism on
buyers who have accepted the entry fee. Our sequential posted price with entry fee mechanism
is similar to their mechanism, but with the following major difference: since buyers are asked to
pay the entry fee before the seller visits them, the buyers have to make their decisions based on
the expected utility (assuming every other buyer behaves truthfully) they can receive. Hence, the
mechanism is only guaranteed to be BIC and interim IR. While in our mechanism, the buyers
can see what items are still available before paying the entry fee, therefore the decision making is
straightforward and our mechanism is DSIC and ex-post IR. For valuations beyond matroid rank
functions, Rubinstein and Weinberg [RW15] showed that for a single buyer whose valuation is sub-
additive over independent items, either grand bundling or selling the items separately achieves at
least % of the optimal revenue.

Our results in Chapter 3 draw a connection between approximating our benchmark using the

sequential posted price with entry fee mechanisms and approximating optimal welfare with posted
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price mechanisms. A great work by Feldman et al. [FGL15] proved an approximation ratio of
2 (or O(logm)) to the optimal welfare via posted price mechanisms, for fractionally-subadditive
(or subadditive) buyers. Their results help us to prove the desired approximation to the optimal
revenue. A recent breakthrough by Dutting et al. [DKL20] improved the approximating ratio for
welfare to O(loglogm), when the buyer is subadditive. In the same paper, they also proved an
O(log log m)-approximation to the optimal revenue, following a similar approach to the conference
version of our work [CZ17].

The Cai-Devanur-Weinberg duality framework [CDW16] has been applied to other intriguing
Mechanism Design problems. For example, Eden et al. showed that the better of selling separately
and bundling together gets an O(d)-approximation for a single bidder with “complementarity-d
valuations over independent items” [EFFT16b]. The same authors also proved a Bulow-Klemperer
result for regular i.i.d. and constrained additive bidders [EFF*16a]. Liu and Psomas provided a
Bulow-Klemperer result for dynamic auctions [LP16]. Finally, Brustle et al. [ BCWZ17] extended the
duality framework to two-sided markets and used it to design simple mechanisms for approximating
the Gains from Trade.

Strong duality frameworks have recently been developed for one additive buyer [DDT13,DDT15,
Gial4, GK14b,GK15]. These frameworks show that the dual problem of revenue maximization can
be viewed as an optimal transport/bipartite matching problem. Hartline and Haghpanah provided
an alternative duality framework in [HH15]. They showed that if certain paths exist, these paths
provide a witness of the optimality of a certain Myerson-type mechanism, but these paths are not
guaranteed to exist in general. Similar to the Cai-Devanur-Weinberg framework, Carroll [Carl5] in-
dependently made use of a partial Lagrangian over incentive constraints. These duality frameworks
have been successfully provide conditions under which a certain type of mechanism is optimal when
there is a single unit-demand or additive bidder. However, none of these frameworks succeeds in

yielding any approximately optimal results in multi-buyer settings.
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2.5.2 Profit Maximization

The ad auction problem has been extensively studied in the literature [BMS12, FIM*12, DIR14,
EFG*™14,DPT16]. Signaling mechanisms had been the focus. In a signaling mechanism, the seller
first sends a signal to the buyer based on the type of the viewer and according to a signaling scheme
known to the buyer. The buyer updates her posterior belief of the viewer type after observing the
signal. The seller then uses a mechanism tailored to the buyer’s updated posterior to sell the ad
displaying slot. Many results have been obtained regarding the revenue-optimal signaling scheme.
Overall, the optimal signaling scheme may be highly complex and hard to pin down. Interestingly,
Daskalakis et al. showed that even if we can find the optimal signaling scheme the corresponding
mechanism can still be bounded away from the optimum [DPT16]. They showed that the optimal
mechanism is direct and does not involve any signaling. Motivated by their result, we focus on
simple and direct mechanisms.

In [DPT16], they also showed how to use simple mechanisms to approximate the auctioneer’s
profit in an ad auction. They established the result by reducing the problem to revenue maximiza-
tion in multi-item auctions with an additive buyer. However, their reduction is ad-hoc and heavily
relies on a specific property of their cost distribution, that is, the cost is always one of the ;s (see
Example 1.1 for the definition). When the cost distribution is general, their reduction no longer
holds, and thus is inapplicable to our problem.

Another result that is related to ours is [MSL15]. They consider the problem of maximizing
profit for the single additive buyer case, when the seller has a fixed production cost for each item.
They propose a mechanism called Pure Bundling with Disposal for Cost (PBDC), where after
buying the bundle, the customer is allowed to return any subset of goods for their production cost.
They prove that such a mechanism is almost optimal for a large number of independent goods,
and the better of a PBDC mechanism and the mechanism that sells items separately is a constant
factor approximation for the optimal profit. For the single buyer and fixed cost case, their PBDC
mechanism is identical to our permit-bundling mechanism. In our paper, we focus on a more general

setting with multiple buyers and non-fixed costs.
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2.5.3 Two-sided Markets

Gains from Trade: The main related works are on worst-case GF'T approximation. Blumrosen
and Mizrahi [BM16] guarantee an e-approximation to the first-best GFT in the setting of bilateral
trade—one buyer, one seller, one item—when the buyer’s distribution satisfies the monotone hazard
rate condition. Colini-Baldeschi et al. [CBGAK™17] show that a simple fixed price mechanism
obtains an O(%)—approximation to GF'T in the bilateral trade and double auction settings, but a
more careful setting of the fixed price gives an O(log %)—approximation for bilateral trade. Our
result in Chapter 7 generalizes the O(log %)—approximation of [CBGdAK™*17] to multi-dimensional
settings, while providing an unconditional O(logn)-approximation.

Other lines of work provide (1) asymptotic approximation guarantees in the number of items
optimally traded for settings as general as multi-unit buyers and sellers and k types of items
[McA92,SHA18b,SHA18a], (2) dual asymptotic and worst-case guarantees for double auctions and
matching markets [BCGZ18], and (3) Bulow-Klemperer-style guarantees of the number of additional
buyers (or sellers) needed in double auctions in order for the GFT of the new setting running a

simple mechanism to beat the first-best GFT of the original setting [BGG20].

Multi-Dimensional Revenue: In the setting where one seller owns all of the items, has no cost
for the items, and is the mechanism designer, much more is known. However, even when selling
to a single additive bidder (e.g. with no feasibility constraints), posted prices can achieve at best
an O(logn)-approximation [HN12,LY13]|. In order to obtain a constant-factor approximation for
an additive buyer, Babaioff et al. [BILW14] use the better of posted prices and posting a price
on the grand bundle, and a variation works for a single subadditive (which includes constrained-
additive) buyer as well [RW15]. However, in a two-sided market where items are owned by separate
sellers, it is not clear how to implement bundling in an incentive-compatible way. The mechanisms
used to obtain constant-approximations for multiple constrained-additive, XOS, or subadditive

buyers [CM16,CZ17] are only more complex.
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Welfare in Two-Sided Markets: Colini-Baldeschi et al. [CdKLT16] consider welfare maximiza-
tion in the double auction setting with matroid feasibility constraints. They generalize sequential
posted price mechanisms (SPMs) to the two-sided market setting, guaranteeing a constant-factor
approximation to welfare. The mechanism posts prices for each buyer-seller combination (not just
for each item), visits the buyers and sellers simultaneously in the given order, and advances on
either side when the price is rejected. Trade occurs when both sides accept the trade. Follow up
work of Colini-Baldeschi et al. [CBGK™'20] generalizes the idea to the setting where buyers are
XOS and sellers are additive. Here, there is a posted price for each item, but only “high welfare”
items are considered. The buyers visit and pick out the bundles they want among the high welfare
items. Then sellers are given the opportunity to sell their entire bundle of items demanded by the
buyers (but not any subset), and they are skipped with some probability. Like the previous work,
this mechanism is ex-post IR, DSIC, and strongly BB (buyer payments equal seller payments). As
only “high welfare” items are considered, it is possible for their mechanism to not trade any item
when the minimum trade probability r is a constant.

Blumrosen and Dobzinski [BD16] give an IR, BIC, and strongly BB mechanism for bilateral
trade that obtains in expectation a constant-fraction of the optimal welfare. Diitting et al. [DRT14]
study welfare maximization in the prior-free setting and present DSIC, IR, and weakly BB (buyer
payments exceed seller payments) mechanisms for double auctions with feasibility constraints on

either side.

2.6 Lagrangian Duality

In this section we give a brief introduction of the partial Lagrangian dual of a linear program. We

will use these definitions and properties in Chapter 3 and Chapter 4.
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We consider the following linear program (primal) with variable z.

max f(x)
st. Az <b
reP

Denote z* the optimal solution of the primal. We take the partial Lagrangian dual by using

the Lagrangian multiplier \; for each constraint (Azx); < b;:

Partial Lagrangian Dual: miny>omax,ecp £(z, ), where £(x,\) = f(z) + AT (b — Ax).
For every feasible dual solution A > 0, let D(\) = max,ep L(x, \). Denote A* the optimal dual

solution: A\* € miny>o D(A).

Weak Duality: For any feasible dual solution A, it holds that f(z*) < D(\).

Proof.
D(N) = L(a*,\) = f(2*) + AT (b— Az*) > f(a*)

Strong Duality: The value of the primal equals to the value of the partial Lagrangian dual. In

other words, f(z*) = D(A\*) = miny>¢ maxzep L(x, \).

2.7 Online Contention Resolution Scheme

In this section, we introduce a useful technique in mechanism design called online contention
resolution scheme (OCRS). It was first studied by Feldman et al. [FSZ16].

An OCRS is an algorithm defined for the following online selection problem: There is a ground
set I, and the elements are revealed one by one, with item ¢ active with probability z; independent
of the other items. The algorithm is only allowed to accept active elements and has to irrevocably

make a decision whether to accept an element before the next one is revealed. Moreover, the
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algorithm can only accept a set of elements subject to a feasibility constraint 7. We use the vector
x to denote active probabilities for the elements and R(z) to denote the random set of active

elements.

Definition 2.3 (relaxation). We say that a polytope P C [0, 1] is a relazation of P if it contains
the same {0, 1}-points, i.e., PN {0, 1} = Pz {0, 1}/,

Definition 2.4. An Online Contention Resolution Scheme (OCRS) for a polytope P C [0,1) and
feasibility constraint F is an online algorithm that selects a feasible and active set S C R(x) and
S € F foranyx € P. A greedy OCRS 7 greedily decides whether or not to select an element
in each iteration: given the vector x € P, it first determines a sub-constraint Fr, C F. When
element i is revealed, it accepts the element if and only if i is active and S U {i} € Fr 4, where S
1s the set of elements accepted so far. In most cases, we choose P to be Pr, the convex hull of all

characteristic vectors of feasible sets in F: Pr = conv(lg | S € F).

Definition 2.5 ((d, n)-selectability [FSZ16]). For any §,n € (0,1), a greedy OCRS 7 for P and F

is (0,n)-selectable if for everyx € § - P and i € I,

PriSU{i} € Frs,VS C R(x),S € Fra] > 1.

The probability is taken over the randomness of R(x) and the subconstraint Fr 5. We slightly abuse
notation and say that F is (6,n)-selectable if there exists a (9,n)-selectable greedy OCRS for Pr
and F.

Feldman et al. [FSZ16] proved that a broad class of downward-closed feasibility constraints,
such as matroids, matching constraints and knapsack constraints, are all (d,n)-selectable for some
constant §,n € (0,1). Moreover, they prove that (d,n)-selectability has nice composability. In
further chapters, we will see how these results help us to prove that our mechanism achieves a

constant factor approximation.

Definition 2.6 (Matching, Knapsack Constraint). Given an undirected graph G = (V, E). F C 2F

is a matching constraint with respect to the ground set E if F = {M C E : M is a matching in G}.
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A knapsack constraint F with respect to the ground set I is defined as: F ={S CI: ), gc; <1}.

Here ¢; € 0,1] is the weight of element i.
Lemma 2.3 (Selectability of Natural Constraints). [FSZ16]

e For any matroid constraint F and any § € (0,1), there exists a (5,1 — J)-selectable greedy
OCRS for Pr. Moreover, for any € € (0,1 — 0), there ezists a (0,1 — § — €)-selectable greedy

OCRS 7 for Pr, and the running time of w is polynomial on the input size and 1/e.

e For any matching constraint F and any & € (0,1), there exists an efficient (6, e=2%)-selectable

greedy OCRS for Pr.

e For any knapsack constraint F and any § € (0,3), there exists an efficient (4, %)—selectuble

greedy OCRS for Pr.

Lemma 2.4 (Composability of Selectability). [FSZ16] Given two downward-closed constraints Fi
and Fo with respect to the same ground set I. Let F = Fy N Fa. Suppose there exist a (§,11)-
selectable greedy OCRS w1 for Py and Fi, and a (9,n2)-selectable greedy OCRS my for P and Fo.
Then there exists a (6,m1 - n2)-selectable greedy OCRS 7 for Py N Py and F. When Py = Pr, and
P, = Pr,, as Pr, N\ Pr, C Pr, 7 is also (8, m - n2)-selectable for Pr and F. Moreover, 7 is efficient

computable given m and 3.
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Chapter 3

Revenue Maximization in Multi-item

Auctions

In this chapter we study the revenue maximization problem in multi-item auctions. We design sim-
ple and truthful mechanisms to approximate the optimal revenue for multiple subadditive buyers.

In Section 3.1 we give an overview of our results and techniques shown in this chapter. In
Section 3.2 we introduce some additional definitions and notations need to read this chapter. In
Section 3.3 and Section 3.4, we review the duality framework of [CDW16]. In Section 3.5, we derive
an upper bound of the optimal revenue for subadditive buyers by combining the duality framework
with our new techniques. In Section 3.6, we use the single buyer case to familiarize the readers
with some basic ideas and techniques used to bound the benchmark. In Section 3.7, we show how
to upper bound the optimal revenue for multiple XOS (or subadditive) buyers with our sequential
posted price with entry fee mechanisms. A buyer in the auction can also be called as a bidder. We

use both words interchangeably throughout this chapter.

3.1 Results and Techniques in This Chapter

In this chapter, we unify and strengthen all the results in the literature via an extension of the

duality framework proposed by Cai et al. [CDW16]. Moreover, we show that even when there are
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Additive or Matroid- Constrained L
Unit- Rank Additive XOS | Subadditive
demand
Single | Previous 6 [BILW14] 31.1%* 31.1 [CM16] | 338* | 338 [RW15]
Buyer or
4 [CMS15]
This Paper - 11* 11 40%* 40
Multiple| Previous 8 [CDWI16] | 133 [CM16] ? ? ?
Buyer or
24 [CDW16]
This Paper - 70%* 70 268 O(logm)T

* The result is implied by another result for a more general setting.
T The state-of-the-art result is an O(loglogm)-approximation by Dutting et al. [DKL20].

Table 3.1: Comparison of approximation ratios between previous and current work.

multiple buyers with XOS valuation functions, there exists a simple, deterministic and Dominant
Strategy Incentive Compatible (DSIC) mechanism that achieves a constant fraction of the optimal
Bayesian Incentive Compatible (BIC) revenue. For subadditive valuations, our approximation ratio

degrades to O(logm).

Informal Theorem 6. There exists a simple, deterministic and DSIC mechanism that achieves
a constant fraction of the optimal BIC revenue in multi-item settings, when the buyers’ valuation

distributions are XOS over independent items. When the buyers’ valuation distributions are subad-

1

ditive over independent items, our mechanism achieves at least Q(logm

) of the optimal BIC revenue,

where m is the number of items.

The original paper by Cai et al. [CDW16] provided a unified treatment for additive and unit-
demand valuations. However, it is inadequate to provide an analyzable benchmark for even a single
subadditive bidder. In this paper, we show how to extend their duality framework to accommo-
date general subadditive valuations. Using this extended framework, we substantially improve the
approximation ratios for many of the settings discussed above, and in the meantime generalize the
results to broader cases. See Table 3.1 for the comparison between the best ratios reported in the
literature and the new ratios obtained in this work.

Our mechanism is either a rationed sequential posted price mechanism (RSPM) or an anony-
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mous sequential posted price with entry fee mechanism (ASPE). In an RSPM, there is a price p;;
for buyer 7 if she wants to buy item j, and she is allowed to purchase at most one item. We visit
the buyers in some arbitrary order and the buyer takes her favorite item among the available items
given the item prices for her. Here we allow personalized prices, that is, p;; could be different from
prj if © # k. In an ASPE, every buyer faces the same collection of item prices {p; }je[m]- Again, we
visit the buyers in some arbitrary order. For each buyer, we show her the available items and the
associated price for each item. Then we ask her to pay the entry fee to enter the mechanism, which
may depend on what items are still available and the identity of the buyer. If the buyer accepts
the entry fee, she can proceed to purchase any item at the given prices; if she rejects the entry fee,
then she will leave the mechanism without receiving anything. Given the entry fee and item prices,
the decision making for the buyer is straightforward, as she only accepts the entry fee when the
surplus for winning her favorite bundle is larger than the entry fee. Therefore, both RSPM and
ASPE are DSIC and ex-post Individually Rational (ex-post IR).

3.1.1 Our Contributions

To obtain the new generalizations, we provide important extensions to the duality framework

in [CDW16], as well as novel analytic techniques and new simple mechanisms.

1. Accommodating subadditive valuations: the original duality framework in [CDW16]
already unified the additive case and unit-demand case by providing an approximately tight upper
bound for the optimal revenue using a single dual solution. A trivial upper bound for the revenue is
the social welfare, which may be arbitrarily bad in the worst case. The duality based upper bound
in [CDW16] improves this trivial upper bound, the social welfare, by substituting the value of each
buyer’s favorite item with the corresponding Myerson’s virtual value. However, the substitution is
viable only when the following condition holds — the buyer’s marginal gain for adding an item solely
depends on her value for that item (assuming it’s feasible to add that item!), but not the set of

items she has already received. This applies to valuations that are additive, unit-demand and more

1. WLOG, we can reduce any constrained additive valuation to an additive valuation with a feasibility constraint
(see Definition 2.2)
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generally constrained additive, but breaks under more general valuation functions, e.g., submodular,
XOS or subadditive valuations. As a consequence, the original dual solution from [CDW16] fails
to provide a nice upper bound for more general valuations. To overcome this difficulty, we take a
different approach. Instead of directly studying the dual of the original problem, we first relax the
valuations and argue that the optimal revenue of the relaxed valuation is comparable to the original
one. Then, since we choose the relaxation in a particular way, by applying a dual solution similar
to the one in [CDW16] to the relaxed valuation, we recover an upper bound of the optimal revenue
for the relaxed valuation resembling the appealing format of the one in [CDW16]. Combining these
two steps, we obtain an upper bound for subadditive valuations that is easy to analyze. Indeed, we
use our new upper bound to improve the approximation ratio for a single subadditive buyer from

338 [RW15] to 40. See Section 3.5.1 for more details.

2. An adaptive dual: our second major change to the framework is that we choose the dual in an
adaptive manner. In [CDW16], a dual solution A is chosen up front inducing a virtual value function
®(-), then the corresponding optimal virtual welfare is used as a benchmark for the optimal revenue.
Finally, it is shown that the revenue of some simple mechanism is within a constant factor of the
optimal virtual welfare. Unfortunately, when the valuations are beyond additive and unit-demand,
the optimal virtual welfare for this particular choice of virtual value function becomes extremely
complex and hard to analyze. Indeed, it is already challenging to bound when the buyers’ valuations
are k-demand. In this paper, we take a more flexible approach. For any particular allocation rule o,
we tailor a special dual A(®) based on ¢ in a fashion that is inspired by Chawla and Miller’s ex-ante
relaxation [CM16]. Therefore, the induced virtual valuation (@) also depends on o. By duality,
we can show that the optimal revenue obtainable by o is still upper bounded by the virtual welfare
with respect to ®(°) under allocation rule ¢. Since the virtual valuation is designed specifically for
allocation o, the induced virtual welfare is much easier to analyze. Indeed, we manage to prove
that for any allocation ¢ the induced virtual welfare is within a constant factor of the revenue of
some simple mechanism, when bidders have XOS valuations. See Section 3.5.2 and 3.5.3 for more

details.

3. A novel analysis and new mechanism: with the two contributions above, we manage to
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derive an upper bound of the optimal revenue similar to the one in [CDW16] but for subadditive
bidders. The third major contribution of this paper is a novel approach to analyzing this upper
bound. The analysis in [CDW16] essentially breaks the upper bound into three different terms—
SINGLE, TAIL and CORE, and bound them separately. All three terms are relatively simple to
bound for additive and unit-demand buyers, but for more general settings the CORE becomes much
more challenging to handle. Indeed, the analysis in [CDW16] was insufficient to tackle the CORE

2 a very special case of matroid rank valuations,

even when the buyers have k-demand valuations
which itself is a special case of XOS or subadditive valuations. Rubinstein and Weinberg [RW15]
showed how to approximate the CORE for a single subadditive bidder using grand bundling, but
their approach does not apply to multiple bidders. Yao [Yaol5] showed how to approximate the
CORE for multiple additive bidders using a VCG with per bidder entry fee mechanism, but again it is
unclear how his approach can be extended to multiple k-demand bidders. A recent paper by Chawla
and Miller [CM16] finally broke the barrier of analyzing the CORE for multiple k-demand buyers.
They showed how to bound the CORE for matroid rank valuations using a sequential posted price
mechanism by applying the online contention resolution scheme (OCRS) developed by Feldman
et al. [FSZ16]. The connection with OCRS is an elegant observation, and one might hope the
same technique applies to more general valuations. Unfortunately, OCRS is only known to exist
for special cases of downward closed constraints, and as we show in Section 3.7.2, the approach by
Chawla and Miller cannot yield any constant factor approximation for general constrained additive
valuations.

We take an entirely different approach to bound the CORE. Here we provide some intuition
behind our mechanism and analysis. The CORE is essentially the optimal social welfare induced by
some truncated valuation v’, and our goal is to design a mechanism that extracts a constant fraction
of the welfare as revenue. Let M be any sequential posted price mechanism. A key observation
is that when bidder #’s valuation is subadditive over independent items, her utility in M, which

is the largest surplus she can achieve from the unsold items, is also subadditive over independent

2. The class of k-demand valuations is a generalization of unit-demand valuations, where the buyer’s value is
additive up to k items.
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items. If we can argue that her utility function is a-Lipschitz (Definition 3.4) with some small a,
Talagrand’s concentration inequality [Tal95, Sch03] allows us to set an entry fee for the bidder so
that we can extract a constant fraction of her utility just through the entry fee. If we modify M
by introducing an entry fee for every bidder, according to Talagrand’s concentration inequality, the
new mechanism M’ should intuitively have revenue that is a constant fraction of the social welfare
obtained by M 3. Therefore, if there exists a sequential posted price mechanism M that achieves
a constant fraction of the optimal social welfare under the truncated valuation v/, the modified
mechanism M’ can obtain a constant fraction of CORE as revenue. Surprisingly, when the bidders
have XOS valuations, Feldman et al. [FGL15] showed that there exists an anonymous sequential
posted price mechanism that always obtains at least half of the optimal social welfare. Hence, an
anonymous sequential posted price with per bidder entry fee mechanism should approximate the
CoORE well, and this is exactly the intuition behind our ASPE mechanism.

To turn the intuition into a theorem, there are two technical difficulties that we need to address:
(i) the Lipschitz constants of the bidders’ utility functions turn out to be too large (ii) we deliber-
ately neglected the difference in bidders’ behavior under M and M’ in hope to keep our discussion
in the previous paragraph intuitive. However, due to the entry fee, bidders may end up purchasing
completely different items under M and M’, so it is not straightforward to see how one can relate
the revenue of M’ to the welfare obtained by M. See Section 3.7.2 for a more detailed discussion

on how we overcome these two difficulties.

3.2 Notation in This Chapter

In this chapter, we focus on revenue maximization in the combinatorial auction with n independent
bidders and m heterogenous items. The valuation of each bidder is subadditive over independent
items (see Definition 2.1). We denote bidder i’s type t; as (t;;)]2, where t;; is bidder i’s private
information about item j. For each ¢, j, we assume t;; is drawn independently from the distribution

D;j. Let D; = Xy D;j be the distribution of bidder i’s type and D = X}, D; be the distribution of

3. M’s welfare is simply its revenue plus the sum of utilities of the bidders, and M’ can extract some extra revenue
from the entry fee, which is a constant fraction of the total utility from the bidders.
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the type profile. We use Tj; (or T;,T) and f;; (or fi, f) to denote the support and density function
of D;j (or D;, D). For notational convenience, we let t_; to be the types of all bidders except i and
t<i (or t<;) to be the types of the first ¢ — 1 (or ¢) bidders. Similarly, we define D_;, T_; and f_;
for the corresponding distributions, support sets and density functions. When bidder ¢’s type is t;,
her valuation for a set of items S is denoted by v;(t;, S). For every item j, we use V;(t;;) to denote
vi(ti, {s}), as it only depends on t;;.

Given D and v = {v;(:, ") }ic[n), we use REV(M, v, D) to denote the expected revenue of a BIC
mechanism M. Throughout this chapter, we use the following notations for the simple mechanisms

we consider.

Single-Bidder Mechanisms:

- SRev(v, D) denotes the optimal expected revenue achievable by any posted price mechanism
that only allows the buyer to purchase at most one item, and we use SREV for short if there is no
confusion?.

- BRev(v, D) denotes the optimal expected revenue achievable by selling a grand bundle and we

use BREV for short if there is no confusion.

Multi-Bidder Mechanisms:

- PostRev(v, D) denotes the optimal expected revenue achievable by selling the items via an
RSPM to the bidders, and we use POSTREV for short when there is no confusion.
- APostEnRev(v, D) denotes the optimal expected revenue achievable by selling the items via an

ASPE to the bidders, and we use APOSTENREV for short when there is no confusion.

Single-Dimensional Copies Setting: In the analysis for unit-demand bidders in [CHMSI10,
CDW16], the optimal revenue is upper bounded by the optimal revenue in the single-dimensional
copies setting defined in [CHMS10]. We use the same technique. We construct nm agents, where

agent (i, j) has value Vj(t;;) of being served with t;; ~ D;;, and we are only allow to use matchings,

4. The mechanism is slightly different from selling separately, as we only allow the buyer to purchase at most one
item.
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that is, for each i at most one agent (i, k) is served and for each j at most one agent (k, j) is served®.
Notice that this is a single-dimensional setting, as each agent’s type is specified by a single number.

Let OPTCOP™-UD he the optimal BIC revenue in this copies setting.

Continuous vs. Discrete Distributions: We explicitly assume that the input distributions are
discrete. Nevertheless, it is known that every D can be discretized into D such that the optimal
revenue for D and DT are within (1 & ¢€) of each other [CDW16]. So our results also apply to

continuous distributions.

3.2.1 Our Mechanisms

In this section, we introduce a class of mechanisms called Sequential Posted Price with Entry Fee.
For each bidder ¢, the mechanism first determines a posted price &;; for each item j and an entry
fee function d;(-) : 2™ — R>¢ for each bidder 7 that maps the set of available items to a real value
entry fee. The seller visits the bidders sequentially in some arbitrary order. For simplicity, we
assume the bidders are visited in the lexicographical order. When bidder i is visited, let S;(t<;) be
the set of items that are still available. Clearly, this set only depends on the types of bidders who
are visited before i. The mechanism shows the set S;(t<;) to bidder i and asks her for an entry fee
0i(Si(t<;)). If she accepts the entry fee, she can enter the mechanism and take her favorite bundle
S by paying ZjeS; &ij-

If there exist multiple bundles with the same maximum surplus, the bidder can break ties
arbitrarily. Sometimes, there is a feasibility constraint F on what items a buyer can purchase.
In particular, if we say the mechanism is rationed, then F = {0} U {{j} | j € [m]}, i.e., a buyer
can purchase at most one item. Formally, the favorite bundle S} is defined as follows: S} =
argmaxsc, (1. )nservilti S) — X jeg Sij-

See Algorithm 3.1 for the formal specification of the above mechanism. Notice that before the

bidder decides whether to pay the entry fee, she is aware of the set S;(t<;) which contains all

5. This is exactly the copies setting used in [CHMS10], if every bidder 4 is unit-demand and has value V;(t;;) with
type t;. Notice that this unit-demand multi-dimensional setting is equivalent as adding an extra constraint, each
buyer can purchase at most one item, to the original setting with subadditive bidders.
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Mechanism 3.1 Sequential Posted Price with Entry Fee Mechanism

Require: &;; is the price for bidder i to purchase item j and J;(-) is bidder i’s entry fee function.
1: S« [m]
2: for i € [n] do

3: Show bidder i the set of available items S, and define entry fee as ;(.5).
4: if Bidder i pays the entry fee §;(S) then

5: i receives her favorite bundle S, paying ) | jes: &ij-

6: S« S\S;.

e else

8: 1 gets nothing and pays 0.

9: end if

10: end for

available items. Thus, she can compute her favorite bundle S} and the corresponding utility if she
chooses to enter the mechanism. She can then compare that utility with the entry fee and accept
the entry fee if the former is greater than the latter. The mechanism described above is therefore
deterministic and DSIC. Throughout this paper, we focus on the following two special cases of this

class of mechanisms:

-Rationed Sequential Posted Price Mechanism (RSPM): Every buyer can purchase at most
one item and the mechanism always charges 0 entry fee, i.e., F = {0}U{{j} | j € [m]|} and §;(S) =0
for all ¢ and S.

-Anonymous Sequential Posted Price with Entry Fee Mechanism (ASPE): The mecha-
nism uses anonymous posted prices, i.e., ; = {; for any item j and bidders ¢ # k, but may charge
positive and personalized entry fee. Also, any buyer can purchase any bundle available once she

has paid the entry fee, i.e., F = 2™,

3.3 Duality Framework

The focus of [CDW16] was on additive and unit-demand valuations and their respective dual was
derived from an LP that is only meaningful for constrained additive valuations. In order to tackle
general valuations, we need to apply the duality framework to an LP that is meaningful for general
valuations. Instead of using the “implicit forms” LP from [CDW13b, CDW16|, we choose a slightly

different and more intuitive LP formulation (see Figure 3.1). For all bidders i and types t; € T;, we
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use p;(t;) as the interim price paid by bidder i and o;5(¢;) as the interim probability of receiving
the exact bundle S. To ease the notation, we use a special type @ to represent the choice of not
participating in the mechanism. More specifically, 0;5(@) = 0 for any S and p;(&) = 0. Now a
Bayesian IR (BIR) constraint is simply another BIC constraint: for any type ¢;, bidder i will not
want to lie to type @. We let T;" = T; U {@}.

Following the recipe provided by [CDW16], we take the partial Lagrangian dual of the LP in
Figure 3.1 by lagrangifying the BIC constraints. Let A;(t;,t;) be the Lagrange multiplier associated
with the BIC constraint that if bidder 4’s true type is ¢; she will not prefer to lie to type ¢, (see
Figure 3.2 and Definition 3.1). As shown in [CDW16], the dual solution has finite value if and only
if the dual variables \; form a valid flow for every bidder i. The reason is that the payments p;(t;)
are unconstrained variables, therefore the corresponding coefficients must be 0 in order for the dual
solution to have finite value. It turns out when all these coefficients are 0, the dual variables A\ can
be interpreted as a flow described in Lemma 3.1. We refer the readers to [CDW16] for a complete

proof. From now on, we only consider A\ that corresponds to a flow.

Variables:

e p;(t;), for all bidders i and types ¢; € T;, denoting the expected price paid by bidder i when
reporting type t; over the randomness of the mechanism and the other bidders’ types.

e 0,5(t;), for all bidders 7, all bundles of items S C [m], and types t; € T}, denoting the probability
that bidder 7 receives exactly the bundle S when reporting type t; over the randomness of the
mechanism and the other bidders’ types.

Constraints:

® > scpm 9is(ti) viltis S) — pi(ti) = Y gcpmy is(t;) - vilti, S) — pi(t;), for all bidders i, and types
t; € T;,th € T;“, guaranteeing that the reduced form mechanism (o, p) is BIC and Bayesian IR.

)

e 0 € P(D), guaranteeing o is feasible.

Objective:

n
° maxz Z fi(ti) - pi(ti), the expected revenue.
=1 t,€T;

Figure 3.1: A Linear Program (LP) for Revenue Optimization.
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Definition 3.1. Let L(\, 0,p) be the partial Lagrangian defined as follows:

Z fz tz pz 'L Z )\i(tht;) : Z Ui(tia S) : (UiS(ti> - aiS(t;)) - ((pl(t ) pz(t ))

i=1 t;€T; t; ETi,t;ETZ—Jr Sg[m]
(3.1)
n
= STt [ filta) + D0 Nt ta) = D0 Nilta t)
i=1 \t;€T; teT; thert
n
+ Z : tza Z )‘ t’u z - Z (Ui(t;»S) )‘l(tgatl)) (Ul(g) =0, p,L(@) = 0)
i=1 \t€Ti SC[m)] theT;t €T
(3.2)
Variables:

o \(t;, t;) forall i, t; € T;, t; € T, i+, the Lagrangian multipliers for Bayesian IC and IR constraints.
Constraints:

o \(t;,t)) > 0 for all i,t; € T;,t, € T;", guaranteeing that the Lagrangian multipliers are non-
negative.

Objective:

LA,
o gy £ o)

Figure 3.2: Partial Lagrangian of the Revenue Maximization LP.
Lemma 3.1 (Useful Dual Variables [CDW16]). A set of feasible duals X is useful if max,cp(p), L(A, 0,p) <
o0. A is useful iff for each bidder i, \; forms a valid flow, i.e., iff the following satisfies flow con-
servation at all nodes except the source and the sink:
1. Nodes: A super source s and a super sink &, along with a node t; for every type t; € T;.
2. An edge from s to t; with flow f;(t;), for all t; € T;.

3. An edge from t; to t; with flow \;(t;,t;) for all t; € Ty, and t; € T;" (including the sink).

Definition 3.2 (Virtual Value Function). For each flow \, we define a corresponding virtual value
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function ®(-), such that for every bidder i, every type t; € T; and every set S C [m],

(i, S) = vi(ti, S) —

S) — Ui(ti, S)) .

t’eT

The proof of Theorem 3.1 is essentially the same as in [CDW16]. We include it in Appendix A.1

for completeness.

Theorem 3.1 (Virtual Welfare > Revenue [CDW16)). For any flow A and any BIC mechanism
M = (o,p), the revenue of M is < the virtual welfare of o w.r.t. the virtual valuation ®(-)

corresponding to A.

3

Z Z S Z UzS tuS)
i=1 t;€T; SC[m

=1 tiGTi

Let \* be the optimal dual variables and M* = (o*,p*) be the revenue optimal BIC mechanism,
then the expected virtual welfare with respect to ®* (induced by \*) under o* equals to the expected

revenue of M*.

3.4 Recap: Flow for Additive Valuations

In this section, we give a recap of the flow for additive valuations in [CDW16] and the appealing
properties of the corresponding virtual valuation functions. When the valuations are additive, we
simply view ¢;; as bidder i’s value for receiving item j. Although there are many possible ways to
define a flow, we focus on a class of simple ones. Every flow in this class A(?) is parametrized by a
set of parameters 8 = {Bi;}icn) jepm) € R™". Based on 3; = {Bi;} e[m], we first partition the type

space T; for each bidder i into m + 1 regions:

° R((]’B i) contains all types t; such that t;; < f;; for all j € [m].

Rg-ﬂ V) contains all types t; such that ¢;;—3;; > 0 and j is the smallest index in argmax; {t;1,— Bix }-

We use essentially the same flow as in [CDW16]. Here we provide a partial specification and

state some desirable properties of the flow. See Figure 3.4 for an example with 2 items and [CDW16]
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for a complete description of the flow.

Partial Specification of the flow \(%):

1. For every type t; in region R(()B i), the flow goes directly to @ (the super sink).

2. For all j > 0, any flow entering Rgﬁ )

to J.

is from s (the super source) and any flow leaving Rg-ﬁ D s

3

: Bi) ¢ B q . . . .
3. For all ¢; and ¢ in R; ) (7 >0), )\z(- )(ti, t;) > 0 only if ¢; and ¢} only differ in the j-th coordinate.

Figure 3.3: Partial Specification of the flow A(%).

Lemma 3.2 ( [CDW16]%). For any B, there exists a flow )\EB) such that the corresponding virtual

value function ®;(t;,-) satisfies the following properties:
F. tie R, ®;(t;, ) = t;
hd or any t; € 0 Y Z( (3] ) Ek‘ES ik -

e Foranyj>0,t; € R;Bi),

Oi(ti, §) < Yt + @itiy) - 1[5 € 8],
kESNk£]

where @;;(+) is Myerson’s ironed virtual value function for Dj;.

The properties above are crucial for showing the approximation results for simple mechanisms
in [CDW16]. One of the key challenges in approximating the optimal revenue is how to provide a
tight upper bound. A trivial upper bound is the social welfare, which may be arbitrarily bad in the
worst case. By plugging the virtual value functions in Lemma 3.2 into the partial Lagrangian, we
obtain a new upper bound that replaces the value of the buyer’s favorite item with the corresponding
Myerson’s ironed virtual value. As demonstrated in [CDW16], this new upper bound is at most
8 times larger than the optimal revenue when the buyers are additive, and its appealing structure
allows the authors to compare the revenue of simple mechanisms to it. In Section 3.5, we identify
some difficulties in directly applying this flow to subadditive valuations. Then we show how to

overcome these difficulties by relaxing the subadditive valuations and obtain a similar upper bound.

6. Note that this Lemma is a special case of Lemma 3 in [CDW16] when the valuations are additive.
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Figure 3.4: An example of /\EB for additive bidders with two items.

3.5 Canonical Flow and Properties of the Virtual Valuations

In this section, we present a canonical way of setting the dual variables/flow that induces our
benchmarks.

Although any flow can provide a finite upper bound of the optimal revenue, we focus on a
particular class of flows, in which every flow A(®) is parametrized by a set of parameters § =
{Bij}ie[n],je[m} € RY{. Based on 3, we partition the type set T; of each buyer ¢ into m + 1 regions:
(i) R((]Bi) contains all types t; such that V;(t;;) < B;; for all j € [m]. (ii) R;Bi) contains all types t;

such that V;(t;;) — Bi; > 0 and j is the smallest index in argmax; {Vj(t;x) — Bir}. Intuitively, if we

view f3;; as the price of item j for bidder ¢, then RP) contains all types in T; that cannot afford

any item, and any R}’ with 7 > 0 contains all types in T; whose “favorite” item is j. We firs
it d any R with j > 0 contains all t T; whose “favorite” it We first

provide a Partial Specification of the flow A\(®):
( i), the flow goes directly to @ (the super sink).

)

1. For every type t; in region R,

is from s (the super source) and any flow leaving R s

2. For all j > 0, any flow entering R;ﬁ ’ .

to J.

3. For all t; and ¢} in Rg-ﬁi) (7 >0), )\Z(’B) (ti,t;) > 0 only if ¢; and ¢ only differ in the j-th coordinate.
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For additive valuations and any type t; € R§B /" the contribution to the virtual value func-
tion ®(¢;,S) from any type t, € R;Bi) is either 0 if j ¢ S, or Ag’g)(tg,ti)(vi(t;,S) —vi(t;,S)) =
)\gﬁ) (i, ti)(t;; — tiz) if t;, t} only differs on the j-th coordinate and j € S. In either case, the con-
tribution does not depend on t;; for any k # j. This is the key property that allows [CDW16]
to choose a flow such that the value of the favorite item is replaced by the corresponding My-
erson’s ironed virtual value in the virtual value function ®;(¢;,-). Unfortunately, this property
no longer holds for subadditive valuations. When j € S and )\Z(.B ) (t;,t;) > 0, the contribution
)\SB) (th,ti)(vi(ts, S) — vi(t;, S)) heavily depends on t;; of all the other item k € S. All we can con-
clude is that the contribution lies in the range [—)\z(ﬂ) (th,ti) - Vi(tiz), )\Z(ﬂ) (th, ) - Vi(t;j)r, but this is

not sufficient for us to convert the value of item j into the corresponding Myerson’s ironed virtual

value.

3.5.1 Valuation Relaxation

This is the first major barrier for extending the duality framework to accommodate subadditive
valuations. We overcome it by considering a relaxation of the valuation functions. More specifically,

(Bi)

for any /3, we construct another function v, (-, -) : Tj x 2I™) s R for every buyer i such that: (i)

(B:)

for any t;, v;"" (¢, ) is subadditive and monotone, and for every bundle S the new value vi(ﬁ i)(ti, S)
is no smaller than the original value v;(¢;,.5); (ii) for any BIC mechanism M with respect to the
original valuations, there exists another mechanism M (®) that is BIC with respect to the new
valuations and its revenue is comparable to the revenue of M:; (iii) for the new valuations v(%,
there exists a flow whose induced virtual value functions have properties similar to those in the
additive case. Property (ii) implies that the optimal revenue with respect to v#®) can serve as a
proxy for the original optimal revenue. Moreover, due to Theorem 3.1, the optimal revenue for
v®) is upper bounded by the partial Lagrangian dual with respect to v(#), which has an appealing

format similar to the additive case by property (iii). Thus, we obtain a benchmark for subadditive

bidders that resembles the benchmark for additive bidders in [CDW16].

7. v;(t, ) is subadditive and monotone for every type t € T;, therefore v;(t;,S) € [vi(ts, S\{j}), vi(t:, S\{7})+Vi(ts;)]
and vi(t;, S) € [vi(ti, S\{j}), vi(t;, S\{5}) + Vi(ti;)]-
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Definition 3.3 (Relaxed Valuation). Given [3, for any buyer i, define vfﬁi)(ti, S) =v;i(ti, S\{7}) +
Vi(tij), if the “favorite” item is in S, i.e., t; € R;’Bi) and j € S. Otherwise, define vgﬂi)(ti,S) =
(v (ti, S) .

In the next lemma, we show that for any BIC mechanism M for v, there exists a BIC mechanism
M®) for v(#) such that its revenue is comparable to the revenue of M (property (ii)). Moreover,
the ex-ante probability for any buyer i to receive any item j in M) is no greater than in M
(property (i)). We will see later that this is an important property for our analysis. The proof of
Lemma 3.3 is similar to the e-BIC to BIC reduction in [HKM11,BH11,DW12] and can be found in
Appendix A.6.

Lemma 3.3. For any 8 and any BIC mechanism M for subadditive valuation {v;(t;,-)}ic[n with
t; ~ Dy for all i, there exists a BIC mechanism MP) for valuations {Ui(ﬁi)(ti, ) }Yiepn) with ti ~ D;
for all i, such that
() > filt) S o) < S £t Y aus(ts), for alli and j,

teT; Sjes teT; Sjes

(i) REV(M, v, D) < 2.Rev(MP v D)+2.3" 5 $° fi(m.agg)(ti).(vgﬂﬂ(ti,S) - vi(ti,S)) .

it t;ET; Sg[m]
REV(M,v, D) (or REV(M®) v(®) D)) is the revenue of the mechanism M (or M®)) while the
buyers’ types are drawn from D and buyer i’s valuation is v;(t;,-) (or vgﬁi)(ti,-)). ois(ti) (or

agg) (t;)) is the probability of buyer i receiving exactly bundle S when her reported type is t; in
mechanism M (or M),

3.5.2 Virtual Valuation for the Relaxed Valuation

For any 3, based on the same partition of the type sets as in the beginning of Section 3.5, we
construct a flow A®) that respects the partial specification, such that the corresponding virtual
valuation function for v(®) has the same appealing properties as in the additive case. For the
relaxed valuation, as )\Z(/B ) (ti, t;) is only positive for types t;, t; € R;fg V) that only differ in the j-th
coordinate, the contribution from item j to the virtual valuation solely depends on t;; and t;j but

not t;; for any other item k£ € S . Notice that this property does not hold for the original valuation,
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and it is the main reason why we choose the relaxed valuation as in Definition 3.3. Moreover, we

can choose )\Z(-B ) carefully so that the virtual valuation of v(#) has the following format:

Lemma 3.4. Let Fj; be the distribution of V;(ti;) when ti; is drawn from D;;. For any [3, there
(B) (8i)

% %

(t;,-) of valuation v(ﬁi)(tz& )

exists a flow X"’ such that the corresponding virtual value function ® i

satisfies the following properties:

1. For any t; € R(()’Bi), CI)wi)(h‘, S) = vi(t;, S).

i

2. Foranyj >0, t € R, 8P)(t:,8) < v,(t:, S)-1[j ¢ S)+ (vt S\(G}) + @15 (Viltiy)-1[j € ),

i

where $;;(Vi(ti;)) is the Myerson’s ironed virtual value for Vi(t;;) with respect to Fj;.

The proof of Lemma 3.4 is postponed to Appendix A.2. Next, we use the virtual welfare of the

allocation o to bound the revenue of M),

Lemma 3.5. For any 3,

REV(M®), o, D) <373 filt) Y old (1) - 2 (¢, )

1 LET; SC[m]
<Y mw-rfe RS old ) utss)
i t;€T; SClm]
D a) - Y a e B Y o) vt S\GH + Y o) - ik, S)
1 t;€T; jE[mM] S:jeS S:j¢S
+ Z Z fi(ti) - Z 1 [ti € Rg-ﬁi)} -ng)(ti) - Pij(tij),

i t,ET; je [m]

where 772(][»3) (ti) = Xs.jes agg) (t;). NON-FAVORITE(M, 3) denotes the sum of the first two terms.

SINGLE(M, B) denotes the last term.

Proof. The Lemma follows easily from the properties in Lemma 3.4 and Theorem 3.1. O
We obtain Theorem 3.2 by combining Lemma 3.3 and 3.5.

Theorem 3.2. For any mechanism M and any S3,

REV(M,v, D) < 4 - NON-FAVORITE(M, ) + 2 - SINGLE(M, /).
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Proof of Theorem 3.2: First, let’s look at the value of U(ﬁi)(ti, S) —wi(t;,S). When t; € R;Bi) for

some j > 0 and j € S, U(’Bi)(ti,S) —vi(t;, S) = vi(ts, S\{j}) + Vi(tsj) — vi(ts, S) < wvi(ts, S\{4}),

%

because Vj(tij) < vi(t;, ). For the other cases, vl-(’gi)(ti, S) —v;(ti, §) = 0. Therefore,

SN st oR ) - (v, 9) - vty 9))

1 ;€T Sg[m]

< ZZfi(ti) Z]l[tz‘ € R§Bi)] > ol (t:) - vilts, S\{5})

S:jes

<NON-FAVORITE(M, f3) (Definition of NON-FAVORITE(M, f3))

Our statement follows from combining Lemma 3.3, Lemma 3.5 with the inequality above. O

3.5.3 Upper Bound for the Revenue of Subadditive Buyers

In Section 3.5.1, we have argued that for any £, there exists a mechanism M) such that its
revenue with respect to the relaxed valuation v(®) is comparable to the revenue of M with respect
to the original valuation. In Section 3.5.2, we have shown for any 8 how to choose a flow to obtain
an upper bound for REV(M(ﬁ), v, D) and also an upper bound for REV(M, v, D). Now we specify
our choice of j.

In [CDW16], the authors fixed a particular 3, and shown that under any allocation rule, the
corresponding benchmark can be bounded by the sum of the revenue of a few simple mechanisms.
However, for valuations beyond additive and unit-demand, the benchmark becomes much more
challenging to analyze®. We adopt an alternative and more flexible approach to obtain a new
upper bound. Instead of fixing a single 3 for all mechanisms, we customize a different 3 for every
different mechanism M. Next, we relax the valuation and design the flow based on the chosen 5 as
specified in Section 3.5.1 and 3.5.2. Then we upper bound the revenue of M with the benchmark

in Theorem 3.2 and argue that for any mechanism M, the corresponding benchmark can be upper

bounded by the sum of the revenue of a few simple mechanisms. As we allow (, in other words the

8. Indeed, the difficulties already arise for valuations as simple as k-demand. A bidder’s valuation is k-demand if
her valuation is additive subject to a uniform matroid with rank k.
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flow A(® | to depend on the mechanism, our new approach may provide a better upper bound. As
it turns out, our new upper bound is indeed easier to analyze.

Lemma 3.6 specifies the two properties of our § that play the most crucial roles in our analysis.
We construct such a g in the proof of Lemma 3.6, however the construction is not necessarily
unique and any 3 satisfying these two properties suffices. Note that our construction heavily relies

on property (i) of Lemma 3.3.

Lemma 3.6. For any constant b € (0,1) and any mechanism M, there exists a [ such that: for
the mechanism M®) constructed in Lemma 3.3 according to 8, any i € [n] and j € [m),

(1) Dok Prog; [Vi(tey) = Brg] < b;

() Sper, filti) - w7 (1) < Proy, [Viltig) = By /b, where w()) (6) = e 01 (1),

Before proving Lemma 3.6, we provide some intuition behind the two required properties.
Property (i) is used to guarantee that if item j’s price for bidder ¢ is higher than 3;; for all ¢ and j
in an RSPM, for any item j' and any bidder ¢', j is still available with probability at least (1 —b)
when ¢ is visited. As for any bidder k # 4’ to purchase item j’, Vj(¢s;) must be greater than her
price for item j'. By the union bound, the probability that there exists such a bidder is upper
bounded by the LHS of property (i), and therefore is at most b. With this guarantee, we can easily
show that the RSPM achieves good revenue (Lemma 3.19). Property (ii) states that the ex-ante
probability for bidder i to receive an item j in M) is not much bigger than the probability that
bidder #’s value is larger than item j. This is crucial for proving our key Lemma 3.26, in which we
argue that two different valuations provide comparable welfare under the same allocation rule o(?).
With Lemma 3.26, we can show that the ASPE obtains good revenue.

Proof of Lemma 3.6: When there is only one buyer, we can simply set every 3; to be 0 and both

conditions are satisfied. When there are multiple players, we let

Bij = inf{z > 0: Pr{Vi(t;j) > 2] <b- D filts) i)},
Y LT,
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where m;j(t;) = > g jeg 0is(ti). Clearly, when the distribution of V;(t;;) is continuous, then

Pl"[ l( Z]) >ﬁzg —b Z fz z Wz]( ) (3.3)

ti€T;

and therefore for any j,

ZPr (i) > Bi) =D Y filts) - mi(t:) <b.

i t;eT;

So the first condition is satisfied. The second condition holds because by the first property in
Lemma 3.3, 3, o7, fi(ti) - ( i) < Dyer, filti) - mij ().

When the distribution for Vj(t;;) is discrete, it is possible that Equation 3.3 does not hold,
but this is essentially a tie breaking issue and not hard to fix. Let ¢ > 0 be an extremely small
constant that is smaller than |V;(t;;) — Vi(t;;)| for any t;;,¢;; € T, any i and any j. Let (j
be a random variable uniformly distributed on [0, €], and think of it as a random rebate that
the seller gives to bidder ¢ when she purchases item j. Now we modify the definition of 3;; as
Bij =inf{a = 0: Pry, ¢, [Viltij) + Gij = 2] <b- 3y e, filts) - mij (i)}

Both of the two properties in Lemma 3.6 hold if we replace V;(t;;) with V;(¢;;) + (;j. The only
change we need to make in the mechanism is to actually give the bidders (;; as the corresponding
rebate. Since we can choose € to be arbitrarily small, the sum of the rebate is also arbitrarily
small. For the simplicity of the presentation, we will omit (;; and € in the rest of the paper.
The random rebate indeed makes our mechanism randomized(according to the random variable
Gij ~ [0,€]). However, the randomized mechanism is a uniform distribution of deterministic DSIC
mechanisms (after determining all (;;), and the expected revenue of the randomized mechanism
is simply the average revenue of all these deterministic mechanisms. Therefore, there must be
one realization of the rebates such that the corresponding deterministic mechanism has revenue
above the expectation, i.e., the expected revenue of the randomized one. Thus if the randomized
mechanism is proved to achieve some approximation ratio, there must exist a deterministic one

that achieves the same ratio. The deterministic mechanism will use a fixed value z;; € [0, €] as the
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rebate.

Similarly, the same issue about discrete distributions arises when we define some other crucial
parameters later, e.g., in the Definition of ¢, ¢; and 7;. We can resolve all of them together using
the trick (adding a random rebate) described above, and we will not include a detailed proof for

those cases. O

3.6 Warm Up: Single Buyer

To warm up, we first study the case where there is a single subadditive buyer and show how to
improve the approximation ratio from 338 to 40. Since there is only one buyer, we will drop
the subscript i in the notations. As specified in Section 3.5.3, we use a (3 that satisfies both
properties in Lemma 3.6. For a single buyer, we can simply set 3; to be 0 for all j. We use
SINGLE(M ), NON-FAVORITE(M ) in the following proof to denote the corresponding terms in The-
orem 3.2 for 8 = 0. Notice Réo) = (). Theorem 3.3 shows that the optimal revenue is within a

constant factor of the better of selling separately and grand bundling.

Theorem 3.3. For a single buyer whose valuation distribution is subadditive over independent
items,

REV(M,v,D) < 24-SREV + 16 - BREV

for any BIC mechanism M.

Recall that the revenue for mechanism M is upper bounded by 4 - NON-FAVORITE(M) + 2 -
SINGLE(M) (Theorem 3.2). We first upper bound SINGLE(M) by OPTCOP™S-UD " gQince U(S’B) (t) is
a feasible allocation in the original setting, 1[t € RSB)] . W](-B) (t) with 7756) (t) =D s jes agﬁ) (t) is a
feasible allocation in the copies setting, and therefore SINGLE(M ) is the Myerson Virtual Welfare of

a certain allocation in the copies setting, which is upper bounded by OPTCOP=5-UD ' By [CHMS10],

OPTCOPESUD g at most 2 - SREV.
Lemma 3.7. For any BIC mechanism M, SINGLE(M) < OPTCOP™s-UD < 9. SRRy,

For NON-FAVORITE(M), we will prove the following.
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Lemma 3.8. For any BIC mechanism M, NON-FAVORITE(M ) < 5-SREV + 4 - BREV.

We first bound it by the social welfare from all non-favorite items. Then we decompose the
latter into two terms CORE(M) and TAIL(M ), and bound them separately. For every t € T', define

C(t)={j:V(tj) <c}, T(t) = [m]\C(t). Here the threshold c is chosen as

=inf{z>0: ngr[vuj)m]q . (3.4)

Since v(t,-) is subadditive for all ¢ € T, we have for every S C [m], v(t,5) < v(t,SNC(t)) +
> jesnt) V(tj). We decompose NON-FAVORITE(M) based on the inequality above. Proof of

Lemma 3.9 can be found in Appendix A.3.

Lemma 3.9.

NON-FAVORITE(M) < Z f(t) Z [t € R(B)] o(t, [m]\{j})

tel

<" F(t) - w(t,C(t) (CorE(M))
teT

+y Z f; tj) - V(t;) - Pr3k # 5,V (ts) 2 V(1)) (TATL(M))
JotV(t !

Using the definition of ¢ and SREV, we can upper bound TAIL(M ) with a similar argument as

in [CDW16].
Lemma 3.10. For any BIC mechanism M, TAIL(M) < 2-SREV.

Proof. Since TAIL(M) = 3, Zt-:V t)ze fi(tj) - V(ty) - Pry_, [3k # 4,V (tx) > V(t;)], for each type
t; € T; consider the mechanism that posts the same price V(¢;) for each item but only allows
the buyer to purchase at most one. Notice if there exists k # j such that V(ty) > V(¢;), the
mechanism is guaranteed to sell one item obtaining revenue V'(¢;). Thus, the revenue obtained by
this mechanism is at least V'(t;) - Pr;_; [3k # j, V(tx) > V(t;)]. By definition, this is no more than

SREV.
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TAIL(M) <> > f(t;)- SREV=2- SREV (3.5)
J t;:V(tj)>c

The last equality is because by the definition of ¢, }_; Pry[V(¢;) > | = 2.9 O

The CORE(M) is upper bounded by E.[v'(t,[m])] where v/(t,S) = v(t,S N C(t)). We argue
that v/(¢,-) is drawn from a distribution that is subadditive over independent items and v'(-, )
is c-Lipschitz (see Definition 3.4). Using a concentration bound by Schechtman [Sch03], we show
E¢[v'(t,[m])] is upper bounded by the median of random variable v'(¢, [m]) and ¢, which are upper

bounded by BREV and SREV respectively.
Lemma 3.11. For any BIC mechanism M, CORE(M) < 3-SREV + 4 - BREV.

Recall that
CORE(M) =Y f(t) - v(t,C(t)) (3.6)

teT
We will bound CORE(M) with a concentration inequality from [Sch03]. It requires the following

definition:

Definition 3.4. A function v(-,-) is a-Lipschitz if for any type t,t' € T, and set X, Y C [m],
[v(t, X) —v(t",Y)| <a- (IXAY|+ [{j € XNY :t; £ 1}}]),

where XAY = (X\Y)U (Y\X) is the symmetric difference between X and Y.

Define a new valuation function for the bidder as v/(t,.S) = v(t,SNC(t)), for all t € T and S C
[m]. Then v'(-,-) is c— Lipschitz, and when ¢ is drawn from the product distribution D = [[; Dy,
v/(t,-) remains to be a valuation drawn from a distribution that is subadditive over independent

items. See Appendix A.3 for the proof of Lemma 3.12 and Lemma 3.13.

Lemma 3.12. For all t € T, V'(t,-) satisfies monotonicity, subadditivity and no externalities

defined in Definition 2.1.

9. This clearly holds if V(¢;) is drawn from a continuous distribution. When V(¢;) is drawn from a discrete
distribution, see the proof of Lemma 3.6 for a simple fix.
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Lemma 3.13. v'(-,-) is ¢— Lipschitz.

Next, we apply the following concentration inequality to derive Corollary 3.1, which is useful

to analyze the CORE(M).

Lemma 3.14. [Sch03] Let g(t,-) with t ~ D = [[; D; be a function drawn from a distribution
that is subadditive over independent items of ground set I. If g(-,-) is c-Lipschitz, then for all
a>0,ke{l,2,..,|I|},q €N,

P;r[g(t, I>(@+1a+k-< f;r[g(t,I) <al g7k

Corollary 3.1. Let g(t,-) witht ~ D = Hj Dj be a function drawn from a distribution that is
subadditive over independent items of ground set I. If g(-,-) is c-Lipschitz, then if we let a be the

median of the value of the grand bundle g(t,1), i.e. a =inf {z > 0: Pr[g(¢,I) < z] > %},

ylg(t, T)] < 2a + %

Proof. Let Y be g(t,I). If we apply Lemma 3.14 to the case where a is the median and g = 2, we

have

o

Pr[Y > 3a]- B,[Y[Y > 3a] = 3 - Px{Y > 3d] +/ PrlY > 3a + yldy

y=0
1
< 3a- Pr[y > 3q] +C-ZP;r[Y23a+k-c] (Y <|I]-¢)
k=0
2 1]
—k
< 3a- Pry > 3q] +c-kZOPtr[Y >al+c- ;34-2 (Lemma 3.14)

< 3a~fzr[Y > 3a) + gc

60



With the inequality above, we can upper bound the expected value of Y.

EJY]<a- Ptr[Y <a]+3a- Ptr[Y € (a,3a)] + Ptr[Y > 3a) - B, [YY > 3a]

N Ot

§a-Ptr[Y§a]+3a-l:;r[Y6 (a,3a)]+3a-Ptr[Y23a]+fc
5
:a—i—Qa-Ptr[Y>a]+§c

5
<2 —
< a—|—2c

Now, we are ready to prove Lemma 3.11.
Proof of Lemma 3.11: Let § be the median of v/(¢,[m]) when ¢ is sampled from distribution D.
Now consider the mechanism that sells the grand bundle with price . Notice that the bidder’s
valuation for the grand bundle is v(t, [m]) > v'(¢, [m]). Thus with probability at least 3, the bidder
purchases the bundle. Thus, BREvV > %5 .

According to Corollary 3.1,

CORB(M) = Eyop[v/(t, [m])] < 26 + % (3.7)

It remains to argue that the Lipchitz constant ¢ can be upper bounded using SREvV. Notice

that by AM-GM Inequality,

Pr(dje[m],V(t;) > =1~ HItDjr[V(tj) < d

_ (EjPrtj[:;(tj) = C])m =1-(1- %)m >1-e’

>1

Consider the mechanism that posts price ¢ for each item but only allow the buyer to purchase

one item. Then with probability at least 1 — e~2, the mechanism sells one item obtaining expected

1
1—e—2

revenue (1 —e~2)-c. Thus ¢ < - SREV. Inequality (3.7) becomes
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)
CORE(M) < 20 + EC < 4-BREV + 3 SREV (3.8)

O

Proof of Theorem 3.3: Since OPTCOP™-UD < 99REv (Lemma 3.7) and NON-FAVORITE(M) <
5SREV + 4BREV (Lemma 3.10 and 3.11), REV(M,v, D) < 24 - SREV + 16 - BREV according to

Theorem 3.2. O

3.7 Multiple Buyers

In this section, we prove our main result — simple mechanisms can approximate the optimal BIC
revenue even when there are multiple XOS/subadditive bidders. First, we need the definition of

supporting prices.

Definition 3.5 (Supporting Prices [DNS05]). For any o« > 1, a type t and a subset S C [m],

prices {pj}jes are a-supporting prices for v(t,S) if (i) v(t,S") > > ;e p; for all 8" C S and (ii)

v(t,S)
djesPi =~

Theorem 3.4. If for any buyer i, any type t; € T; and any bundle S € [m], v;(t;,S) has a set of

a-supporting prices {0f(ti)}j65, then for any BIC mechanism M and any constant b € (0,1),

8 16 96
REV(M,v, D) < 32a - APOSTENREV 124+ —— . - POSTREV
EV(M,v,D) < 32« T E—|—< +1_b+a (b(l—b)+1—b>> TRE
If vi(t;,-) is an XOS valuation for all i and t; € T;, then oo = 1. By setting b to i, we have
REV(M,v,D) < 236 - POSTREV 4 32 - APOSTENREV.

For general subadditive valuations, oo = O(log(m)) by [BR11], hence

REV(M, v, D) < O(log(m)) - max{POSTREV, APOSTENREV}.
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Here is a sketch of the proof for Theorem 3.4. We show how to upper bound SINGLE(M, 3)
in Lemma 3.15. Then, we decompose NON-FAVORITE(M, ) into TAIL(M, 3) and CORE(M, 3)
in Lemma 3.16. We show how to construct a simple mechanism to approximate TAIL(M, ) in

Section 3.7.1 and how to approximate CORE(M, /3) in Section 3.7.2.
Analysis of Single(M, 3):

Lemma 3.15. For any mechanism M,
SINGLE(M, §) < OPTCOrE-UD < 6. PosTREV.

Proof. We construct a new mechanism M’ in the copies setting based on M. Whenever M (P
allocates item j to buyer ¢ and ¢; € RJ(»B ), M’ serves the agent (i, 7). Since there is at most one R;ﬁ )
that ¢; belongs to, M’ serves at most one agent (i, ) for each of buyer i. Hence, M’ is feasible in
the copies setting, and SINGLE(M, 3) is the expected Myerson’s ironed virtual welfare of M’. Since
every agent’s value is drawn independently, the optimal revenue in the copies setting is the same
as the maximum Myerson’s ironed virtual welfare in the same setting. Therefore, QPTCOPEs-UD g
no less than SINGLE(M, f3).

As showed in [CHMS10,KW12], a simple posted-price mechanism with the constraint that every

buyer can only purchase one item, i.e., an RSPM, achieves revenue at least OPTC°"™-UP /6 in the

original setting. Hence, OPTCOP™5-UD < 6. PosTREV. O
Core-Tail Decomposition of Non-Favorite(M, 3): we decompose NON-FAVORITE(M, /3) into
two terms TAIL(M, ) and CORE(M, 5)'°. First, we need the following definition.
Definition 3.6. For every buyer i, let ¢; := inf {z > 0 : > Pre; [Viltyy) = Bij + 2] < 3}. For
every t; € Ty, let Ti(t;) = {j | Vi(tij) > Bij + i} and Ci(t;) = (m]\Ti(t;).

Since v;(t;,-) is subadditive for all ¢ and t; € T;, we have v;(t;,S) < wv; (t;,SNCi(t;)) +

> jesnTi(t Vi(ti;).  The term NON-FAVORITE(M, 3) can be decomposed into TAIL(M,3) and

10. In [CDW16], NON-FAVORITE is decomposed into four different terms UNDER, OVER, CORE and TAIL. We
essentially merge the first three terms into CORE(M, 3) in our decomposition.
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CORE(M, ) based on the inequality above. The complete proof of Lemma 3.16 can be found

in Appendix A.4.

Lemma 3.16.

NON-FAVORITE(M, f3)

< Z ; filti) Z O-z(g) (ti) - vi(ti, S N Ci(ti)) (Corg(M, B))

SC[m]

2.2 2 fulty) Vilta) - D PriVitta) = B 2 Vilty) — Bl (TaIL(M, B))
i g tigVi(tig) 2B +ei Kt "

3.7.1 Analyzing Tail(M, 3) in the Multi-Bidder Case

In this section we show how to bound TAIL(M, §) with the revenue of an RSPM.
Lemma 3.17. For any BIC mechanism M, TAIL(M, 3) < % - POSTREV.

We first fix a few notations. Let

Bij € argmaxys., (¢ + i) - Pr[Vi(ti;) — Bij = ],
ij

rig = (P + Big) - PriViltiy) = Bij 2 Pig] = max(w + i) - PriVi(tiy) = B = 2],

r, = Zj rij, and v = Y .r;. We show in the following Lemma that r is an upper bound of

TaAIL(M, ).

Lemma 3.18. For any BIC mechanism M, TAIL(M,3) < r.
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Proof.

TAIL(M, B) < ZZ Z fij(tij> (51] + Cz ZPI' z sz > Vz( zg) /81]]

it Viti) 2Bt

+ ZZ Z fij(tij) (Vi( 5@3 ZPI“ — Bir > Vi(t U) BZJ]

gt Vi(tig)>Bij+c k#j
1
§§ : Z Z Z fij(tij) - (Bij + ¢i) (Definition of ¢; and V;(t;;) > Bij + ¢;)
gt Vitig) 2Bt
+ Z Z Z fij (tij) . Z Tik (Deﬁnition of r;;. and ‘/;(tlj) > ﬁij + Ci)

o tyVi(ti)2Bite k#j

1
S5 ZZPr i(tiy) = Bij + ci] - (B + ¢i) +ZT’ ZPr i(ti) = Bij + ci

Z Z rij + Z r; (Definition of r;; and ¢;)

<

l\.')\r—t

I
i

In the second inequality, the first term is because V;(tij) — Bij > ¢;, s0

ZPI" — Bir, > V tz] 51] < ZPI — Bir > Cz] < 1/2
k#j

The second term is because for any t;; such that Vi(t;;) > B8 + ¢,

(Vi(tiz) — @g)};f Viltie) = Bix > Vi(ti;) — Bij] < (Bar + Vi(tsj) — ﬁzg)};f Vi(tin) — Bi > Vi(tij) — Bij] < rik.

O]

Next, we argue that r can be approximated by an RSPM. Indeed, we prove a stronger lemma,

which is also useful for analyzing CORE(M, f3).

Lemma 3.19. Let {:rij}z-e[n}’je[m] be a collection of non-negative numbers, such that for any buyer
i

ZPT z Z] >1:1J+B7,j]<]-/2
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then

2

Z Z(iﬂz’j + Bij) - Pr Vi(tij) > xij + Biz] < -3 POSTREV.
. . ¥ -

1 J

Proof. Consider a RSPM that sells item j to buyer 4 at price §;; = ;; + 3;;. The mechanism visits
the buyers in some arbitrary order. Notice that when it is buyer ¢’s turn, she purchases exactly
item j and pays x;; + (3;; if all of the following three conditions hold: (i) j is still available, (ii)
Vi(tij) > 45 + Bij and (iil) V& # j, Vi(ti) < @i + Bik. The second condition means buyer 4 can
afford item j. The third condition means she cannot afford any other item k # j. Therefore, buyer
i’s purchases exactly item j.

Now let us compute the probability that all three conditions hold. Since every buyer’s valuation
is subadditive over the items, item j is purchased by someone else only if there exists a buyer k # ¢
who has Vi, (tx;) > &k;. Because x; > 0 for all k, by the union bound, the event described above
happens with probability at most 3, ,; Pry,; [Vi(tk;) = Bx;], which is less than b by property (i) of
Lemma 3.6. Therefore, condition (i) holds with probability at least (1 —b). Clearly, condition (ii)
holds with probability Pry, [Vi(ti;) > i + B8i;]. Finally, condition (iii) holds with at least probabil-
ity 1/2, because according to our assumption of the x;;s, the probability that there exists any item
k # j such that V;(t;x) > 2 + Bik is no more than 1/2. Since the three conditions are independent,

buyer 7 purchases exactly item j with probability at least @ - Pry,; [Vi(tij) = @ij + Bij]. So the

expected revenue of this mechanism is at least (1;b) >0 2o (Bijtaig) - Preg; [Vi(tiy) > @iy + By). O

Proof of Lemma 3.17: Since P;; > ¢;, it satisfies the assumption in Lemma 3.19 due to the choice

of ¢; . Therefore,

2
r= E (Bl] + PZ]) . t~I~“ [V;(t”) > P + /BU] < 1-b° PosTREV. (3.9)
. ij
i,J

Our statement follows from the above inequality and Lemma 3.18.0

We have done the analysis for TAIL(M, 3). Before starting the analysis for CORE(M, 3), we

show that r; is within a constant factor of ¢;. This Lemma is useful for bounding CORE(M, 3).

Lemma 3.20. For alli € [n], r; > % ccpand ) ;)2 < % - POSTREV.
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Proof. By the definition of P;;,

Ty = Z B’L] + R] PI“[ z( ) Bzg Z /813 + Cz [‘/z(tlj) - Bij > Ci]
J

1
>ZC'L PI‘ z Bz]>cz]25 C;

The last inequality is because when ¢; > 0, 3=, Pry,; [Vi(ti;) > Bij + ¢] is at least T AsY¢/2< T,

by Inequality (3.9), >, ¢i/2 < 7% - POSTREV. O

3.7.2 Analyzing Core(M, §) in the Multi-Bidder Case

In this section we upper bound CORE(M, ). Recall that

Core(M,8) =3 N filt)- > olg (t:) - vilti, SN Ci(t:))
i tEeT; SC[m)]
We can view it as the welfare of another valuation function v" under allocation o(®) where v/(t;, S) =
vi(ti, SN Ci(t;)). In other words, we “truncate” the function at some threshold, i.e., only evaluate
the items whose value on its own is less than that threshold. The new function still satisfies
monotonicity, subadditivity and no externalities.
We first compare existing methods for analyzing the CORE with our approach before jumping

into the proofs.

Comparison between the Existing Methods and Our Approach

As all results in the literature [CHMS10, Yaol5, CDW16, CM16] only study special cases of con-
strained additive valuations, we restrict our attention to constrained additive valuations in the
comparison, but our approach also applies to XOS and subadditive valuations.

We compare our approach to the state of the art result by Chawla and Miller [CM16]. They
separate CORE(M, /) into two parts: (i) the welfare obtained from values below 3, and (ii) the

welfare obtained from values between 8 and 3 + c¢''. It is not hard to show that the latter can be

11. In particular, if bidder i is awarded a bundle S that is feasible for her, the contribution for the first part is
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upper bounded by the revenue of a sequential posted price with per bidder entry fee mechanism.
Due to their choice of 8 (similar to the second property of Lemma 3.6), the former is upper bounded
by ZZ ; Bij Py, [tij > PBij]. It turns out when every bidder’s feasibility constraint is a matroid, one

can use the OCRS from [FSZ16] to design a sequential posted price mechanism to approximate this

expression. However, as we show in Example 3.1, ZZ ; Bij - Pry; [tij > PBi;] could be (1@1) times
larger than the optimal social welfare when the bidders have general downward closed feasibility
constraints. Hence, such approach cannot yield any constant factor approximation for general
constrained additive valuations.

As explained in the intro, we take an entirely different approach. We first construct the posted
prices {Q;} je[m) for our ASPE (Definition 3.7), Feldman et al. [FGL15] showed that the anonymous
posted price mechanism with these prices achieves welfare Q (CORE(M, 3)). If all bidders have val-
uations that are subadditive over independent items, for any bidder ¢ and any set of available items
S, i’s surplus for S under valuation vj(t;, -) (mazgics vi(ti, S') — > e Q5) is also subadditive over
independent items. According to Talagrand’s concentration inequality, the surplus concentrates
and its expectation is upper bounded by its median and its Lipschitz constant a. One can extract
at least half of the median by setting the median of the surplus as the entry fee. How about the
Lipschitz constant a? Unfortunately, a could be as large as %maxje[m]{ﬁij + ¢i }, which is too large
to be bounded.

Here is how we overcome this difficulty. Instead of considering v/, we construct a new valuation
© that is always dominated by the true valuation v. We consider the social welfare induced by
o®) under % and define it as (m(M,ﬁ). In Section 3.7.2, we show that @(M, B) is not too
far away from CORE(M, 3), so it suffices to approximate C/OEE(M, B) (Lemma 3.26). But why
is (%R\E(M ,B) easier to approximate? The reason is two-fold. (i) For any bidder i and any set
of available items S, bidder i’s surplus for S under v;(t;,-) (defined as p;(¢;, S) in Definition 3.10,
which is mazsics 0i(ti, ') — 32 ;c Qj), is not only subadditive over independent items, but also
has a small Lipschitz constant 7; (Lemma 3.27). Indeed, these Lipschitz constants are so small

that >, 7; and can be upper bounded by POSTREV (Lemma 4.24). (ii) If we set the entry fee

> jesmin{Bij, ti;} - L[ti; < Bij + ci] and the contribution to the second part is 3, ¢ (tij — Bi)tT L[ty < By + i
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of our ASPE to be the median of p;(¢;,S) when t; is drawn from D;, using a proof inspired by
Feldman et al. [FGL15], we can show that our ASPE’s revenue collected from the posted prices
plus the expected surplus of the bidders (over the randomness of all bidders’ types) approximates
C/OE«](M ,3) (implied by Lemma 3.28). Again by Talagrand’s concentration inequality, we can
bound bidder i’s expected surplus by our entry fee and 7; (Lemma 3.30). As ¢ is always smaller
than the true valuation v, thus for any type t; of bidder ¢ and any available items .S, the surplus
for S under v;(t;,-) must be larger than p;(t;,.S), and the entry fee is accepted with probability
at least 1/2. Putting everything together, we demonstrate that we can approximate CORE(M, 3)
with an ASPE or an RSPM (Lemma 3.31).

Construction of E(E(M, B)

We first show that if for any ¢ and ¢; € T; there is a set of a-supporting prices for v;(t;,-), then

there is a set of a-supporting prices for v}(t;, -).

Lemma 3.21. If for any type t; and any set S, there exists a set of a-supporting prices {st(ti)}jeg

for vi(t;,-), then for any t; and S there also exists a set of a-supporting prices {vjs(ti)}jes for

SNC; (tl)
J

/

v;(ti, ). In particular, ’yJS(ti) =40 (t;) if 5 € SNCi(t;) and 'yjs(ti) = 0 otherwise. Moreover,

V5 (ti) < Vilti) - 1[Vi(tij) < Bij + i) for all i, ti, j and S.
Proof. Tt suffices to verify that {’yf(ti)}jes satisfies the two properties of a-supporting prices. For

any S’ C S, 8" NC;(t;) € SNCi(t;). Therefore,

vt ) = uilts, S NGE) > Y 0wy = S AP =Y Af )

JES'NC; (t:) JES'NC; (t:) jes’

The last equality is because wf(ti) =0 for j € S\Ci(t;). Also, we have

SNC;i (4 v;(t;, SN Ci(t; Ué t;, S
S = Y ety > e S060D)  ulted
JES JESNC;(ts)

Thus, {7]5 (ti)}jes defined above is a set of a-supporting prices for v}(t;,-). Next, we argue

that 75 (t;) < Vi(tiy) - 1[Vi(tij) < Bij + ¢i] for all i, t;, j € S. I Vi(tij) > Bij + ci, § & Cilti), by
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definition 7} ¥(t;) = 0. Otherwise if V;(t;;) < Bij + ¢, then {5} C SN C;(t;), by the first property of

a-supporting prices, ; S(t;) < it {5}) = Viltiy)- O
Next, we define the prices of our ASPE.

Definition 3.7. We define a price Q; for each item j as follows,

ZZfzz Z ()73()

i t,€T; S:jes

where {’yf(ti)}jes are the a-supporting prices of vi(t;,-) and set S for any bidder i and type t; € T;.

CORE(M, 3) can be upper bounded by > jem) @j- The proof follows from the definition of

a-supporting prices (Definition 3.5) and the definition of @; (Definition 3.7).

Lemma 3.22. 2a- )0, Q; = CORE(M, ).

Proof.
CORE M ,8 Z Z fz z Z Ufg)(tz) vzl(tlaS)
i tET; SCm]
<a YN ) Y o) Y S )
i GET; SClm)| JjeS
= Q- ZZZfzz Z ()/7]()
jEmM] 1 tHET; S:jeS
=2 - Z Q,
j€[m]

O

In the following definitions, we define (%EE(M , ) which is the welfare of another function ©

under the same allocation o(®).

Definition 3.8. Let

=inf{x >0: ZPr i(tij) > max{B;;,Q; +x}] < 3

and define A; to be {j | Bi; < Qj + 7}

70



Definition 3.9. For every buyer i and type t; € T;, let Yi(t;) = {j | Vi(ti;) < Q; + 7},
0;(ts, S) = vi (3, SN Yi(ts))

and

for any set S € [m]. Moreover, let

COREMﬂ ZZfz z Z thS)

i ;€T SC[m

In the next two Lemmas, we prove some useful properties of ;. In particular, we argue that

Zz‘e[ | Ti can be upper bounded by = - POSTREV (Lemma 4.24).

Lemma 3.23.

ZZmaX {Bij, Qj + 7} - Pr[ Vi(tij) > max {f;;,Q; + 7} < %b - POSTREV

Proof. According to the definition of 7;, for every buyer i, >, Pry,; [Vi(ti;) > max{B;;, Q; + 7} =

%, and max{f;;, Q; + 7} > fij. Our statement follows directly from Lemma 3.19. O

Lemma 3.24.
4
; < —— - POSTREV.
Z Ti > 1—-b

i€[n]

Proof. Since (); is nonnegative,

ZZmaX{BZ]7QJ+Tl} Pr[Vi(ti;) > max{B;;,Q; + 7} 2 ZTl ZPr i(tij) > max{B;, Q; + i} -

%

According to the definition of 7;, when 7 > 0,

Z Pl“ tZJ > maX{Bzg; Qj + Tl}]

71



Therefore, ;1 7o < 4 - POSTREV due to Lemma 3.23. O

In the following two Lemmas, we compare C/O?E(M,B) with CORE(M, 3). The proof of

Lemma 3.25 is postponed to Appendix A.4.

Lemma 3.25. For every buyer i, type t; € T;, 0;(t;, ) satisfies monotonicity, subadditivity and no

externalities. Furthermore, for every set S C [m] and every subset S’ of S, 9;(t;, ") > 3 ’yf(tz)

Lemma 3.26. Let
1 A
=3 20> filt) Y0 ol (1) A4 (k).
i t;eT; S]GS

Then,
Q; > Qj, for all j € [m) and
(b+1)
Z Qi< ) Qi+ ) - POSTREV.
j€[m] j€[m]
Proof. From the definition of Qj, it is easy to see that Q); > Qj for every j. So we only need to

argue that Y01 Q) < D Q;+ 4 ?;Flg) POSTREV.

Z@J) DI IDIF O SRSAONCHOEL (D)

i 7 GEeT; S:jeSs

S% : ZZ Z fi(ti) - Z ( i) (rBZJ T[Vi(t l]) > Qj + 7] +ci- 1 [Vi(tij) > maX{Qj +Ti75ij}])

7 7 tEeT; S:jes
ZZ D fulta) w6 - (Big - L [Viltyy) > Qg + 7] + i - 1 [Vitiy) > max{Q; + 7, Bis}])
i 7 tEeT;

(3.10)
This first inequality is because vf (t;) — fyf (t;) is non-zero only when Vj(t;;) > Q; + 7;, and
the difference is upper bounded by £;; when V;(t;;) < B;; and upper bounded by 3;; + ¢; when

Viltiz) > Bij-
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We first bound Z Z Zt,ET fz( z) ( ) Bl] [ z( 1]) > Q] +TZ]

Zzzf’ i ) ﬁlﬂ [Z( zJ)>Qg+Tz]

) 7 tEeT;

<ZZ/8U Zfz i z z] >Q]+Tz +ZZﬁm Zfz i zy 1)
i JEA; t, €Ty 1 jgA; t,€T;

<Z Z /Bzg ?Jr i zg > Q] +7—1 + Z Z BZ] Er 2( l]) > BU]/b (3‘11)
1 JEA; T jEA;

<(1/b) - ZZmaX{ﬁU,QJ + 7} Pl"[ i(tij) > max{Bi;, Q; + 7}

Sm -PosTREV

The set A; in the first inequality is defined in Definition 3.8. The second inequality is due to
property (ii) in Lemma 3.6. The third inequality is due to Definition 3.8 and the last inequality is

due to Lemma 3.23.

Next, we bound 3, 3 5, g fite) - 75 () - ¢ - LVi(ty;) > max{Q; + 73, Bis}.

SOSTST st ) () - e 1Vilty) > max{Q; + 7, Bis}]

i § el
<chzzf7' ¢ l 7,])>H1&X{Q]—|—TZ,BUH
<ZC’ZPY ( l] >maX{Q]+TZwBU}] (3.12)
SZCz’/2

< 2
=a-b)

- POSTREV

The last inequality is due to Lemma 3.20. Combining Inequality (3.10), (3.11) and (3.12), we

have proved our claim. ]

By Lemma 3.22, Zje[m} Qj < CORrRE(M, 3)/2a. Hence, Lemma 3.26 shows that to approximate
CORE(M, 3), it suffices to approximate (%EE(M, B). Indeed, we will use Zje[m] Qj as an proxy
for CORE(M, ) in our analysis of the ASPE.
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Design and Analysis of Our ASPE

Consider the sequential post-price mechanism with anonymous posted price @; for item j. We visit
the buyers in the alphabetical order'? and charge every bidder an entry fee. We define the entry

fee here.

Definition 3.10 (Entry Fee). For any bidder i, any type t; € T; and any set S, let

pi(ti, S) = max UZ (ti, ") Z Q]

S'CS
jeSs’

For any type profile t € T and any bidder i, let the entry fee for bidder i be
0;(Si(t<i)) = MEDIANy, [u; (t;, Si(t<i))] 2,

where S1(t<1) = [m] and S;(t<;) is the set of items that are not purchased by the first i — 1 buyers
in the ASPE, when buyer {’s valuation is ve(tg,-) for all ¢ < i. Notice that even though the seller
does not know t;, she can compute the entry fee 0;(S;(t<;)), as she observes S;(t<;) after visiting

the first i — 1 bidders.

In Lemma 3.27, we show that 7; is the Lipschitz constant for y;(-,-) and the proof is postponed

to Appendix A.4. Moreover, ), 7; is upper bounded by %—b - POSTREV due to Lemma 4.24.

Lemma 3.27. For any i, the function p;(-,-) is 7;-Lipschitz. Moreover, for any type t; € T;,

wi(ti, ) satisfies monotonicity, subadditivity and no externalities.

The following Lemma is crucial for our proof. We show that in expectation over all type profiles,
we can lower bound of the sum of p;(¢;, Si(t<;)) for all bidders. In particular, this lower bound
plus our ASPE’s revenue from the posted prices already approximates C/OHE(M ,3). The proof is

inspired by Feldman et al. [FGL15]. Note that p;(t;, Si(t<;)) is a lower bound of the real surplus

12. We can visit the buyers in an arbitrary order. We use the the alphabetical order here just to ease the notations
in the proof.

13. Here MEDIAN,[h(z)] denotes the median of a non-negative function h(x) on random variable z, i.e.
MEDIAN, [h(z)] = inf{a > 0 : Pro[h(z) < a] > 1}
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of buyer i for set Si(t<;). We choose to analyze the sum of p;(¢;,S;(t<;)) because p;(-,-) has a
small Lipschitz constant, which allows us to approximate p;(t;,S;(t<;)) with buyer i’s entry fee

Mz(Sz(t<z)) and Ti-

Lemma 3.28. For all j, let Q; (Definition 3.7) be the price for item j and every bidder’s entry
fee be described as in Definition 3.10. For every type profile t € T, let SOLD(t) be the set of items

sold in the corresponding ASPE when buyer i’s valuation is vi(t;,-). Then

Ee | > i (ti, Sites))| > ZPZI"U ¢ SOLD(#)] - (2Q; - @)
i€[n] J
(2b + 2)

m - PosTREV

> Y Prlj ¢ SOLD()] - Q; —

JE€m|
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Proof.

E,

Z i (ti, Si(t<i))]
> ZEti,t_i,t’_i —Mi (tm Si(t<i) N Mi(ﬁ) (t;, tl,i)ﬂ

. M(B)(tl,t/ ) +
> B, > 1[jeSi(tw)]: <% (ti) — Qj)

_jeMz‘(B) (tivt,—i)

M(B) tz,t/ +
“SEe | X pestl (370 -0)

<1
jeMP (it )

=B, | Y o) Yo Prlie Sit<]- (3 (8) - Q)
i | SC[m] jeS

=Y | X Prlie Sita]- Y ol ) (3 (1) - @)
7 je[m] S:jES

=33 Pl e Sitta)) - En | Y0 o) () - @)
tog

S:jes
> Z Z Pr[j ¢ SOLD(1)] - Ey, SZS D) () - Q)"
? J 1S

>ZPr ¢ SOLD() ZZfH > o) (35 ) - Q)

S:jes

t"_; are fresh samples drawn from D_;. The first inequality is because the p;(t;,S) function

. M-w)(ti,t/ ) +
is monotone in set S for any ¢ and type t; € T;. We use ('ij : () — Qj) to denote
M(B)(t t ) . . (6) ,
max 4 4; (ti) — Q;,0 . If we let S be the set of items that are in S;(t<;) "M, (¢;,t"_;) and

: M (3
satisfy that ¥ (tit)

M (1)
Z]’ES j

exactly the second inequality above. The next equality is because S;(t<;) only depends on the types

(t;) — Q; = 0, then p; (tiaSi(t<i) N Mi(ﬂ)(tivt,—i)) > 0(ti, S) — Djes Qj =

(t;) — Qj> due to the definition of y;(t;,-) and Lemma 3.25. This inequality is

of bidders other than i. The second last inequality is because Pr;_,[j € S;(t<;)] > Pr[j ¢ SOLD(¢)]

for all j and 4, as the LHS is the probability that the item is not sold after the seller has visited the
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first ¢ — 1 bidders and the RHS is the probability that the item remains unsold till the end of the
mechanism. Now, observe that >, >, fi(ti) - g jcs afg) (t;) ’yjs(tz) = QQ]- for any j according to

the definition in Lemma 3.26. Therefore,

> Prlj ¢ SOLD®)] YY" filt) - > old () - (37 (8) — Q)

j it S:jes
>3 Plj ¢ SOLD(H] - (2 - @)
J

=" Pxfj ¢ SOLD(#)] - ZPrj ¢ SOLD(1)] - 2(Q; — Q)

J

> ZPr j ¢ SOLD(t ZQ Q)  (Due to Lemma 3.26, Q; — Qj > 0 for all 7)
J
, (2b+ 2)
> O N
_Zgr[j ¢ SOLD()] - Q; — 3 a0 POSTREV ~ (Lemma 3.26)

J
O

Since entry fee in the ASPE for every bidder as the median of her utility over the available items
under . Clearly, bidders accept the entry fee with probability at least 1/2, as their true utilities
(under v) are always higher than their utilities under 9. Combining the concentration property
of the utility under © and Lemma 3.28, we can argue that the total revenue from our ASPE is

comparable to &)EE(M ,B), and therefore is comparable to CORE(M, 3).

Lemma 3.29. For all i and t-;, bidder i accepts 6;(t<;) with probability at least 1/2 when t; is

drawn from D;. Moreover,

) - POSTREV.

1 5 (b+1)
p S 1 _
APOSTENREV > 1 ;Q] <2(1 —b) . 2b-(1—0)

Proof. For any bidder i, type t; € T; and any set S, define bidder i’s utility as wu;(t;,S) =

maxgcs (vi(ti, S') — > jes Qj). Clearly, u;(t;, S) > pi(t;, S) for any type t; and set S. For any t;,

as long as u;(t;, Si(t<i)) > 0;(Si(t<i)), buyer i accepts the entry fee. Since §;(S;(t<;)) is the median
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of pi(ti,t<i), wi(ti, Si(t<i)) > 0i(Si(t<i)) with probability at least 1/2 when ¢; is drawn from D;.
So the revenue from entry fee is at least 1 - >, E;_, [0; (Si(t<:))] .
For any ¢ and t-;, by Lemma 3.27 and Corollary 3.1, we are able to derive a lower bound for

i (Si(t<i)), as shown in Lemma 3.30.

Lemma 3.30. For all i and t-;,
5T;
265 (Sit<i)) + == 2 By, [ps (13, Si(t<a))] -

Proof. Tt directly follows from Lemma 3.27 and Corollary 3.1. For any ¢ and t;, let S;(t<;)
be the ground set I. Therefore, u;(t;,-) with ¢; ~ D; is a function drawn from a distribu-
tion that is subadditive over independent items. Since, p;(+,-) is 7;-Lipschitz and §;(S;(t<;)) =

MEDIANy, [ (ti, Si(t<i))],
20; (Si(t<i)) + 577 > By, [ (ti, Si(t<i))] -

O

Back to the proof of Lemma 3.29. According to Lemma 3.30, the revenue from the entry fee is

at least i iy (s, Si(t<i))] — % - >, Ti, which is equal to % Y By [pi(ti, Si(t<i))] — % > i i
Combining Lemma 4.24 and Lemma 3.28, we can further show that the revenue from the entry

fee is at least %Zj Prjj ¢ SOLD(t)] - Q; — (ﬁ + %)POSTREV. Since the revenue from

the posted prices is exactly >, Pri[j € SOLD(#)] - Q;, the total revenue of the ASPE is at least

b1
1 20— (2(15_5) T 215-(1—)1))) - POSTREV. -

Combining everything together, we have the main result of Section 3.7.2.

Lemma 3.31. For any BIC mechanism M,

6 1
1—b  b(1—0)

CoRE(M, B) < 8a - APOSTENREV + 4« ( > POSTREV.

Proof. 1t follows directly from Lemma 3.22 and 3.29. O
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Now, we have upper bounded SINGLE(M, ), TAIL(M, 3) and CORE(M, ) using the sum of
the revenue of simple mechanisms (RSPM and ASPE). Combining these bounds, we complete the

proof of Theorem 3.4.

Proof of Theorem 3.4: The proof follows from combining Theorem 3.2, Lemma 3.15, 3.16, 3.17
and 3.31. O

3.7.3 Bad Example for Chawla and Miller’s Approach

Let bidders be constrained additive and F; be bidder i feasibility constraint. We use Pr, =
conv({1°]S € F;}) to denote the feasibility polytope of bidder 4. Let {4ij}ien),jepm) be a collection
of probabilities that satisfy ) .¢;; < 1/2 for all item j and q; = (gi1,.--,¢m) € b- Pr,. Let
Bij = Figl(qij). The analysis by Chawla and Miller [CM16] needs to upper bound Z” Bij - 4ij
using the revenue of some BIC mechanism. When F; is a matroid for every bidder 4, this expression
can be upper bounded by the revenue of a sequential posted price mechanism constructed using
OCRS from [FSZ16]. Here we show that if the bidders have general downward closed feasibility

constraints, this expression is gigantic. More specifically, we prove that even when there is only

Jm

logm

one bidder, the expression could be ( ) times larger than the optimal social welfare.

Consider the following example.

Example 3.1. The seller is selling m = k? items to a single bidder. The bidder’s value for each

item is drawn i.i.d. from distribution F', which is the equal revenue distribution truncated at k, i.e.,
1-— %, if x<k
1, if v=k

Items are divided into k disjoint sets A, ..., A, each with size k. The bidder is additive subject to

feasibility constraint F = {S C [m]|Ti € [k], S C A;}.

Lemma 3.32. Let Pr = conv({1%|S € F}) be the feasibility polytope for the bidder in Example 3.1.

Let SW be the optimal social welfare. Then for any constant b > 0, there exists ¢ € b - Pr such
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that for sufficiently large k,

k

Lol g =

J€[m]

)- SW

Proof. For any b > 0, consider the following feasible allocation rule: w.p. (1 — b), don’t allocate
anything, and w.p. b, give the buyer one of the sets A; uniformly at random. The corresponding
ex-ante probability vector ¢ satisfies ¢; = %,Vj € [m]. Thus g € b-Pr. Since ¢; < %, F_l(l—qj) =k
for all j € [m]. We have 3 _,c(. q; F71(1—-¢;) = k%2 -k =b-k% We use V; to denote the random

variable of the bidder’s value for set A;. It is not hard to see that SW = E[max;c[y Vil.

Lemma 3.33. For any i € [k],
Pr[V; >3- klog(k)] < k=3

Proof. Let X be random variable with cdf F. Notice E[X] = log(k), E[X?] = 2k, and |X| < k.

For every i, by the Bernstein concentration inequality, for any t > 0,

1,2
Pr[V; — klog(k) > t] < exp __3"
2k2 + $kt

Choose t = 2k log(k), we have
Pr[V; > 3klog(k)] < exp(—3log(k)) = k3

O]

By the union bound, Pr[max;c, Vi > 3 - klog(k)] < k2. Therefore, E[max;epy Vi] < 3klogk +

k? - k=2 < 4klog k. O
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3.8 Improved Analysis for Constrained Additive Valuation

In this section, we show that for constrained additive bidders, we do not need to relax the valuations,
as applying directly the flow in Section 3.5 already gives an upper bound with the right format.
So we can take M®) to simply be M. In particular, we can derive the following improved upper

bound for REV(M, v, D) using essentially the same proof as in Section 3.5.
Theorem 3.5. If for any bidder i any type t; € T, v;(t;,-) is a constrained additive valuation, then
for any mechanism M and any B = {Bij}icn),jem);

REV(M,v, D) < NON-FAVORITE(M, ) + SINGLE(M, 3).

Combining the same upper bounds we obtained for NON-FAVORITE(M, ) and SINGLE(M, ()
and the improved upper bound in Theorem 3.5, we can improve the approximation ratio when the

bidder(s) have constrained additive valuations.

Theorem 3.6. For a single buyer whose valuation is constrained additive,
REV(M,v,D) <7-SREV +4 - BREV,

for any BIC mechanism M.

Theorem 3.7. For multiple buyers whose valuations are constrained additive,

REV(M,v,D) < 8- APOSTENREV

22 4(b+1)
+ <6+ - + §l —b)b> - PosTREV

(3.13)

for any BIC mechanism M. In particular, if we set b to be i, then

REV(M,v,D) < 8- APOSTENREV + 62 - POSTREV.
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Chapter 4

Profit Maximization

In this chapter we study the profit maximization problem in multi-item auctions, where the seller
has private costs associated with her items. We design simple and truthful mechanisms and prove
that they achieve a constant factor approximation to the optimal profit.

In Section 4.1 we give an overview of our results and techniques shown in this chapter. In
Section 4.2 we introduce some additional definitions and notations need to read this chapter. In
Section 4.3, we introduce a benchmark of the optimal profit using the CDW duality framework. We
formulate the maximization problem as an LP, take the Lagrangian dual (Section 4.3.1), and then
define a new set of dual variables (a flow) to derive our benchmark (Section 4.3.2). In Section 4.4,
we prove our result for the single constraint-additive buyer case. In Section 4.5 we study the case

with multiple buyers.

4.1 Results in This Chapter

To state our result, we will first focus on the single buyer case. In our model, there are m items
for sale, and the seller has cost ¢; for parting with item j. The costs (ci,...,¢p) are drawn from
a distribution C that is known to both the seller and the buyer. We allow the seller’s costs to be
correlated across items. Consider constrained-additive buyers, that is, the buyer has a downward-

closed feasibility constraint F C 2/™ that specifies what bundles of items are allowed. The buyer
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has value ¢; for item j, and her value for a bundle S is defined as maxaer acs Zz‘e A tj. Similar to
most results in the simple vs. optimal literature, we assume ¢; to be drawn from D; independently
across items.

We propose a new class of mechanisms called permit-selling. These mechanisms have two stages.
For each item j, we create a separate permit that allows the buyer to purchase the item at its cost.
In the first stage, we sell the permits without revealing any information about the actual costs. In
the second stage, the seller reveals all the costs, and the buyer can buy item j by only paying the
cost ¢; if the buyer has purchased the permit for item j in the first stage. How does the buyer
make a decision in such a mechanism? In the first stage, the buyer needs to choose her favorite
bundle of permits to purchase. Since she knows the distribution C, she can compute her utility
for each bundle of permits. In the second stage, the buyer simply picks her favorite set of items
based on the permits she own, the costs of the items, and her valuation function. Why do the
permit-selling mechanisms help addressing the two challenges? Note that the profit of the permit-
selling mechanisms is exactly the revenue from the first stage, so any mechanism that achieves
high revenue in the first stage also generates high profit. Moreover, the buyer needs to make a
decision on what permits to purchase without learning the costs, therefore, the seller can extract
the informational rent by pricing the permits appropriately.

Indeed, we do not even need to use any complex pricing scheme in the first stage. We sell the
permits separately or sell them as a grand bundle. In our proof we need one more mechanism,
which simply sells the items separately, and the prices change according to the seller’s costs. The
reason why this class of mechanism is required is more subtle and we only sketch the intuition
here. In the permit-selling mechanism, for a fixed buyer type profile t, the buyer purchases a set of
permits P and thus the seller can only extract revenue from items in P, no matter what realized
costs she has. However, for different cost vectors, the seller may have different items from which
she can extract more revenue. By posting item prices that depend on her cost, the seller is able to
target the profitable items based on her realized cost vector. This approach does not capture the
informational rent but may generate high profit in certain cases.

Here are the mechanisms we use.
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e sell-items-separately (IS): for each possible cost vector ¢ = (c1,---,¢p), sell the items

separately, and the price p;(c) for item j depends on c.

e sell-permits-separately (PS): sell the permits separately, and the price p; for the j-th

permit is independent from the seller’s costs.

e permit-bundling (PB): sell all the permits as a grand bundle at a price p that is independent

from the seller’s costs.

Since in all these mechanisms, the seller does not even ask the buyer to report her valuation,
the mechanism is clear incentive compatible (IC) and individually rational (IR). We show that the
best mechanism among these three classes of mechanisms can already achieve a constant fraction

of the optimal profit.

Theorem 4.1. For any valuation distribution D = Dy X ... X D,,, cost distribution C, and any
downward-closed feasibility constraint F, the best mechanism among all sell-items-separately, sell-

permits-separately, and permit-bundling mechanisms is an 11-approximation to the optimal profit.
When the buyer’s valuation is additive, we can improve the approximation factor to 6.

Theorem 4.2. If the buyer has additive valuation, for any valuation distribution D = D1 x...x Dy,
and cost distribution C, the best mechanism among all sell-items-separately, sell-permits-separately,

and permit-bundling mechanisms is a 6-approximation to the optimal profit.

We then generalize the result to accommodate multiple buyers. With multiple buyers, we sell
the permits with a sequential mechanism: buyers arrive in some arbitrary order. When a buyer
arrives, we first offer the buyer the permits without revealing any information about the seller’s
cost or other buyers’ types. Next, the buyer is given the remaining item set as well as an item price
for each item. For single buyer case the item price is always chosen as the seller’s cost for this item.
Now we allow any prices that may depend on the cost vector.! Again the buyer can purchase any

item from the remaining item set by paying the corresponding item price, if she has the permit

1. In the proof, the item prices is always chosen to be no less than the seller’s cost.
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for it. The mechanism is BIC and interim IR as the buyer needs to purchase the permit without
knowing the seller’s cost or what items are still available. In the proof, we use Sequential Permit
Posted Price (SPP) mechanisms that sell permits separately and Sequential Permit Bundling (SPB)
mechanisms that sell permits as a whole bundle. Similar to the single buyer case, we need another
mechanism called Constrained Sequential Item Posted Price mechanism (CSIP). It resembles the
Sequential Posted Price mechanism from [CHMS10]: the items are sold sequentially with posted
prices that depend on the seller’s cost vector. The mechanism also imposes a constraint on the set
of items a buyer can purchase. See Section 4.2 for more details.

We prove that the best of three classes of mechanisms can already achieve a constant fraction

of the optimal profit, if every buyer has matroid-rank valuation.

Theorem 4.3. For any cost distribution and buyers’ valuation distributions, if every buyer has a
matroid-rank valuation, the best mechanism among all CSIP, restricted SPP?, and SPB mechanisms

is a 44-approximation to the optimal profit.

4.1.1 Proof Sketch and Techniques

Since the costs are private, it is a priori not clear that it is sufficient to consider only direct
mechanisms. Indeed, signaling mechanisms, a class of indirect mechanisms, are widely studied in the
ad auction setting [BMS12,FJM*12, DIR14,EFG*14,DPT16]. We first prove a revelation principle
for our problem similar to the one proved in [DPT16] for ad auctions. Our revelation principle states
that w.l.o.g. we can restrict our attention to direct, BIC, and interim IR mechanisms. Moreover,
we can formulate the profit maximization problem as an LP. We next apply the Cai-Devanur-
Weinberg duality framework [CDW16]. The framework has become a standard tool for analyzing
the performance of simple mechanisms. In most of the results based on this duality approach, a
particular family of dual variables, called the “canonical dual” [CDW16,CZ17], is used to provide
a benchmark for the objective function. However, this set of dual variables does not provide an

appropriate benchmark due to the existence of costs. We propose a new set of dual variables that is

2. It’s closed to the Sequential Permit Posted Price mechanism, except that the mechanism may hide some items
randomly, preventing the buyer from buying some item even she has permit. See Section 4.2 for more details.
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tailored to handle the costs. Indeed, these dual variables are so informative that they inspired us to
introduce the permit-selling mechanisms. In the multi-buyer case, the choice of the dual variables
is also inspired by the ex-ante relaxation technique from [CM16]. A similar set of dual variables
are used in [CZ17] to provided a benchmark for the optimal revenue.

The benchmark induced by our dual variables can be easily decomposed into three components
— SINGLE, PROPHET and NON-FAVORITE. SINGLE can be bounded by the profit of the CSIP
mechanism using relatively standard analysis. For PROPHET, we bound the term using the same
class of mechanisms, with the help of the Online Contention Resolution Scheme [FSZ16].

For NON-FAVORITE, in order to establish a connection between profit maximization and rev-
enue maximization, we provide a separate and clean proof for the single buyer case. Instead of
directly analyzing the term, we construct an auxiliary revenue maximization problem for selling
m items to help approximate NON-FAVORITE. Intuitively, each item in the auxiliary problem cor-
responds to a permit. We first show that any mechanism in the auxiliary problem can be turned
into a permit-selling mechanism in the original problem, such that the revenue in the auxiliary
problem is the same as the profit of the permit-selling mechanism. Next, we argue that the buyer
has subadditive valuation in the auxiliary problem whenever the buyer has constrained additive
valuation in the original problem. Note that the better of selling the items separately and grand
bundling is a constant factor approximation of the optimal revenue when the buyer has subaddi-
tive valuation [RW15,CZ17]. Unfortunately, we cannot use this approximation as a black-box, as
it is not yet clear how the revenue in the auxiliary problem relates to the NON-FAVORITE term.
Luckily, Cai and Zhao obtain their result via the CDW duality framework, and in their analysis,
they show that a term identical to NON-FAVORITE can be approximated by the revenue of selling
the items separately or grand bundling. Putting everything together, we prove that the profit of
a sell-permits-separately or permit-bundling mechanism approximates NON-FAVORITE, and that
completes our proof. For general case, it’s not straightforward build such a connection. We use the
standard Core-Tail Decomposition technique [LY13,CDW16], dividing NON-FAVORITE further into
two terms TAIL and CORE. TAIL can be approximated using RSPP. For CORE, it can be viewed

as all buyers’ truncated welfare with respect to a related fractionally-subadditive valuation and we
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can bound it using SPB and RSPP, by applying the Talagrand’s concentration inequality [Sch03].

4.2 Additional Notations

We consider the auction where a seller is selling m heterogeneous items to n buyers. Each buyer
has a constrained-additive valuation. Following the notations from Chapter 2, we denote buyer
i’s type t; as (tiJ-)}”:l, where ?;; is buyer ¢’s value for item j. For every buyer ¢, denote F; the
downward-closed feasibility constraint of buyer i’s valuation. On the other hand, the seller has a
private cost ¢; for producing each item j. Denote c the cost vector and c is drawn from distribution
C. Let T be the support of C. We allow correlated costs in our problem.

For any direct® mechanism M and any t, ¢, denote xi;(t, c) the probability that buyer ¢ is receiv-
ing item j, when the buyers has type profile t and seller has cost c. Let m;;(t;,c) = E;_,[z;(t, c)]
be the interim allocation probability. Similarly, use p;(t, c) to denote the payment for buyer i. For
any t and c, buyer i’s utility w;(t,c) = t; - 2;(t,c) — p;(t,c). The seller has profit (revenue minus
cost) Y. (pi(t,c) —c - xz;(t, c)).

In our setting where the seller has a cost vector drawn from some distribution, the IC and IR
concepts of the mechanism takes the expectation over the seller’s cost vector. A formal definition

can be found as follows:

e Bayesian Incentive Compatible (BIC): reporting the true value maximizes the buyer’s ex-

pected utility E;_, c[u;(ti, t—;, c)].

e Dominant Strategy Incentive Compatible (DSIC): for every ¢ and every t_;, reporting the

true value maximizes the buyer’s utility w;(t;,t—;, c).

e interim Individual Rational (interim IR): reporting the true value induces non-negative ex-

pected utility. E; , c[u;(ti, t—;,c)] > 0.

e ex-post Individual Rational (ex-post IR): for every ¢ and ¢_;, reporting the true value induces

3. By Lemma 4.1, the revelation principle holds in the profit maximization problem. It suffices to consider direct,
BIC, and interim IR mechanisms.

87



non-negative utility. u;(t;,t—_;,c) > 0.

If the mechanism allocates set S to some buyer, and the buyer is only interested in a feasible
subset of items U C S, the mechanism can simply allocate set U instead. This does not affect
the truthfulness for all buyers and increases the seller’s profit. In this paper, we will only consider
mechanisms that always allocate a feasible set of items U € F; to each buyer i. Denote P({F;}I" )
the region for all feasible allocations x.

For every mechanism M, denote PROFIT(D,C, {F;}i 1, M) the seller’s expected profit in M.
We use PROFIT(M) for short when (D,C,{F;}" ) is clear and fixed.

PROFIT(M) = ZEt,c[pi(t, c) — ¢ z(t, c)]

As we will explain in Lemma 4.1, it is w.l.o.g. to only consider direct, BIC, and interim IR
mechanisms. Let OPTpropr(D,C, {F;}_;) be the optimal profit among all BIC and interim IR
mechanisms (use OPT'pgopir for short when (D,C, {F;}! ) is clear and fixed). Our goal is to use

a simple mechanism to approximate OPTpgopir-

4.3 Benchmark for the Maximum Profit

In this section, we construct a benchmark for the optimal profit using the Cai-Devanur-Weinberg
duality framework. Before getting into the framework and benchmark, we first show that the
revelation principle holds in the profit maximization problem. Therefore, it suffices to find a
benchmark for the optimal profit attainable by any direct, BIC, and interim IR mechanisms. The

proof is postponed to Appendix B.2.

Lemma 4.1. Any ex-post implementable mechanism in the profit maximization problem can be

implemented by a direct, BIC, and interim IR mechanism.
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4.3.1 Duality Framework

The framework is first developed in [CDW16] and is widely used in mechanism design. Here we
apply the framework to our profit maximization problem. We obtain an upper bound of the optimal
profit similar to the upper bound of the optimal revenue obtained in [CDW16]. More specifically,
the profit of any BIC, interim IR mechanism is upper bounded by the sum of all buyers’ virtual
welfare minus the seller’s total cost for the same allocation, with respect to some virtual value
function. We will only show a sketch of the framework in the main body and refer the readers to
Appendix B.1 for a complete description.

In the framework, we first formulate the profit maximization problem as an LP. Then take the
partial Lagrangian dual of the LP by lagrangifying the BIC and interim IR constraints. Since the
buyer’s payment is unconstrained in the partial Lagrangian, one can argue that to obtain any finite
benchmark, the corresponding dual variables must form a flow. The virtual value function in the

benchmark is then defined according to the choice of the dual variables/flow.

Lemma 4.2. For any dual solution X\ that induces a finite benchmark of the optimal profit and any

BIC, interim IR mechanism M = (x,p),

PROFIT(M) < Bye | Y milti, €) - @M (t;) — ¢)

where

Wy L Nt
W) = b= o 3 A~ )

t;eTi
can be viewed as buyeri’s virtual value function. Here m;(t;, ¢) = E;_,[x;(t;,t_;, ¢)] is the interim
allocation. A(t},t;) is the Lagrangian dual variable for the BIC/IR constraint that says when the

buyer has true type t, she does not want to misreport t;.
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4.3.2 Our Flow

Now we choose the dual variables A carefully to induce a useful benchmark. First, let us use the

single buyer case to provide some intuition behind our flow.

Single Buyer

In [CDW16] and [CZ17], they cleverly choose the canonical flow in the revenue maximization setting.
They divide the type space T" into m regions Ry, ..., R, by finding the largest value ¢; among all
items (called “favorite” item). It is the item that contributes the most to the buyer’s welfare. Then
they let the flow go between two nodes t,t’ € R; only if they differs only on the j-th coordinate.
However, the same flow does not give us a useful benchmark in our setting, as the way to divide
the type space does not even depend on the information of the seller’s costs (i.e. the realized cost
c or the cost distribution C). In [CDW16], they also analyze another flow that is considered as
a distribution of several canonical flows. We could define our flow similar to theirs: first for any
fixed cost vector ¢/, divide the region by which item has the largest value ¢; — ¢; and use the above
flow. Next, define our flow as a distribution of the flow for ¢’, over the randomness of ¢’. This
attempt does take the cost distribution into account. Unfortunately, this flow does not work as
the mechanism constructed based on the sampled cost ¢’ will not represent the seller’s true profit
based on c.

For single buyer, we introduce the following flow. For every j € [m], let v;(¢;) = Ec[(t; — ¢j)T].
Define every R; as follows: R; contains all types t € T such that j is the smallest index among
argmax, Ui (tx). We route the flow in a similar manner, that is, there is a flow between two nodes
t,t’ € R; if they only differ on the j-th coordinate (see Definition 4.3). Here is the intuition behind
our division. Inspired by the canonical flow, we again want to identify the favorite item for the
buyer and divide the regions accordingly. However, the favorite item now should be defined as
the one that contributes the most to the buyer’s utility instead of the overall welfare. Note that
0j(t;) = Ec[(t; —¢;) ] is exactly the expected utility from item j when the item price is ¢;, which is
the lowest price that the seller is willing to sell the item. That is why we choose ¥;(¢;) to represent

the contribution of item j to the buyer’s utility. Interestingly, the SPS mechanisms are inspired by
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our flow, because when there is only one buyer, v;(¢;) can also be viewed as the buyer’s “value”
for the j-th permit when the item price pj(c) = ¢;. If we can design a mechanism to extract high
revenue from selling the permits, then we have a mechanism that generates high profit. We will

make this intuitive connection more concrete in Section 4.4.3.

Multiple Buyers

Inspired by the single buyer case, we again aim to extract high revenue from selling the permits to
make sure our mechanism generates high profit. When there are multiple buyers in the auction, we

sell items sequentially to the buyers and our mechanism should satisfy the following two properties:

e The item price should be carefully chosen as the item can not be over-allocated. Usually in
the sequential mechanism, the item price should be large enough, to make sure that the item

is available to every buyer when she comes to the auction, with certain probability.

e The item price should be at least the seller’s cost, to make sure the revenue extracted from

selling the items is enough to cover the cost.

Intuitively, how the flow is chosen should also depend on the format of the mechanism we aim
to use. To satisfy both properties, we combine our flow in Section 4.3.2 with the ex-ante relaxation
technique purposed in [CM16]. [CZ17] uses the same technique to construct the flow. They divide
the type space by comparing the difference between value and the quantile induced from ex-ante
allocation probability. Here we involve different quantile thresholds for different cost realization.
Furthermore, in order to satisfy the second property, we choose our threshold as the maximum

between the quantile and seller’s cost.

Definition 4.1. (Ex-ante relaxation) Fiz mechanism M (w,p). For every i € [n]|,j € [m] and

c €T3, define g;j(c) = & - Ey[mij(ti, )], and let
Bij(e) =inf {a > 0 : Pr[t;; > max{a,¢;}] < ¢ij(c)}
Bij(c) = 0 if Prlt;; > ¢;] < gij(c). If not, for simplicity we assume that there exists §;;(c)
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such that Pr[t;; > B;j(c)] = ¢ij(c). This is true for continuous distribution D;;. For discrete
distributions, our results will hold by dealing with a tie-breaking issue. We refer the readers to
Section 5.3 of [CZ17] for more details. In the further proof we will focus on continuous distributions
and a same fix will apply for discrete distributions.

We denote 8 the mappings from c to f;;(c) for all i,j. Before defining the flow, we need the

following definition.

Definition 4.2. Fiz 3. For every i,t; and set P C [m], define

~(B
670 P =B | e D (0 = max{ (e )
J

(8)

Remark: 0,”’(¢;, P) is equal to @ (t;, P) by choosing p;;(c) = max{S;;(c),c;}.

For notational convenience, let 17@(]-6) (tij) = 171@ (ti, {7}) = Ec[(tij — max{B;j(c),c;})T]*, which

only depends on ¢;;. It coincides with the definition in Section 4.3.2 with 3 = 0.

Now we are ready to define our flow for multiple buyer case.

Definition 4.3. (Our flow) Fixz 5. For every i € [n],j € [m], RZ(»jﬁ) contains all types t; € T;
such that j is the smallest index among argmax,, ig,’f) (tir). Define the flow as follows: Each node

t; receives flow of weight f;(t;) from the source. For every node t;,t; € R

ij >"L(t'/ut’b) >0 Only Zf

tiy, = tix for all k # j, and t}; is the predecessor type of tij5. For node t; = (tij, ti ;) € Rz(f), if

there does not exist a successor type t;j of t;j such that (tgj,ti,,j) € Rl(f), all flow entering node t;

goes to the sink @. Figure 4.1 shows an example of our flow for some buyer i when m = 2. The

curve in the graph contains all (t;1,t;2) such that 171(15) (ti1) = 171(2’8) (ti2).

(8)

(£ (B)
ij

Since for all 3,4, j, v;5’(-) is non-decreasing, each region sz

is upward-closed: for every t; =
(tij ti—j) € Rgf) and t}; > tij, (ti;,ti—j) € RZ(]@). With this property, we have the following Lemma
from [CDW16].

4. For any value x, denote 7 = max{z, 0}

5. In other words, tgj is the smallest value in the support set Tj; that is greater than ¢;;.

92



0 H t1

Figure 4.1: An example of our flow for two items.

Lemma 4.3. [CDWI16] Fixz any 3. There exists a flow \ such that for every i € [n], t; € RZ(JB),

'1’1(2) (ti) =
Gij(tiy), ifk=3j

where @;5(-) is the Myerson’s ironed virtual value function w.r.t. Djj.

With Lemma 4.2 and 4.3, we have obtained a benchmark for any BIC, interim IR mechanism
and divide it into three terms. Note that the benchmark may differ for different mechanisms. The

proof of Theorem 4.4 can be found in Appendix B.2.

Theorem 4.4. For any BIC, interim IR mechanism M, let 8 be the mapping associated with M

in Definition 4.1, then

PROFIT(M) < ZEtC[Z 1[t; € Rl(f)] -mij(ti, €) - (@i (tig) — )]
+2- ZZE sz maX{BU( ) Cj} - Cj)]

+ZEt Zn t € R0l (s, m\{5})]
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We use SINGLE(3), PROPHET(3) and NON-FAVORITE(f3) to denote the three terms accordingly.
Note that all three terms depend on . For the rest of the paper we show that these three terms can
be bounded by the profit of simple mechanisms for any 5 induced by a BIC, interim IR mechanism
M. In fact, to prove an approximation of the optimal profit, it is sufficient to consider one specific

[ induced by the optimal mechanism. In the proof, we fix 8 and omit it in the notation.

4.4 Warm-up: Single, Constrained-Additive Buyer

In this section, we bound the benchmark for single, constrained-additive buyer. In this case, all 8s

are set to 0 and thus PROPHET = 0. We first introduce the class of mechanisms used in our proof.

4.4.1 Owur Mechanisms for Single Buyer

We bound the optimal profit by the following three classes of mechanisms. The first mechanism is
sell-items-separately (IS) mechanism. The mechanism is similar to the posted price mechanism in
the revenue maximization problem, except that the seller may decide the posted price according
to her cost vector. Before the auction starts, the seller will decide a posted price p;(c) for each 4
based on her cost vector c. Then the posted prices are revealed to the buyer and she will choose her
favorite bundle and pay the posted prices. Clearly the mechanism is ex-post IC and ex-post IR. We
use IS-PROFIT to denote the optimal seller’s profit among all sell-items-separately mechanisms.
Next, we define the two permit-selling mechanisms that we need. We first need the following

definition.
Definition 4.4. For every t and set P C [n], define

o(t, P) = E, [ max _ » (t; — Cz‘)]

SCP,SeF
- €S

This is the expected surplus of the buyer given a set of permits P in the second stage of a
permit-selling mechanism. In the first stage of the permit-selling mechanism, the buyer is required
to find her favorite set of permits by calculating o(t, P) for all P, which is computationally hard.

However, we show that as long as the buyer can make the right decision in scenarios where she
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can only derive positive utility from a single permit, our mechanism is already a constant factor
approximation to the optimal profit. See Footnote 3 for more details.

The second class of mechanism is called sell-permits-separately (PS). There are two stages in
the mechanism. In the first stage, instead of selling the items, the seller sells a permit for each item.
She decides a price p; for permit ¢ independent from the seller’s cost vector c¢. The buyer is allowed
to purchase any permit ¢ by paying p;. In the second stage, the seller reveals her cost vector ¢ to the
buyer, and the buyer can purchase any item ¢ at a price of ¢; if the buyer has permit ¢. The buyer is
not allowed to purchase item i if she does not have the corresponding permit. The buyer chooses her
favorite bundle among the items that she is allowed to purchase. Notice that in the second stage,
the buyer with set of permits P C [n] will choose the bundle S* = argmaxgcpger D ics(ti — ci)-
Thus, in the first stage, by knowing her valuation t, all the permit prices pjs, as well as the cost
distribution C, the buyer is able to calculate her expected surplus in the second stage o(t, P) (see
Definition 4.4) for any P C [n]. She will hence choose the best set P* that maximizes her expected
utility in the whole auction and buy all the permits in set P*6. Thus the mechanism is IC and IR.

See Mechanism 4.4 for details.

Mechanism 4.1 Sell-permits-separately

Require: p;, the price for permit i, for all i € [n].
1: Show all the permit prices to the buyer.
2: The buyer chooses a set of permits P* = argmaxpc, 9(t, P) and pays Y icp+ i
3: Reveal c¢ to the buyer.
4: The buyer chooses a set of items S* = argmaxgc p« ge 7 D _icg(ti — ¢;) and pays Y .. ¢;.

Here is a quick remark: the sell-items-separately mechanism may look similar to the sell-permits-
separately mechanism. However, there is a major difference between the two mechanisms. In the
IS mechanism, by posting a item price that depends on her cost vector, the seller is revealing

information about her costs (the private information) to the buyer before the buyer makes any

6. The readers may wonder how can the buyer find the best set P*. To explain this, we consider any type profile
t where there exists i such that o(t, {i}) > p; and (¢, {k}) < pr,VEk # i. In this scenario buying the permit ¢ only is
the unique way to derive positive utility (7 is subadditive by Lemma 4.6) and the buyer will buy permit ¢ for sure.
We point out that only counting the profit from these types suffices to to bound SINGLE. Please see footnote 8 for
more details. Thus, our result holds even if the buyer cannot find the best set in all scenarios. As long as she can
make the right decision in the above scenarios, enough profit is generated by our mechanism.
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decision. That’s why the mechanism is ex-post truthful. While in the PS mechanism, the buyer has
no information about the costs in the first stage, and the mechanism is only truthful in expectation
over the seller’s costs. We use PS-PROFIT to denote the optimal profit among all PS mechanisms.

The third mechanism is permit-bundling (PB). The seller bundles all permits together and sell
them as a grand bundle in the first stage. The seller decides a price p for the permit bundle
independent from c. The buyer refuses to pay p, then she get no permit and therefore cannot
purchase anything in the second stage. If the buyer buys the permit bundle, the seller reveals
her cost vector ¢ to the buyer and asks for an item price ¢; for item 7. The buyer then chooses
her favorite bundle and pays the item prices. The mechanism is also IC and IR due to a similar
argument as for the PS mechanisms. We use PB-PROFIT to denote the optimal profit for the PB

mechanisms. See Mechanism 4.5 for details.

Mechanism 4.2 Permit-bundling
Require: p, the price for the grand permit-bundle
1: Show p to the buyer.
2: if The buyer pays p then
3 Reveal ¢ to the buyer.
4: The buyer chooses a set of items S* = argmaxgc,) s Yics(ti —¢;) and pays D, g ¢
5
6
7

. else
The buyer pays nothing and receives nothing.
: end if

In the rest of this section, we will prove the following theorem.

Theorem 4.5. Whenn = 1, for any valuation distribution D, cost distribution C and any downward-

closed feasibility constraint F,

OPTpropr < 2 IS-PROFIT + 5 - PS-PROFIT + 4 - PB-PROFIT

When the buyer’s valuation is additive,

OPTpropr < IS-PROFIT + 3 - PS-PROFIT + 2 - PB-PROFIT

Theorem 4.5 implies that a simple randomization among the three mechanisms achieves at least
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1—11 the optimal profit for any downward-closed F. And for additive valuations, a randomization

among the three mechanisms is a 6-approximation to the optimal profit.

4.4.2 Bounding Single

To bound SINGLE, we will consider the Copies Setting from [CHMS10], which is a single-dimensional
setting in the revenue maximization problem. Here is a sketch of the proof. For any fixed cost vector
c, we first focus on a related revenue maximization problem with a single buyer and multiple items,
by simply subtracting the fixed cost c from the buyer’s value t. Next, we show that the optimal
revenue in the copies setting of the related revenue maximization problem is an upper bound of
SINGLE. According to [CHMS10], there exists a posted price mechanism in the multi-item setting
whose revenue approximates the optimal revenue in its copies setting. Finally, we show an Item
Posted Pricing mechanism whose expected profit is the same as to the expected revenue of the
posted price mechanism.

For any fixed c, we will first focus on the following revenue maximization problem with a single
buyer and m items. Buyer has value t; — ¢; for each item j, where t; is drawn independently
from D;. Since c is a fixed vector, the buyer’s values are independent across items. The buyer is
constraint-additive with respect to the feasibility constraint F.

The Copies Setting of the above problem is as follows: there are m buyers in the auction and m
copies to sell. Buyer j only interests in the j-th copy and has value t; — ¢; for it, where ¢; is drawn
independently from D;. Since c is a fixed vector, all buyers’ values are also independent. The seller
has no cost for the copies but has a downward-closed constraint F that specifies which copies can

TCOPIES-UD (¢ the optimal revenue for the copies setting. Since

simultaneously be sold. Denote OP
it is a single dimensional setting, Myerson’s auction achieves the optimal revenue, which equals to
the maximum ironed virtual welfare

OPTCOPIES—UD (c) = [maX (()5] (tj) _ Cj)+]-7

SeF
JjeS

7. Notice that the ironed Myerson’s virtual value for buyer j is ¢;(t;) — ¢;.
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Moreover, let OPT-REVEOP™-UP(¢) be the optimal revenue if we further restrict the seller to
sell at most one copy. Similarly OPT-REVCOPUD (¢) = E¢[max;(3;(t;) — ¢;)*]. We have the

following lemma.

Lemma 4.4. SINGLE < E, JOPT-REVCT™-UD (¢)] < 2.1S-PROFIT. When the buyer is additive,
we further have SINGLE < IS-PROFIT. Moreover, there exists an IP mechanism M where p;(c)

only depends on c;j for every j € [m], such that SINGLE < PROFIT(M).

Proof. We first prove the result for arbitrary downward-closed constraint . Notice that for every

t, the indicator 1[t € R;] is 1 for only one j. Since 7;(t,c) € [0,1], we have

SINGLE = Et,c[z 1t € Ry] - m;(t, ¢) - (£5(t;) — ¢5)]

< ]Et,c[m?x(@(tj) —¢;)"] = Ec[OPT-REVCOPEUD (¢)]

By [CHMS10], there exists a posted price mechanism M (c) in the revenue maximization problem
whose revenue is at least OPT-REVUO"™UD(c). Let j;(c) be the posted price for item ;.

Now we move back to our profit maximization setting and define the IP mechanism M’ as
follows: For every cost vector c, define the posted price for item j as p;(c) + ¢;. Notice that for
every t and c, the buyer in M’ will purchase the same bundle B*(t,c) as the one in M(c). Here

B*(t,c) = argmaxger > e 5(tj — ¢; — pj(c)). Thus the seller’s profit of M’ is

Eeol D (Bj(e)+¢j—c)] =Eee| D #j(c)]

JEB*(t,c) JEB*(t,c)

- SINGLE

1
> SEe [OPT-ReEVOP™UP ()] >

N | —

When the buyer is additive, for any fixed ¢, it is not hard to realize that QPTCOP™s-UD(¢)
equals to the revenue of selling each item separately using the monopoly reserve in the revenue

maximization problem. Let p;(c) be the monopoly reserve for item j in the revenue maximization
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problem. Following the same proof as above, the IP mechanism M’ with price p;(c) + ¢; achieves

expected profit at least

Ec[OPT"™ VP (c)] = Ee o[ Y (35(t5) — ;)]
i

> Et,c[z]l[t € R;j] - m;(t,c) - (@;(t;) — ¢;)] = SINGLE

4.4.3 Bounding Non-Favorite

Before bounding NON-FAVORITE, we will first prove a crucial lemma of this section. Consider the
revenue maximization problem with a single buyer and m items. The buyer’s type t ~ D. She has
valuation function o(t,-) when her type is t. For simplicity, we will call this revenue maximization
problem the revenue setting, and the original profit maximization problem the profit setting. Recall

that in the single buyer case,

ot P) =Eel e, 2~ )
- jes

The following lemma converts any truthful mechanism in the revenue setting into a BIC and
interim IR mechanism in the profit setting, without changing the value of the objective (revenue
and profit accordingly). The intuition behind the lemma is as follows. For any mechanism in
the profit setting that sells the permit before revealing her true cost, the buyer with type t has
expected “value” o(t, P), that is, how much the buyer can make from the second stage if given a
set of permits P, for all set of permits P. Thus, the mechanism can be viewed as a corresponding
mechanism in the revenue setting where the permits are being sold and the buyer has valuation v

over the permits.

Lemma 4.5. For any truthful mechanism M in the revenue setting, there exists an IC and IR

mechanism M’ in the profit setting such that, the revenue of M equals to the seller’s profit of M’.
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Proof. For any t, let X(t) be the (possibly random) set of items that the buyer is allocated in
mechanism M, when the buyer reports t. Let p(t) be the payment for the buyer in M. Define M’
as follows: in the first stage, the buyer reports her type t and the seller gives the set of permits
X (t) to the buyer and charge p(t). In the second stage, the seller reveals the cost vector ¢ and
the buyer can buy any item that she has a permit by paying item price ¢;. To prove M’ is an IC
and IR mechanism, it suffices to show that the buyer has no incentive to lie in the first stage. If
the buyer with type t reports t’ in M’, she will receive the set of permits X (t’) and purchase her
favorite bundle of items under item prices c. Her expected utility is
Ec x (¢ [st{%g((t') Z(tj —¢j)] = p(t') = Ex)lo(t, X(t'))] — p(t)
jeSs

Here the expectation is taken over the randomness of X (t’). Since M is truthful, for any
teT,t' eTh 8 Exulv(t, X(t)] —p(t) > Ex)[o(t, X (t'))] — p(t'). It states that when the buyer
has type t, reporting t in the first stage maximizes her expected utility. Thus M’ is IC and IR.
Notice that in the second stage of M’, the total item prices paid by the buyer is equal to the seller’s
total cost. Thus the seller’s profit is exactly the payment in the first stage. Since M’ use p(t) as

the payment rule, the seller’s profit of M’ equals to the revenue of M. O

Now we are ready to bound the term NON-FAVORITE. Recall that

NON-FavoRITE = E¢[ Y 1]t € R;] - 0(t, [n]\{j})].
J
Consider the revenue setting where the buyer has valuation function v and let OPTRgy(0) be
the optimal revenue among all truthful mechanisms. Here we omit D and C in the notation as
they are fixed. Given Lemma 4.5, it is tempting to find a simple mechanism that approximates
OPTRey(v) and convert it into a permit-selling mechanism. However, since we do not know what

class of valuation ¥ belongs to, it not a priori clear any simple vs. optimal result applies here.

8. Recall that 7" = T'U {@} contains the choice of not attending the auction.
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As the original valuation in the profit setting is constrained additive, it is natural to think that ©
is also constrained additive. Unfortunately, we are not able to prove such a claim as there is no
clear feasibility that is associated with . The good news is that we are able to relax the class of
valuations and show that v is indeed a subadditive function, which allows us to leverage the result
in Chapter 3 (also in [RW15]).

To remind the readers, let us first review the results. In Chapter 3 we bound OPTRgy(?)
when v is subadditive over independent items (see Definition 2.1). In the proof, we separate the
benchmark of the optimal revenue into two terms (called “single” and “non-favorite”). We then
bound the two terms by the optimal revenue of the Selling Separately mechanism (SREV(?7)) and
Bundling mechanism (BREV(7)) respectively. The second term “non-favorite” is defined as the
expected welfare from all non-favorite items. Here for any fixed t, the favorite item is defined as
the j that maximizes o(t,{j}). Interestingly, this is how we divide the region into Rjs and the
term “non-favorite” is exactly the same as NON-FAVORITE. We will use NON-FAVRy () to denote
“non-favorite” here to emphasize that it is from the revenue setting.

In order to apply the result in the revenue setting, we first show that the function o(:,-) in
Definition 4.2 is indeed subadditive over independent items (Definition 2.1). The proof of Lemma 4.6

is postponed to Appendix B.3.
Lemma 4.6. o(-,-) is monotone, subadditive and has no externalities.

Lemma 4.7. (Restatement of Lemma 3.8) Suppose v is subadditive over independent items, then

NON-FAVRgy () = Et[z 1[t € R;j] - v(t, [n]\{j})] <5 SREV(?) + 4 - BREV(7)

When the buyer is additive, [CDW16] has an improved bound for NON-FAVRgy () using SREV(0)
and BREV(v).

Lemma 4.8. [CDW16] If v is an additive function, then

NON-FAVRgy(0) <2 - SREV(?7) + 3 - BREV(0)

101



By Lemma 4.5, the Selling Separately mechanism in the revenue setting can be converted to
the PP mechanism in the profit setting and has profit equals to SREV(v). Also the Bundling
mechanism can be converted to PB and obtains profit BREV(#). Furthermore, when the buyer is

additive, there is no constraint F and for every t € T, P C [m],

o(t, P) = Ec[max Y (t; — )] = Ee[ D _(t; — ;)] = D v(t, {5}).
= jes jEP JEP

Thus, v is an additive function. We have the following Corollary:

Corollary 4.1. NON-FAVORITE < 5 - PS-PROFIT + 4 - PB-PROFIT. When the buyer is additive,

NON-FAVORITE < 2 - PS-PROFIT + 3 - PB-PROFIT.

Proof of Theorem 4.5: 1t follows from Theorem 4.4, Lemma 4.4 and Corollary 4.1. O

When the buyer is additive, according to [HN17], BREV(?), the revenue of the optimal bundling
mechanism, is bounded by O(log(m))-SREV(7). Thus Corollary 4.1 implies an O(log(m))-approximation
to the optimal profit with only IP and PP mechanisms. Both mechanisms sell the items separately.
Thus the optimal profit for m items is bounded by O(log(m)) times the sum of the optimal profit

for every single item.

Theorem 4.6. When the buyer is additive,
OPTprorr < IS-PROFIT + O(log(m)) - PS-PROFIT

Moreover,

OPTprorrr < O(log(m Z OPTprorr({j}) = log(m Z Etj,cj ‘PJ - C]) ]
J€[m] J€[m]

where @;(-) is the Myerson’s ironed virtual value function for D;.

Proof. According to [HN17], BREV(v) < O(log(m))-SREV(v). Combining this result with Lemma 4.4

and Corollary 4.1, we have the following: there exists an IP mechanism M where the posted price
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p;(cj) only depends on ¢; for every j € [m], such that
OPTprorr < PROFIT(M) + O(log(m)) - PS-PROFIT

Since the buyer is additive, PROFIT(M) is equivalent to the sum (over all j) of the profit that
sells a single item j with price pj(c;). Note that for any PP mechanism with permit prices {£;};c(m),
the profit is equivalent to the sum (over all j) of the profit that sells a single item j with permit

price £;. Thus

OPTppopir < PROFIT(M) + O(log(m)) - PS-PROFIT < O(log(m)) - Y . OPTeror({s})
J€[m]

It remains to prove that for every j, the optimal profit when selling a single item 7, is at most

Et; c;[(9;(t;) — ¢;)T]. In the auction with a single item j, by Lemma 4.2, we have following for any

dual variable \:

OPTprormr({7}) < mf«XEtj,c]- [W(tﬁ Cj) : ((I)()\) (tj) - Cj)

where @M (t;) = t; — ﬁ : Zt; er, A(t},t5)(t; —t;). Note that in the auction for selling a single
item j, both the buyer’s value and seller’s cost are scalar. By Corollary 18 of [CDW19], when the

optimal dual variable X is chosen, ®™(t;) = @;(t;). Thus

OPTprorrn({7}) = max By, c; [7(t5,¢5) - (@(t5) = ¢j)] = By 5 [(95(t5) — i)t
where the last equality follows from 7(¢;,¢;) € [0, 1], V5, ¢;. O

At the last of this section, we will prove the following lemma that connects the profit maximiza-
tion problem to the revenue maximization problem. We show that any truthful mechanism in the
revenue setting that is an a-approximation to the optimal revenue can be converted to a BIC and

interim IR mechanism in the profit setting that is a (9« 4 2)-approximation to the optimal profit.

Lemma 4.9. Recall that the revenue setting is the revenue maximization problem where the buyer
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has valuation v. Then any truthful mechanism in the revenue setting that is an a-approximation to
the optimal revenue OP TRy (D) can be converted to an IC and IR mechanism in the profit setting

that is a (9« + 2)-approzimation to the optimal profit OPTpropir.

Proof. By Lemma 3.8,

NON-FAVRgy (0) < 5-SREV(7) +4 - BREV(0) <9- OPTRey(0)
Let M be the a-approximation mechanism in the revenue setting. Then the revenue of M
satisfies:

1
REV(M) > — - OPTRgy(0) > 9% NON-FAVRgy (D)
o

1
«
By Lemma 4.5, there exists a BIC and interim IR mechanism M’ in the profit setting such that

PrROFIT(M') = REV(M). Notice that NON-FAVORITE = NON-FAVRg, (7). By Theorem 4.4,

OPTprorrr < SINGLE + NON-FAVORITE < 2 - IS-PROFIT + 9« - PROFIT(M)

Thus a randomization between M’ and the optimal Item Posted Pricing mechanism is a (9a+2)-

approximation. O

4.5 Multiple, Matroid-Rank Buyers

In this section, we will bound the benchmark in Theorem 4.4 for multiple, matroid-rank buyers. We
remark that although in this thesis we only consider the setting where each buyer has a matroid-
rank valuation, our result applies to any constrained additive buyer, where the feasibility constraint
F; is an intersection of constant number of matroid, polytope and knapsack constraints, by using

the online contention resolution scheme (Section 2.7).
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4.5.1 Our Mechanisms

We bound the optimal profit by the following three classes of mechanisms. The first mechanism is a
variant of the Sequential Item Posted Price (SIP) mechanism, which is first purposed by [CHMS10]
in the revenue maximization problem. Here we allow the seller to decide posted prices according
to her cost vector. Before the auction starts, the seller decides a posted price p;j(c) for each
buyer 7 and item j, based on her cost vector c. Then buyers come one by one in an arbitrary
order. Each buyer can choose her favorite bundle among all remaining items by paying the posted
prices. The mechanism is DSIC and ex-post IR. We call the mechanism Constrained Sequential
Item Posted Price (CSIP) if it further adds a sub-constraint on the set of items the buyer can
purchase. The mechanism first decides a constraint J’(c) on the ground set of all buyer-item pairs
J=A(i,7) | i € [n],7 € [m]}, based on her true cost c. A (possibly random) set A C J represents

a way of allocating the items. It’s feasible if
e Each item is allocated to at most one buyer: Vj,O; = {i: (3,5) € A},|0;] < 1.
e Each buyer is allocated a feasible set of items: Vi, P, = {j : (i,j) € A}, P, € F;.

Let J be the family of all feasible sets. J'(c) must satisfy J’'(c¢) C J. When each buyer comes,
she is only allowed to take the item that doesn’t ruin the constraint J'(c). See Mechanism 4.3 for

details.

Mechanism 4.3 Constrained Sequential Item Posted Price Mechanism

Require: p;;(c), the item price for i € [n],j € [m]; the constraint 7' C 7.
1. A<+ 0.
2: for i € [n] do
3: Reveal item prices {p;;(c)}7L; to the buyer.
4 i can choose a bundle S; such that AU {(7,7)}jes, € J'.
5 i receives her favorite bundle S, paying ) jes: pij(c).
6: A(—AU{(%,])}jGS:
7: end for

For the CSIP used in our proof, the corresponding sub-constraint J'(c) can be computed
efficiently. See Section 4.5.3 for more details. We use CSIP-PROFIT to denote the optimal seller’s

profit among all CSIP mechanisms.
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Next, we define the two Sequential Permit Selling mechanisms used in the proof. The second
class of mechanism is called Sequential Permit Posted Price(SPP). Before the auction starts, the
seller decides a posted price p;j(c) for each buyer ¢ and item j, based on her cost vector c¢. Then
buyers come one by one in an arbitrary order. For each buyer i there are two stages: the permit-
purchasing stage and item-purchasing stage. In the permit-purchasing stage, instead of selling the
items, the seller sells a permit for each item. She decides a price l;; for permit j independent
from the seller’s cost vector ¢ and buyer type profile t. The buyer is allowed to purchase any
permit j € [m] by paying l;;. The decision must be made before she sees the remaining item
set S;(t<i,c). In the item-purchasing stage, the seller reveals S;(t<;,c) and her cost vector ¢ to
the buyer, and the buyer can purchase any remaining item j at a price of p;;(c) if the buyer has
permit j. The buyer is not allowed to purchase item j if she does not have the corresponding
permit. The buyer chooses her favorite bundle among the items that she is allowed to purchase.
Notice that in the second stage, the buyer with set of permits P C [m] will choose the bundle
S* = argmaxgc png,(t_,.c),5¢F 2 jes(tij — pij(c)). Thus, in the first stage, by knowing her type
t;, all the permit prices [;;s, as well as the cost distribution C, the buyer is able to calculate her
expected surplus in the second stage for any P C S;(t<;). She will hence choose the best set
P* that maximizes her expected utility in the whole auction and buy all the permits in set P*.
The mechanism is only BIC and Interim IR as buyers have to make decisions before getting any

information about other buyers’ types and the seller’s costs. See Mechanism 4.4 for details.

Mechanism 4.4 Sequential Permit Posted Price

Require: [;;,p;j(c), the permit and item price for i € [n],j € [m].
1. S« [m]
2: for i € [n] do
3 Show buyer ¢ the permit price [;; for every j.
4 i chooses a set of permits P* C [m] and pays ), p- lij.
5 Reveal S and item prices {p;;}7"; to the buyer.
6: i receives her favorite bundle S} C S, paying ) jes: pij(c).
7 S+ S\S;.
8: end for

In our proof we will use restricted Sequential Permit Posted Price mechanisms (RSPP) by

adding the following two changes to the mechanism: Firstly, the buyer is only allowed to purchase
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at most one permit on the permit-purchasing stage. Secondly, we will further allow the mechanism
to hide some items from the buyer on the item-purchasing stage. Formally, the mechanism will
choose a (possibly random) set S!(t<;,c) C Si(t<i,c) and the buyer is only allowed to purchase
item in S} (t<;,c). We will now briefly explain how our mechanism used in the proof chooses this
set. Fix some parameter b € (0, 1) which is determined later. In the proof, the item price p;;(c) are
chosen such that for every ¢, j,c, Pry_,[j € Si(t<;,c)] > 1 —b. We define the random set S!(t<;, c)
as follows: for any j € S;(t<;,c), put j in S}(t<;,c) with probability (1 —b)/Pr;_,[j € Si(t<s,c)],
independently. Now we have Pr;_,[j € S/(t<j,c)] = 1 —b. For every buyer 4, she has to make the
choice whether to purchase each permit j before knowing if the corresponding item is still available
or not. The above equation guarantees that for every cost profile ¢, in expectation over the type
profile of buyers coming before her, each item j is available with probability exactly 1 — b. That
probability is independent of c. Thus the expected value for purchasing every permit j is exactly
(1 —b) times the utility she could get from this item. This is a crucial property in our proof. See
Lemma 4.17) for more details. In the rest of the paper, when we mention RSPP, we refer to the
mechanism that hides the item as above. We denote RSPP-PROFIT the optimal profit of these
mechanisms.

The third mechanism is Sequential Permit Bundling(SPB). When every buyer i comes, the
seller bundles the permit of all items together and sell them as a grand bundle at some price ¢; in
the first stage. ¢; is independent from c. If the buyer refuses to pay the price, then she gets no
permit and therefore cannot purchase anything in the second stage. If the buyer buys the permit
bundle, the seller then reveals the remaining item set S;(t<;, ) and the item prices {p;;(c)}72; to
the buyer. The buyer then chooses her favorite bundle and pays the item prices. The mechanism
is also BIC and interim IR due to a similar argument as for SPP. We use SPB-PROFIT to denote

the optimal profit for all SPB mechanisms. See Mechanism 4.5 for details.

In the rest of this section, we prove the following theorem.

Theorem 4.7. For any valuation distribution D, cost distribution C and any matroid feasibility
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Mechanism 4.5 Sequential Permit Bundling

Require: p;;(c), item price for ¢ € [n],j € [m]; d;, the price for the permit bundle.
1: S« [m]
2: for i € [n] do
Show buyer i the permit bundle price §;.
if buyer i pays price §; then
Reveal S and item prices {p;;}7"; to the buyer.
i receives her favorite bundle S} C S, paying ) jes: pij(c).
S S\S;.
else
The buyer pays nothing and receives nothing.
10: end if
11: end for

constraints {F; }",

OPTpropr < 14 - CSIP-PROFIT + 22 - RSPP-PROFIT + 8 - SPB-PROFIT

Again a simple randomization among the three mechanisms achieves at least 4—14 the optimal

profit.

4.5.2 Bounding Single

Similar to the single buyer case, for every fixed vector ¢, we consider the related revenue maximiza-
tion problem where every buyer ¢ has value ¢;; — ¢; for item j. The corresponding Copies Setting is
a revenue maximization problem with mn buyers and m items. Every buyer (7, j) only interests in
item j and has value ¢;; —c; on it. For every i, at most one (4, j) can be served in the mechanism. We
denote OPT-REVCOPESUD(¢) the optimal revenue of this setting. In Lemma 4.10 we first bound
SINGLE by E.[OPT-REVCOP™-UD(¢)]. Then according to [CHMS10], OPT-REVCOT™UD(¢) can
be approximated by the revenue of the optimal sequential posted price mechanism in the related
revenue maximization setting. Assume the posted price for buyer i and item j is p;;(c). We show
that in our setting, an SIP mechanism with p;;(c) = p;j(c) +¢; has profit the same as the expected

(over the randomness of c¢) revenue of the above sequential posted price mechanism.

Lemma 4.10. SINGLE < E.[OPT-REVOP™UD(¢)] < 6. CSIP-PROFIT.
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Proof. Recall that

SINGLE = » Ey, o[ Y 1[ti € Rgf)] - i (ti, €) - (@i (tig) — ¢5)]
i J

For every BIC, interim IR mechanism M = (7, p) and every ¢, consider the following mechanism

M’ in the Copies Setting: M’ serves agent (i,7) if and only if M allocates item j to buyer ¢ and

t; € REJB ). Since M is feasible, for every j there exist at most one i such that (i,7) is served

in M’. Also since every t; stays in one region, for every i there exists at most one j such that

(i,4) is served in M’. Thus M’ is feasible and the expected revenue equals to ), Ey, [Z] 1[t; €

REJ'B)] - mij(tis €) - (@i (tij) — Cj)]- Thus we have
SINGLE < EC[OPT_REVCOPIES-UD(C)]

By [CHMS10], for every c there exists a sequential posted price mechanism M (c) in the related
revenue maximization setting?, where every buyer can purchase at most one item, such that its
revenue is at least OPT-REVCOP™UD(¢) /6. Suppose the posted price for buyer i and item j is
pij(c). Now let’s consider the Constrained Sequential Item Posted Price mechanism with p;j(c) =
Pij(c) + ¢; in our profit maximization setting, where every buyer is only allowed to purchase at
most one item. For every t,c, let A4;(t<;,c) be the remaining item sets when buyer i comes to
the auction. Then she will choose her favorite item argmax;c 4,¢;_, c)(tij — ¢j — Pij(c)) (or choose
not to purchase anything). Notice that this is also buyer i’s favorite item in M (c) under the same
scenario. Thus the allocation rule for CSIP under c is the same as the one for M(c). Then profit
of the constructed CSIP is equal to the expected revenue of M(c) over the randomness of c, as
the extra item prices just cover the seller’s costs. According to [CHMS10], the profit is at least
E.[OPT-REVCOP™S-UD ()] /6. The proof is done. O

9. Recall that in this setting every buyer ¢ has value ¢;; — ¢; for item j.
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4.5.3 Bounding Prophet

In this section we will bound PROPHET with a Constrained Sequential Item Posted Price mechanism.
The proof uses the Online Contention Resolution Scheme (OCRS) developed by Feldman et al.

[FSZ16]. See Section 2.7 for details.

Lemma 4.11. ( [FSZ16]) Consider the online selection setting. If there exists a (b, c)-selectable
greedy OCRS 11 for Py, then for everyy € b- Py, consider the strategy that the agent takes elements
greedily subject to the sub-constraint Ji . Then the agent will select each element e with probability

at least ¢ - yo. The result applies for any almighty adversary'C.

Before getting to the proof, let’s first discuss the connection between OCRS and bounding

PROPHET. Recall that

PROPHET = 2 - Z ZEC [Qij(c) - (max{B;;(c),¢;} — Cj)]

Fix c. For every (i,7) € J, let y(; ;) = qij(c). Since g;j(c) is half the ex-ante probability that a
feasible mechanism M serves the pair (i, j) when the true cost is ¢, thus y = (y(; j)) (i, j)es € % -J.
Now consider the CSIP with item prices max{f;;(c),c;}. Then by Definition 4.1, each buyer ¢
can afford item j with probability ¢;;(c)!, i.e. the element (i,7) is active with probability g;;(c).
In Lemma 4.12 we show that for one specific almighty adversary, the set of element (i,5) chosen
by the agent following the greedy OCRS is exactly same as the set of buyer-item pair served in
the mechanism, for every type profile. Then (b, ¢)-selectability guarantees that every buyer i will
purchase every item j in the mechanism with probability at least ¢ given the fact that she can

afford this item. This gives a lower bound of CSIP-PROFIT.

Lemma 4.12. Fix seller’s cost vector ¢. Suppose there exists a (b, c)-selectable greedy OCRS 11

for polytope P(J), for some constant c € (0,1). For every l;js such thatl € b- P(J), consider the

10. The adversary can determine the order of elements shown to the agent. An almighty adversary has all the
information it needs to decide the order, including the agent’s type and strategies, and the realization of all possible
randomness. In other words, the adversary will choose the worst order for the agent.

11. It’s true when 3;;(c) > ¢;. For those (4, j) such that 8;;(c) < ¢;, the corresponding term in PROPHET is 0. We
could simply never serve those pairs.
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CSIP under the specific cost profile ¢, with posted price p;j(c) = Fi;1(1 — lij) and sub-constraint

Jm,- Then the mechanism will gain profit at least
C'Zlij - (pij(€) — ¢j)
i?j

under cost c.

Proof. Under cost c, consider the CSIP with posted price p;j(c), associated with the constraint
Jmny- When every buyer i comes, let A; be the set of buyer-item pairs that have already been
served. And let B} be her favorite bundle among the remaining items, such that after taking those
items, the sub-constraint J, is not violated. Now consider the online selection setting with the
following almighty adversary: Ground set is J. The agent has value t;; for each element (4, j). Each
element (4, j) is active if ¢; > p;j(c), i.e. is active with probability /;;. The adversary divides the
whole item-revealing process into n stages. For each stage i, let B; be the set of elements that have
been selected in the past. The adversary first reveals all (i, j)s where j € B}, one after another.
Then it reveals the remaining (i, j)s.

Notice that by following the greedy OCRS II, the agent will follow the constraint Jr; and
choose all the element (i,j) where j € B on each stage, as taking those elements won’t violate
the constraint by the definition of B}. It’s equivalent to the buyer-item pair selection process in
the CSIP. Thus under the above adversary, the set of element (7, j) chosen by the agent is exactly
same as the set of buyer-item pair served in the mechanism. Since each element (7,j) is active
with probability ;; and [ € b- P(J), by Lemma 4.11, each element is chosen by the agent with
probability at least c-l;;. In other words, in CSIP, each buyer i purchases item j with probability

at least c - l;;, under cost c¢. Thus the obtained profit is at least

- iy (pij = ¢5)
i
O

Now it’s sufficient to show that there exists a (%, c)-selectable greedy OCRS II for P7. Recall
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that every A € J satisfies:

e Each item is allocated to at most one buyer: Vj,O0; = {i: (4,5) € A},|0;] < 1.

e Each buyer is allocated a feasible set of items: Vi, P, = {j : (i,j) € A}, P, € F;.

Let Ji(or J2) be the subfamily that contains all set A that satisfies the first(or second) bullet
point. It’s straightforward to see that [J; forms a partition matroid. We will show that /> is also

a matroid, given the fact that every JF; is a matroid.
Lemma 4.13. 75 is a matroid.

Proof. Consider any A, A" € J5 such that |A| > |A'|. For every i, let P, = {j : (i,j) € A} and
Pl ={j:(i,j) € A’}. We have P; € P/ € F;. Notice that |A| = >, || > |A'| =Y, |P/|, there
must exist ig such that |P;,| > | P} |. Since F;, is a matroid, there exists some jo € P;,\P; such
that Pi’0 U{jo} € Fi,. By definition of Jo, we also have (ig, jo) € A\A" and A’ U (io, jo) € J2. Thus

J> is a matroid. O

Note that J = J1 N Jo. J is an intersection of two matroids. We can show that there exists a
(3, 1)-selectable greedy OCRS for P(J) by Lemma 2.3 and Lemma 2.4.

Put everything together, we are able to bound PROPHET using CSIP-PROFIT.
Lemma 4.14. PROPHET < 8 - CSIP-PROFIT.

Proof. First for those (4, j) such that §;;(c) < ¢;, the corresponding term in PROPHET is 0. We
could simply never serve those pairs. Thus without loss of generality, we assume that §;;(c) > ¢;
for every (i,j). For every c, since g;;(c) is half the ex-ante probability that a feasible mechanism
M serves the pair (i,j) when the true cost is ¢, thus ¢(c) = (g;;(c)) (i es € 1-J. By Lemma 2.3
and 2.4, there exists a (3, )-selectable greedy OCRS II for P(J). We thus consider the CSIP with
posted price p;;(c) = max{3;;(c),c;}, associated with the constraint Jij4(c). By Lemma 4.12, the

profit of the mechanism is at least

% ' Z Z Ec [gij(c) - (max{Bi;(c), ¢;} — ¢;)]
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4.5.4 Bounding Non-Favorite

In this section we will bound NON-FAVORITE. As discussed in Section 4.3, we will fix # and omit
it in the notation. We first give an informal proof by reducing the multiple buyer problem to single
buyer problems with a new valuation v; in Definition 4.2. This shows a connection to the single
buyer setting as well as the ex-ante relaxation by Chawla and Miller [CM16]. In their paper they
solve the revenue maximization problem for multiple matroid-rank buyers, bounding the benchmark
by the sum of optimal revenue for the single buyer problem under an ex-ante constraint.

Recall that

NON-FAVORITE = ZEti [Z 1[t; € Ryj) - vi(ts, (m]\{j})]

? J

This is the sum of all buyer’s welfare contributed by those non-favorite “items”!?

, under a
new valuation 7;. Consider the Sequential Permit Selling mechanism with posted price p;;(c) =
max{f;;(c),c;}. Since pjj(c) > ¢; for every c, the profit of the mechanism will be at least the
revenue extracted from the permit copies.

Notice that for every i,7j,c, buyer i can afford the item price for j with probability g¢;;(c).
Thus by union bound, each item j is still available when buyer ¢ comes with probability at least
1-> ; @i (c) > % By Lemma 4.21, buyer i’s expected utility in the second stage after purchasing
a set of permit copies P, is at least % - 0 (t;, P). Now we have reduced the multiple buyer problem
to n single buyer problems where buyer i has valuation o;(-,-) for the set of permit copies. Thus
from Section 4.4, the term E [Z] L[t; € Ryj) - 0i(t;, [m]\{j})] can be extracted from selling the
permit copies separately and as a whole bundle.

The above argument doesn’t give a formal proof because the buyer’s expected utility on the
copies does not exactly equal to % - 0i(t;, P) and thus a reduction like Lemma 4.5 cannot be di-
rectly obtained. Now we provide a formal and separate proof, bounding NON-FAVORITE with

RSPP and SPB mechanisms. First we decompose the term using a standard Core-Tail decompo-

sition technique [LY13, CDW16], according to v;j(t;j). For every i € [n], define 7; = inf{a > 0 :

12. Here we use quotations on the word ‘item’ as in the corresponding single buyer problem, the goods sold to the
buyers are permits, not real items.
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> Pre[0ij(tiy) > a] < 3. For every t;, let C;(t;) = {j € [m] : v5(ts;) < 73}

Lemma 4.15.

NON-FAVORITE < 3 Y "By, 5575 [0 (tif) Pr [Bk #j s.t. va(te) > v5(t;;)]]  (TAIL)
i

+ Y By, [0i(ti, Ci(t:))] (CORE)
Proof.

NON-FAVORITE = ZEt. Z L[t; € Ryj) - vi(ts, Im]\{5})]
< ZEt Z]l ti € Rij] - (0i(ti, Ci(t:)\{7}) + vi(ti, [\ {TI\Ci(t:)))]

< ZEt V; tz, z + ZEt Z tz € Rz]] Z jSk(tik)]

ke[m\{GH\Ci(t:)
= ZEt v;(ti, Ci(t:))] + ZZ taan () > [Oik (Bike) - [(tzkat —k) & Rijl]

= CORE + TAIL

Bounding Tail

We will bound TAIL using RSPP mechanisms. For every i, j, let 7;; = max,>r, a-Pry, [035(tij) > a,
which is the optimal revenue from selling permit j to buyer é. Let r = 37, > r;;. We first show

that TAIL < % -r and then bound r using a RSPP.

Lemma 4.16. TAIL < %
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Proof.

TAIL = ZZ gy (tig) > Vg (B ) - Pr [k # j s.b. Oak(tan) > 0ij(ti;)]]
= ZZ tiji5(tig)>Ti UU '5.7 ZPT UZ]C 7,]{: > v (t )]]
k#j
= Z Z tij: 045 (tij)>Ti Zrzk

k#j

< ZZE}“[%(%‘) > 7]
J

The following lemma bounds r using the RSPP.

Lemma 4.17. For any positive {&;;}i,; such that 3, Pry,; [0;5(ti;) > &ij] < %, we have

Z Z fij . 1:1‘[1_),7' (tij) > fzj] < 4.RSPP-PROFIT
- : ij
? J

Proof. Consider the RSPP mechanism with permit price %fij and item price max{f;;(c), ¢;}. Notice

that for every buyer i, her expected utility for purchasing each permit j is % - 0;5(t;5). She will

purchase every permit j for sure if both of the events happen:
1. She is willing to purchase permit j, i.e., v;;(t;;) > &;.
2. She is not willing to purchase other permits, i.e., (i) < &, Vk # J.

(1) happens with probability Pr[v;;(t;;) > &;]; By union bound, (2) happens with probability at
least 1 as > Py [0i(tiy) > &) < 1. Furthermore, both events are independent and thus buyer i

will purchase permit j and pay the permit price with probability at least % - Pry,; [035(tij) > &j5]. O

We point out that in the above lemma, it’s necessary to make every buyer i’s expected utility

for purchasing each permit j to be exactly % - 0j;(ti;). This is the reason the RSPP mechanism
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needs to hide each item randomly to make each item available with probability exactly % (See
Section 4.5.1). If the mechanism doesn’t hide the item, we only know that her expected utility for
each permit is at least that much. We are not able to lower bound the probability that (2) happens

using union bound.
Lemma 4.18. TaiL < 2 - RSPP-PROFIT.

Proof. Tt directly follows from Lemma 4.16 and 4.17 by applying argmax,. a - Pry, [0;;(ti;) > a

as &;; (Notice that it satisfies the constraint in Lemma 4.17 by the definition of 7;). O

Bounding Core
Now we bound CORE using RSPP and SPB.
Theorem 4.8. CORE < 8- SPB-PROFIT + 20 - RSPP-PROFIT.

Recall that CORE = ), Eq, [0;(t;, Ci(t;))]. In the proof we will consider the SPB mechanism
with item prices max{f;;(c), ¢;} and permit bundle price &; = & - mediany, (v;(t;, Ci(t;))). In order
to show that each buyer will accept this bundle price with at least half probability, we will prove
the expected utility for the item-purchasing stage is at least % - i (t;, [m]). We need the following

definition.

Definition 4.5. Consider the above SPB mechanism. For every i,t;, ¢ and P C [m], let

ui(ti, e, P) = Sg%%}éfijes(tij — max{f;(c), ¢;})

By Definition 4.5, buyer i’s expected utility for the item purchasing stage is E;_, c[ui(t;, ¢, Si(t<i, c))].
Recall that S;(t<;, c) is the set of available items in the above SPB mechanism. We notice that for
every 1, j, ¢, buyer ¢ can afford the item price for j with probability ¢;;(c). Thus by union bound,
each item j is still available when buyer i comes with probability at least 1 — 3, g;j(c) > %, ie.
Pri_.,[j € Si(t<i,c)] > % Then by showing that all u;s are XOS valuations, we prove that every

buyer has expected utility at least 3 - 0;(t;, [m]) to enter the auction.
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Lemma 4.19. ( [DNS05]) A function v(-) is XOS if and only if for every S C [m], there exist

prices {pj}jes (called supporting prices) such that
e v(S') > e pj forall S"CS.

® > jespi = v(S).
Lemma 4.20. For every i,t;, ¢, ui(t;, c,-) is an XOS function.

Proof. Fix i,t;,c. For every P C [m], let S* = argmaxgcpger, 2_jes(tij —max{fB;j(c),c;}). Define
supporting prices for set P as follows: pf = (t;j — max{fij(c),c;}) - 1[j € S*]. It’s easy to check

that pfs satisfy both constraints in Lemma 4.19. Thus u;(t;, c,-) is an XOS function. O

Lemma 4.21. Consider the above SPB mechanism. For every i, buyer i will accept the bundle

price 6; with at least % probability.

Proof. As stated above, for every buyer ¢ with type t;, her expected utility on the item-purchasing
stage is E;_, c[ui(ti, c, Si(t<i,c))]. For every i,j,c, buyer i can afford the item price for j with
probability g;;(c). Thus by union bound, Pr;_,[j € S;i(t<i,c)] = 1 =3, gi(c) > 3.

By Lemma 4.19 and 4.20, let pf(ti, c¢) be the supporting price for u;(t;, c,-) and set P. We have

Ei.,clui(ti c,Si(tei,©)] > Beie| > me](ti,@]
jESi(t<i,C)

=Ee[ 3 p)"(ti.c)- Prlj € Siftei.0)]

jelm]
1 1_ I
23" Eelui(ti, ¢, [m])] = Evi(tia [m]) > 3 v;(ti, Ci(ti))
Thus buyer ¢ will pay & = % - mediany, (v;(t;, Ci(t;))) with probability at least 3. O

Now it’s sufficient to show that Eq, [v;(t;, C;(t;))] is comparable to §; for every i. This is obtained
by applying the Talagrand’s concentration inequality on v;(t;, C;(t;)). Let p;(t;, S) = v;(t;, Ci(t;) N
S). We show that p; is subadditive and has small Lipschitz constant (Definition 3.4). The proof is

Lemma 4.22 is postponed to Appendix B.4.
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Lemma 4.22. p;(t;,-) is monotone, subadditive, no exteralities and has Lipschitz constant ;.

The following lemma is a restatement of Corollary 3.1. It shows that for every i, Ey, [0;(t;, Ci(t:))]

is bounded by §; and the Lipschitz constant ;.

Lemma 4.23. (Restatement of Corollary 3.1)
_ )
B, [0i(ti, Ci(ti))] = By, [pi(ti, [m]) < 4-06; + 5 Ti

For the last step, >, 7; can be bounded using the RSPP.
Lemma 4.24. ), 7, < 8- RSPP-PROFIT.

Proof. By definition, >, Pry,; [v;5(tij) > 7] = 1 for every i. By Lemma 4.17,

RSPP-ProFIT > — ZTZ ZPrvw ij) > Ti] = ZTz

O

Proof of Theorem 4.8: Consider the SPB mechanism with item prices max{3;;(c),¢;} and per-
mit bundle price &; = % - mediany, (v;(t;, C;(t;))). According to Lemma 4.21, Lemma 4.24 and

Lemma 4.23,

SPB-PROFIT > + 25 > = ZE’f [0:(ts, Ci(t;))] — *TZ) > — . (CORE — 20 - RSPP-PROFIT)

| —

118



Chapter 5

Single-Dimensional Two-sided

Markets

Starting from this chapter, we consider the problem of approximating gains from trade (GFT) in
two-sided markets. In this chapter, we will focus on single-dimensional settings, or more specifically,
bilateral trade and double auctions associated with any downward-closed trading constraints F (see
Section 2.4). We will design a simple, truthful and budget balanced mechanism and prove that the
GFT of this mechanism is at least half of the second-best GFT.

In Section 5.1, we characterize the set of allocation rules that are implementable by an IR,
BIC, SBB mechanism in double auctions. In Section 5.2, we study the bilateral trade setting,
proving a 2-approximation to the second-best GFT using some simple, IR, BIC, SBB mechanisms.
In Section 5.3, we generalize the 2-approximation result to any double auction with arbitrary
downward-closed feasibility constraint. In Section 5.4, we discuss the relationship of mechanisms

with different budget balanced constraints.
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5.1 Characterizing the Implementable Allocation Rules in Double

Auctions

In this section, we characterize the set of allocation rules that are implementable by an IR, BIC,
SBB mechanism in Theorem 5.1. It generalizes Myerson and Satterthwaite’s result [Mye81] (see
Section 2.4) to double auctions. In particular, their result is a special case of ours when n = m = 1.

For simplicity, in the proof of Theorem 5.1 we assume all agents have continuous distributions.
In other words, for every buyer i (or seller j), fZ(-) (of fJS (+)) is a continuous function and positive

in its domain [b;, b;] (or [s;,5;]). Both b; and 3; can be co. For discrete distributions, the theorem

follows from a similar argument.

Theorem 5.1. Given an allocation rule x = (2B, 2%), there exists payment rule (p?,p°) such that

the mechanism M = (2B, 2% pP p®) is IR, BIC and SBB if and only if

e For every i, x2(b;) is non-decreasing on b;. For every j, x S(S]) iS MON-iNCreasing on s;.

n m
Yl (bs) - pilbi) = a7 (bys)-7i(s;)| =0 (5.1)
i=1 j=1
The following lemma characterizes the payments in an IR, BIC mechanism. The proof is similar
to the analysis for bilateral trade in [MS83].
Lemma 5.1. Suppose a mechanism M = (zB 25 pP p®) is IR and BIC, then

e For every i, xP(b;) is non-decreasing on b;. For every j, x S(sj) is non-increasing on s;.

o For every buyer i and any of her type b;,

b;

pB(b;) = b; - 2B (b)) —/ B (t)dt — 6;, (5.2)
bi

0; is some non-negative constant.
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o [or every seller j and any of her type s;,

S5
pf(sj) =sj- xf(sj) +/ xf(t)dt + 1, (5.3)
55

15 18 some non-negative constant.

Furthermore, if (p®,p®) satisfies Equation (5.2) and (5.3), then

> By, [pf (b)) = By [Z z (b, s) - %’(bi)] - 0 (5.4)
=1 ]

i=1 i=1
> B0 (s)] =Eus | D25 (b,s) 7i(s5) | — D> (5.5)
j=1 j=1 j=1

Proof. For every i and b;, let UZ-B (b;) be buyer i’s expected utility when she reports her true type

b;. Since M is BIC, for every buyer i, and two types b;, b, € [b;, bl

UP (b)) = bi -z (b)) — pP (bi) > b - 2P (b)) — pP (b))

The two inequalities imply
(b; = bi) - (bs) S UL (6) = U (bi) < (0 = by) - 2 ()

when b, > b;, 2P (b)) > 2B (b;). 28(b;) is non-decreasing on b; and thus Riemann integrable. Let

b; = b; + €,
e-xP(b;) <UP(bi+¢) —UP ;) <e-xP(bi+e) (5.6)
For any value z, taking integral of b; on [b;, 2] and let € — 0, we have
UP ) = UP M)+ [ b (5.7)
b;
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pP(2) = - 2P(2) - /b "B o) db; — UP () (5.8)

Clearly, UP(b;) > 0, as M is interim IR. Equation (5.2) follows from setting 6; = UZP(b;).
Similarly, we can show that Equation (5.3) holds for every j.

Furthermore, for every i, by Equation (5.2),

Ebi[?(bi)]z/b_ P (bi) [P (bs db—// ;)dtdb; — 6;

b;

- (5.9)
:/ bix? (b)) £ (b;)db; —/ zP(b;) (1 — EP(b;)) db; — 6;
bi bi
= [ et eosF oo o,
Similarly, for every seller j, by Equation (5.3),
Esj [pgs(sj)] :/ 854 (S] f] sj)ds; + / / f; sj)dtds; +n;
sj
7 S (s £ (s,
= S5y (Sj>fj (s5)ds; f (s5)ds;jdt +n;
gt f; (5.10)
_ (7. s S(s\d 75 d
= sjx; (s5)f7 (s5)ds; 7 (55)F} (s]) sj +nj
5 5
S5
= [ i) 5 5 s +
sj
Equations (5.4) and (5.5) directly follows from the two equations above.
O

Proof of Theorem 5.1: If there exists a payment rule (p®,p°) such that the mechanism M =

(z B S,pB,pS) is IR, BIC and SBB, by Lemma 5.1, x is monotone and there exists non-negative
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6;’s and n;’s such that Equations (5.4) and (5.5) hold. Since M is SBB,
Epbs fo(bs ©i(b Zx (b,s) - 75(s) ZH +Zn]>() (5.11)
i=1 j=1

If the given allocation rule x is monotone, and satisfies Inequality (5.1), define payment rule

p = (pP,p°) as follows:

b;

pP(b,s) =b;-zP(b,s) — / zB(t,b_;,s)dt (5.12)
bi

p; (b, s) :sj-xf(b,s)—i-/]xf(b,t,s_j)dt (5.13)

i
This is a threshold payment and thus M = (x, p) is DSIC and IR. According to Equations (5.4),
(5.5) and Inequality (5.1), M is ex-ante WBB. By Lemma 5.11 and Theorem 5.12, there exists

payment rule (pB/,pS/) such that M’ = (28,2, p% p /) is IR, BIC, and SBB. O

5.2 Bilateral Trade

To warm up, we first study the classic bilateral trade setting, when there is only one buyer, one
seller and a single item. Throughout this section, we will use b and s to represent the buyer and
seller’s type accordingly. In any mechanism M = (z, p?, p®), for every type profile (b, s), (b, s) is
the probability that the item is traded. pP(b,s) and p°(b, s) are the payments. For simplicity, for
every b let xP(b) = Eg[z(b, s)], pP (b) = E[pP (b, 5)] be the buyer’s interim allocation and payment.
Similarly, let 2°(s) = Ey[x(b, )], p°(s) = Ey[p°(b, 5)] for every s.

We will present two simple IR, BIC, SBB mechanisms and prove that the better one obtains at

least half of the optimal GFT.

1. Seller-Offering Mechanism (SO): The seller posts a take-it or leave-it price gp(s) for
the item to the buyer. The item price depends on her true type s and the buyer’s value

distribution. The buyer has to pay ¢g(s) to the seller if she chooses to take the item.
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2. Buyer-Offering Mechanism (BO): The buyer posts a take-it or leave-it price gg(b) for
the item to the seller. The item price depends on her true type b and the seller’s value

distribution. The seller can get gs(b) from the buyer if she chooses to sell the item.

Since the item is sold through a posted price, both mechanisms are clearly SBB. For SO, the
seller has the information of her true type s and the buyer’s type distribution D”. She will choose
qp(s) to maximize her expected utility and thus the mechanism is BIC and IR for the seller. The
buyer sees the posted price and will buy if and only if her value b is greater than ¢g(s), no matter
what s is. Hence the mechanism is DSIC and IR for the buyer. Similarly, BO is BIC for the buyer,
DSIC for the seller, and IR for both agents.

Let GFTgp and GFTpo be the expected GFT for SO and BO. We will prove that the second-
best GFT (SB-GFT) is bounded by GFTgo plus GFTpo. Hence a simple randomization between

the two mechanisms achieves a 2-approximation.
Theorem 5.2. SB-GFT < GFTgo + GFTgo

To prove Theorem 5.2, we first focus on the left hand side of the inequality - the optimal GFT.
In [MS83], the authors give an exact characterization of the optimal mechanism, yet its GFT is
not easy to analyze. Thus it’s necessary to provide an upper bound of the optimal GFT that has

a simple form.

5.2.1 Upper Bound for OPT

Notice that the GFT of any two-sided market mechanism equals to the buyer’s expected utility of
this mechanism, plus the seller’s expected utility, plus the difference between buyer’s and seller’s
expected payment. Denote OPTpy (or OPTgy) the optimal buyer’s (or seller’s) utility attainable
by any IR, BIC and ex-ante WBB mechanism. Note that in any ex-ante WBB mechanism, the
buyer’s expected payment is at least the seller’s expected gains. Thus OPT is upper bounded by
OPTpgy plus OPTgy.

Now it remains to bound OPTgy and OPTgy. By Lemma 5.1, for any BIC and IR mechanism

M = (x,p), z(b, s) is non-decreasing on b and non-increasing on s. The seller’s expected utility for
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the mechanism is By, [p? (b, s) —x(b, 5)-5] = Ep s[x(b, 5)-(¢(b) —s)]. When DB is regular, it is at most
Eps[(p(b) — s)*] when x(b, s) = 1[p(b) > s].! For irregular DB, (b) might not be non-decreasing
and thus 1[p(b) > s] might not be a monotone allocation rule. To get an achievable bound, we
will follow the ironing procedure on the virtual value function [Mye81] and bound OPTgy by

Ep s[(¢(b) — s)T], where @(+) is the Myerson’s ironed virtual value function.

Lemma 5.2. [Har13] For any non-decreasing function xB(-) : T? — [0, 1],

Ep[27(b) - ¢(b)] < Ep[z” (b) - 3(0)).

The inequality holds with equality if xB(b) = xB (') for every two values b,b' in the same ironed

interval (or formally, p(b) = @(b')).

For the seller’s virtual cost function, we will perform a similar ironing procedure if D9 is
irregular?. A formal definition of the ironing procedure can be found in Definition 5.1. Lemma 5.3
is analogous to Lemma 5.2, which states that the seller’s expected virtual cost is at least the

expected ironed virtual cost, under any monotone allocation rule.

Definition 5.1. (ironing for seller’s distribution) Let G(-), g(-) be the cdf and pdf of D¥. Consider
the quantile space for the distribution. For any r € [0,1], let R(r) = r- G~'(r).> Let R(r) =
min,., ,,e(0,1](0- R(r1) +(1=9)- R(r2)), where § € [0,1] is the unique value such thatr =§-r1+(1—

8)-ro. Now R(-) is a convex curve. The ironed virtual cost function is defined as 7(s) = R'(G(s)).

Lemma 5.3. For any non-increasing function a:S() T — [0, 1],

Es[2°(s) - 7(s)] = Esfa®(s) - 7(s)].

The inequality holds with equality if z°(s) = x5(s') for every two values s,s' in the same ironed

1. 2% = max{z, 0}
2. A seller’s distribution D? is regular if and only if 7(-) is monotone non-decreasing.

3. By taking derivative, one can easily check that R'(r) = 7(G~*(r)) holds for every r. Thus 7(-) is non-decreasing
if and only if R(-) is convex.
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interval (or formally, 7(s) = 7(s')).

Proof. Notice that R'(FS(s)) = f%(s)7(s) for every s. By integration by parts, for monotone

allocation rule z°(-) we have,

Similarly,

Ei[z°(s) - 7(s)] = ~Es[(2°)'(s) - R(F®(s))]

By definition, for every = € [0, 1], R(r) < R(r). Moreover, since x°(-) is non-increasing, we have
Es[z%(s) - 7(s)] = ~Es[(2°)'(s) - R(F®(5))] 2 ~Es[(2%) (s) - R(F*(5))] = Es[2°(s) - 7(s)]

The inequality holds with equality if (z%)'(s) = 0 for every s such that R(FS(s)) > R(F%(s)).
The proof is done by noticing that whenever R(F°(s)) > R(F5(s)), s must be in the interior of

the some ironed interval. O
Lemma 5.4. OPTgsy < E;[(¢(b) — 8)T],OPTpy < Ep5[(b — 7(s))™].
Proof. By Lemma 5.1, for any BIC, IR, and ex-ante WBB mechanism M = (z,p), (b, s) is non-

decreasing on b and non-increasing on s. The seller’s expected utility for the mechanism is

By s[p° (b, 5) — (b, 5) - 5] <Epo[pP (b, s) — (b, s) -] (M is ex-ante WBB)
=Ey s[x(b, s) - (p(b) —s)] — 6 (by Lemma 5.1)
<Eps[z(b,s) - (¢(b) —s)] — 6 (by Lemma 5.2)

<Ess[((b) — )]

Similarly, for any mechanism that is BIC and IR for the seller, the buyer’s expected utility for
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the mechanism is

Ep s[z(b,s) - b— pB(b, 5)] < Epslx(b,s)-b— ps(b, s)]

= Eps[z(b,5) - (b—7(s)] =1 < Eps[a(b,s) - (b= 7(s))] — n < Eys[(b—7(s))"]

where the second inequality follows from Lemma 5.3. The proof is done. O

We remark that according to Lemma 5.5 in Section 5.2.2, both of the inequalities in Lemma 5.4
hold with equality as the bound is achieved by SO (and BO). In the rest of this section we will first

characterize the value of GFTgg and GFTgo, and then prove Theorem 5.2.

5.2.2 GFT of the SO and BO Mechanism

Lemma 5.5.

GFTso = Ey[(b—s) - 1[(5) > o]
GFTpo = Epy[(b—5) - 1[b > 7(s)]

Proof. First consider SO. For every seller’s type s, if the seller uses ¢ as the posted price in the
SO, the seller’s expected utility is ug(s,q) = (¢ — s) - Prpps[b > ¢q] = Ep[(0(d) — s) - 1[b > ¢]]
according to Myerson’s lemma. By Lemma 5.2, this is at most Ep[(¢(b) — s) - L[b > ¢]]. Since &(-)
is monotone, b > ¢ if and only if $(b) > @(q). Thus choosing ¢* = min{q|3(¢) = s}* maximizes
the term Eu[(¢(b) — s) - 1[b > ¢]]. Moreover, since ¢* is not in the interior of any ironed interval,
us(s,q*) = Ep[(¢(b) — s) - L[b > ¢*]]. Thus ¢* also maximizes the seller’s utility. In SOM, the trade
happens whenever ¢(b) > s.

The proof for BO is analogous: In BO, the buyer with type b will choose max{q|7(q) = b} as

the posted price, and the trade happens whenever 7(s) < b. O

Now we are ready to prove Theorem 5.2. If both of the distributions are regular, Theorem 5.2

4. In fact if there are multiple values of ¢ that satisfy ¢(q) = s, choosing ¢* = max{q|®(q) = s} derives the same
maximum expected utility. In other words, the seller can choose either the start-point or the end-point of that ironed
interval as her posted price. Here we pick the one that allows more trade.
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directly follows from OPT < OPTgy + OPTgy and the fact that the buyer’s virtual value is
always less than the true value and the seller’s virtual cost is always greater than her true cost.

For general distributions, we will apply Lemma 5.2 to prove the theorem.

Proof of Theorem 5.2: By Lemma 5.4, we have
SB-GFT < OPTgy + OPTsy < Ep[(@(b) — 8)T] + Eps[(b — 7(s)) 7]

For every s, note that 1[p(b) > s] is a monotone function and the jump from 0 to 1 happens
at the minimum value of b such that ¢(b) = s, which is not in the interior of any ironed interval.

Thus

Ep,s[(2(0) = 5) 7] = Eps[(0(0) — 5) - 1[5(D) > s]] < Eas[(b — 5) - 1[2(b) = s]] = GFTso

Similarly we have E s[(b — 7(s))T] < GFTpo. Thus <GFTgo + GFTpo. O

5.3 Double Auction Setting

In this section, we consider the double auction setting. In Section 5.2, we proposed two simple
mechanisms approximating the optimal GFT for bilateral trade. Both of the mechanisms are IR,
BIC and SBB. However in double auctions, such a mechanism appears to be hard to design directly.
One significant barrier is to find a payment rule that simultaneously satisfies all three conditions
mentioned above. Indeed, given an allocation rule, even monotone, such a payment rule is not
guaranteed to exist (Theorem 5.1).

However, even knowing there exists a payment rule that makes the mechanism IR, BIC and
SBB, it is still not easy to explicitly describe these payments. We circumvent this difficulty by
first proposing ex-ante WBB mechanisms whose GF'T is at least #. Then the mechanism can
be transformed into an SBB mechanism, while maintaining the same GFT. See Theorem 5.4 in

Section 5.4 for more details about the transformation.

Theorem 5.3. In any double auction, there exists an IR, DSIC and ex-ante WBB mechanism
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whose GFT is at least %.

To prove Theorem 5.3, we first bound the optimal GFT using a similar argument as in Sec-
tion 5.2. Denote OPTpy (or OPTgy) the maximum value for the sum of all buyers’ (or sellers’)
utility attainable by any IR, BIC and ex-ante WBB mechanism. Lemma 5.6 gives an upper bound

of the optimal GFT. Before stating the lemma, we need the following definition.

Definition 5.2. Given type profile (b, s), build a complete bipartite graph between the buyers and
the sellers with edge weight w;;(b;, sj) equal to ¢;(b;) — s; for the edge between buyer i and seller j.
Then find a matching A(b, s) € F that mazimizes the total weight 3_; e a(p,s) Wij(bi, 7). Denote
Al(b, s) the mazimum weight matching. For the other side, denote A%(b,s) the mazimum weight

matching when the edge weight w;;j(b;,s;) equal to b; — 7;(s;j).

Lemma 5.6.

SB-GFT < OPTgy + OPTgy < Eb,s Z (@Z(bz) — Sj) + Eb,s Z (bz — 7~'j(8j))
(i,5)€AL(b,s) (i,5)€A2(b,s)

Proof. By Lemma 5.1, for any BIC, IR and ex-ante WBB mechanism M = (z,p), for every b, s,
zP(b,s) is non-decreasing on b; for every i. And for every j, xf (b,s) is non-increasing on s;.
Denote z;;(b,s) the probability that buyer i trades with seller j under profile (b,s). Clearly

wf (b,8) = 3 icm %ij(b,s), 23 (b,s) = 3,c i (b, 5).
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The sum of all sellers’ expected utility for the mechanism is

S Ebslpf (b,s) — 25 (b,s) - sj] < Eps[> pP(b,s) =D af(b,s)-sj] (M is ex-ante WBB)
J i ]
—Eszaj (b,s) - ¢i(b;) Zaj (b,s) - s;] — ZQ (Lemma 5.1)
<Eszx (b,s) - @i(b;) Zaj (b,s) - s;] — 20 (Lemma 5.2)
=Eps[Y_ zij(b,s) - (Bi(bi) — s;)] Ze
4,
SN D INCIOE sﬂ]

(i,j) €Al (b,s)

where the first inequality follows from Lemma 5.2.
Similarly, for any mechanism that is BIC, IR and ex-ante WBB, the sum of all buyers’ expected

utility for the mechanism is

ZEbS (b,s) b—pl(bs)]<]EbSZx (b,s) b—Zplbs] (M is ex-ante WBB)
—EbSZx (b,s) b—Zx b,s) - 7(s;)] Zm (Lemma 5.1)
<EbSZx (b,s) b—Zx (b,s) - 7(s;)] Zm (Lemma 5.2)
—Eszx”bs Zm
SEb,s[ > (bifj(é“j))]

(i,5)€A2(b,s)

5.3.1 Generalized BO and SO

We propose two mechanisms and show that the better one has GF'T at least %OPT. The allocation

and payment rule are defined as follows:
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Definition 5.3. We consider the following two mechanisms which are the generalizations of SO

and BO in double auctions.

e Generalized Seller-Offering Mechanism (GSO): Given type profile b, s, buyer i trades
with seller j if and only if (i,7) € A'(b,s) (see Definition 5.2). According to Lemma 5.7,
this allocation rule is monotone, and the buyer (or the seller) pays (or receives) the threshold

payment. See below for more details about the payment rule.

e Generalized Buyer-Offering Mechanism (GBO): Given type profile b, s, buyer i trades
with seller j if and only if (i,j) € A%(b,s) (see Definition 5.2). According to Lemma 5.7,
this allocation rule is monotone, and the buyer (or the seller) pays (or receives) the threshold

payment.

Lemma 5.7. Suppose w;;(b;, ;) is non-decreasing in b; and non-increasing in s; for every buyer i
and seller j. For any type profile b, s, if edge (i, j) is in the maximum weight matching M, this edge
is in the mazimum weight matching under type profile (b},b_;, s) (or (b, s;,s,j)) for any b, > b;
(or any s < s;).

Proof. We prove that for any b, > b;, M is still a maximum weight matching under type profile
(b;,b_;,s). For convenience, we use w;;(b,s) to represent the weight of edge (4, j) under type profile
(b,s). w;;(b,s) = w;j(bi, s;). For every matching M’ € F, notice that w; ;(b,s) = w; (b}, b_;,s)

for all i’ # i and all j € [m]. Hence,

> wipWbois) = > wp(b,s) + (wii(b],s5) — wi (b, 55))

(i',5")eM (i3 ) EM

> Z wyrjr (b, s) + (wi; (b}, s5) — wij(bs, s;5)) (Optimality of M)
("5 eM’

> > wip (b b, s)
(.5 eM’
(5.14)
The last inequality is an equality if (i,5) € M’'. If (i,5) ¢ M’, the inequality is because

wij(b;,sj) — wij(bz-,sj) Z 0 and Z(i/,j’)ef\/l’ wir’j/(b,s) = Z(i/,j’)EM’ wirj/(b;,b_i,s). Thus, M is
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a maximum weight matching under type profile (b},b_;,s). Similarly, we can show that M is a

maximum weight matching under type profile (b, s;, s;/) for all S; < 8j. O

By Lemma 5.7, the allocation rules for GSO and GBO are both monotone due to the mono-
tonicity of functions ¢;(-) and 7;(-) for all ¢, j. We use the threshold payment, that is, given any
type profile b, s, for every buyer 4, if z%(b,s) = 0, pP(b, s) is also 0, and if 27(b,s) = 1, pZ(b, s)
equals the smallest b} such that xP(b},b_;,8) = 1. Similarly, for every seller j, if xf (b,s) = 0,
pf(b, s) is also 0, and if a;f(b, s) =1, pjs(b,s) equals to the largest S;’ such that :cjs(b, s;, s_;) =1
As the allocation rule is monotone and the threshold payment is used, the mechanism is IR and

DSIC for every agent.

5.3.2 GSO and GBO in Bilateral Trade

To get a better understanding of the two mechanisms, we will first compare GSO with SO in the
bilateral trade setting (the buyer side is analogous). For GSO, the pair is selected in the optimal
matching if and only if the weight @(b) — s > 0. Notice that this is exactly same as the allocation
rule used in SO. Thus the two mechanisms have the same GFT, yet the different payment rule.
Different from SO which is SBB simply by the definition of the mechanism, it’s not straightforward
that GSO satisfies any budget balance criteria: By applying the threshold payment on both agents,
any monotone allocation rule can be used to construct a DSIC and IR mechanism. However,
Myerson and Satterthwaite’s impossibility result [MS83] implies that not all allocation rule can
induce a budget balanced mechanism. In Lemma 5.8, we show that with the specific allocation rule

in Definition 5.3, GSO is indeed ex-ante SBB.
Lemma 5.8. In the Bilateral Trade setting, GSO is an IR, DSIC and ezx-ante SBB mechanism.

Proof. We only need to prove that the mechanism is ex-ante SBB in bilateral trade. By the
definition of the mechanism, if z(b,s) = 1, p®(b,s) = V'(s) where ¥'(s) = min{by : G(by) > s},
p°(b,s) = p(b). For any s,

Ey[p” (b, 5)] = ¥/ (s) - Prp(b) = 5]

Ep[p° (b, )] = Ey[@(D) - 1[3(b) = s]]
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According to the definition of ¥/(s), b'(s) does not lie in the interior of any ironed interval. Thus

by Lemma 5.2,

b
Ey[@(b) - 1[@(b) = s]] = Ep[p(b) - 1[(D) = s]] = /b/( )<P(b)fB(b)db =V/(s) - Prp(b) > 5]

Thus we have Ey[p? (b, 5)] = Ey[p® (b, 5)]. O

Similarly, we can prove that GBO is ex-ante SBB. The trade happens if and only if the weight
b—7(s) > 0 in GBO, which is exactly the same allocation rule with BO. Using a similar argument

as in Lemma 5.8, we can prove that GBO is also ex-ante SBB.

Lemma 5.9. In the Bilateral Trade setting, GBO is an IR, DSIC and ex-ante SBB mechanism.

5.3.3 Finishing the Proof

In this section, we consider the double auction setting and give the proof of Theorem 5.3. We first
need to prove that both GSO and GBO are ex-ante WBB. The idea is to consider each pair (i, )
separately and show that the expected payment of buyer ¢ for trading with seller j is greater than

the expected gains of seller j for trading with buyer <.

Lemma 5.10. Both GSO and GBO are IR, DSIC and ex-ante WBB mechanisms.

Proof. We will give the proof for GSO and a similar argument applies to GBO. Let (27, x5, pB, p° )

be the allocation and payment rule for GSO. For every i,j and type profile b,s, let z;;(b,s) =
1[(i,j) € A'(b,s)] representing whether buyer i is trading with seller j. Clearly z2(b,s) =
>_jeim) Tij (b 8), xf(b,s) = > e %ij(b,s). We notice that with threshold payments, pB(b,s)

(or pf(b, s)) is non-zero only if 2P (b,s) (or J;f(b, s)) is 1. Then the difference between all buyers’
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expected payments and sellers’ expected gains can be written as

B[ S a0 900 08 3 185 05
i=1 j=1
Fe[ T ) 0805 5 09) |
(i.4) €A1 (bs) (5.15)
—Fpe [Zmb s)- (' (b,s) =} <b,s>>]

Now we fix 4,7, b_; and s_;. Lemma 5.7 states that if a pair (¢,7) is in the max weight
matching, then increasing the value of b; or decreasing the value of s; will not remove this pair
from the maximum weight matching. In other words, w;;(b;,b_;,s;,s—;) is non-decreasing in b;
and non-increasing in s;. Next, we characterize the threshold payments of ¢ and j. For every
b; € TZ-B, define s;»(bz-) to be the largest value of s; such that wx;;(b;,b_;,s;,s—;) = 1. Notice
that when (i,7) € Al(b,s), @i(b;) — s; must be non-negative, as the feasibility constraint F is
downward-closed, so removing a pair with negative weight gives a strictly better matching. Thus,
s5(bi) < Gi(bi).

Similarly, for every s; € TJS, define b;(sj) to be the smallest value of b; such that x;;(b;, b—;, sj,5—;) =
1. By the definition of threshold payments, given b;, s;, if z;;(b,s) = 1, pjs(b, s) = s;(bl) As for
the buyer, pP(b,s) = b.(s;). The reason is that when s; > s5(bi) (or bi < bi(s;)) then atf(b, s) (or
zP(b,s)) must be 0. Imagine this is not the case, and j (or 7) is in the maximum matching with
some other buyer ¢’ (or seller j') under profile (b, s), then clearly if we decrease the value of s; (or
increase the value of b;), (¢/,7) (or (i,;')) should remain in the maximum matching according to
Lemma 5.7. Contradiction.

Now fix s;j. z;j(b,s) =1 if and only if b; > b;(s;). We have

Ey, [:Uij(b,s)pf(b,s)] = b;(s;) - Pr[b; > bi(s;)] (5.16)

Ep, [2ij(b,8)p7 (b,s)] = By, [s](bi) - Lbi = bi(s7)]] < B, [@i(b:) - L[ = b(s;)]] (5.17)
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Again notice that b(s;) does not lie in the interior of any ironed interval for all s;. So
By, [2i(bs) - L[bi > bi(s5)]] = B, [10i(bs) - L[bi = Bi(s;)]] = bi(s;) - Pr[bi > bi(s;)]

Hence,

Ep, [j(b,s)p (b,s)] > Ey, [2ij(b,s)p{ (b,s)] .

Take expectation over s;,b_;, s_;, and sum over all 4, j:

SN Ebs [2i(b,s) (P (b,s) — pf(b,s))] >0 (5.18)

i=1 j=1
Hence GSO is ex-ante WBB. ]

Now we are ready to prove Theorem 5.3.
Proof of Theorem 5.3: We use GFTggo (or GFTgpo) to denote the expected GFT of GSO (or
GBO). According to Lemma 5.10, both GSO and GBO are IR, BIC and ex-ante WBB, so we only
need to prove that GFTgso + GFTgpo > SB-GFT. By Lemma 5.6,

<Eps > (@ilbi) = 55) | +Ens > (b 7(s) (5.19)

(i,j)€Al(b,s) (1,j)€A2(b,s)
For every 1, j, fix b_;,s. As in Lemma 5.10, we will continue to use b;(s;) to denote the smallest
value of b; such that x;;(b;,b_;, sj,s—;) = 1 in GSO, and use z;;(b,s) = 1[(i,j) € Al(b,s)] to
denote whether buyer i trades with seller j in GSO. Since b}(s;) does not lie in the interior of any

ironed interval, we have

By, [(@i(bi) = s5) - ij(b, 8)]
=By, [Gi(bi) - L[bi = Vi(s5)]] — s - B, [ (b, s)]
=By, [i(bi) - L[b; > bi(s;)]] — s - Prlbs > bj(s;)] (Lemma 5.2) (5.20)
<Ep, [(b; —s;) - L[os = bi(sy)]]  (ilbs) < bi)

=Ey, [(bi — s;) - xi;(b, s)]
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Take expectation on b_;,s, and then sum up over all 4, j:

IEb,s Z (sz i _3] ZEbs _SJ) xij(bvs)]
(4,9)€AL(b,s) (5.21)

< Z]Ebs b; — xw(b S)] = GFTgaso

Similarly, we have Ep ¢ |:Z(Z-7j)€A2(b’s) (b; — %j(sj))} < GFTgpo. Combining this with Inequal-
ity (5.19), we have SB-GFT < GFTgso + GFTgpo. O

5.4 Transformation between Mechanisms with Different Budget-

Balanced Constraints

In this section, we argue how to transform an IR, BIC and ex-ante WBB mechanism to an IR, BIC
and SBB mechanism without changing the allocation rule. Clearly, the GF'T remains the same after
the transformation. The result applies to general two-sided markets and we will use the notations

from Section 2.4 throughout this section.

Theorem 5.4. Given an IR, BIC, ex-ante WBB mechanism M = (25, S,pB,pS) with non-
negative payment rule, there exists another mon-negative payment rule (pB/,pS/) such that the

mechanism M' = (zB, 25, pP',p%") is IR, BIC and SBB.

As a SBB mechanism is clearly ex-ante WBB, thus with Theorem 5.4 we will have an equiv-
alence among the ex-ante WBB constraint and the SBB constraint for IR and BIC mechanisms.
The intuition behind Theorem 5.4 is that if our mechanism has positive surplus, we can simply
divide the surplus to the agents evenly and independently from their reported types (Lemma 5.11).
Now we have an ex-ante SBB mechanism. Next, we massage the payments so that all interim
payments remain unchanged, while under every type profile the sum of buyers’ payments equal the
sum of sellers’ gains. This is achieved via an interesting linear transformation on the payments

(Lemma 5.12).
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Lemma 5.11. Given an IR, BIC, ex-ante WBB mechanism M = (2B, 2% pB p%) with non-
negative payment rule, there exists another non-negative payment rule (pB/,pS/) such that mecha-

nism M' = (2B, 5, pB pS ) 18 IR, BIC and ex-ante SBB.

Proof. Let 6 = Epg [ZZ pP(b,s) — > i pjs(b,s)} > 0. Define (p?',p%") as follows: for every
b.s, p¥(b,s) = pP(b,s) > 0, p (b,s) = p(b,s) + ;. > 0. Then

n , m , n m 5
D p7 (b,s) =) 07 (bys)| =Ebs | D pl(b,s) = pi(bs)| —m-— =0 (5.22)
i—1 i—1 j=1

J=1

M’ is ex-ante SBB. In mechanism M’, it first gives > 0 t0 each seller and then follows the allocation
rule and payment of mechanism M. Since each seller receives a fixed amount of money at the

beginning of the mechanism, M’ will still be IR and BIC. ]

The next lemma provides a transformation for turning an IR, BIC, ex-ante SBB mechanism to

a SBB mechanism without modifying the allocation rule.

Lemma 5.12. Given an IR, BIC and ex-ante SBB mechanism M = (B 2%, pB,p%) with non-
negative payment rule, there exists another non-negative payment rule (pB/, psl) such that the mech-

anism M' = (B, 25, pP',p%") is IR, BIC and SBB.

Proof. We will construct p? such that for every buyer i and her type b;, the expected payment for

buyer 4 to report type b; in M’ is the same as her payment in M. Formally,
By o [pF (0isb-i28)| = By [pF (bisb-i:9)]

Similarly, for each seller j and her type s;, the expected gains for seller j to report type s; in M’

is the same as her gains in M, that is,

Eb,s,j |:p39 (b7 Sj, S—j)} = Eb,s—j [pf(b’ S5 S_j>] :

This property guarantees that the expected utility for buyer i (or seller j) when reporting type
b; (or type s;) stays unchanged. Since M is BIC and IR, M’ is also BIC and IR.
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Suppose we are given an IR, BIC and ex-ante SBB mechanism M = (z8, 2% p?,p®). Define
the payment rule (p?',p%) as follows. Let QF = {i€n]:EyypPb,s)] >0} and Qg = {j €
] By [ (6.1)] > 0.

For i ¢ QF since all payments p?(b’,s') are non-negative, we must have p?(b’,s) = 0 for all
b’,s’. We define p?l(b, s) = 0 for all i ¢ QF and every type profile (b,s). Similarly, for all j & Q9
let p]S/ (b,s) = 0 for every type profile (b,s). For simplicity, we will slightly abuse the notation,
using p2(b;) (or pf(sj)) to denote Ey_, ¢ [pP(bi,b—i,s)] (or Es_ b {pf(b, sj,5—i)|), and p? (or pf)
to denote By y[pP (b, )] (0r By o5 (B',5)).

For i € QF and j € QF, define

B S
, B (byr) P (85)
piB (b,S): H : Bl : H ]752913 (523)
vear Pv jicgs Py
s pl (bir) pi(sy) g
pis) =1 =5~ Il 5w (5.24)
i'eQB Dy j'eqs p]/

For every b, s, since M is ex-ante SBB, > . o5 pP = ZjeQS pf, which implies that } ;o5 szl (b,s) =
> jcas pf'(b, s). Since the payments of buyers (or sellers) that are not in Q5 (or Qg) are 0, Mech-
anism M’ is SBB. Moreover, for every i € QF and type b;, if we take expectation of piB, (b,s) over

all b_;, s, we have

pPO) - I Eonnlpd 0] [ By ups (s - o7

’ ”75','/693 i’eQS
Eb*ivs[p’iB (b7 S)] = A B d S
H Py - H Py (5.25)
i'eQB j'eqns

= pf (bs)

If i ¢ QOF, Ebii,s[pf/ (b,s)] = 0 = pB(b;). Similarly, for every seller j and any of her type s;,
Ep,s_; [pf/(b, s)] = pjs(sj). Thus, M’ is an IR, BIC and SBB mechanism. O

Proof of Theorem 5./: It directly follows from Lemma 5.11 and Lemma 5.12. O

With Lemma 5.11 and Lemma 5.12, one can show that under IR and BIC constraints, mecha-
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Lemma 5.12 ex-ante | |

ex-ante
WBB

\WBB/

SBB

Figure 5.1: Transformation between Mechanisms with Different BB Constraints

nisms with all variants of the Budget-Balance constraint can be transformed to one another, without
changing the allocation rule (and thus not affecting the GFT).

Figure 5.1 describes the transformation between mechanisms with different budget balance
constraints. In the figure, all the simple arrows are directed from a stronger constraint to a weaker

one.
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Chapter 6

Approximating GFT with

Asymptotically Efficient Mechanisms

The mechanism proposed in Chapter 5 achieves a constant approximation to the second-best GFT
in bilateral trade and double auction with arbitrary downward-closed trading constraint. However,
one caveat of this mechanism is that its expected GFT does not asymptotically converge to the
optimal GFT as the market grows large (see Example 6.1). In this chapter, we aim to design
mechanisms that are asymptotically efficient, and also achieve a constant factor approximation to
the second-best GFT in expectation.

In Section 6.1, we give an introduction of the results and techniques covered in this chapter. In
Section 6.2 and Section 6.3 we introduce our setting and go through mechanisms in the literature
that is useful in this chapter. In Section 6.4 we present our results for double auctions. In Section 6.5
and Section 6.6, we present our results for a more general setting matching market. In Section 6.7

we give some discussion about our results in this chapter.

6.1 Results in This Chapter

In light of the seminal impossibility result of Myerson—Satterthwaite [MS83], follow-up work in the

two-sided market literature has looked at IR, BIC, and BB mechanisms that are approximately
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efficient, rather than precisely efficient. The current state-of-the-art mechanisms in the literature

can be categorized as giving one of two guarantees:

1. A constant ex-ante guarantee, measured with respect to the second-best GFT, that is, the
(possibly very complex) mechanism obtaining the highest expected GFT of any IR and BIC

mechanism that is weakly budget balanced, or

2. An asymptotically optimal ex-post guarantee, measured with respect to the first-best GF'T,

that is, the mechanism obtaining full efficiency (VCG).

In this chapter, we aim to construct simple mechanisms that simultaneously achieve both guar-
antees. We study settings in which each seller is endowed with precisely one item, all items are
identical, and each buyer is interested in buying one item. In the double-auction setting, any seller
can trade with any buyer, while in the more general matching market setting, trade between some
buyer-seller pairs is disallowed. Before describing our results, we first survey the state-of-the-art

mechanisms giving each guarantee in more depth.

Ex-Ante Guarantees [BCWZ17] (henceforth BCWZ, presented in Chapter 5) present a simple
mechanism that is IR, BIC, and weakly BB, and obtains, in expectation, at least half of the
expected GFT of the second-best GFT, in any double auction with arbitrary downward-closed
trading constraint.

While the mechanism obtains at least half of the second-best GFT in expectation, we observe
that it does not give any ex-post efficiency guarantees, and moreover, even its expected GFT does
not asymptotically converge to the GFT of the second-best (let alone the first-best) mechanism as
the market grows large. This holds even for the very simple double-auction market with n sellers,
each selling an identical item, and n buyers, each interested in buying a single item, with the values
(or costs) of the agents sampled i.i.d. from the uniform distribution over [0, 1]. Even when n is large,
the mechanism of BCWZ will only give in expectation a constant fraction (strictly smaller than 1)
of the second-best GFT, and no more than that (see Example 6.1 in Section 6.4). In particular,

even in a large market, the efficiency of their mechanism does not converge to full efficiency.
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Ex-Post Guarantees The Trade Reduction mechanism! of McAfee [McA92], which is defined for
the double-auction setting, does not suffer from the above drawback and is asymptotically efficient.
The mechanism circumvents the impossibility result [MS83] for bilateral trade, by providing an ex-
post efficiency guarantee only when more than one trade is possible in the double-auction market.
The mechanism works as follows: it first finds the efficient trade — the allocation that maximizes
the GFT for the particular input profile. Denote the size (number of pairs) of this trade by gq.
It then removes the least efficient trade (one buyer-seller pair), and only allows for the remaining
trades (the ¢—1 most efficient trades) to realize, charging the winning buyers the value of the
removed buyer, and paying the winning sellers the cost of the removed seller. This creates an IR
and ex-post IC mechanism. As the value of the removed buyer is at least the cost of the removed
seller, each trade is weakly budget-balanced. The mechanism obtains at least a 1—1/q fraction? of
the realized optimal (first-best) GFT. In the double-auction example above, as n grows ¢ will also
grow, and this fraction will tend to 1. Unfortunately, when ¢ = 1 this mechanism performs no trade
and provides no guarantees at all. (Failing to provide an ex-post guarantee unconditionally is of
course inevitable in light of the impossibility result of Myerson—Satterthwaite [MS83].%) We note
that the Trade Reduction mechanism, while asymptotically efficient, fails to give any unconditional
approximation to the GFT, even with respect to the GFT of the second-best mechanism (as the

mechanism of BCWZ does give).

The Best of Both Worlds In this work we aim to design simple mechanisms that are IR, BIC,
and weakly BB, and simultaneously provide both types of efficiency guarantees discussed above.
First, in the spirit of the guarantee of BCWZ, we aim to guarantee for the expected GFT to be at
least a constant fraction of the expected GFT of the second-best mechanism. Second, in the spirit

of the guarantee of [McA92], we aim to guarantee for the ex-post GFT to be at least a realization-

1. McAfee’s original mechanism is slightly more involved. We use a simplified version that provides the same
worst-case guarantees.

2. Recall that ¢ is a function of the valuation profile.

3. Ex-post approximation to the GFT requires the mechanism to trade whenever there is positive gain, but the
impossibility result implies that for some of these profiles trade will not occur.
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dependent fraction of the realized optimal GFT (first-best), such that this fraction tends to 1 “as

the market grows large” and the efficient trade size grows? to infinity.

6.1.1 Our Results

We present results both for the double-auction setting and for the more involved matching-market
setting.Providing a result for this more involved scenario is considerably more challenging than for

the double-auction setting, and is the main result of this paper.

Double Auctions
We first present our result for double auctions.

Theorem 6.1. For the double-auction setting, there exists a simple mechanism that is ex-post IR,

BIC and ex-post weakly budget balanced, and satisfies both of the following.

e The expected GFT of this mechanism is at least 1/4 of the expected GFT of the second-best

mechanism.

e This mechanism guarantees at least 1—1/q of the realized optimal (first-best) GFT, where q is
the size of the most efficient trade. Thus the mechanisms is asymptotically efficient (converges

to full efficiency as the trade size q grows large).

Note that the asymptotic efficiency that is obtained is with respect to the most demanding
benchmark of the realized optimal GFT (the first-best and not only the second-best), providing the
same guarantee as the one provided by the Trade Reduction mechanism [McA92]. The concurrent
ex-ante guarantee is with respect to the second-best, similarly to the result of BCWZ.

Before examining the problem thoroughly, one might be tempted to think that it is trivial to
come up with such a mechanism for double auctions. Here is a natural naive candidate for such

a mechanism: first, the mechanism computes the efficient trade size q. If ¢ > 1, it runs McAfee’s

4. The condition on the efficient trade size ensures that the growth in the market size does not, for example, come
from adding agents that are “irrelevant,” such as buyers with 0 value and sellers with very high costs, since in such
a case it would not be possible to provide any guarantee that is better for large markets than for small ones (such as
bilateral trade markets).
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Trade Reduction mechanism. Otherwise, it runs the mechanism of BCWZ. This naive approach
turns out to fail miserably as the allocation is not even monotone: it may well be the case that the
two agents that trade when g = 1 (i.e., those that trade according to the mechanism of BCWZ) are
not the highest-value buyer and the lowest-cost seller, and so in certain scenarios an agent that is
reduced in the g > 1 case (by the Trade Reduction mechanism) may be able to reduce her bid to
move to the ¢ = 1 case and trade (for more details see Section 6.4).

To present our mechanism, let us first very roughly review the behavior of the mechanism of
BCWZ in the bilateral-trade case: in this special case, the mechanism flips a coin; with proba-
bility 50%, the seller offers a take-it-or-leave-it price to the buyer (calculated so as to maximize
the expected utility of the seller), and with probability 50%, the buyer offers a take-it-or-leave-
it price to the seller (calculated so as to maximize the expected utility of the buyer). In order
to obtain the mechanism that we seek, we carefully make two main modifications to the naive
“compound” mechanism described above: first, in order to address the above-discussed source of
non-monotonicity, instead of running the mechanism of BCWZ on the entire market, we run their
bilateral-trade mechanism only on the (unique) pair in the efficient trade. To make the resulting
mechanism truthful, we need to make an additional adjustment: in the seller-offering case (the
adjustment to the buyer-offering case is analogous), we on the one hand force the seller to set a
price that is at most the threshold bid that puts her in the efficient (first-best) trade, and on the
other hand notify her of the values of all buyers except the one that she is facing, and calculate
the price that she offers to maximize her expected utility conditioned upon the fact that the buyer
that she is facing has value larger than all of these values. Both adjustments, and in particular the
first one, make the proof of the ex-ante guarantee, as well as the proof that the mechanism is BIC,
quite subtle.

The main challenge in obtaining the approximation guarantee for the case where ¢ = 1 is
to reconcile the fact that the pair that our mechanism attempts to trade on is determined by
maximizing the realized GFT (first-best) and might not be the same as the pair that would have
traded according to the mechanism of BCWZ. The main hurdle to obtaining the approximation

guarantee for this case is therefore that for some valuation profiles, an offer between the unique
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pair in the efficient trade will be rejected, resulting in no trade in our hybrid mechanism, while in
the mechanism of BCWZ an offer will be made — and accepted — between a different pair. To
overcome this, we have to carefully charge such losses in GFT to gains in GFT by other parts of

our hybrid mechanism.

Matching Markets

As stated above, the mechanism of BCWZ does not converge to the efficient outcome in large
double-auction markets, and thus will clearly not do so in the more general matching market
setting. Our goal is to present a mechanism for matching market that is IR, BIC and ex-post
weakly BB, but also provide ex-ante guarantees for the GFT as well as ex-post guarantees that
converges to full efficiency “as the market grows large”. While in the double auction setting, every
buyer can trade with every seller, this is no longer the case in a matching market. Our notion of
a large matching market aims to generalize the fact that in a large market there are many agents
that are “equivalent” up to their values. The sense of agents being equivalent in a matching market
is that they can trade with exactly the same set of agents. So, we can naturally partition agents to
equivalence classes, with every two agents of the same class being interchangeable in any matching
(up to their valuations). We consider matching markets with a fixed set of such classes, and think
about a large market as a market in which the number of agents of each class is growing large, yet
the number of different classes that any agent can trade with remains bounded by some constant
d.

Recall that the Trade Reduction mechanism [McA92] is defined for a double-auction setting. We
first present a generalization for matching markets of the Trade Reduction mechanism (section 6.5.1)
and prove that it is ex-post asymptotically efficient “as the market grows large” in the above sense.
To our knowledge, this nontrivial generalization of the Trade Reduction mechanism, which may
also be of separate interest, is novel. Similarly to the Trade Reduction mechanism [McA92] for
double-auction settings, this mechanism does not give any ex-ante approximation guarantee.

As with the double-auction case, we cannot directly combine our Trade Reduction mechanism

for matching markets with the mechanism of BCWZ while maintaining truthfulness. Therefore,
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we present a novel mechanism (section 6.5.2), which we call the Offering Mechanism for Matching
Markets. Like the mechanism of BCWZ, this mechanism does not provide the ex-post guarantee
we are after, but we manage to carefully define it in a way that allows us to combine it with the
Trade Reduction mechanism for matching markets to obtain a truthful mechanism that provides
both types of guarantees that we are after. The precise definition of the Offering Mechanism that
allows for both the truthfulness and the efficiency guarantees of the hybrid mechanism has been
quite elusive to pin down, and the proofs of truthfulness, and in particular of the ex-ante guarantee,
are considerably more subtle than in the double-auction setting. To prove the ex-ante guarantee
of the Offering Mechanism, we compare it to the mechanism of BCWZ, showing that it attains
at least half of the GFT of their mechanism, resulting in an ex-ante guarantee of at least 1/4 of
the expected GFT of the second best mechanism. Proving the ex-ante guarantee of the Offering
Mechanism is the most technically challenging part of our analysis. To prove this guarantee, we
show that it is possible to carefully “charge” every edge of the matching of BCWZ to edges of
the first-best matching that will be traded in our Offering Mechanism, proving that the expected
GFT of our Offering Mechanism is at least half the expected GFT of the mechanism of BCWZ. The
combination of the Offering Mechanism for matching markets with the Trade Reduction mechanism
for matching markets creates the Hybrid Mechanism for Matching Markets (section 6.5.3), giving

us our main result.

Theorem 6.2. For the matching market setting, there exists a simple mechanism that is ex-post

IR, BIC and ex-post weakly budget balanced, and satisfies both of the following.

o The expected GFT of this mechanism is at least 1/4 of the expected GFT of the second-best

mechanism.

o When 1—d/q > 1/2, this mechanism guarantees at least 1—d/q of the realized optimal (first-
best) GF'T where d denotes the mazimum number of classes that any agent can trade with,
and q denotes the minimal positive number of trading agents of the same class in the welfare
maximizing outcome. Thus the mechanism is asymptotically efficient in the sense that it

converges to full efficiency as the number of trading agents in every class grows large, as long
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as d is fized.

We remark that while our mechanism ex-ante guarantees a quantitatively smaller fraction of
the second-best GFT than the 1/2 fraction guaranteed by the mechanism of BCWZ in Chapter 5,
the mechanism presented in this chapter has two qualitative advantages over the other mechanism:
first we obtain asymptotic efficiency and an ex-post guarantee, and moreover, our mechanism is

ez-post weakly BB, while the mechanism in Chapter 5 is only ez-ante weakly BB.

6.2 Definitions and Notations

6.2.1 Model and Definitions

Agents and Utilities We focus on double auctions in this chapter. To remind the readers, in a
double-auction market for identical goods, there is a finite set S of sellers with one good each, and
a finite set B of unit-demand buyers, with |S| > 2 and |B| > 2. Each seller j € S has a cost s; > 0
that she incurs if she sells her item, and each buyer ¢ € B has a value b; > 0 that she derives if
she purchases an item. We assume that an agent who does not trade does not incur any cost or
derive utility from this. Let s be the vector of sellers’ costs and b be the vector of buyers’ values.
The costs and values are sampled from agent-specific (but not necessarily identical) distributions
DlB for each buyer i € B and DjS for each seller j € S, each independent of all other distributions.

Agents have quasi-linear utilities and are risk neutral.

Trading Constraints In this chapter, we consider a special class of downward-closed trading
constraint where the set of trading buyer-seller pairs must form a matching in the bipartite graph
between buyers and sellers. Such a special case is called matching market. In a matching market
setting, an undirected bipartite graph G = (S, B, E') with the sellers on one side and the buyers
on the other constraints transactions. A set of trading agents K is a set of buyers and of sellers
that can be partitioned into pairs, each of one buyer and one seller that are neighbors in G (this
is equivalent to a matching of the set K in G) — the set K corresponds to each seller selling her

item, and each buyer buying one of the items sold from one of its neighbors in G. The size of trade
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of K is defined to be |[K NS| = |K N B|.

Gains from Trade The gains from trade (GFT) when the set K (of trading agents) is trading
is defined to be 3, g bi — > e ks Sj- Given a valuation profile (b, s), a set of trading agents is

efficient if it maximizes the gains from trade from (b,s) among all sets of trading agents.

Benchmarks Given a valuation profile (b,s), let M(b,s) be the first-best matching, or the
maximum-weight matching in GG, where ties between agents are broken by the “lexicographic order
by IDs” formally defined in Definition C.1 in appendix C.5.2.% Slightly abusing notation, we use
M (b, s) to also denote the set of agents in the matching M (b,s). Let FB-GFT(b,s) be the GFT
of the “first-best” M(b,s), that is FB-GFT(b,s) = > (; \er(bs)(bi — 5j). Note that the VCG
mechanism (which is not budget balanced) attains a GFT of FB-GFT(b,s) on every valuation
profile (b, s).

A mechanism is called second-best if it maximizes the expected gains from trade among all BIC,

interim IR and ex-ante weakly budget balanced mechanisms.

Special Cases The case where G is the complete bipartite graph (i.e., any seller can trade with
any buyer) is called the double-auction setting. In the double-auction setting, for every valuation
profile (b,s) we denote the size of the efficient set of trading agents by ¢(b,s). The case where
|S| = |B| = 1 and the buyer and the seller are connected by an edge in G (so this is also a special

case of double-auction) is called the bilateral-trade setting.

6.2.2 The Trade Reduction Mechanism

In the double-auction setting, the Trade Reduction (TR) mechanism [McA92] is a mechanism that
finds the most efficient trade of only g(b,s) — 1 items,® and charges each agent his critical value for

winning. That is, the ¢(b,s)—1 highest-value buyers trade and pay the bid of the reduced buyer

5. This tie breaking rule satisfies two properties we use extensively: 1) it does not depend on weights, and 2) it is
subset consistent in the sense that when removing an edge (i, j) from some matching M and picking a matching on
the remaining nodes M \ {i, 5}, it will pick the matching of M on these nodes.

6. If ¢(b,s) = 0 there is no trade in the TR mechanism, and no payments are made.
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(the g(b,s)-highest buyer); they trade with the ¢(b,s)—1 lowest-cost sellers, each seller getting

paid the cost of the reduced seller (the ¢(b,s)-lowest seller).

Theorem 6.3 ( [McA92]). In the double-auction setting, the TR mechanism is ex-post IC, ex-post
IR, and ex-post (direct trade) weakly budget balanced. For every valuation profile (b, s), the gains

from trade of this mechanism are at least an 1—@ fraction of FB-GFT(b,s).

Note that if g(b,s) = 1, then no ex-ante approximation to the GFT is achieved by the TR
mechanism, while for g(b,s) > 2, Theorem 6.3 guarantees at least half the efficient GFT for (b, s),

ex-post.

6.2.3 The Random Virtual-Welfare Maximizing Mechanism

Here we recap the mechanism in Chapter 5 (see Definition 5.3) for double auctions with downward-
closed constraints (which subsume matching constraints), which we will refer to throughout this

chapter as the Random Virtual-Welfare Mazimizing (RVWM) mechanism.

Observation 6.1. Let (b, s) be a valuation profile. If trade occurs with some positive probability
on a given edge (i,7) in the RVWM mechanism, then trade would occur on the same edge with at
least the same probability in the mechanism that runs one of the following, with probability 50%

each:

e Seller j offers a price to buyer ¢ that mazimizes the utility of seller j in expectation over the
distribution DZB from which buyer i’s valuation was drawn, and trade occurs if and only if

this price is at most buyer i’s valuation b;.

e Buyer i offers a price to seller j that mazimizes the utility of buyer i in expectation over the
distribution Df from which seller j’s valuation was drawn, and trade occurs if and only if

this price is at least seller j’s cost s;.

Theorem 6.4. (Restatement of Theorem 5.3 and Lemma 5.10) The RVWM mechanism is BIC,
ex-post IR, and ez-ante weakly budget balanced, and in expectation gets a 1/2-fraction of the gains

from trade of the second-best mechanism.
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Note that while the ex-ante guarantee of BCWZ is with respect to the second-best mechanism,
the ex-post guarantee of McAfee [McA92] is with respect to the more demanding benchmark of the

realized optimal first-best gains from trade.

6.3 The Seller-Offering, Buyer-Offering, and Randomized-Offerer

Mechanisms

Before we turn to our main results, in this section we present a slightly modified version of the
bilateral-trade construction of the SO and BO mechanism shown in Section 5.2, which we will use
as a building block in the construction of our hybrid mechanisms, and prove several properties

thereof.

Definition 6.1 (SO, BO, RO Mechanisms). Fiz Ds and Dy, to be nonnegative-valued distributions,
and fix 5 > sup Support Dy and b < inf Support D, s.t. 5 > b. We define three mechanisms for

trade between a seller with cost s ~ Dy and a buyer with value b ~ Dy,.

o The Seller-Offering (SO) mechanism with offer constraint § and target distribution Dy, is the
mechanism in which a seller with cost s offers to the buyer the lowest price p among the prices
that mazimize the utility of the seller in expectation over b ~ Dy, under the constraint p < s.
That is, the offered price is min{p | p € arg maxp<s(p — s) - (1 — Db(p))}. The buyer accepts
this price if it is no greater than the realized value b of the buyer. If the buyer accepts this

price, then trade occurs at this price; otherwise, no trade occurs.

e The Buyer-Offering (BO) mechanism with offer constraint b and target distribution Dy is the
mechanism in which a buyer with value b offers to the seller the highest price p among the
prices that maximize the utility of the buyer in expectation over s ~ Dy, under the constraint
p>b. That is, the offered price is max{p ’ p € argmax,~;(b —p) - (1 — Ds(p))}. The seller
accepts this price if it is no less than the realized cost s of the seller. If the seller accepts this

price, then trade occurs at this price; otherwise, no trade occurs.

e The (Bilateral) Randomized Offerer (RO) mechanism with SO parameters § and D, and BO
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parameters b and Dy is the mechanism that flips a coin, with probability 1/2 it runs the SO
mechanism with offer constraint s and target distribution Dy, and otherwise it runs the BO

mechanism with offer constraint b and target distribution Dj.

We slightly strengthen the special case of the incentive and budget guarantees of Theorem 6.4 for
bilateral trade, and prove that they still hold even with offer constraints as in the RO mechanism.”
We furthermore show that whenever trade occurs, the trading happens at a price that indeed lies

between the seller’s and the buyer’s constraint.

Lemma 6.1. Fix Dy and Dy, to be nonnegative-valued distributions and fix § > sup Support Dy and
b < inf Support Dy, s.t. § > b > 0. Consider the RO mechanism with SO parameters 5 and Dy, and

BO parameters b and D;.

1. When valuations are drawn from Dg x Dy, this mechanism is a BIC, ex-post IR, and ex-post

(direct trade) strongly budget balanced mechanism.

2. Whenever trade occurs in this mechanism, it holds that the price p that the seller pays the

buyer satisfies b < p < 3.

The proof of lemma 6.1 is given in appendix C.2. To conclude this section, we will prove two
more properties of the RO mechanisms that will allow us to lower-bound its GFT guarantee: the
first will allow us to compare its GFT to that of the first-best, and the second will allow us to

compare its GFT to that of the RVWM mechanism.

Lemma 6.2. Let D, and Dy be distributions and let 5 > b > 0. Let s < 5 be a cost for the seller
and let b > b be a value for the buyer. Consider the RO mechanism with SO parameters 5 and

Dy|s and BO parameters b and D|<5.®

1. If b> s or 5 < b, then the probability that trade occurs in this mechanism is at least 1/2.

7. We note that each of the SO and BO mechanisms is a deterministic and ex-post monotone mechanism, and so can
be made ex-post IC (and ex-post IR) by charging the threshold winning prices. The resulting modified mechanisms,
however, are not ex-post (even weakly) budget balanced, but only ex-ante (strongly) budget balanced.

8. For a distribution D and a value ¢, we use D|<. to denote this distribution conditioned upon the drawn value
being at most ¢, and use D|>. to denote this distribution conditioned upon the drawn value being at least c.
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2. If b < s and 5 > b, then the probability that trade occurs in this mechanism is at least as high
as the probability that trade occurs in the RO mechanism with SO parameters oo and Dy, and

BO parameters 0 and D;.

The proof of Lemma 6.2 is given in Appendix C.2. In a nutshell, part 1 holds since if, e.g., b > s,
then an offer by the buyer will always be accepted by the seller, and part 2 holds since under the
given assumptions, if trade occurs in the unconstrained and unconditioned RO mechanism, then
the price offered there also satisfies all of the extra restrictions of the constrained and conditioned
RO mechanism, and therefore the same price will be offered in that mechanism as well, resulting

in trade there as well.

6.4 Double Auctions

In this section, we present our results for the double-auction setting, in which there are no con-
straints on which seller can trade with which buyer (i.e., the graph G is the full bipartite graph).
We first show that the RVWM mechanism is not asymptotically efficient, even ex-ante, and then
present our hybrid mechanism for double auctions, which is an ex-post IR, BIC, ex-post weakly
budget balanced mechanism, which ex-ante guarantees a constant fraction of the second-best, and

is ex-post asymptotically efficient.

6.4.1 Asymptotic Inefficiency of the RVWM Mechanism

We first observe that the the RVWM mechanism is not asymptotically efficient for double auctions,

even ex-ante and compared to the second-best.

Example 6.1. Consider a double-auction market with n seller and n buyers, with agents’ values
and costs sampled i.i.d. from the uniform distribution over [0,1]. We claim that even when n is
large, the RVWM mechanism will only give in expectation a constant fraction (strictly smaller than
1) of the expected GFT of the second-best mechanism. In particular, even in a large market, and
even in expectation, the efficiency of the RVWM mechanism with respect to the second best (and

thus also with respect to the first-best) does not converge to full efficiency.
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Proof sketch. We prove Example 6.1 in Appendix C.1, and here we give some intuition. When n is
large, it is easy to observe that in an efficient trade roughly the /2 lowest-cost sellers (essentially
distributed uniformly in [0,1/2]) will sell their items to roughly the n/2 highest-value buyers (essen-
tially distributed uniformly in [1/2,1]), increasing the welfare by about 1/2 in expectation in each
trade, resulting in the first-best having asymptotic expected GFT of about 7/4. The second-best
mechanism gets GFT that is in expectation at least the expected GFT of the Trade Reduction
mechanism, so it has asymptotic expected GFT of about n/4 — 1, asymptotically the same as the
first-best mechanism. On the other hand, when a buyer offers an optimized price facing a uni-
form distribution as in the RVWM mechanism, she offers only half of her value (and similarly, a
seller offers a price that is half-way between her cost and 1). This results in only roughly the n/3
lowest-cost sellers (essentially distributed uniformly in [0, 1/3]) selling their items to roughly the n/3
highest-value buyers (essentially distributed uniformly in [2/3,1]), increasing the welfare by about

2/3 in expectation in each trade, resulting with asymptotic expected GFT of about 2n/9 < n/4. [

6.4.2 A Hybrid Mechanism for Double Auctions

While the RVWM mechanism is not asymptotically efficient, the Trade Reduction (TR) mech-
anism [McA92] is asymptotically efficient as it guarantees, ex-post, an 1— m fraction of the
first-best GFT, where ¢(b,s) is the size of the most efficient trade (Theorem 6.3).° As this mech-
anism gives no ex-ante guarantee (when ¢(b,s) = 1), we create a hybrid mechanism that runs the

TR mechanism when ¢(b,s) > 1 and run the RO mechanism with some constraints and conditional

distributions otherwise. We now present this mechanism.

Definition 6.2 (Hybrid Mechanism for Double Auctions). Qur hybrid mechanism for double auc-
tions is a direct revelation mechanism. Given the reports b and s (that are assumed to be truthful),
we use by to denote the buyer'® with mazimum value (when breaking ties lexicographically by IDs),

i.e., by = b; for every i € B, and use b(y) to denote the buyer with mazimum value after removing

9. If there is a trade with GF'T of 0, then there are efficient trades with different sizes. In this case trading according
to the largest size will give full efficiency.

10. Somewhat abusing notation, we use b(1) to refer both to this buyer and to his value, and similarly for other
agents.
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buyer b(yy. Similarly, we use sy to denote the seller with minimal cost, and s to denote the

seller with the second-minimal cost.'' The mechanism computes q(b, s) and runs as follows.

e If q(b,s) < 1,'2 the mechanism computes the set of trading agents and payments by running
the RO mechanism with SO parameters s = sy and Dbi) \me and BO parameters b = b(2)

S 13
and Ds(l)’SS(g)-

e If q(b,s) > 2, the mechanism computes the set of trading agents and payments by running

the TR mechanism on b and s.

We will now sketch the intuition behind our choice, in the case where ¢(b,s) = 1, of the

S

constraints 5,b and the conditioned distributions D% o

|<sz) and Dg—?l)\zb@) for which the offered
prices are optimized. First, we would never want to allow b(;) to pay a price p such that if b;) had
valuation p then she would not be in the first-best. This is since such a possibility would create
an incentive for her to manipulate her bid if her valuation really were slightly higher than p but
still not high enough for her to be in the first-best: in this case, raising her bid would place her
in the first-best, and she may end up paying p, which would give her positive utility. So, we have
to make sure that b(;) never offers, nor is ever offered, such a p that is lower than b= bea)- (In
fact, the threshold bid of b(;) to be in the first-best is max{b(2), (1)}, but by definition of the RO
mechanism, she would never pay less than s(;) as this would result in negative GF'T, so we only
need to make sure that she never pays less than b = be2)-) To make sure that b(;) never offers such
a price p, we constrain her to offer at least b in the BO mechanism. To make sure that she is never
offered such a price p in the SO mechanism, we have s(;) optimize her offer under the assumption
that the value of b(;) is drawn from Dl]f(’l) |5, which is equivalent to disclosing to s(;) that she has

no point in offering a price lower than b since an offer of b will always be accepted. To see why

the mechanism is truthful once we have set b (and 5) this way, consider the following hypothetical

11. Note that the maximal efficient set of trading agents is {s(l), ey 8q(bys)s D(1)y e s bq(b,s)}.

12. Recall that in this case, if there is any trade with positive gains, then the maximal efficient set of trading agents
is {s(1), b }-

13. We note that in this case since g(b,s) = 1, we have that b = b2y < s@2) = 5 and therefore indeed also
§ > sup Support (Dss(l) |§s(2)) and b < inf Support (Dgl) |Zb(2))~
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scenario. Say that after calculating that g(b,s) = 1, the mechanism notifies s(;) and by that
they are the lowest-cost seller and highest-cost bidder, and furthermore notifies each of them of the
values (and costs) of all other agents except the one that they are facing. In this case, the posterior
distribution of s(1) regarding b(y) is D£1>‘Zmax{b(2):3(1)}’ so her best action is to optimize the price
that she offers under this assumption, which is equivalent to optimizing the price that she offers for
the distribution D{?(l) ]21,(2) (but optimizing for the latter is easier to analyze, as it does not depend

on the cost of s(1)).

Theorem 6.5. For the double auction setting the above simple hybrid mechanism for double auc-
tions is ex-post individually rational, Bayesian incentive compatible, ex-post (direct trade) weakly

budget balanced, and has both of the following efficiency guarantees:

e [t getls at least a 1/a-fraction of the efficient gains from trade ez-ante (second-best).

e [t gets at least a %—fmction of the efficient gains from trade ex-post (first-best) . Note

that the mechanism is asymptotically efficient: as the trade size q(b, s) goes to infinity, the

fraction of the efficient gains from trade that it gets ex-post (first-best) goes to 1.
6.4.3 Proof of Theorem 6.5
Proof of theorem 6.5. Recall that by Theorem 6.3 and Lemma 6.1, both the TR and the RO mech-
anisms are each ex-post IR, BIC, and ex-post (direct trade) weakly budget balanced.

Ex-post IR Ex-post IR holds since both the TR and the RO mechanisms are ex-post IR.

Bayesian IC We will show that our hybrid mechanism is BIC for any buyer.'* A similar argument
holds for truthfulness of the sellers.
We first claim that if a manipulation by a buyer does not change the choice of the mechanism

that is run (TR or an instance of RO, where we consider each such instance to be a separate

14. In fact, when our hybrid mechanism runs TR, then it is ex-post IC for every agent, and when a price p is offered
by an agent in the RO mechanism, then our hybrid mechanism is Bayesian IC for the agent making the offer, and
ex-post IC for all other agents including the agent who receives the offer.
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mechanism) by our hybrid mechanism, then it is nonbeneficial in expectation. For TR this follows
since TR is ex-post IC. In Appendix C.3.1, we show that this holds also for each instance of the
RO mechanism, by conditioning over the bids and identities of all agents except s(;) and b(y), and
using both properties of Lemma 6.1.

We now claim that a buyer who is in the efficient trading set cannot change the efficient trading
set while remaining in this set. Indeed, to see that this is the case, suppose a buyer in the efficient
trading misreports by adding x (positive or negative) to his bid. The gains from trade from any
trading set that includes this buyer therefore increase by x (while the gains from trade of any other
trading set remains the same); therefore, since we break ties in the same manner without and with
the deviation, no other trading set that includes this buyer other than the true efficient trading set
can “become” (as a result of the misreport) the new efficient trading set.

Since (1) agents outside the efficient trading set never win, (2) a buyer in the efficient trading
set cannot change the efficient trading set while remaining in this set, (3) the choice of the mech-
anism to run is completely determined by the efficient trading set and by the values/costs of the
agents outside the efficient trading set, and (4) a manipulation that does not change the choice
of the mechanism to run is nonbeneficial in expectation, we conclude that there are no strategic
opportunities (in expectation) for any buyer who is in the efficient trading set.

To complete the proof that our hybrid mechanism is BIC, it is therefore enough to show that
there is no beneficial manipulation by a buyer who is not in the efficient trading set. We will in

fact show that the mechanism is ex-post IC for such agents; we do so by considering several cases.

e If g(b,s) > 2, then a buyer who is not in the efficient trading set cannot cause a move
to ¢(b,s) < 2. Any manipulation by such a buyer is therefore nonbeneficial since the TR

mechanism (which is run prior to, and following, the manipulation) is ex-post IC.

e If ¢(b,s) = 1, then we consider two possible manipulations by some buyer b(jy who is not in

the efficient trading set (and is therefore not the true b(y)):

— First, consider a manipulation by b(;) that causes a move to g(b,s) > 2 and causes her

to win. We claim that in this case, this buyer, who was previously not in the efficient
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trading set, must pay at least her true value whenever she wins. Indeed, by definition
of TR and since truly ¢(b,s) = 1, since this buyer wins following the manipulation (and
so is not reduced by the TR mechanism), she pays at least the original b(1), which is at

least her true value. Therefore, she incurs non-positive utility.

— We next consider a manipulation by b(;) that maintains ¢(b,s) = 1 and causes her to
win (with some positive probability). We will show that whenever this buyer wins, she
incurs non-positive utility. Since ¢(b,s) = 1 is maintained following the manipulation,
we must have that b(;) raised her bid to be higher than the original by, who is now in
the role of b(y). By Lemma 6.1, if the manipulating buyer wins, then she pays at least
the new b(9), i.e., the original b(;), which is at least her true value, and so she incurs

non-positive utility.

e Finally, consider the case ¢(b,s) = 0 and consider a manipulation by any buyer that causes
her to win. Such a manipulation can only result in ¢(b,s) = 1, so the manipulator, if she
wins, trades with s(1), and by definition of RO and since this mechanism is ex-post IR for
this seller, this buyer pays at least s(;). Since q(b,s) = 0, we have that s(1) 1s larger than the
true valuation of all buyers (including the manipulator), so the manipulator incurs negative

utility whenever she wins.

Ex-post (direct trade) weak budget balance Our hybrid mechanism is ex-post (direct trade)
weakly budget balanced since the two mechanisms TR and RO are both ex-post (direct trade)

weakly budget balanced (the one is in fact ex-post (direct trade) strongly budget balanced).

Ex-post efficiency guarantee When ¢(b,s) = 1, then the guarantee vacuously holds, while

when ¢(b,s) > 2, the guarantee follows from the same guarantee by the TR mechanism.

Ex-ante efficiency guarantee We will show that for each valuation profile (b,s), our hybrid
mechanism achieves at least half of the gains from trade of the RVWM mechanism for the same

valuation profile. Fix a valuation profile (b,s). We consider several cases.
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e Consider the case where s(5) < b(2). Note that this is precisely the case where g(b,s) > 2. In

this case, our hybrid mechanism runs the TR mechanism, which by theorem 6.3 guarantees

q(b,s)—1
q(b,s)

least a 1/2 fraction of the gains from trade of the RVWM mechanism.

at least a > 1/3 fraction of the realized optimal gains from trade ex-post, and so at

e Consider the case where s(1) > b(1). Note that this is precisely the case where g(b,s) = 0. In
this case, it is efficient to have no trade for (b, s), and this is what both our hybrid mechanism
and the RVWM mechanism do, so our hybrid mechanism has the same gains from trade as

the RVWM mechanism.

e Consider the case where bz) < s(2), and in addition either big) > s(1) or sy < b(1). In this
case, since ¢(b,s) = 1, we run the RO mechanism. By Lemma 6.2, in this case s(1) and b(y)
trade with probability at least 1/2, so our hybrid mechanism achieves at least a 1/2 fraction of
the realized optimal gains from trade, and so at least a 1/2 fraction of the gains from trade of

the RVWM mechanism.

e Finally, consider the case where by < s(1) < b(1) < $(2). In this case, the only possible trading
pair with positive gains is of s(1) with b(y), so if the RVWM mechanism achieves positive gains
from trade, then it trades this pair with positive probability. By observation 6.1, in this case
the GFT of the RVWM mechanism are therefore at least those of the RO mechanism with
SO parameters co (no constraint) and Dﬁl) (unconditioned distribution) and BO parameters
0 (no constraint) and D;g(l) (unconditioned distribution) on that edge. Since s(1) > b(g) = b
and b(y) < s(9) = 5, we have by Lemma 6.2 that the probability that trade occurs between
sy and b(yy is at least as high in our hybrid mechanism (which runs the appropriate RO
mechanism, constrained and conditioned) as it is in the unconstrained and unconditioned

RO mechanism (that upper-bounds RVWM in this case). Therefore, in this case our hybrid

mechanism achieves at least the gains from trade of the RVWM mechanism.

Combining all of the above, we have that the expected gains from trade of our hybrid mechanism
are at least a 1/2-fraction of those of the RVWM mechanism, and so by theorem 6.4 at least a

1/4-fraction of the expected optimal gains from trade ex-ante (second-best). O
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6.5 Main Results for Matching Markets

In this section we will generalize the results of Section 6.4 to matching markets. Recall that a
matching market is given by an undirected bipartite graph G = (S, B, E') with nodes on one side
representing the sellers and nodes on the other side representing the buyers, with edges indicating
possible trades. Recall that a profile (b, s) assigns a value b; for each buyer i € B and a cost s; for

each seller j € S.

6.5.1 A Trade Reduction Mechanism for Matching Markets

We first present a generalized Trade Reduction mechanism for matching markets. Like the Trade
Reduction mechanism [McA92] for double-auctions, the Trade Reduction Mechanism for matching
markets that we define below picks a subset of the “first-best” trade, and determines the payments
based on the values and costs of the agents that it removed from the first-best. The details are,
however, more subtle than in the double-auction setting.

Recall from Theorem 6.3 that for every valuation profile (b,s), the TR mechanism for double
auctions attains GFT of at least a 1 — ﬁ fraction of FB-GFT(b,s). We note that giving the
same guarantee for matching markets, with ¢(b, s) remaining total the size of trade in the market, is
not possible — just consider a matching market that consists of two connected components, each a
double auction. So, to phrase our TR mechanism for matching markets, we will first have to define
some notation that will eventually help us phrase its GFT guarantee (which will still generalize the
1-— m of TR for double auctions, but in a slightly different way).

We say that the classes of buyer i and i’ are the same if for any seller j it holds that (i,7) € E if
and only if (i/,j) € E. Similarly, we define classes for sellers.!® That is, two agents are of the same
class if in any case that one of them can trade with some agent x, it also holds that the other agent
can trade with agent x. Thus, nodes in the graph can be partitioned into equivalent classes, where
each equivalent class consists of all agents of some fixed class. Each such class either includes only

buyers, or only sellers, but never both. Let T; denote the set of agents of class t. For each class ¢

15. Note that the classes that we define depend neither on the values of the buyers nor on the costs of the sellers
(nor on the distributions from which these values/costs are drawn).
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we denote by ¢ = q;(M (b, s)) the number of agents of class ¢ that are matched in M (b, s), that is
gt = |T: N M (b, s)|. Additionally, we denote by d; = d;(M (b, s)) the number of distinct classes ¢/

such that there is an edge in M (b, s) between an agent of class t and an agent of class t'.

Definition 6.3 (Trade Reduction Mechanism for Matching Markets). Fix a matching market
G = (S,B, E). The Trade Reduction mechanism for G gets as input a profile (b, s) and outputs an

allocation and payments as follows.

e Given profile (b,s), let M(b,s) be the “first-best” matching. Any agent not in M(b,s) is

marked as a loser and does not trade, paying 0.

e For each class t, recall that g is the number of agent of class t that are matched in M (b, s)

and dy is the number of different classes that trade with agents of class t in M (b, s).

— For each buyer class t, the set of trading buyers will be the set of gz — d; highest-value
buyers of class t (breaking ties lexicographically by IDs).'S We say that d; buyers of class
t were reduced. Fach buyer of classt pays the highest value reported by any reduced buyer

of class t.

— For each seller class t, the set of trading sellers will be the set of gz — dy lowest-cost sellers
of class t (breaking ties lexicographically by IDs).'" We say that d; sellers of class t were
reduced. Fach buyer of class t is paid the lowest cost reported by any reduced seller of

class t.
We denote the set of agents that are trading under this mechanism by TR(b, s).

The following theorem presents the properties of the Trade Reduction Mechanism for matching
markets. In particular, it shows that the mechanism provides some ex-post GFT guarantees which
is a function of the maximum weight matching M (b,s). As with the TR mechanism for double

auctions, this mechanism does not provide any ex-ante guarantees, though, even with respect to

16. Note that the number of trading buyers is non-negative, as for every class ¢ it holds that ¢ > d;.

17. Note that the number of trading sellers is non-negative, as for every class ¢ it holds that ¢: > ds.
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the second-best mechanism. In particular, with a single trade in FB-GFT(b,s), there will be no

trade in this mechanism.

Theorem 6.6. The Trade Reduction Mechanism for matching markets is ex-post IR, ex-post IC,
ex-post (direct trade) weakly budget balanced, and for any (b, s) the fraction of the gains from trade

of FB-GFT(b, s) that it attains is at least min{1 — % | class t s.t. gz > 0}.'8

We note that guarantee from Theorem 6.6 of the TR mechanism attaining a fraction-of-

FB-GFT(b,s) of at least a(b,s) = min{l — % | class ¢ s.t. ¢ > 0} coincides in the double-

auction setting with the guarantee of at least 1 — ﬁ from Theorem 6.3, and naturally gen-

eralizes it. Another generalization for matching markets of the fraction 1 — ﬁ that one may

find natural, which also coincides with it in the double-auction setting, is S(b,s) = min{l —

1

Tt

| classes (t,t') s.t. ey > 0}, where for any buyers’ class t and sellers’ class t', we use 14 to
denote the number of buyers of class ¢ that are matched with sellers of class ¢ in M (b,s). While
this alternative generalization is conceptually interesting in its own right, we in fact show that for
every valuation profile it holds that 8(b,s) < a(b,s), and so a GFT guarantee of 3(b,s) follows

from the GFT guarantee of a(b,s) from theorem 6.6:

Corollary 6.1. For any (b, s), the fraction of the GFT of FB-GFT(b, s) that the TR mechanism

for matching markets attains is at least min{l — Tlt/ ‘ classes (t,t') s.t. ryp > 0}.

The proofs of Theorem 6.6 and corollary 6.1 are given in Appendix C.4.

6.5.2 Offering Mechanism for Matching Markets

Before defining our hybrid mechanism for matching markets, we first define an offering mechanism
for matching markets, analogous to the specific instance of the RO mechanism (including the specific
offer constraints and conditioned distributions) that our hybrid mechanism for double auctions runs

whenever ¢(b,s) = 1 in that setting. In this mechanism, agents not in M (b,s) never trade, and

18. Note that d¢, ¢: and r . are all function of M(b,s), so they are functions of the profile (b,s). This is similar
to g(b, s) being a function of (b,s) for Trade Reduction in double auctions.
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agent in a pair (i,j) € M (b, s) either trades in that pair or does not trade at all. This mechanism

is defined as follows.

Definition 6.4 (Offering Mechanism for Matching Markets). The mechanism iterates over all

edges (i,j) € M(b, s), and for each such edge acts as follows.

o Lets= E(M)(b, s) be the minimal bid of buyer i such that any higher bid causes i to be in the
first-best in the market (S \ {j}, B), i.e., the market without seller j. We set § = oo if no

such bid exists.

o Let b = b(;;)(b,s) be the mazimal bid (reported cost) of seller j that causes j to be in the
first-best in the market (S, B\ {i}), i.e., the market without buyer i. We set b= 0 if no such

bid exists.

Now, to decide whether trade occurs between i and j and at which price, run the RO mechanism

on this edge with SO parameters 5 and DZB|25 and BO parameters b and Df|§g.

We note that the above offer constraints 5 and b precisely generalize the offer constraints from
our hybrid mechanism for double auctions from section 6.4. Indeed, in a double auction, the minimal
bid of buyer b(;) that causes her to be in the first-best in the market (S \ {s()}, B) without s
is max{b(2), $(2)}, and when ¢g(s,b) = 1 in the double-auctions setting (this is the case where we
run the RO mechanism) it must be that by < s(2) and so max{b(a), 5(2)} = S(2), which how we set
the constraint 5 in that mechanism. The choice of b is similar. The careful definition of 5 and b
above guarantees the two properties of these thresholds that our double-auction constraints readily
satisfied: first, both b and 5 are completely independent of b; and of sj, and second, as we will see in
our analysis, b coincides with the minimal winning bid of buyer i in the original market whenever
this constraint is binding. (And similarly for s and seller j.)

To show that the Offering Mechanism is well-defined, we have to make sure that the SO and BO
parameters that we specify for the RO mechanism meet the conditions imposed in the definition of

that mechanism. The following lemma does precisely this.

Lemma 6.3. For every (i,j) € M(b, s), it holds that (1) §>s;, (2) b<b;, and (3) 5> Db.
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We next prove that the Offering Mechanism is truthful, budget balanced, and has an ex-ante

guarantee.

Theorem 6.7. The Offering Mechanism is BIC, ex-post IR, ex-post (direct trade) strongly budget

balanced, and ex-ante guarantees at least a /4 of the expected GFT of the second-best mechanism.

The proofs of Lemma 6.3 and Theorem 6.7 is given in Appendix C.6. As noted in the intro-
duction, proving the ex-ante guarantee of the Offering Mechanism for matching markets is the
most technically challenging part of our analysis. The main ideas behind this proof are surveyed

in Section 6.6.

6.5.3 Hybrid Mechanism for Matching Markets

We are now ready to define our hybrid mechanism for matching markets. It combines the TR
mechanism and the Offering Mechanism in a proper way. We note that for double auctions, the
mechanism defined below reduces precisely to our hybrid mechanism for double auctions from

Section 6.4.

Definition 6.5 (Hybrid Mechanism for Matching Markets). Let G = (S, B, E) be the constraints
graph. Our hybrid mechanism is a direct revelation mechanism. Given the the reports (b, s) (which

is assumed to be truthful), the mechanism computes M (b, s) and a(b, s) = min{l—%

class t s.t. qz > 0}

and runs as follows.

o If a(b,s) > 1/2, the mechanism computes the set of trading agents and payments by running

the Trade Reduction Mechanism for matching markets defined above.

e Otherwise, the mechanism computes the set of trading agents and payments by running the

Offering Mechanism for matching markets defined above.
We are now ready to formally state the main result of this paper.

Theorem 6.8. The Hybrid Mechanism for matching markets is ex-post IR, BIC and ex-post (direct

trade) weakly budget balanced, which satisfies both of the following.
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o The expected GFT of this mechanism are at least 1/4 of those of the second-best mechanism.

o For any (b, s) with a(b, s) > 1/2, the fraction of the gains from trade of FB-GFT(b, s) that

this mechanism attains is at least a(b, s) > 1/2.

The hybrid mechanism for matching markets inherits from the Trade Reduction mechanism for

matching markets also the ex-post guarantee of Corollary 6.1:

Corollary 6.2. Let (b, s) = min{l — Tlt’ | classes (t,t') s.t. rep >0}. For any (b, s) with
B(b,s) > 1/2, the fraction of the gains from trade of FB-GFT(b, s) that the Hybrid Mechanism

for matching markets attains is at least 5(b, s) > 1/2.

The proofs of theorem 6.8 and corollary 6.2 are given in Appendix C.7.

6.6 Sketch of the Proof of Ex-Ante Guarantee of the Offering

Mechanism for Matching Markets

In this section, we sketch the proof of the ex-ante guarantee of the Offering Mechanism, which
has been stated in Theorem 6.7. The full proof is relegated to Appendix C.6. To prove that
the Offering Mechanism ex-ante guarantees at least a 1/s-fraction of the gains from trade of the
second-best mechanism, we compare the Offering Mechanism to the RVWM mechanism. Due to

Theorem 6.4, it suffices to show the following lemma.

Lemma 6.4. For any valuation profile (b, s), the gains from trade of the Offering Mechanism for

matching markets is at least half of the gains from trade of the RVWM mechanism for that profile.

We first provide the intuition behind Lemma 6.4. Fix a valuation profile (b,s). Let M] =
M7 (b,s) be the maximum-weight matching of G when edge weight is @;(b;) — s; for (i,j) € E
and My = Mj(b,s) be the maximum-weight matching of G' when edge weight is b; — 7;(s;) for
(i,5) € E.YY The RVWM mechanism runs the Generalized Seller Offering Mechanism (GSO) with

probability 1/2 and in that case obtains the GFT of the matching M7, and it runs the Generalized

19. ¢; and 7; are the ironed virtual value functions of buyer 7 and seller j, respectively.
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Buyer Offering Mechanism (GBO) with probability 1/2 and in that case obtains the GFT of the
matching Mj. See Definition 5.3 for the formal definition of GSO and GBO. It suffices to show
that the GFT of each of the two matchings M} and M3 can be bounded by twice the GFT of the
Offering Mechanism for the valuation profile (b,s). We will show how to bound the GFT of M;.
A similar argument can bound the GFT of M3

Consider the first-best matching M = M (b, s) together with the matching M;. Each connected
component of the union of the two matchings M U My is either a maximal alternating path?® or
an alternating cycle?!. We will show that all alternating cycles consist of two edges between the
same seller and buyer (see Figure 6.1 (a) ) due to our tie-breaking rules (proved in Corollary C.2)
and that the GFT of the Offering Mechanism from that buyer-seller pair is at least the GFT of
the RVWM mechanism from that pair. For an alternating path, we will consider the cases of an
even or an odd number of edges of the alternating path separately, and show that in either case,
the GFT of our Offering Mechanism from the path is at least half of the GFT of the matching
M7 from that path. Given the fact that M and M| are each a maximum-weight matching w.r.t.
the edge weights b; — s; and @;(b;) — s; respectively, we prove that any maximal alternating path
that is not a cycle, starts with a buyer and an edge from M. See Corollary C.3 for more details.
Figure 6.1 illustrates the three different cases in our proof.

The following lemma plays a central role in our proof of Lemma 6.4. It provides a sufficient

condition for a buyer-seller pair to trade in that mechanism.

Lemma 6.5. Fiz valuation profile (b, s). For every (i,j) € M (b, s), if j is in M_;(b, s) then buyer
i will trade with seller j in the BO Mechanism, and if i is in M_;(b, s) then buyer i will trade with
seller j in the SO Mechanism. Thus, in either case i and j will trade with probability at least 1/2

in the Offering Mechanism.

The next lemma shows that any seller who is not at the end of any alternating path, must still

be in the first-best matching if we remove the buyer that is matched to her.

20. A path is called an alternating path if the edges of the path alternate between the two matchings. A path is
mazimal if it is not a subpath of any other path.

21. An alternating cycle is an alternating path whose two endpoints coincide.
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Figure 6.1: Example of the three different cases considered in the proof of the ex-ante guarantee: (a)
alternating cycle; (b) maximal alternating path with even number of edges; (¢) maximal alternating
path with odd number of edges.

Lemma 6.6. Let A be an acyclic mazimal alternating path of M (b, s) U M/ (b, s). For every seller
j € A who is not at the end of the path, it holds that j € M_;(b, s), where i is the buyer such that
(4,5) € M(b, s).

Combining Lemma 6.6 and Lemma 6.5, we show that all sellers in a maximal alternating path
of even length will trade in the BO mechanism with the buyers that are matched to them in the
first-best matching.

Next, we consider maximal alternating paths with odd length and present another useful char-
acterization. We assume w.l.o.g. that any maximal alternating path of M UM starts with a buyer
and an edge in M (by Corollary C.3). Let GFTyy(U) be the GFT of all edges of M’ that are

contained in U.

Lemma 6.7. For K > 3, let A = (i1j192J2.--ir-1jL-1%LjL), be a mazimal alternating path of odd
number of edges of M U M with i; denoting buyers and j; denoting sellers, and with (i1,71) € M.
It holds that

o if biL > bil then if, € M*J'L'
o ifbiL < bi1 then GFTM(A\{ZL,jL}) > GFTMT(A)
Proof of Lemma 6.4. By Corollary C.2, any alternating cycle of M and M has only two (identical)

undirected edges (i,7) € M N M. If j € M_;(b,s) or i € M_j(b,s), by Lemma 6.5 buyer i will
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trade with seller j in the Offering Mechanism with probability at least 1/2, which obtains at least
half of the GFT that the RVWM mechanism obtains on (i,7) € M; when the profile is (b,s).
Otherwise, since ¢ ¢ M_; we have that 5§ > b;, and since j ¢ M_; we have that b < sj. Since
trade occurs with positive probability on (7,j) in the RVWM mechanism, then similarly to the
double-auction case, by Observation 6.1, our Offering Mechanism achieves at least the gains from
trade of the RVWM mechanism on this edge (and therefore, on any alternating cycle).

Consider any maximal alternating path of even number of edges. By Lemma 6.5 and Lemma 6.6,
every pair (i,7) € M trades in the BO mechanism, so whenever the BO mechanism runs, the
maximal GFT (first-best) of the agents in the alternating path, which is at least the GFT of M
from these agents, is obtained. The Offering Mechanism runs the BO mechanism is probability 1/2,
so in expectation it obtains at least 1/2 the GFT of M7 from this path.

Now consider any maximal alternating path (i1j1i2j2...ir,—1jr—1ij.) of odd number of (at
least 3)?2 edges, which starts with buyer 4; and an edge from M. Here L > 2. By Lemma 6.5 and
Lemma 6.6, for every [ = 1,2,...,L — 1, buyer 4; will trade with seller j; in the BO mechanism. If
bi, > b;,, the claim holds since by Lemma 6.7 the GF'T of M from this path is at most the GF'T
of the first L—1 pairs in the first-best matching M, and all these L —1 pairs will be traded in the
BO mechanism, which happens with probability 1/2.

If b, < b;,, by Lemma 6.5 and Lemma 6.7, buyer ¢, will trade with seller j; in the SO
mechanism, which happens with probability 1/2. Therefore, every pair (i,7) € M is traded with
probability at least 1/2. This obtains half the maximal GFT (first-best) of this path, which is at
least half the GFT of M{ in this path.

Similarly, we can show that the Offering Mechanisms obtains at least 1/2 of the GFT of Mj.
Since the expected GFT of the RVWM mechanism is the average GFT of M and M5, we conclude
that the Offering Mechanisms obtains at least 1/2 the GFT of the RVWM mechanism. O

22. If there is a single edge, then it is only in M. We only need to cover edges in M7 .
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6.7 Discussion

One of the biggest pushbacks against constant-approximation mechanisms is that while they pro-
vide some worst-case guarantee, they often do not provide any guarantee for significantly better
performance “when the instances are easy to handle”. We believe that a mechanism that not only
provides a worst-case guarantee, but also provides a guarantee of performing very well on “easy
instances” is much more appealing and more likely to be used. In our setting, we implement this
agenda by postulating that “nice instances” are large-market instances (for some formal sense of
“large”), and we are able to achieve the best of both worlds: a guaranteed constant approximation
on one hand, and asymptotic optimality when the markets are large on the other hand. We believe
that presenting similar results in other settings is an interesting research direction.

Mechanisms with such “worse-case and best-case guarantees” are of particular appeal when the
social planner needs to fix the mechanism well before the exact market characteristics are known,
for example, when the mechanism is defined by some laws or regulations (e.g., FCC auctions) that

are fixed well in advance.
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Chapter 7

Multi-Dimensional Two-sided

Markets

In this chapter we move on to multi-dimensional settings in two-sided markets. We focus on a
special setting with multiple unit-supply sellers and a single constrained-additive buyer. We design
simple, truthful and budget balanced mechanism to achieve an unconditional approximation to the
second-best GFT.

In Section 7.1, we give an overview of the results and techniques covered in this chapter. In
Section 7.2 we introduce the notations used in this chapter. In Section 7.3 we present a distribution-
parameterized approximation to the first-best GFT. In Section 7.4, we prove an unconditional
approximation to the second-best GF'T, using results from Section 7.3. In Section 7.5 we draw a
connection between a lower bound to our analysis and one of the major open problems in a special

matching market. In Section 7.6 we present some examples toward the lower bound of our analysis.

7.1 Overview of Results and Techniques

We focus on a setting with n heterogeneous items, where each item is owned by a different seller i,
and there is a constrained-additive buyer with feasibility constraint F. The first main result is a

distribution-parameterized approximation to the first-best GFT.
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log(1/r)

5 )-approzimation to

Result 1. There is a fixed posted price mechanism whose GF'T is an O(
the first-best GFT when the buyer’s feasibility constraint F is (8,n)-selectable (Definition 2.5), and
an O(log(n) -log(1/r))-approxzimation for a general constrained-additive buyer. r is a distributional

parameter: the minimum trade probability over all items. We define the trade probability of item

i as the probability that the buyer’s value for i exceeds the seller’s cost.

As shown in Section 2.7, many familiar feasibility constraints such as matroid, matching, knap-
sack, and the compositions of each, are known to be (9, n)-selectable with constant § and n [FSZ16],
so our result provides an O(log(1/r))-approximation for all of these environments. The main take-
away from Result 1 is that there is an O(log(1/r))-approximation to the first-best GFT for the

feasibility constraints stated above. Next we introduce the class of fized posted price mechanisms.

Fixed Posted Price (FPP): In a fixed posted price mechanism, there is a collection of fixed
prices {(GZB, HZS )}Z eln)’ where 913 > HZ-S for each item i. Let R be the set of sellers that are willing to

sell their item at price 9;9 . The buyer can purchase any item ¢ in R at price OZB . Trade only occurs

when the buyer wants to buy the item and the seller is willing to sell it.

Our result is a generalization of the result by Colini-Baldeschi et al. [CBGdK'17], where they
provide the same approximation using a fixed posted price mechanism for bilateral trade. Impor-
tantly, our approximation ratio has the optimal dependence on r up to a constant factor. Exam-
ple 7.1 (adapted from an example by Blumrosen and Dobzinski [BD16]) in Section 7.6 shows that,
for any r > 0, there is an instance of our problem with minimum trade probability r such that
no fixed posted price mechanism can achieve more than a W—fraction of even the second-best
GFT for some absolute constant c¢. In our fixed posted price mechanism, we allow HIB to be strictly
greater than 0;9 . This is crucial for our analysis, but makes the mechanism only ex-post weakly
budget balanced. We leave it as an interesting open question as to whether our approximation
ratio can be achieved by an ex-post strongly budget balanced fixed posted price mechanism.

When the trade probability of each item is not too low, our first result provides a good ap-
proximation to the first-best GFT using a simple fixed posted price mechanism. However, r can

be arbitrarily small in the worst-case, making our approximation too large to be useful. Is it pos-
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sible to produce an unconditional worst-case approximation guarantee? We provide an affirmative

answer to this question with an unconditional O(logn)-approximation to the second-best GFT.

Result 2. There is a dominant strategy incentive compatible (DSIC), ex-post IR, and BB mech-

anism whose GFT is at least Q(lo‘;;n)—fmction of the second-best GFT when the buyer’s feasibility

constraint F is (d,n)-selectable, and at least Q(m)—fmction of the second-best GFT when the

buyer is general constrained-additive.

As we show in Example 7.1, no fixed posted price mechanism can provide such a guarantee. We
develop two new mechanisms. The first one is a multi-dimensional extension of the Generalized
Buyer Offering Mechanism (Definition 5.3). We provide a full description of the mechanism in
Section 7.4.2. The second mechanism is a generalization of the fixed posted price mechanism that

we call the Seller Adjusted Posted Price Mechanism.

Seller Adjusted Posted Price (SAPP): The sellers report their costs s. The mechanism maps

the cost profile to a collection of posted prices {6;(s)} | for the buyer. The buyer can purchase

i€n
at most one item, and pays price ;(s) if she buys item i. An item trades if the buyer decides to

purchase that item.

The main advantage of using a SAPP mechanism is that it provides the flexibility to set
prices based on the sellers’ costs, which allows a SAPP mechanism to achieve GFT that can be
unboundedly higher than the GFT attainable by even the best fixed posted price mechanism (see
Example 7.2). Example 7.3 in Section 7.6 shows that the class of SAPP mechanisms is necessary
to obtain any finite approximation ratio to the second-best: both the best FPP mechanisms and
the Generalized Buyer Offering Mechanism have an unbounded gap compared to the second-best
GFT, even in the bilateral trade setting.

An astute reader may have already realized that the payments to the sellers are not yet defined in
the SAPP mechanism. This is because the allocation rule of a SAPP mechanism is not necessarily
monotone in the sellers’ costs if the mappings {0;(-)};c[n are not chosen carefully. Interestingly,
we show that if the mappings {0;(-)}ic|n satisfy a strong type of monotonicity that we call bi-

monotonicity (Definition 7.1), then the allocation rule is indeed monotone in each seller’s reported
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cost. Since the sellers are single-dimensional, we can apply Myerson’s payment identity to design
an incentive compatible payment rule. The final property we need to establish is budget balance,
which turns out to be the major technical challenge for us. We provide more details and intuition
about our solution to this challenge in the discussion of the techniques.

In Section 7.5, we draw a connection between a lower bound to our analysis and one of the major
open problems in single dimensional two-sided markets. We prove a reduction from approximating
the first-best GFT in the wunit-demand setting to bounding the gap between the first-best and
second-best GFT in a related single-dimensional setting (Theorem 7.4). If in the latter market, the
gap between first-best and second-best GFT is at most ¢, then our mechanism is a 2¢-approximation

to the first-best GFT in the former market.

7.1.1 Our Approach and Techniques

1. log(1/r)-Approximation (Section 7.3): Our starting point is similar to Colini-Baldeschi et
al. [CBGdK™17]. We first argue that the probability space of each item i can be partitioned into
O(log(1/r)) events {E;j} ciog(2/r)]> Such that in each event E;;, the median of the buyer’s value b;
for item ¢ dominates the median of the i-th seller’s cost s;. The first-best GFT is upper bounded
by the sum of the contribution to GF'T from each of these events. In bilateral trade, simply setting
the posted price to be the median of the buyer’s value is sufficient to obtain 1/2 of the optimal
GFT from Ej; as shown by McAfee [McAO08]. The log(1/r)-approximation by Colini-Baldeschi et
al. [CBGdK™17] essentially follows from this argument.

To illustrate the added difficulty from multiple items, it suffices to consider a unit-demand
buyer. Setting the posted price on each item to be the median of the buyer’s value does not provide
a good approximation, because the buyer will purchase the item that gives her the highest surplus,
which could be very different from the item that generates the most GFT. Similar scenarios are
not uncommon in multi-dimensional auction design, and prophet inequalities [KW12, KS78] have
been proven to be effective in addressing similar challenges. The main barrier for applying the
prophet inequality to two-sided markets is choosing the appropriate random variable as the reward

for the prophet/gambler. It is not obvious how to choose a random variable that will translate to a
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two-sided market mechanism, and in fact, for some choices, no translation between the thresholding
policy for the gambler and a two-sided market mechanism is possible.! Our key insight is to replace
event F;; with a related but different event Eij where there is a fixed number 6;; such that s; and
b; are always separated by 6;; (s; < 0;; < b;). We further show that the GFT contribution from
event Eij is at least half of the GF'T contribution from E;;. Importantly, the GF'T contributed by
item i in event Eyj: (b; — s;)T 2 = (b; — 0;;)" - 1[s; < 0;5] + (055 — ;)™ - 1[b; > 60;;]. Note that if
we replace E,-j with E;;, the LHS can exceed the RHS when 6;; > b; > s;. The decomposition of
(b; — s;)™ using 0;; is critical for us to apply the prophet inequality. We can now choose the reward
for the gambler to be v; = (0;; — s;)* - 1[b; > 6;;], and the thresholding policy with a threshold T
can be implemented with a posted price mechanism where the price for the buyer is ¢;; and the
price for the seller is 0;; — T3

When the buyer’s feasibility constraint is general downward-closed, the only known prophet
inequalities are due to Rubinstein [Rub16] and are O(log n)-competitive. Unfortunately, the prophet
inequalities in [Rub16] are highly adaptive, and thus cannot translate into prices for a single buyer.
Further, an almost matching lower bound of O(logn/loglogn) is shown by Babaioff et al. [BIK07],
precluding much possible improvement for this approach. Instead, we use a constrained fixed posted
price mechanism that forces the buyer to buy at least h items (at their posted prices) if she wants
to buy any; otherwise, she must leave with nothing. We divide the same variables v; into O(logm)
buckets based on their contribution to seller surplus. Within each bucket k, all variables v; lie in
[Li,2Ly] for some Li. We prove a concentration inequality for the mazimum size of a feasible and
affordable set. It guarantees that with constant probability, the buyer will be willing to purchase

at least h items (for an appropriate choice of h), generating sufficient GFT.

1. For example, one can choose the GFT from the i'" item (b; — ;)" as the reward of the i*® round, but no fixed

posted price mechanism corresponds to the policy that only accepts items whose GFT is above a certain threshold.
Indeed, no BIC, IR, and BB mechanism can implement a thresholding policy with threshold 0 due to the impossibility
result by Myerson and Satterthwaite [MS83].

2. 7 = max{z,0}.

3. A similar fixed posted price mechanism can take care of (b; — 0;;)" - 1[s; < 0;5].
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2. Benchmark of the Second-Best GFT (Section 7.4.1): As our goal is to obtain a bench-
mark of the second-best GFT that is unconditional, the benchmark from the previous (distribution-
parameterized) result cannot be used here. We derive a novel benchmark in two steps. Step (i): we
create two imaginary one-sided markets: the super seller auction and the super buyer procurement
auction. We show that the second-best GFT of the two-sided market is upper bounded by the opti-
mal profit from the super seller auction and the optimal buyer utility from the super buyer procure-
ment auction. Step (ii): we provide an extension of the marginal mechanism lemma [HN12, CH13]
to the optimal profit. We show that the optimal profit for selling all items in [m] is upper bounded
by the first-best GFT from items in 7" and the optimal profit for selling items in [n]\T', where T is
an arbitrary subset of [n]. Our key insight is to choose T to be the “likely to trade” items, which
are the ones with trade probability at least 1/n, and apply the marginal mechanism lemma. This
partition allows us to use our first result to provide an O(logn)-approximation to the first-best
GFT of the “likely to trade” items using a fixed posted price mechanism. Moreover, we prove
that the optimal buyer utility from the super buyer procurement auction is upper bounded by the
GFT of an extension of the “generalized buyer offering mechanism” [BCWZ17]. Finally, we provide
an O(logn)-approximation to the optimal profit for selling the “unlikely to trade” items using a
SAPP mechanism. Note that the approximation crucially relies on the fact that in expectation at

most one item can trade among the “unlikely to trade” items.

3. Budget Balance of Seller Adjusted Posted Price Mechanisms (Section 7.4.3): As
mentioned earlier, we restrict our attention to bi-monotonic mappings from cost profiles to buyer
prices {0;(-)}ic[n to guarantee incentive-compatibility. However, budget balance does not fol-
low from bi-monotonic mappings. We extend the definition of bi-monotonicity to allocation rules
and show that all bi-monotonic allocation rules can be transformed into a DSIC, IR, and BB
SAPP mechanism. In our proof of the budget balance property, we identify an auxiliary allocation
rule ¢, which may not be implementable by a BB mechanism. We then show that the allocation
rule of our SAPP mechanism is “coupled” with ¢. In particular, our allocation probability is al-

ways between ¢/4 and ¢/2. The upper bound ¢/2 allows us to upper bound the payment to the
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seller, and the lower bound ¢/4 allows us to lower bound the payment we collect from the buyer.
Surprisingly, we can prove that the upper bound of the payment to the seller is no more than the
lower bound of the buyer’s payment. We suspect this type of allocation coupling argument may

also be useful in other problems.

7.2 Notations in This Chapter

Two-sided Markets. We focus on two-sided markets between a single buyer and n unit-supply
sellers. Every seller ¢ sells a heterogeneous item. For simplicity we denote the item sold by seller
1 as item i. Each seller i has cost s; for producing item ¢, where s; is drawn independently from
distribution DZS . The buyer has value b; for every item i where b; is drawn independently from
distribution DZB . DZS and DZB are public knowledge. Let DP = x?leiB be the distribution of
the buyer’s value profile and D° = x?leiS be the distribution of the cost profile for all sellers.
Let b = (b1,...,b,) and s = (s1,...,8,) denote the value (or cost) profile for the buyer and all
sellers. For notational convenience, for every i we denote b_; (or s_;) to be the value (or cost)
profile without item i. For every i, F;, f; (or G;,g;) denote the cumulative distribution function
and density function of DB (or D). Throughout this chapter we assume that all distributions
are continuous over their support, and so the inverse cumulative functions F[1 and G;l exist.4
Throughout this chapter, we assume that the buyer has a constrained-additive valuation over the

items (Definition 2.1). We denote F the downward-closed feasibility constraint of her valuation.

Mechanism and Constraints. Any mechanism in the two-sided market defined above is spec-
ified by the tuple (z,p?,p”) where z is the allocation rule of the mechanism and p?, p° are the
payment rules. For every profile (b, s) and every i, x;(b, s) is the probability that the buyer trades

with seller i under profile (b,s). p?(b,s) is the payment from the buyer and pf (b,s) is the gains

4. Any discrete distribution can be made continuous by replacing each point mass a with a uniform distribution
on [a — €,a + €], for arbitrarily small e. Thus our result applies to discrete distributions as well by losing arbitrarily
small GFT.
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for (or payment to) seller i. All agents in the market have linear utility functions.®

Gains from Trade. We aim to maximize the Gains from Trade (GFT), i.e. the gains of social
welfare induced by the mechanism. Formally, given a mechanism M = (z,p?,p%), the expected
GFT of M is

GFT(M) = Epps sups [2imy zi(b,s) - (bi — si)].

We use SB-GFT to denote the optimal GFT attainable by any BIC, IR, ex-ante WBB mech-
anism (also known as the “second-best” mechanism). Let FB-GFT denote the maximum possible

gains of social welfare among all feasible allocations (known as the “first-best”). Formally
FB-GFT = EbN'DB7SN'DS [maXSE]: ziES(bi — Sl)] .

In Section 7.3, the distribution-parameterized approximation uses the parameter r, the mini-
mum probability over all items 7 that the buyer’s value for item i is at least seller ’s cost. Formally,
for every item i € [m], let r; = Pry, pp s~ps [b; > s;] denote the probability that the buyer’s value
for item i exceeds seller i’s cost. Without loss of generality, assume that r; > 0 for all i € [n].5 Let

r= minie[n] ri > 0.

7.3 A Distribution-Parameterized Approximation

In this section, we present an O(%)—approximation to FB-GFT when the buyer’s feasibility

constraint F is (6, n)-selectable, and an O(log(n) - log(1))-approximation for a general constrained-

additive buyer. In Section 7.3.1, we show that FB-GFT can be bounded by the sum of four

separate terms. In Section 7.3.2 we show that two of the terms (“buyer surplus”) are relatively

5. Without loss of generality we can assume that the mechanism will only allow the buyer to trade with a (possibly
randomized) set S of sellers where S € F. For any trading set T', let S* denote the utility-maximizing feasible subset,
S* = argmaxge r g7 P ;e g bi- If we only allow the buyer to trade with the sellers in S* instead of all of T', the gains
from trade of the mechanism will not decrease.

6. If r; = 0 the mechanism should never trade between the buyer and seller i, and so it can remove seller i from
the market. This will not decrease the GFT of the mechanism as b; < s; with probability 1.
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easy to bound using fixed posted price (FPP) mechanisms with the same prices posted on both sides.
In Section 7.3.3, we consider the special case of a unit-demand buyer and bound the other two terms
(“seller surplus”) using FPP mechanisms combined with the prophet inequality. In Section 7.3.4,
we bound the seller surplus for any selectable feasibility constraint by using a constrained FPP

mechanism. In Section 7.3.5, we present our result for a general constrained-additive buyer.

7.3.1 Upper Bound of FB-GFT.

For every i, let F; = 1— F; denote the complementary CDF of b;. Let x; and y; be the 5 -quantile of

the buyer’s and seller’s distribution for item ¢, respectively. Formally, x; = Eil(%), yi = Gy 1(%)

We first prove that z; > y;.
Lemma 7.1. For every i € [n], x; > y;.

Proof. Note that for every i € [n], b; < x; A's; > x; implies that b; < s;. We have
1—r; = Pr [bl<81}2 Pr[bi<l’i/\8i>l‘i]
bi~DE 5;~D? bi,si

=(1- %) (1= Prls; < ay)).

Si

Suppose z; < ;. Then (1 — %) (1 —Prg,[s; < a5)) > (1 — %)2 > 1 — ;. This is a contradiction.

Thus xX; Z Yi- ]

In the following upper bound, we will separate the probability space for each item ¢ into
2[log(2/r)] events, and then divide the GFT into buyer surplus and seller surplus terms accord-
ing to the cutoff for each event. For every b,s, define the feasible set that maximizes the GFT

as S*(b,s) = argmaxgez » 1cg(bx — sk), and break ties arbitrarily. Observe the following upper
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bound for the first-best GFT:

_ . o\t
FB-GFT = Ep, s [max g(bz si)*]
(2

SEb,s [Zz(bz — Si) . ]l[i € S*(b,s)] . ]l[bi > 8 Ns; < .%'Z]]

+Ebs [D2;(bi — si) - 1[i € S*(b,s)] - L[b; > s; > yi]]

where the inequality holds because x; > y; for all i. We refer to the two terms of RHS as @ and (2)

()-

accordingly. We first consider term (1). For every i € [n],j € 1,2,...,[log(2)], let 6;; = F; -1

Let Ej; be the event that E_l(zj A1) < s < F; 1(2%) Ab; > E_l

Mog(#)]
®< Z Ebs[z (b Sl)+]l[’b € S*(b,s)/\EU]]

As dlscussed in Section 7.1.1, in order to bound the benchmark with fixed posted price mech-

(2J ). Then we have

anisms, we will consider a more restrictive event Ez-j and show that the GFT contribution from

event Eij is at least half of the GF'T contribution from E;;.

:ﬂ\
|

Lemma 7.2. For every i, j, let E;; be the event that E_1(2J 5-1) < s

&
>
&
v
|

Then the following inequality holds for every j =1,...,[log(2/r)]:

Eb,s [27,(b1 — Si)Jr . ﬂ[l S S*(b, 8) A EZJH

<2-Eps [D;(bi —si)T - 1[i € S*(b, s) A Eyjl] -

Moreover,
[log(2/7)]
Z Ep,s maxZ{ b —0;)t - 1[s; < 91]]}]
€S
log(2/r

Z IEbs

maxZ{ ij — Si) -]l[biZHij]}].

€S
We will refer to the two terms of RHS as (3) and @ accordingly.

Readers may notice that Pr[E;j] = 1 - Pr[E;;]. However, this alone does not prove the first
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statement of Lemma 7.2, since both the indicator 1[E;;] and the contributed GFT (b; —s;)" - 1[i €
S*(b,s)] depend on the realization of b;, s;. In Lemma 7.2 we show that the two random variables
are positively correlated with respect to b;, which allows us to prove the first statement. The second
statement follows from the fact that (b; — s;)™ < (b; — 0;;)" + (0,5 — ;)T for every b;, s;, and that
S*(b,s) € F for every b, s.

In Lemma 7.3, we bound term (2) in a similar way. The proof of Lemmas 7.2 and 7.3 can be

found in Appendix D.1.

Lemma 7.3. For everyi € [n] and j =1,...,[log(2/r)], let 0; = G.*l(%). Then

(2

[log(2/7)]
Z Ep,s maXZ{ ) odfs; < 97{)]}]
iesS
log(2/r

Z IEbs

maxZ{ Ty > 9;]]}] .

€S
We will refer to the two terms of RHS as (5) and (6) accordingly.

We refer to terms (3) and (5) as buyer surplus, and (4) and (6) as seller surplus. In the rest of

this section we will bound each term separately.

7.3.2 Bounding Buyer Surplus.

We bound terms (3) and (5) using fixed posted price mechanisms. Let GFTgpp denote the opti-
mal GFT among all fixed posted price mechanisms. Recall that our market is not symmetric: a
single multi-dimensional buyer with a feasibility constraint faces multiple single-dimensional sell-
ers. As a result, even for the general constrained-additive buyer, bounding buyer surplus is fairly
straightforward using fixed price mechanisms that set 87 = 67 = 6,; (or 07 = 6P = 0;;) for each

term.

Lemma 7.4. For any {pi}icpn € RY,

Ep,s max ;{(bi —pi)T - 1[s; <pi]}| < GFTgpp.
1
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Thus both (3) and (5) are upper bounded by O(log(1)) - GF Tppp.

Proof. Consider the fixed posted price mechanism M with 615 = (9{3 = p;. For every s, let A(s) =
{i € [n] | si < pi} be the set of available items. Then the buyer will choose the best set S C
A(s), S € F that maximizes >, q(b; — p;)* (and not buy any item if b; — p; < 0 for all 7). Thus
the gains from trade Y, g(b; — si) is at least >, (b — p;)™ > 0. We have

FT >y, . bi —pi)*"
GFT(M) >Ey, [Sgﬁg@ef%( ) ]

“Ebs [?Q%Z {(b; —pi)* - 1[si < pi]}] :

€S

To bound terms (3) and (5), just apply the above inequality with p; = 6;; (or ng). O

7.3.3 Bounding Seller Surplus for One Unit-Demand Buyer.

In the remainder of this section, we will bound the seller surplus terms ((4) and (6)). As a warm-up,
we first focus on the case where the buyer is unit-demand, i.e. the buyer is only interested in at

most one item. Here, the prophet inequality suffices for our bound.

Lemma 7.5. When the buyer is unit-demand, for any {p;}icjn) € RY, we have
Ep s [max;{(p; — ;)T - 1[b; > p;]}] < 2- GFTrpp.

Hence terms (4) and (6) are both upper-bounded by O(log(L)) - GFTppp.

Proof. For every i, let v; = (p; — s;)™ - 1[b; > p;] be a random variable that depends on b; and
s;. Let v = {vi}ie[n}. Let V; be the distribution of v; where b; ~ DZB,SZ' ~ Dis, and V = x|V
be the distribution of v. Then the LHS of the inequality in the Lemma statement is equal to
Ev vy [max; v;].

Consider any threshold £ > 0. Observe that v; > £ if and only if b; > p; A p; — s; > €. Consider
the fixed posted price mechanism M with 8% = p; and 67 = p; — ¢ for every i € [n]. Whenever

the buyer purchases some item 4, we must have b; > p; (the buyer buys) and s; < p; — £ (the seller
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sells), and the contributed GFT satisfies b; — s; > p; — s; > £. In addition, the buyer will purchase
some item if and only if there exists some ¢ such that v; > £. Therefore we can apply the prophet
inequality [KW12,KS78,SCT84] with threshold £ = 3 - Ey.y[max; v;] to ensure that the GFT of

mechanism M is at least %Eva[maxi v;]. O

7.3.4 Bounding Seller Surplus with Selectability.

In this subsection we bound terms (4) and (6) for a more general class of constraints F using a
variant of a fixed posted price (FPP) mechanism which we call constrained FPP. In the variant,
the mechanism determines a (randomized) subconstraint 7 C F upfront. Then the buyer is only
allowed to take a feasible set in 7/ (among all items that the sellers agree to sell at prices {67 Yien))
and pays the price 0{3 for each item she takes.” Let GFTcppp denote the the optimal GFT
among all constrained FPP mechanisms.® Since all of the posted prices as well as the subconstraint
are independent from the agents’ reported profiles, the mechanism is DSIC and ex-post IR. The
mechanism is also ex-post WBB since 67 > 6% for all i € [n].

To prove our result, we prove the following lemma that is adapted from [FSZ16] and connects
(8, n)-selectability to constrained FPP mechanisms. Once again, the OCRS gives us both a GFT
guarantee and a mechanism: variables v; correspond to the bound on seller surplus, buyer item

prices are {p; };c[n), seller prices are {p; — &; }ic|n), and the subconstraint is suggested by the OCRS.

Lemma 7.6. Suppose there exists a (§,n)-selectable greedy OCRS m for the polytope Pr, for some
6,n € (0,1). Fiz any {pi}icpn) € RY. For every i € [n], let v; = (p; — s;)* - 1[b; > pi]. For any

q € Pr that satisfies q; < Pry, 5,[bs > pi > s3] Vi, let & = p; — G;l(qi/Pr[bi > pi]).Y We have

> i Boys; [vi - 1v; > &) < % - GFTcrpp.

7. Throughout this paper, we assume for simplicity that the buyer will purchase item 4 when b; = 67 as long as the
bundle remains feasible after including i. Without this tie-breaking rule, one can simply decrease the posted price
for each item by an arbitrarily small value €, and the loss of GFT will be arbitrarily small.

8. Note that FPP is a subclass of constrained FPP, and therefore GFTrpp < GFTcrpp.

9. When ¢; < Pry, s, [b;i > pi > si], ¢;/ Pr[b; > p;] < 1. Thus &; is well-defined.

181



Moreover, there exists a choice of q such that

Ep,s [maxger > ;g {(pi — si)" - 1b; > ps]}]

<D i By [vi - Lvg > &) < % -GFTcrpp.

Proof of Lemma 7.6: Let V; denote the distribution of v; when b; ~ DZB, Si ~ Df. Let v = {Ui}z’e[n}-
Let q be a scaled-down vector of q such that ¢; = d-¢; for every i € [n] and éz =p; —Gi_l((ji/ Pr[b; >
pi]). This is also well-defined since ¢; < ¢; < Pr[b; > p;]. As ¢ € Pr, then ¢ € § - Pr. Consider the
constrained FPP mechanism M with buyer posted prices {p; };c[n], seller posted prices {p; —éi}ie[nb
and subconstraint F ; € F stated in Definition 2.5.

Fix any item i € [n]. We say item i as active if v; > &. Similarly to Section 7.3.3, v; > & if
and only if b; > p; A s; < p; — él That is, 7 is active if and only if item 7 is on the market and
the buyer can afford it, which by choice of fz happens independently across all ¢ with probability
Pry, [vi > & = Pry, o [pi — s > & A b > pi] = di.

Then for any v, the set of active items is R(v) = {j € [n] : v; > éj} By (8, n)-selectability

(Definition 2.5) and the fact that § € § - Pr, we have

Pr[SuU{i} € ]-"W,q,VS C R(v),S € .qu] > . (7.1)
™V
Note that for the sets S € Fr; that have i € S, then S U {i} € F, ; with probability 1. Thus,
if we require S C R(v)\{i} instead, it can not be that i € S, and so the following LHS occurs with
equal probability, allowing us to rewrite inequality (7.1) as follows:

71?%"’[5’ U{i} € Frg, VS C R(V)\{i},S € Fr4l >n. (7.2)

For any v_;, let Ri(v_;) = {j #i: v; > &;}. Then inequality (7.2) is equivalent to

Pr [S @] {’L} S .7'—7r7q,VS - Ri(Vfi), S € ]:ﬂ,(j] > .

T,V_;

Define event A; = {v_;: SU{i} € Fr4,VS C R;(v_;),S € Fr3}. We will argue that item ¢
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must be in the buyer’s favorite bundle S* when both of the following conditions are satisfied: (i)
v; > éi, and (ii) event A; happens. Note that in M, the set of items in the market is T' = {j : s; <
— &}, thus S* = argmaxgcr,ser, . 2.jes(bj — pj). Suppose by way of contradiction that both
conditions are satisfied but 7 ¢ S*. Clearly, for every j € S*, we have b; > p;, otherwise removing
J from S* will give the buyer greater utility. In addition, we have s; < p; — éj, so S* C R(v). By
definition, S* must lie in F 4. Since event A; occurs, then S* U{i} € F 4. As v; > fi, this implies
that b; > p;. Thus adding ¢ to S* keeps the set feasible and does not decrease the buyer’s utility
> jes+(bj —pj). Thus i € S* (see footnote 5). This is a contradiction.
Note that condition (i) and (ii) are independent. Thus for every b; and s; such that b; > p;As; <

pi — & (or equivalently v; > &), the expected GFT of item i over b_;, s_; is at least
Pr[A;] - (bi — si) = n- (pi — si) =10 vi.

Thus

GFT > ,'7 Z]EUZNV; ,U’L > 674] > 577 ZEU’LN‘/’L ]]‘I:U'L 2 51]]7

where the last inequality is because for every i, we have E[v;lv; > &] > E[vilv; > &] and
For the second inequality stated in the lemma, note that
b.s maXZ{ i — )T -1 >pz]}]—E

SeF
€S

For every v, let S (V) = argmaxge 7 Y ;c g Vi, and break ties in favor of the set with smaller size. For
every i, let ¢; = Pry[i € S (v)] be the probability that 7 is in the maximum weight feasible set. We
have that q = {gi}ic[n) € Pr. Also for every i, ¢; = Pry[i € S(v)] < Pr[v; > 0] = Pr[b; > p; > sil.

Moreover,
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Ey [IgleaXZUz] Z Ey [ 1[i € S ] Z Ey,~v; [vi - L[ > &

i€[n] i€[n]
The inequality follows from the fact that for every ¢, both sides integrate the random variable

v; with a total probability mass g;, while the right hand side integrates v; at the top g;-quantile. O

For each j in the summation, choose p; from Lemma 7.6 to be 6;; (or 0;;). Then both terms
(4) and (6) are bounded by % - GFTcppp. Theorem 7.1 then follows directly from Lem-
mas 7.2, 7.3, 7.4, and 7.6.

Theorem 7.1. Suppose the buyer’s feasibility constraint F is (0,n)-selectable for some 6,m € (0,1).
Then FB-GFT < O(“8/")) . GFTppp.

Feldman et al. [FSZ16] show that many natural constraints—including matroids, matchings,
knapsack, and their compositions—are (d, n)-selectable for some constants ¢ and 7 (see Section 2.7).

For all of these, Theorem 7.1 implies that GFTcrpp is an O(log(1/r))-approximation to FB-GFT.

Corollary 7.1. Suppose the buyer’s feasibility constraint is F = ﬂle Fi for some constant d, where
each Fi is a matroid, matching constraint, or knapsack constraint. Then FB-GFT < O(log(%)) .

Proof of Corollary 7.1: Pick any constant 6 € (0, %) By Lemma 2.3 and 2.4, there exists some
constant n € (0,1) such that there exists an efficient, (4, 7)-selectable greedy OCRS for Pr. Then

the result follows from Theorem 7.1.0

7.3.5 General Constrained-Additive Buyer.

In this section, we consider the case of a general constrained-additive buyer, and prove an O(log(n)-
log(1/r))—approximation to FB-GF T using constrained FPP mechanisms. Note that Lemmas 7.2, 7.3,
and 7.4 still hold in this setting. It is sufficient to bound the seller surplus term with GFTcppp.
Throughout this section, we will use the following variant of FPP mechanisms: Other than
posted prices, the mechanism also determines an integer h > 0 upfront. The buyer can purchase

any set of items of size at least h by paying the posted prices for each item in the set; otherwise,
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she leaves with nothing. This is a subclass of constrained FPP, with subconstraint 7/ = {S | S €

FAIS| > h} C F.I0

Lemma 7.7. For any {pi}icpn € RY,

A =Ep s [maxrer Y cp{(pi — si) " - 1[b; > pil}]

<O(log(n)) - GFTcrpp.

Hence terms (4) and (6) are both upper-bounded by O(log(n) ~log(%)) - GFTcrpp.

For every i € [n], again construct random variables v; = (p; — s;)* - 1[b; > p;]. The main
issue here is that in an FPP mechanism, say with posted prices HZB = 9? = p;, the buyer will
pick the maximum weight feasible set (among all items that sellers are willing to sell) according
to weight b; — p; (her utility). However, this might be far from the set used in the benchmark,
i.e. the maximum weight feasible set according to weight p; — s;. In the previous section (when
the constraint F had selectability), by setting different prices for both sides and adding a more
restrictive constraint, we guaranteed that if both the buyer and seller accept the posted prices for
some item, then the buyer would purchase this item with at least constant probability. For general
downward-closed F, it is unclear how to achieve this property with a constrained FPP mechanism.

For every b,s, let T"(b,s) = argmaxpcr» ;. v; be the optimal set used in the bench-
mark. We divide A into three terms according to the value of v; when ¢ is in this optimal
set: v; < A/2n, v; € [A/2n,2nA] and v; > 2nA. Denote the three terms Ag, Ay, A ac-
cordingly. First we notice that the contribution of Ag is at most a constant fraction of A, as

As =Eps [0 - 1[i € T*(b,s) Avi < 5]] < Ens [5;

)= 3

For Ay, in Lemma 7.9, we first prove that Pry, s, [b; > pi Api — si > 2nA] < % holds for every
i. This implies that in a standard FPP mechanism (where h = 1) with 67 = p;, 07 = (p; — 2nA)*
for all 4, the buyer purchases each item ¢ with probability at least % if both the buyer and seller ¢

accept the posted prices. First, we will need Lemma 7.8.

10. If h = 1, the mechanism becomes a standard FPP mechanism without any subconstraint JF'.
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Lemma 7.8. Given any constrained FPP mechanism M with posted prices {QZB}ie[n], {Qf}ie[n]

and h =1, suppose ), Pr[b; > GZB As; < 9?] < % Then
GFT(M) > %Zz Ebi,si [(bz — Si) . ﬂ[bi > 913 Ns; < 9?]] .
Proof. For any item ¢, the buyer will purchase item ¢ if both of the following events happen:

1. b; > 9{3 and s; < Gis;
2. For all items k # i, either s > 9;3 or by < (9,]5.

By the union bound, the second event happens with probability at least 1 — Zk# Pr[b; >

915 As; < (9;9] > % Since both events are independent, we have

1
GFT(M) > 5 ZEbi,Si [(bz — Si) . ]l[bi > QZB Ns; < Qf]] .

Lemma 7.9.
Ap = Eb,s Zvi]l[i S T*(b, S) N v > 271.,4} <2.-GFTFpp.

Proof. Consider the FPP mechanism with 07 = p;, 0 = (p; — 2nA)* for all i (and h = 1).

Note that for every i € [n], it must hold that Pry, s,[b; > p; A p; — s; > 2nA] < 5-. In fact,

A >Ey, 5 [(pi — )7 - 1[b; > pi]] > 2nA- Pr(b; > pi Api — si > 2nAl.

7354
Thus by Lemma 7.8 and the fact that b; — s; > p; — s; when b; > p;, we have

-Ar.

N | =

1
GFTgpp > §ZE[(Z%‘ —si) - L[by > pi Api — si > 2nA]] >

In Lemma 7.10 we bound A;s, which is the primary challenge for this approximation.
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Lemma 7.10. A;; < O(log(n)) - GFTcrpp.

Proof. We further divide the interval [A/2n,2nA] into O(log(n)) buckets, where in each bucket
k, v; falls in the range [Ly,2Lg] for some Lj. Formally, for any k € {1,2,..., [2log(n) + 2]}, let
L, =2F. A We have

[21og(n)+2]

Ay < Z Eb,s [Z Ui]l[i S T*(b,S) Nv; € [Lk72Lk’H

k=1

In the rest of the proof, we will show that for any k, there exists some constant ¢ > 0 such that

s [Z Ui]l[’i S T*(b,S) ANv; € [Lk, 2Lk]]] <c¢-GFTcppp.

Fix any k. For every i € [n], let tl(-k) = 37+ - 1[Lx < v; < 2L;]. This is a random variable in

[2,1]. Note that all random variables ¢ = {tgk)}ie[n} are independent. Let Z(t) = maxrer ) ,cp tgk)

Then the contribution to Ay, from values in this range is bounded by the expectation of the random

variable Z(t):

Zv, [i € T*(b,s) Av; € Ly, 2Lk]]] <Epgs [mavaZ [Lp <w; < 2Lk | = 2L,E[Z(1)].
€S

Now consider the constrained FPP mechanism with 8% = p; and 7 = (p; — Lg)* for every

i (the threshold h is determined later). Then in the mechanism, whenever the buyer purchases
an item, the contributed GFT is at least Ly. Thus it is sufficient to show that the expected
size of the purchasing set is at least a constant factor of E[Z(t)]. Note that Z(¢) is a random
variable on ¢, which is the maximum weight feasible set over n independent random variables in
[0,1]. In Lemma 7.11, we prove that Z(t) concentrates near its mean. The proof is postponed to

Section 7.3.6.

Lemma 7.11. For any c € (0,1),

Pr{Z(t) > ¢ E[Z(1)] > H“l/jE[)Z(t)]
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We first suppose that E[Z(t)] > ;. By applying Lemma 7.11 with ¢ = %, we get

1
— 20

Let h = max { ij,l}. In mechanism My, note that for every i, t(k) > 0 implies that item %

is on the market and that the buyer can afford it. With probability at least
(B) (k)

)

&, Z(t) > h, which

implies that the item set {i [ i € argmaxger ) gt > 0} is a feasible set of size at least
h. (Recall that all tl(k) are in [%, 1]). In this scenario, the buyer will purchase a set of items of
size at least h. For every item i she purchases, the contributed GFT is b; — s; > 915 — «9;9 = L.
Thus, GFT(My) > % - h - L. Readers who are familiar with mechanism design may notice
that the role of the size threshold A is similar to an “entry fee” in the posted price mechanism in
auctions [BILW14,CDW16,CZ17,CM16,RW15, Yaol5], though the buyer doesn’t have to pay extra
money to attend the auction. It guarantees that the buyer will purchase at least h items when she
can afford it, as otherwise she gets no utility.

When E[Z(t)] > 7, we have h > w. Thus

4a
Z’Uﬂl[i € T*(b,s) Nv; € [Lk, 2Lk“ <160 - GFT¢cppp.

k)

Now we consider the case where E[Z(t)] For every i, let ¢; = Prlt, ¢!

1. > 0] = Pry, 5, [b; >
[V,

t®) = =0] = [["4(1 — ¢) > 5. This is because

l

<
pi Api — Si € [Lk,2Lg]]. Then it holds that Pr
if there exists ¢ such that tgk) > 0, then Z(t) = maxrer ) ;cr tgk) > 1 as t(k) € [3,1] for every i.
Thus if Pr[Vi, t(k) = 0] < %, then E[Z(t)] > 1, which leads to a contradiction.

Consider the constrained FPP mechanism M with 67 = p;, 6% = (p; — Li,)", and h = 1. For
every i, define event E; = {t | ti >0A tg- ) = 0,Vj # i}. Note that tz(» ) >0 implies that seller 4
accepts price Gis and the buyer can afford item ¢. Under event F;, there is at least one item on the
market that the buyer can afford, i.e. item ¢. Thus the buyer must purchase some item j on the

market that she can afford (possibly item 7). For this item j, we have b; > 9;-3 and s; < 95-9 . Thus

the contributed GFT is at least b; — s; > p; — sj > Lj. Since all E;s are disjoint events, we have
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GFT(M) = 35, PrBi] - L = Li- 35 ¢i 1151 = ¢5) = L 325 0 T1;(1 = ¢5) > 5Lk - 325 i, where

(%) (k

the equality uses the fact that all ¢;"’s are independent. On the other hand, since t; ) < 1 for any

i, E[Z( ]<E[Zt(’“ 1[t® > 0]] < =, ¢;. Thus

Ebs [Z v - 1[i € T"(b,s) Av; € [Ly, 2Lg]} | < 2Ly - E[Z(t)] < 4- GFTcppp.

i

Summing the inequality over all k£ finishes the proof. O

Proof of Lemma 7.7: By Lemmas 7.9, 7.10, and the fact that Ag < é, we have that

A < 2(./4]\/[ + .AL) < O(log(n)) . GFTCFPP'

Theorem 7.2 summarizes our result for a general constrained-additive buyer. It directly follows

from Lemmas 7.2, 7.3, 7.4, and 7.7.

Theorem 7.2. For any downward-closed constraint F, FB-GFT < O(log(n) -log(%)) -GFTcrpp.

7.3.6 Proof of Lemma 7.11

We recall the statement of Lemma 7.11: For any c € (0,1),

(1-¢)?
Pr[Z(t) = ¢ E[Z(1)]] = T+ URZ@)]

Recall that Z(t) = maxper D ;cp tz( ). In the proof we will omit the superscript k as it is fixed.

The random seed ¢ is also omitted if clear from context.

Lemma 7.12. (Paley-Zygmund Inequality [PZ32]) For any random wvariable Z > 0 with finite

variance, for any c € [0,1],

E[Z)?

Pr[Z > ¢ -E[Z]] > (1 —¢)?- VarlZ] 1 EIZE
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To use Lemma 7.12, we only need to show an upper bound on Var[Z(t)].
Lemma 7.13. Var[Z(t)] < E[Z(t)].
Proof. By the Efron-Stein Inequality [ES81],

Var{Z(0] £ 5 37 By (200, 0-0) = 206, 0-0P) = 3 Be VarlZ(0) 1),

%

Here t; shares the same distribution with ¢; (a fresh sample). Note that for every fixed t_;,

Vary, [Z(ti,t—i)] < E,[(Z(ti,t—i) — a)?] for any real constant a. For every i, let

Zi(t,i) = maXx t]’
TG]—',Z;AT]ET

, which only depends on t_;. We have

Var(z(0)] < S B, Var(Z(0)lt i) < STEIZ() — Zitt_))?) < SOEIZ(E) - Zilto),
where the last inequality follows from the fact that Z;(t_;) < Z(t) < Z;(t—;) + 1, as every random
variable ¢; € [5,1].

Now fix any t. Let T" = argmaxpcr ZjeT tj. Then for every i, by the definition of Z;,

D jeraqiyti < Zi(t—i). Thus 30, Zi(t—i) = 323 jera\qiy b = (n = 1) Y sepe tj = (n = 1) - Z(2).
Hence,

Varlz()) < 3 E[Z(0) - Zi(t-0) < EIZ(0)

7.4 An Unconditional Approximation for a Single Constrained-

Additive Buyer

In this section, we prove Theorem 7.3, an unconditional O(logn)-approximation when the buyer’s

feasibility constraint is selectable, and an unconditional O(log?(n))-approximation for a general
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constrained-additive buyer—without dependence on distributional parameters. The result combines

the log(1/r)-approximation and a novel mechanism—the seller adjusted posted price mechanism.

Theorem 7.3. Suppose the buyer’s feasibility constraint F is (6,n)-selectable for some 6,1 € (0,1).
) .

GFT(M). Moreover, for a general constrained-additive buyer, there exists a DSIC, ex-post IR,

Then there exists a DSIC, ex-post IR, ex-ante WBB mechanism M such that OPT < O(kfn"

ex-ante WBB mechanism M such that OPT < O(log?(n)) - GET(M).

7.4.1 An Upper Bound of the Second-Best GFT.

Formally, we use OPT to denote the optimal GFT attainable by any BIC, IR, ex-ante WBB
mechanism. Notice that the GFT of any two-sided market mechanism can be broken down into
the buyer’s expected utility of this mechanism, plus the sum of all sellers’ expected utilities (or
profit), plus the difference between buyer’s and sellers’ expected payment. We show that the OPT
is upper bounded by the sum of the designers’ utilities in two related one-sided markets: the

super seller auction and the super buyer procurement auction.

Super Seller Auction. Consider a one-sided market, where the designer is the super seller
who owns all the items, and replaces all the original sellers. The buyer is the same as in our
two-sided market setting. The super seller designs a mechanism to sell the items to the buyer.
The main difference between the super seller auction and the original two-sided market is that the
mechanism only needs to be BIC and IR for the buyer and does not have any incentive compatibility
constraints for the super seller. We use OPT-S to denote the maximum profit (revenue minus her
cost) achievable by any BIC and IR mechanism in the super seller auction.

To avoid ambiguity in further proofs, for every subset 7' C [n] and downward-closed feasibility
constraint J with respect to T, we let OPT-S(T,J) denote the optimal profit in the following
super seller auction: the super seller owns the set of items in 1" and has cost s; ~ Df for every
item ¢ € T'. The buyer has value b; ~ DlB for every item ¢ € T and is additive subject to constraint
J. We slightly abuse notation and write OPT-S(T, ADD) if the buyer is additive (J = 27)
and OPT-S(T,UD) if the buyer is unit-demand (J = {{i} : ¢ € T}). Clearly, OPT-S =
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OPT-S([n], F).

Super Buyer Procurement Auction. Similarly, let the super buyer procurement auction be
the one-sided market where the super buyer (same as the real buyer) designs the mechanism to
procure items from the sellers. Here the mechanism only needs to be BIC and IR for all of the
sellers, but not the buyer. We use OPT-B to denote the maximum utility (value minus payment) of
the super buyer attainable by any BIC and IR mechanism in the super buyer procurement auction.

First, we prove that the GFT of any IR, BIC, ex-ante WBB mechanism M = (J:,pB,pS) is

upper bounded by OPT-S + OPT-B.
Lemma 7.14. OPT < OPT-S + OPT-B.

Proof. Take any BIC, IR, ex-ante WBB mechanism M = (z,p?,p®). Since every seller i is BIC

and IR, we have for any s;, s,
Eps_, [pls(b,s) — 8- xi(b,s)] > max {Ebﬁ_i[pf(b, sh s_i)] — si - wi(b, sk, s_4), 0} .

Observe that M’ = (z,p”) is a valid super buyer procurement auction. The above inequalities
are exactly the BIC and IR constraints for seller 4. Thus M’ is BIC and IR. Similarly, M" = (z,p?)
is BIC and IR, so it is a valid super seller auction. Since M is ex-ante WBB, Eb’s[pB (b,s) —

> p¥(b,s)] > 0. Thus we have

GFT(M) =Eps[ Y i(b,s)(b; — 5)]

1€[n]

< Eb,s[pB(bv S) - Z l‘i(bv S) ' Si] + Eb,S[Z(l'i(b> S) : bz - pz’S(bv S))]

K3 (2

< OPT-S + OPT-B.

Taking M to be the GFT-maximizing mechanism completes the proof. O

Next we prove an analog of the “Marginal Mechanism Lemma” [CH13,HN12] for the optimal

profit. Namely, let (T, R) be a partition of the items in [n]. Then the optimal profit in a super
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seller auction with items in [n]| is upper bounded by the first-best GFT for items in 7" plus the

optimal profit in a super seller auction with items in R.

Lemma 7.15 (Marginal Mechanism for Profit). For any subset T € [n], we let F}T ={SCT:
S € F} denote the restriction of F to T. We use FB—GFT(T,]:‘T) to denote the first-best GF'T

obtainable between sellers in T and the .F}T—constmined additive buyer, that is,
FB-GFT(T, F|;) = Eby, sy [maxser, Yies(bi — )],

where by = {b; }ier, st = {si}tier. Let (R,T) be any partition of the items in [n]. Then
OPT-S([n], F) < OPT-S(R, F|,) + FB-GFT(T, F|,).

Proof. Consider the optimal BIC and IR mechanism M = (z,p) in the super seller auction with
item set [n]. We will construct a BIC and IR mechanism M’ = (2/,p’) in the super seller auction
with item set R as follows. The mechanism only sells items in R using the same allocation x. The
payment for the buyer is defined as the payment p in M minus the buyer’s expected total value

for all items in T'. Formally, for every br = {b;};er, sr = {s;}jecr and i € R, let
:E;(bRa SR) = Ebrsr [xl(bv S)}

P (bg,sk) = Ebyp.s;p [p(b, $) = e by - (b, s)} .

Notice that in M’, the expected utility of the buyer with type br when reporting b’y is

Esp[Y_ bi- 2} (blg,sgr) — p' (b, sk)] = Enys[ Y bi - zi(blg, br,s) — p(blg, br,s)],
i€l i€[n]
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Since M is BIC and IR, M’ is also BIC and IR. Thus

OPT-S([n], F) = Enslp(b,s) = 3 s - 2(b,s)]

i€[n]

= EbR,SR [p/(bRu SR) - Z S - I;(bR, SR)] + ]Eb,S[Z(bi - S’i) : xl(b) S)]
i€ER €T

< OPT-S(R, F|,,) + FB-GFT(T, F|,).

O]

We partition the items into the set of “likely to trade” items, that is, items with trade probability
ri = Pry, 5,[bi > s;] > 1/n, and the “unlikely to trade” items. We can bound the OPT-S by the
first-best GFT of the “likely to trade” items and the optimal profit of the super seller auction
with the “unlikely to trade” items. We can further replace the first-best GFT of the “likely to
trade” by O(logn) - GFTcppp according to Theorem 7.1 or by O(logQ(n)) - GFTcppp according

to Theorem 7.2 depending on the buyer’s feasibility constraint. Formally,

Lemma 7.16. Define H = {i € [n] :7; > 1} and L = [n]\H = {i € [n] : r; < 1}. Suppose
the buyer’s feasibility constraint F is (0,n)-selectable for some 6,n € (0,1). Then OPT is upper
bounded by

OPT-B + OPT-S(L, F|,) + FB-GFT(H, F| ;)

logn
d-m

<OPT-B + OPT—S(L, ]:|L> + 0 ( > -GFTcppp.

For a general constrained-additive buyer, OPT s upper bounded by
OPT-B + OPT-S(L, F|,) + O (log*(n)) - GFTcrpp.

Proof. The first inequality follows from Lemma 7.14 and 7.15. Since F is (d,n)-selectable, F ‘ g 18
also (6, n)-selectable. We derive the second inequality by applying Theorem 7.1 on the items in H.

For a general constrained-additive buyer, we derive the inequality by applying Theorem 7.2 on the
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items in H. O

It is well known that in multi-item auctions, the revenue of selling the items separately is
an O(logn)-approximation to the optimal revenue when there is a single additive buyer [LY13].
Cai and Zhao [CZ19] provide an extension of this O(logn)-approximation to profit maximization
(Chapter 4). We build on this in Section 7.4.4 to upper bound the OPT—S(L,]—"!L) term, where
with |L| items, we get a log(|L|) factor (Lemma 7.23).

All together, this gives the following upper bound on the second-best GFT.
Lemma 7.17 (Upper Bound on Second-Best GFT). Define H = {i € [n] : 7; > %} and L =
n\H = {i € [n] : 7; < 2}. Suppose the buyer’s feasibility constraint F is (8,n)-selectable for some
d,n € (0,1). Then

OPT <OPT-B + O (I;’g”
'n

> - GFTcrpp

+0 <10g(\LD Y By, [(@ilbi) — Sz‘)+]> :

1€l

For a general constrained-additive buyer, the O (1%%7 ) factor above becomes O (log2(n)).

Next, Section 7.4.2 gives details on constructing a mechanism for a two-sided market whose
GFT is at least OPT-B. In Section 7.4.3, we show how to use a generalization of posted price
mechanisms to approximate the second term in the upper bound by the GFT of the Seller Adjusted

Posted Price mechanism. The approximation heavily relies on the fact that in expectation, only

one item can trade, so it is crucial that L only contains the “unlikely to trade” items.

7.4.2 Bounding the Optimal Buyer Utility in the Super Buyer Procurement

Auction.

In this section, we construct a two-sided market to bound OPT-B for any constrained additive

buyer.

Lemma 7.18. Consider the mechanism M* = (x,p®,p°) where for every item i, buyer profile

b, and seller profile s, x;(b,s) = 1[b; — 7;(s;) > 0 A i € argmaxger > ;cq(bi — Ti(si))"]. Here
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7i(s;) is Myerson’s ironed virtual value function' for seller i’s distribution DZS. For every seller i,
since 7i(s;) is non-decreasing in s;, x;(b, 8) is non-increasing in s;. Define p? (b, s) as the threshold
payment for seller i, i.e., the largest cost s; such that x;(b, s;,s_;) = 1. Define the buyer’s payment

pB(b,s) =, 2i(b,s) - Fi(s;). M* is DSIC, ex-post IR, ex-ante SBB % and

GFT(M") > OPT-B = Ey[max g(bi —75(s;)) 1.
Proof. Since the seller’s allocation rule is monotone and we use the threshold payment, M* is DSIC
and ex-post IR for each seller.

Note that for any seller profile s, when the buyer has true type b, her expected utility from
reporting b’ is >, z;(b’,s) - (b — Ti(si)). According to the definition of z, the buyer’s utility is
maximized when b’ = b. Hence, M is DSIC for the buyer. Moreover we have ex-post IR, as the
buyer’s expected utility when reporting truthfully is maxger > ;cg(bi — Ti(s;))T > 0.

It only remains to prove that the mechanism is ex-ante SBB and to lower bound its GFT. By

Myerson’s lemma, for every b we have

Eg = Es[p®(b,s)].

pr(b, s)] = E¢ [Z x;(b,s) - Ti(s;)

Thus the mechanism is ex-ante SBB.

Why is OPT-B = Ep s[maxser Y ;cq(bi—7;(s;))"]? Notice that only the sellers are strategic in
a super buyer procurement auction, and their types are all single-dimensional. One can apply the
standard Myersonian analysis to the super buyer procurement auction and show that the optimal
buyer utility is exactly By s[maxger Y, cq(bi — 7j(s5))1].

Note that the buyer’s expected utility in M* is exactly OPT-B. As M™* is an ex-ante SBB

mechanism, the expected GFT of M* is equal to the buyer’s expected utility plus the sum of all

11. The seller’s unironed virtual value function is 7;(s;) = s; + %
12. One can make the mechanism IR and ex-post SBB by defining p”(b,s) = Zipf(b, s). The mechanism is still
DSIC for all sellers. It is only BIC for the buyer, as the sellers’ gains only equal the virtual welfare when taking

expectation over sellers’ profile.
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sellers’ expected utility, and the latter is non-negative since M* is ex-post IR for every seller. [

7.4.3 The Seller Adjusted Posted Price Mechanism.

In this section, we introduce a new mechanism—the Seller Adjusted Posted Price (SAPP) Mecha-
nism. We define an adjusted price mechanism to first elicit each seller’s cost s;, and then produce
posted prices {0;(s)};c[n as a function of the reported profile s; thus the mechanism is a collection
of posted prices depending on the reported seller cost profile. The items are offered to the buyer
at each posted price 6;(s), with the buyer only allowed to purchase at most one item by paying
the posted price. See Mechanism 7.1 for a complete description of the SAPP mechanism. We show
that for a properly selected mapping {6;(-)}ic[), the SAPP mechanism is DSIC, ex-post IR, and
ex-ante WBB. Moreover, its GFT is at least © (3,c; Ep, s, [(@i(bi) — si)1]).

Since the posted prices depend on the reported seller cost profile, we need to be careful to ensure
that there is no incentive for any seller to misreport the cost. We identify a sufficient condition for
the posted prices, called bi-monotonicity, to make sure the corresponding mechanism is DSIC and

ex-post IR.

Definition 7.1 (Bi-monotonic Prices). We say the posted prices {0;(s)}icn) are bi-monotonic, if
(i) 0;(s) > s; for all seller profile s and seller i; (ii) 0;(8) is non-decreasing in s; and non-increasing

in sj for all j # 1.

In Lemma 7.19, we prove that bi-monotonic posted prices induce a monotone allocation rule
for every seller, enabling threshold payments [Mye81, MS83|. Formally, for every seller i let &;(b,s)
denote the probability that the buyer trades with seller ¢ under profile (b,s). This is either 0 or 1
since all §;(s) are fixed values when s is fixed. If 2;(b,s) = 1, p?(b,s) is defined as the maximum
value s} such that #;(b, s}, s_;) = 1. Otherwise p;(b,s) = 0. This makes the SAPP mechanism

DSIC and ex-post IR.

Lemma 7.19. Let M be an SAPP mechanism with bi-monotonic posted prices {0;(8) }icjn)- Then
the allocation of the mechanism Z;(b, s) is non-increasing in s; for all sellers i, and M is DSIC

and ex-post IR for the buyer and the sellers.
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Proof. Notice that for every type b, the buyer chooses the item that maximizes b; —6;(s) (and does
not choose any item if she cannot afford any of the items). For every ¢, by bi-monotonicity, when
s; decreases, b; — 0;(s) does not decrease while b; —6;(s) does not increase for all j # i. Thus if the
buyer chooses item ¢ under the original s;, she must continue to choose item i for smaller reports
s;. Thus Z;(b,s) is non-increasing in s;. Since every seller receives the threshold payment, she is
DSIC and ex-post IR. As the buyer simply faces a posted price mechanism, the mechanism is DSIC

and ex-post IR for the buyer. O

Mechanism 7.1 Seller Adjusted Posted Price Mechanism
Require: Vi € [n], function 6;(-) that maps each seller cost profile to a price for item i. Input
(b, s).
1: Given the sellers’ reported cost profile s, offer each item ¢ to the buyer at price 6;(s).
2: The buyer is allowed to purchase at most one item by paying the corresponding posted price.
3: If no item is picked, then no trade happens and payment is 0 for every agent. Otherwise, if
the buyer chooses item i, she receives item 7 and pays 6;(s). Seller i sells her item and receives
threshold payment.

The main challenge we face here is establishing the budget balance condition. Unfortunately,
having bi-monotonic posted prices is not sufficient. Consider the n = 1 case: the posted price
p(s) = s is trivially bi-monotonic. Clearly, the corresponding SAPP mechanism achieves FB-
GFT. However, due to the impossibility result by Myerson and Satterthwaite [MS83], no BIC,
IR, and ex-ante WBB mechanism can always achieve FB-GFT, so the SAPP mechanism must
sometimes violate the budget balance constraint. In Lemma 7.20, we show that even though bi-
monotonic posted prices do not imply budget balance, there is indeed a wide range of bi-monotonic
posted prices that induce budget balanced SAPP mechanisms. Our budget balance proof heavily
relies on an allocation coupling argument (Lemma 7.21) that simultaneously provides a lower bound

on the buyer’s payment, as well as an upper bound on the payment to the seller.

Lemma 7.20. Letx = {x;(b, 8) }ic|n) be an arbitrary allocation rule that satisfies (i) the buyer never
purchases more than one item in expectation under each profile (b, s), i.e., Zie[n] xi(b,8) <1, and
(i1) for every buyer type b and seller i, x;(b, s) is non-increasing in s;, and non-decreasing in s;

for all j # i. We define ¢;(s) = Ep[zi(b,s) - L[pi(b;) > si]], where $;(b;) is Myerson’s ironed
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virtual value for DP, and 0;(s) = F,1(1 — @) The posted prices {0:(8) }icn) are bi-monotonic,

17 (2

and the corresponding SAPP mechanism M is DSIC, ex-post IR, and ex-ante WBB. Moreover,

GFT(M) > 3Eps [;(Bi(bi) — si) - wi(b, 8)].

Proof. Tt is not hard to verify that {0;(s) = F; (1 — qiés) )}ie[n) is bi-monotonic. Now we proceed
to prove that the SAPP mechanism M is ex-ante WBB. We require the following lemma.

qi(s)+ai(s)* ¢i(s)
i oz |

Lemma 7.21. For every seller i and every seller profile s, &;(s) € [
Proof. Note that the buyer will purchase item ¢ if both of the following conditions are satisfied:
1. The buyer can afford item 4, i.e., b; > 6;(s).

2. The buyer cannot afford any other items, i.e., b; < 0;(s),Vj # i.

By choice of 0;(s), the first event happens with probability Pr[b; > 6;(s)] = qi(s)/2.

Note that } ;cr,, 4i(s) < Ep[3 e, #i(b,s)] < 1. For each j # i, Pr[b; < 6;(s)] = 1— qu(s). Thus
Z#i (1 - %T(S)) >n— % + @ The second event happens with probability H#i (1 — q]T(S)> >
% + @. The equality holds when one out of the n — 1 ¢;(s)’s equals 1 — ¢;(s) and the rest are all

equal to 0. Notice that the two events are independent, so we have the upper and lower bound on

Z;i(s). O
We return to the proof of Lemma 7.20. For easy reference, we list our notation again:
e = = {zi(b,s)}ic[y is an arbitrary allocation.
e 7;(b,s) is the probability that item i trades in M under profile (b,s).

o ;(s) = Ep[i;(b,s)] is the probability that item ¢ trades over the randomness of buyer valua-

tions, i.e. the interim trade probability.

e gi(s) = Eplzi(b,s) - 1[@i(b;) > s;]] is the probability that item i trades in allocation z and

the buyer’s ironed virtual value for item ¢ is above the seller’s cost.

o 0;(s)=F '(1- q’és)) is the buyer’s posted price set such that Pr[b; > 6;(s)] = ¢i(s)/2.
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Fix any seller profile s. For simplicity, we slightly abuse notation and use #;(z) and ¢;(z) to
denote Z;(z,s—;) and g¢;(z,s—;). The expected payment from the buyer under cost profile s is
2 icfn] Li(si) - 0i(s). For every seller 4, denote p?(s) = Ep[pF(b,s)] as her expected payment under
cost profile s.
Note that for every b,s, the threshold payment p;q (b,s) can be rewritten as the quantity
Sol_o zi(b,t,s_;)dt+s;-&;(b, s;, s—;): When #;(b,s) = 0, then &;(b, t,s_;) for all ¢ > s; since Z;(b, s)
is non-increasing in s;. Thus the above quantity is 0. When #;(b,s) = 1, let s, be the maximum
value such that #;(b, s}, s;) = 1. Then the above quantity is equal to fs; ldt + s; = s, = py (b, s).

Thus p?(s) = Ep[p? (b, s)] f #i(2,8_4)dz+s;;(si, 5_;). We will show that p? (s) < @;(s;)-0;(s).

By definition,

o0

Zi(2)dz + si - Ti(s;)

8&

o\é:\

o0

1[z;(2) > tldtdz + s; - Ti(s;)

o0

[Zi(z) > t]dtdz + s; - Ti(8;)

9
J
[
/ 52)/ Zi(z) > tldzdt + s; - Ti(8;)-

The second inequality follows from Z;(z fo ) > t]dt,Vz. The third inequality is due
to 1[Z;(2) > t] =0,Vz > s; and t > @l(sz) The last equality follows from Fubini’s Theorem, as the
integral is finite due to the monotonicity of z;(-).

Moreover, since &;(-) is non-increasing, for every z < s;,t < Z;(s;), we have &;(z) > Z;(s;) > t.

Thus fxl 1) o L[Ei(2) > t]dzdt = z’(s ) o ldzdt = s - i(sq).
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Combining the two equations, we have

Zi(s4) 0o
/ 1[z;(2) > t]dzdt
0

/ 1[qi(2) > 2t]dzdt
0

IA
c\c\c\

pz

IN

27 (o]
/ ]I[Prcpl i) > z] > 2t| dzdt
0

The first inequality follows from Lemma 7.21 and the second inequality follows from the defi-
nition of ¢;(+). For every ¢, we prove that [;° 1 [Pry,[£i(bi) > 2] > 2t] dz < ¢;(F; (1 =2t +¢)) for
any € > 0. In fact, let z* = &;(F; *(1 — 2t +¢)). For every z > z*, Pr[@i(b;) > 2] < Pr[@;(b;) >
2] = Pr[b; > F; '(1 — 2t +¢)] <2t —e. So 1[Pr[@i(b;) > 2] > 2t] = 0 for all z > 2*.

Therefore, for any € > 0, we have the following. In the second line, we change the variable by

denoting y = F, (1 — 2t + ).

sy < [T gt
pms/O GiF V(1 — 21 + )t

F7H(1-22:(s)+e) 1 _r
/ Gily)d—— =) 5 )

1 Fi_1(17292i(si)+e) B
- ! / i) fi(y)dy
1 [*° -
! / Gi(y) fily)dy
2 JF (1-242:(s0)+e)

:%Ffl(l —28i(si) 4 €) - [1— F(FY(1 = 2di(s1) + )]

:Ffl(l — 2@‘1(81) + 6) . (i‘l(sl) — 6/2)

<&i(si) - Fy (1 —224(si) +€)

If g;(s;) = 0, then #;(s;) - F, (1 — 22;(s;) + €) = 0 = Zi(s;) - 0;(s). Otherwise, choose € to be

(2
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any number in (0, %). Then, according to Lemma 7.21 and our choice of e,

ai(si)  qi(si)?

<1 Gl

1—22(s) +e<1-— 5 1 5

Hence, F, *(1 —2i;(s;) +¢) < 0;(s). Thus p;(s) < #;(s) - 0;(s) for every i and s, which implies that

Es [ 0i(s) - &i(s)] > Es [X2; p7 (i, 5-:)]. Hence M is ex-ante WBB.

‘We now need to lower bound the GFT from mechanism M.

GFT(M) =FEy

> (bi — i) - #i(b, s)]

i

>1Eb,s > (Bilbi) — si) - wi(b,s) - L[i(bs) > Si]H]

L 7

>1Eb < Z(@(bi) — 5;) - xi(b, s)]]

(2

Here the second inequality uses the definition of 6;(s), ¢;(s) and Lemma 7.21. The third in-

equality follows from Myerson’s lemma. The second-to-last inequality uses the fact that

B B0 10> 57 (12 250) | > 5B 0 o) 10 > ]

holds for every s and 1.

This is because the right hand side

% -Ep[@i(bi) - wi(b,s) - 1[p;(b;) > s;]] = Ep, [i(b;) - %Eb_i [zi(b,s) - 1[@i(bi) > s4]]]
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can be viewed as the expectation of ¢;(b;) on an event of b; with a total probability mass Ey, [%Eb_i [z;(b,s)-

1[@i(bi) > si]]] = qiés) , while the left hand side is the maximum expectation of @;(b;) on any event

of b; with total probability mass @, as ©;(b;) is non-decreasing on b;. ]

Lemma 7.22 shows how to choose an allocation rule x so that the induced SAPP mechanism
(using Lemma 7.20) has GFT at least Q (3,c; Es, s, [(#i(b;) — s;)T]). Note that the existence of
such an x heavily relies on the fact that in expectation there is only one item that can trade among

the “unlikely to trade” items.

Lemma 7.22. We let GFTgapp(S) denote the optimal GFT attainable by any DSIC, ex-post IR,

and ex-ante WBB SAPP mechanism over items in S for any subset S C [n|. GFTgapp(L) >

£ - Yicr Bo s [(2i(0i) — si) ).

Proof. Let by, = {b;i}icr and sp, = {s; }icr. For every i € L, define the event that only 7 is tradeable:
A, = {(bL,SL) 2 b > s A bj < Sj,Vj € L\{Z}}
We consider the following allocation rule:

]1[(51(172) > Si] R if (b, S) S Al

0 , otherwise

Notice that (br,sy) € A; implies that (byz, s}, s\;3) € A; for any s < s;. Thus, x;(bz,sr)
is non-increasing in s;. Similarly, it is easy to verify that x;(br,sr) is non-decreasing in all s;
where j € L\{i}. Furthermore, >, ; z;(br,sy) < 1 for all by,sy. If we choose the posted

prices according to Lemma 7.20, then the corresponding mechanism has GFT that is at least

1Ebs [>:(@i(bi) — 53) - zi(b,s)].
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Moreover, by the definition of z;(b,s),

Ebs | > (Bi(bi) = 5i) - wi(b,s)| =Y Ea o, [(Bi(bi) —s) ™)+ [ Pribs < sl

icL i€l jerviy
~ 1
> ZEbi,si[(%(bi) —s)F)]- (1 - E)IL\
zEL
>* ZEbz,sl Pi(bi _31) )]
€L

The first inequality holds because for each item j € L, Pry, 5.[bj < s5] > 1 —1/n. Hence,

1
GFTSAPP Z ZEbl,sl (Pz i _Sz) ]
i€L

7.4.4 Bounding the Optimal Profit from the Unlikely to Trade Items.

In this section, we provide an upper bound for the optimal super seller profit from items in L. It
is well known that in multi-item auctions the revenue of selling the items separately is a O(logn)-
approximation to the optimal revenue when there is a single additive buyer [LY13]. In Chapter 4
we have provided a extension of this O(logn)-approximation to profit maximization. Combin-
ing this approximation with some basic observations based on the Cai-Devanur-Weinberg duality

framework [CDW16], we derive the following upper bound of OPT-S(L, F| )

Lemma 7.23. OPT—S(L,]—"!L) < O (log(|L|) - Yoier Ebys; [(i(bi) — si)T]) . Here @;(b;) is Myer-

son’s ironed virtual value function'® for the buyer’s distribution for item i, DZB.
We need the following lemma proved in Chapter 4.

Lemma 7.24. (Restatement of Lemma 4.2) For any T C [n] and feasibility constraint J with
respect to T, consider the super seller auction with item set T and a J-constrained buyer. Any

flow Ar induces a finite benchmark for the optimal profit, that is,

13. The buyer’s unironed virtual value function is ¢;(b;) = b; — L fF(b(’; These values are averaged to make the

function monotonic in quantile space, which creates @;(b;).
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PT-S(T., J) < E (b, s) - (BT (b) — s;
OPT-S( ,j)_gré%? bs ;iv(,S)(z() 54)

where ®F (b) = b; — % Yoy Ar(Y, b)- (b, —b;) can be viewed as buyer i’s virtual value function,
and Py is the set of all feasible allocation rules. More specifically, Ap(b',b) is the Lagrangian

multiplier for the BIC/IR constraint that states that when the buyer has true type b, she does not

want to misreport b'. The equality sign is achieved when the optimal dual N is chosen.
Next, we show that OPT-S(L, F|,) is no more than OPT-S(L, ADD) using Lemma 7.24.
Lemma 7.25. OPT-S(L, F|,) < OPT-S(L, ADD).

Proof. Let Az be the optimal dual in Lemma 7.24 when the buyer is additive without any feasibility

constraint, and <i>ZL() be the induced virtual value function. We have that

OPT-S(L, F|,) < max Epg

CCEP]:|L

in(b,s) . (@f(b) — Sz)]

€L

< max Epg
z;(b,s)€[0,1] ’

in(b, s)(9](b) — Sz‘)]

— OPT-S(L,ADD).

O]

Theorem 4.6 in Chapter 4 gives a logarithmic upper bound of the optimal profit for a single

additive buyer, using the sum of optimal profit for each individual item.

Lemma 7.26. (Restatement of Theorem 4.6)

OPT-S(L, ADD) < log(|L]) - )  OPT-S({i}) = log(|L|) - > Eu, s, [(0i(bi) — 51)*].
(S i€l

Together, Lemmas 7.25 and 7.26 conclude the proof of Lemma 7.23:

OPT-S(L,F|,) <O <10g(|L|) D Ebs, [(@ili) — Si)+]> :

1€L
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Proof of Lemma 7.17: Tt directly follows from Lemmas 7.16 and 7.23. O

Proof of Theorem 7.3: The theorem follows directly from Lemmas 7.17, 7.18, 7.20, and 7.22. O

7.5 Lower Bounds and the First-Best—Second-Best Gap

In the unconditional approximation results stated in Section 7.4, we compare the GFT of our
mechanism to OPT. Readers may be interested in whether our mechanism is also an approximation
to FB-GFT. In fact, this question is related to one of the major open problems in two-sided
markets: How large is the gap between the second-best and the first-best GFT? In this section, we
consider a unit-demand buyer and present a reduction from achieving a FB-GFT approximation in
our multi-dimensional setting to the open problem regarding the gap in single-dimensional two-sided

markets.

Matching Markets. This setting has a two-sided market with n buyers, n sellers, and n identical
items. Each seller owns one item and each buyer is interested in buying at most one item. Thus the
value (or cost) for every agent is a scalar. Here we consider a special case where for every i € [n],
buyer ¢ and seller ¢ can only trade with each other, and at most one pair of agents in the market

can trade. This is bilateral trade when n = 1.

Theorem 7.4. Suppose the buyer is unit-demand in the multi-dimensional setting, and define
FB-GFT,OPT-B, GFTgapp as in the previous section. Also consider the following matching
market with n buyers and n sellers: for every i € [n], buyer i has value drawn from DlB and seller 1
has cost drawn from DZS. Let FB-GFTSP = Ep, smax;(b; —s;)] be the first-best GFT of the matching
market defined above (which is the same as FB-GF'T in the multi-dimensional unit-demand setting)
and SB-GFTSP be the second-best GFT. For any ¢ > 1, suppose SB-GFTSP > 1/c- FB-GFTSP,
then

1
max{OPT-B, GFTsapp} > o~ - FB-GFT.
&
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Proof. We construct the following allocation rule = = {x;(b,s)};c[,- For every i and b,s, let
zi(b,s) = 1 [i = argmaxy (P (bk) — k) A Pibi) = si] -
Then z satisfies both properties in Lemma 7.20. By Lemma 7.20,

GFTsapp > Epg

> (@ibi) — 51) - wi(b, s)

)

=Eps [miax(@z‘(bi) - 31’)+:| :
Moreover, by Lemma 5.4, we have that

SB-GFTSP <y, ¢ [m?x(@(bi) — si)ﬂ + Eps [m?x(bi - %i(si))+] .
Thus by Lemma 7.18, we have

max{OPT-B, GFTszpp} 2% : (Ebﬁ [max(@i(bi) — i)t } + Ebs [maX(bi — ﬁ(&))*])

1 1
>5 .SB-GFTSP > % FB-GFTSP,
C

O]

The main takeaway of Theorem 7.4 is that, if the largest gap between FB-GFTP and SB-GFTSP
is at most (i.e. a constant) ¢ for matching markets, then our mechanism is a 2c-approximation to
FB-GFT. Note that if the buyer is additive, such a reduction clearly exists: In the additive case,
items can be treated separately without impacting the IC constraint. Then performing a Buyer
(or Seller) Offering mechanism for every item separately obtains GFT at least SB-GFTSP| thus
approximating FB-GFT by the assumption. Theorem 7.4 shows that for a unit-demand buyer, a
similar reduction also exists using the SAPP mechanism.

On the other hand, finding a lower bound for our result (compared to OPT) is at least as hard
as finding a lower bound for the approximation ratio w.r.t. FB-GFT, and thus is at least as hard
as finding an instance in the matching market that separates FB-GFTSP from SB-GFTSP—a

problem that has long remained open. Indeed, even in bilateral trade, deciding whether the gap is
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finite or not is still open.

7.6 Some Lower-Bound Examples

Tight Example of the log (%)-Approximation. Consider the case when n = 1 (bilateral
trade). We introduce an example provided by Blumrosen and Dobzinski [BD16]. They prove that
in this example, no fixed posted price mechanisms can achieve an approximation ratio better than
Q(log(1/r)) compared to the first-best GFT. In addition, we will verify that the statement also

holds for the second-best GFT for the same example. It implies that our log(%)—approximation is

tight even compared to the second-best GFT.

Example 7.1 (Example in Bilateral Trading [BD16]). For anyt > 0, consider a buyer and a seller

with values on the support [0,t]. Let A = ——. Let F(b) = A1 — e7?) with f(b) = \e™® and

1—e—t

G(s) = Me*~t —et) with g(s) = Ae*~t. Then

t—1+ t
et—1 (et —1)2

t rb
r="Pr[b>s] = / / e b xe*Tldsdb =A% ettt —14e7h) =
0 JO

t—2 t42
et e2t)

t rb
FB-GFT = / / (b—s)Ae - Ne*tdsdb = X2 - (
0o Jo

In any fized posted price mechanism, note that the mechanism always achieves a larger GFT by

choosing the same price for both agents. The gains from trade from posting at price p:

t+2 2

_l’_

t+2 2 p+2 €P(t+2-p)
a et E)

D v
o o —b .y 5t 12 . 2
GFT(p) _/0 /p (b—s)Ae™ - Ae*~dbds = N (—5~ + 5~ ) <N

When t is sufficiently large, FB-GFT is about \? - te_—,? while GFT(p) is at most A2 - 627, as
t,jTtQ is negligible. Thus GFT(p) = O(1/t) - FB-GFT. On the other hand, r = @(et—t) for large t,
log(L) = ©(t). Thus GFT(p) = O(1/log(})) - FB-GFT.

We now wverify that GET(p) = O(l/log(%)) - OPT for any p € [0,t] and sufficiently large t.
By [BCWZ117],

OPT > Eps[(b—s) - L[p(b) — s > 0]]
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1-F(®) _p

For the above distribution, ¢(b) = b — — 1+ €t is monotonic increasing in b. Thus

)
@(b) = ¢(b)
t pb—14eb=t
% By [(b—s) - 1[p(D) — s > 0] = /0 /0 (b—s)- e ""tdsdb

t prb—1
> / / (b—s)- e tdsdb
0 JO

t rb

:e_t-//k-e_kdkdb (k=b—s)
0 J1
t b

:e—t./ (—e~*(k+1)|")ds

0
tr2
:e_t./ [—e‘b(b—i—l)} ds
0 e
2t t+2
f— _t- — J—
- (e+ et 2)

Thus when t is sufficiently large, OPT = Q(A? - %) and we have GFT(p) = O(1/t) - OPT =
O(1/1og()) - OPT.

Example 7.2 (GFTgapp is unboundedly higher than GFTgpp). For any fized n, consider the
following instance for an additive buyer. DlB and Df are distributions in Example 7.1 some suf-
ficiently large t. Pick any C > 0. For every i = 2,ldots,n, DZB is a degenerate distribution at C,

1

i.e. the value is C' with probability 1. Distribution Df takes value C + € with probability 1 — 5~

and C with probability % for some small € > 0. As shown in Example 7.2, when t is large,

n’

r=0(L) <L Fori>2, r;=5-. Thus all items are “unlikely to trade” items (r; < ).

Note that for i > 2, b; is always no more than s;. By Lemma 7.22,
GFTsapp =2 (Z Eb, s, [(0i(bs) — Sz‘)+]> = QUEpy s, [(@1(01) — 51)])

In Example 7.1, when t is sufficiently large, By, s, [(#1(b1)—s1)] = Q(A%-£). On the other hand,
any fized price mechanism can only gain positive GFT from item 1. Thus GFTgpp = O()\? - e%),

which can be arbitrarily far from GFTgapp ast goes to infinity.
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Dependence on r is Necessary. We show that the dependence on r = min; r; is necessary for
the approximation result of fixed posted price mechanisms. More formally, suppose fixed posted
price mechanisms achieves an approximation ratio of f(ry,...,r,), for some n-ary function f. We
will show that f(r1,...,r,) = Qlog(1/r)). Consider the instance shown in Example 7.2. Clearly
FB-GFT =E|[(by — s1)"]. Since all items other than item 1 always contribute 0 gains from trade,
no fixed posted price mechanism can achieve better than Q(log(1/r1))-approximation to the first-
best. Thus f(ry,...,r,) = Q(log(1/ry)). Similarly we have f(ry,...,r,) = Q(log(1/r;)) for all
i=1,...,n. Thus f(ri,...,m) = Q(log(1/r)).

SAPP Mechanism is Necessary. We provide the following example (Example 7.3) to show
that the class of SAPP mechanisms defined in Mechanism 7.4.3 is necessary to obtain any finite
approximation ratio to OPT. More specifically, we show that in bilateral trading, the best FPP

mechanism and the mechanism used in Lemma 7.18 can both be arbitrarily far from OPT.

Example 7.3. For every positive integer m > 2, consider the bilateral trading instance where the
seller’s and buyer’s (discrete) distributions are shown in the following tables. In the table, g(s) (or

f(b)) represents the density of the corresponding value in the support.

0 [ogm—om=T ] Jom—_2k] . [2m—1
g(s) 2% 2%,1 .. 2,3“ .. %
m(s) | 0 om om . om

Table 7.1: Seller’s Distribution

b [om—_oL [ Jom_9oF ] [om_1
f(b) DL Dk Po

Table 7.2: Buyer’s Distribution

For the seller’s distribution, one can verify that the virtual value 7(s) is 0 if s = 0 and 2™

elsewhere.1*

Pics 9(t)(s—s")

14. For discrete distributions, the virtual value for the seller’s distribution is defined as 7(s) = s + FO) ,

where s’ is the largest type in the support that is smaller than s.
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For the buyer’s distribution, choose L = |m — log(m)|. Then define the sequence {py}t_,

_1
m—1’

as follows: Construct the sequence {qk}ﬁzo with gqg = 1, q1 = and for every k = 2,...,L,

qr = mn;iﬁ;g? - qx—1. Then for every k =0,..., L define py, = q1./ ZJL:O q; for every k.
By induction, we have Z?:o ¢ = Q1 (m—k —1). Thus

k
> pi=per1-(m—k—1). (7.3)

J=0

Lemma 7.27. For any sufficiently large integer m, let M be the mechanism used in Lemma 7.18.15

Then in FExample 7.3 we have

max{GFTppp, GFT(M)} < O(1

Proof. In mechanism M (see Lemma 7.18), the buyer only trades with the seller when b > 7(s).

Thus in Example 7.3, the item trades only when s = 0.

L L
1
GFT(M) = (2" =2") - 5 <D 1w

k=0 k=0

For FB-GFT, we have

L

m—1
' L@ =2m
— k
FB-GFT = kzo Zk;l(zﬂ =2 P g o
= ]:

L m=1 9j1  gm-1 1 L
SN SE Tt P R
k=0 j=k+1 k=0
where the first inequality follows from the fact that 29 — 2% > 2/~ for any j > k.
Now consider any fixed posted price mechanism. Clearly the largest GFT is achieved when the
posted prices are same for both the buyer and the seller. Without loss of generality we can assume

the posted price p lies in the support of distributions, i.e., p = 2™ —2*¥ for k =0, ..., L. For any k,

15. In bilateral trading, the mechanism is essentially the Buyer Offering mechanism [BCWZ17]: The buyer picks a
take-it or leave-it price according to her value and the seller can choose whether to sell at that price.
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the mechanism with posted price p = 2™ — 2¥ achieves GFT

k m—1 ‘ 1 (2 _2] m—1 2i k
3 e e ED UL S SE= TV SONCE
5=0

7=0 \i=k+1 i=k+1

Let Qi = ZLO pj - (m — k). Note that by the choice of sequence {pk}ézo in Example 7.3, we

have for any £k =0,...,L — 1 that

ket k k
Quit = Qu=) pj-(m—=k=1) =Y pj-(m—k)=prs1-(m—k—-1) =Y p;j=0.
j=0 Jj=0 J=0

Thus each @y, is the same value. Let this value be ). Then Q = Qf = Zf_o pj-(m—L) =m—L.
Moreover, GFTppp < max; Qr = Q. GFT( ) < Zk 0Pk = QL S

- @. On the other

m—L g
hand,
L k-1
FB-GFT > - Zpk m— k) ZZp] (Equation 7.3)
k=0 k=0 j=0

Z Qr-1 Q/m+1 —d:c—g-lo _m+l
m—k+1"~ L1 T 4 % \m—ror1)

When m is sufficiently large, we have FB-GFT > £ - log(mn). Thus

logém - max{GFTgpp, GFT(M)} < FB-GFT.

It remains to verify that OPT is a constant factor of FB-GFT. By Lemma 5.5,

OPT > By [(b— s) - 1[@(b) — s > 0]].

Now we calculate the buyer’s virtual value.! We have that ¢(2™ — 1) = 2™ — 1, and for every

p_ Semp /(-0 b)

0) , where b’ is the

16. For discrete distributions, the buyer’s virtual value is defined as ¢(b) =
smallest type in the support that is larger than b.
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k—1 k—
2j—0Pi-2 '

p(2m —2F) = (2™ —2F) -
Pk

=om ok _ okl k) >9m ok .,

thus () is monotone increasing and @(b) = o(b) for every b. Note that when b = 2™ — 2F and

5 < 2m — 2k+log(m) it holds that ¢(b) > s. We have

L m—1
: L (@ =25,
k

OPTZZ Z (2j_2)'p"f'2j+1+ om

k=0 \j=k+ Mlog(m)]

L k+[log(m)]—1 1
_ i ok
=FB-GFT - Z Z (2J_2)'pk‘2j+1

= Jj=k+1
L k+[log(m)]-1 9i

> FB-GFT — Z Z Pr T
= j=k+1

L
log(m) log(m)
> FB-GFT — ——~ = FB- -
> G > E Dk GFT 5

k=0

Note that FB-GFT > £ -log(m) = =L - log(m) > 1 -log?(m). Thus when m — 00, vy — 1.

We finish the proof. O
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Chapter 8

Conclusion and Open Problems

In many of the mechanism design problems, there is a discrepancy between theory and practice:
The mechanism that achieves the theoretically optimal objective and mechanisms used in practice,
are often quite different. Motivated by the existence of this discrepancy, in this thesis we addressed
the following question: Can we design simple mechanisms to approximate the optimal
mechanism?

In this thesis, we addressed three central mechanism design problems. The first follows from
Myerson’s seminal result on the revenue-optimal auction in the single-item case, as well as the
existence of many undesirable properties of the revenue-optimal auction in multi-item case. There
has been extensive research effort on designing simple and approximately-optimal mechanisms, but
no result has been found beyond a single buyer, or multiple buyers with linear valuations. Our
work presents a unified approach to approximate the optimal revenue in multi-item auctions, with
multiple buyers with non-linear (subadditive) valuations. We improve the approximate ratio for
many of the results in the literature, and generalize the result to broader case, when the buyer is

XOS or subadditive. The main open question following our results is:

Open Question 1. Can we design simple mechanisms that obtain a constant fraction of the optimal

revenue, for multiple buyers with valuations that are subadditive over independent items?

A large fraction of the proof in this work already applies to subadditive valuations. More

specifically, our upper bound for the optimal revenue from Theorem 3.2 holds for all subadditive
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valuations, and we have used it to obtain a constant factor approximation for a single subadditive
buyer and a O(logm)-approximation for multiple subadditive buyers. Our analysis for the term
SINGLE and TAIL also applies to subadditive valuations.

The only component that does not extend to subadditive valuations is the analysis of the CORE.
Our proof is inspired by Feldman et al. [FGL15], who showed that there exists a sequential posted-
price mechanism that is an O(1)-approximation to the optimal social welfare for bidders with XOS
valuations. Their proof makes heavy use of the supporting prices for XOS valuations, and the
approximation ratio degrades to O(logm) for subadditive valuations.

A recent breakthrough by Dutting et al. [DKL20] managed to improved the approximation
ratio of Feldman et al. for subadditive valuations. They proved an O(loglogm)-approximation
to the optimal social welfare for buyers with subadditive valuations, using sequential posted-price
mechanisms. In the same paper, they also uses this result to achieve the same approximation
ratio to the optimal revenue, following a similar approach to our work. Thus to resolve the open
question above, it is worthwhile to further improve the approximation ratio proved in [DKL20]. In

particular,

Open Question 2. Can sequential posted-price mechanisms obtain a constant fraction of the

optimal social welfare when buyers have subadditive valuations?

An astute reader may have noticed that our approximation results are only existential. Luckily,
the only nonconstructive part of our argument is finding the right S, which is essentially the
same as finding the ex-ante allocation probabilities of the optimal or an approximately optimal
mechanism. In Appendix A.5, we show how to find the right 5 when the buyers are symmetric,

but the asymmetric case remains open.

Open Question 3. Can we design a polynomial time algorithm to compute these simple and

approximately revenue-optimal mechanisms for constrained additive and XOS valuations?

As the second mechanism design problem, we studied profit maximization in multi-item auc-
tions, which is considered as a more general model of revenue maximization. We proposed a novel

permit-selling mechanism, and showed a constant factor approximation to the optimal profit. Our
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result applies to a single constrained-additive buyer and multiple buyers with selectable feasibility
constraints (such as Matroid). The main open question following this result is whether we can

generalize the result to more general settings.

Open Question 4. In the profit maximization problem, can we design simple mechanisms that ob-
tain a constant fraction of the optimal profit, for a single subadditive buyer, or multiple constrained-

additive buyers?

The last but not least mechanism design problem discussed in this thesis is approximating
gains from trade in two-sided markets. While the impossibility result by Myerson and Satterth-
waite [MS83] shows that no truthful and budget balanced mechanisms can achieve full GFT and
the optimal mechanism is rather complex even in the simplist bilateral trade setting, our work
provide simple mechanisms that approximate the optimal GFT, in bilateral trade and more general
two-sided markets.

The main open question in two-sided markets follows from the Myerson-Satterthwaite impos-
sibility result. It shows that even in bilateral trade, the unconstrained first-best GFT is strictly
larger than the second-best GFT, the maximum GFT attainable by truthful and budget balanced

mechanisms. However, it remains open whether the two has a finite gap.

Open Question 5. How big is the gap between the first-best GF'T and second-best GEF'T in two-sided

markets?

We remark that our unconditional approximation proved in this thesis are all compared to the
second-best GF'T, while all other results in the literature compares to the first-best GFT. If the
gap between the first-best GFT and second-best GFT is shown to be infinite, then our proposed
framework to approximate the second-best GFT becomes an essential step of this problem.

In the thesis we made a first step on studying GFT approximation in multi-dimensional two-
sided markets. We considered a special setting with a single buyer and multiple unit-supply sellers
and proved an unconditional O(logm)-approximation. The open questions following this result is

whether the result can be improved or generalized.
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Open Question 6. Can we design a truthful and budget balanced mechanism that approximates

the second-best GFT, in two-sided markets with multiple buyers or multi-dimensional sellers?
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Appendix A

Missing Details from Chapter 3

A.1 Proof of Theorem 3.1

Proof of Theorem 3.1: When X is useful, we can simplify function £(A, o, p) by removing the term
associated with p and replacing 3, o+ A(ti, t7) with f;(t;)+ 0y e, (], ;). After the simplification,

we have

n

L op) =D > filt)- Y ais(t)-

i=1 t,€T; Sg[m]
0(t.8) = 515 30 M) ({8 8) = (1.
t’eT
Z Z Z ois(ti) - ®i(ti, S),
i=1t;€T; SClm]

which is exactly the virtual welfare of ¢ with respect to A. Now, we only need to prove that
L(A, 0,p) is greater than the revenue of M. Let us think of £(A, o, p) using Expression (3.1). Since

M is a BIC mechanism,

> wilti, S) - (ois(ti) — ois(t) — ((pilts) — pilt])) =0

5C[m]
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for any ¢, t; € T; and t] € Tf. Also, all the dual variables A are nonnegative. Therefore, it is clear
that L(\, 0, p) is at least as large as the revenue of M.

When A" is the optimal dual variable, by strong duality, we know max,ep(p), L(N\*,0,p) equals
to the revenue of M* = (¢*,p*). But we also know that L(\*,o*,p*) is at least as large as the

revenue of M™, therefore o* maximizes the virtual welfare. O

A.2 Proof of Lemma 3.4

Lemma A.1. For any flow )\Z(ﬁ) that respects the partial specification in Figure 3.3, the correspond-
(

ing virtual valuation function @iﬂi) of UZ(B") for any buyer i is:

o vi(ti, S\{j}) + Vi(ts;) — ﬁ >ver, At ti) - (V%(t;j) - V;(tij))z ift; € Rgﬂi) and j € 5.
o v;(t;, ), otherwise.

Proof of Lemma A.1: The proof follows the definitions of the virtual valuation function (Defi-
nition 3.2) and relaxed valuation (Definition 3.3). We use t; _; = (t;;7);/»; to denote bidder i’s

information for all items except item j. If ¢; € Rg-ﬂi) and j € S, vgﬂi)(ti, S) = wi(ts, S\{j}) + Vi(tsj)-

Since A(t;,t;) > 0 only when t; _; = t; _, and #; € R;ﬁi), Uzwi)(té,S) = vi(t;, S\{j}) + Vi(t};) =

vi(ti, S\{j}) + Vi(t};). Therefore,

| 1
o) (1, 8) = vi(ts, S\{5}) + Va(ty;) — £i(t)
e theT;

Ift; € R;ﬁi) and j ¢ S ort; € R[() i), then U(Bi)(ti,S) = v;(t;,5). If t; € R(() i), there is no flow

i
entering t; except from the source, so clearly <I>Z(.B i)(ti, S) = vi(t;,S). It t; € Rng i), then for any

that only differs from ¢; in the j-th coordinate, we have v;(t;, S) = v;(t;, S), because j ¢ S. Hence,
q’gﬁi)(ti, S) = Ui(ti, S) Od

Proof of Lemma 3.4:
Let \Ill(f’)(tz) = Vi(tij) — % Zt;eTi A(t], ) - (Vz(t;]) - Vz(tw)> According to Lemma A.1, it
suffices to prove that for any j > 0, any ¢; € R§-ﬁi), \I/Z(]BZ)(tZ) < @i (Vi(tsz)).

219



Claim A.1. For any type t; € Rg’Bi), if we only allow flow from type t; to t;, where t;, = t,, for all

iz (tij)

k#j and t; € argminger, av(s)>vi(t,) Vi(s), and the flow A(t;,t;) equals 5—> =)
v Fy i U=Vl

] fraction

of the total in flow to t}, then there exists a flow A such that

(Vilti)) = Viltiy)) - Prom o > Vit
Pryop, [v = Vi(tij)] ’

U () = i (Viltiy)) = Viltiy) —

where ;;(Vi(ti;)) is the Myerson virtual value for Vi(t;;) with respect to Fjj.

Proof. As the flow only goes from t; and ¢;, where ¢, and ¢; only differs in the j-th coordinate, and

tij € argmaX,er avi(s)<vi(t,) Vi(s)- If ti; is a type with the largest Vi(t;;) value in T;;, then there is
ij

no flow coming into it except the one from the source, so \I/Ef i)(ti) = Vi(tij). For every other value

of t;;, the in flow is exactly

flj tl] Pr'UNFrL'j -
Pry p, [v = Vi(tij)] H Fux ) Z fle H i) Pry.F,; [v= Vl(tw)]

Z‘ETij:Vi(SC)>V:;(ti )

This is because each type of the form (z,t; ;) with Vj(x) > V;(t;;) is also in Rg.ﬁ ). So %
of all flow that enters these types will be passed down to t; (and possibly further, before going to

the sink), and the total amount of flow entering all of these types from the source is exactly

Hk# fir(tir) - erTij:Vi(acbVi(tij) fij(x). Therefore, \I’Efl)(tz) = ¢;j(Vi(tij)). Whenever there is no

more type t; € R;B ) with smaller Vi(ti;) value, we push all the flow to the sink. O

If F}; is regular, this completes our proof. When Fj; is not regular, we can iron the virtual value
function in the same way as in [CDW16]. Basically, for two types t;,t; € R](ﬂ V) that only differ in
the j-th coordinate, if \Ilz(fl)(tl) > \IJ(&)(t’.) but V;(tij) < Vi(ti;), add a loop between ¢; and t] with

a proper weight to make \I/Z(fl)(t ) = \P(ﬂl)(t’)

Lemma A.2. [CDW16] For any B and i, there exists a flow \i(/3) such that for any t; € R§'Bi),

W (1) < i (Viltyy)).

O
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A.3 Analysis for the Single-Bidder Case

Proof of lemma 3.9: In NON-FAVORITE, since Roﬁ = (), the corresponding term is simply 0. Notice

v(t,-) is a monotone valuation for every ¢t € T

NoN-FavorITE(M) =3 f(1) - S 1 t e R (Z o) ot S\ + S o) -, S))

teT j€[m] S:jes S:j¢sS
<3 f) Z 1 t c Rg.ﬂ) Z“s [m\{s})
teT JE€m
<3 () Z 1te RO ot im0\ o) <1
teT j€lm] ) S

Recall that for allt € T"and S C [m], v(t,5) < v (t, SNC()+3jesnr V(¢). We will replace

o(t, [m]\{j}) above with v (¢, ([m]\{7}) NC(t)) + > pemp yhnT V (k). First, the contribution
from v (¢, (m]\{j}) N C(t)) is upper bounded by the CORE(M).

teT j€[m]
<> rw- Y 1[te RP] vtcw) =3 f0)-v(t.Cw)  (Corn(M)
teT JjE€[m] terT

The inequality comes from the monotonicity of v(¢,-) and the fact that for every ¢ only stays

)

in one region Rg-ﬁ .
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Next, we upper bound the contribution from >, c (i pn7 ) V (tk) by the TAIL(M).

Srw- Y tter?] > v

teT j€[m] ke(im\{GHNT (?)
=Xt Y vt frg B
teT JET ()

SZ F(t) - Z V(t;)-1[3k # j,V(ty) > V(t;)] (Definition of Rg»ﬁ))
teT JET(t)

=X X Gi() Vi) PriEk# 5 Vi) 2 V()] (Tan()

I tV(ty)=e

Proof of Lemma 3.12: We argue the three properties one by one.

o Monotonicity: For allt € T and U CV C [m], UNC(t) €V NC(t). Since v(t,-) is monotone,
V(t,U)=v(t,UNC(t)) <v(t,VNC(t)) =2'(t,V).

Thus, v/(t,-) is monotone.

e Subadditivity: For all t € T and U,V C [m], notice (UUV)NC(t) = (UNC(t)) U (VNC(L)),

we have

V' (,UUV) = v ((t,(UNCH)U(VNCH))) <vt,UNCEH)+v(t,VNC({t)) =2 (t,U)+0/'(t, V).

e No externalities: For any t € T, S C [m], and any ¢’ € T such that ¢; = t;- for all j € S, to
prove v'(t,§) = v'(t, 5), it is enough to show SNC(t) = SNC(t'). Since V (¢;) = V(t}) for any

j€S,je€SNC(t) if and only if j € SNC(H).
Od

Proof of Lemma 3.13: For any t,t' € T, and set X, Y C [m], define set H = {j eXnY:t= t;}
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Since v'(+,-) has no externalities, v'(¢', H) = v/(t, H). Therefore,

W'(t, X) =o' (t',Y)] =max {v/(t, X) = (', Y),v'(¢',)Y) = v'(t, X)}
< max {v'(¢t, X) —o'(¢', H),v'(t',Y) —'(t, H)}  (Monotonicity)
< max {v'(¢t, X\H),v'({,2Y\H)} (Subadditivity)
= max {v (t, (X\H) N C(t)),v (¢, (Y\H)NC(t))} (Definition of v/(-,))
< ¢ max {[X\H[,[Y\H|}

<c-(|XAY|+ X NY| - [H]|)

The second last inequality is because both wv(t,-) and v(t',-) are subadditive and for any item
j €C(t) (C(')) the single-item valuation V(t;) (V/(¢;)) is less than ¢. O
A.4 Missing Proofs for the Multi-Bidder Case

Proof of Lemma 3.16: We replace every v;(t;,S) in NON-FAVORITE(M, 8) with v; (¢;, S NC;(;)) +
> jesnTi Viltij). Let the contribution from v; (¢, S N C;(t;)) be the first term and the contribution

from > g7 1) Vitiy) be the second term.

Z Z fz(tz) -1 |:ti € R(()ﬁl):| . Z O‘Z(g)(tz) . ’Ul'(ti,S ﬂCi(ti))—i—

i €Ty SCpm]
SO s Y [ue RV
i 4ET; j€[m]

S:jes S:jgs

(Z ol () v (1, (S\GH N Cilt)) + Y o (1) - vy (ti,smcxti)))

<STNT st S ol () vilti, SN Ci(t))  (Core(M, B))

7 t; ETi Sg [m]

The inequality comes from the Monotonicity of v;(t;, -) by replacing v; (¢;, (S\{j}) N Ci(t;)) with
’Ul'(ti, SN Cl(tl))
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For the second term, notice that when t; € R((] i), Ti(t;) = 0. Tt can be rewritten as:

S n)- Y wne BV Y oD Y Vit + Y oRw) - Y Viltw)

i €Ty j€[m] S:jeS ke(S\{iHNTi(t:) S:j¢S keESNT;(t;)
=S5 sty Y Vit -1 [ti gRgﬁi)} D () (Recall 77 (1) = 37 (1))
it €Ty JETi(t:) S:jes
SZ Z fz z Z sz ’Lj -1 [t’i §Z RSBZ):| (ﬂ-g(tl) < 1)
v tEeT; JETi(ts)
=D filt) - > Vilty)- ) 1 [ti € R;(.C i)} (t: ¢ RY)
1 €Ty JETi(t:) k#j
< ZZ Z fzy( 1] 7, ’L] ZPI‘ /sz: > V;( ’L]) /BZ]] (TAIL(Mu B))

gty Vi(tig) > Bt

Lemma A.3. Let {l‘ij}ie[n],je[m] be a set of nonnegative numbers. For any buyer i, any type

ti € Ty, let Xi(t:) = {j | Vi(tij) < wij}, and let

(i, S) = vi(ti, S N Xi(t:)),

for any set S C [m]. Then for any bidder i, any type t; € T;, v;(t;,-), satisfies monotonicity,

subadditivity and no externalities.
Proof of Lemma A.3: We will argue these three properties one by one.

e Monotonicity: For all t; € T; and U C V C [m], since v;(t;,) is monotone,

@i(ti, U) = Ui(ti, Un Xl(tl)) < Ui(ti, VN Xz(tl)) = @(ti, V)

Thus ;(t;, -) is monotone.

o Subadditivity: For all t; € T; and U,V C [m], (UUV)NX;(t;) = (UNX;(t;)) U (VN X;(t))-
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Since v;(t;,-) is subadditive, we have

@i(ti, Uu V) = Ui(ti, (U N Xz(tl)) U (V N Xz(tl)))

< i(ti, UNX5(t)) +vi(ti, VN Xi(t)) = 06, U) + 0:(t, V).

® No externalities: For any t; € T;, S C [m], and any t] € T; such that ¢;; = ¢}, for all j € 5, to
prove v;(t;, S) = v;(t;, S), it suffices to show SN X;(t;) = SN X;(t). Since Vi(ti;) = Vi(t;),

for any item j € S, j € SN X;(t;) if and only if j € S N X;(¢)).

Proof of Lemma 3.25: By Lemma A.3 and Definition 3.9, v;(¢;, ) satisfies monotonicity, subaddi-

tivity and no externalities.

’(A)l'(ti, S/) = v; (ti, SN Y;(tl)) > v; (ti, (Sl N E(tl)) N C@(tl)) = Ug (ti, SN Y;(tl)) .

Since S’ NY;(t;) C S,

i (t, ST NYi(t) = > =) A7 (k).

JES'NY;(t ) jES’
for all j € S, we have mln{tw ,Qj +Ti} > ; J(t;). Therefore, v;(t;, S) > > jes ’yjs(tz) O

Proof of Lemma 3.27: We first prove that p;(-,-) is 7;-Lipschitz. For any ¢;,t; € T; and set
X,Y € [m], let X* € argmaxgcx <@i(ti,S) — D jes Qj> ,Y* € argmaxgcy <@i(t;,5’) — D jes Qj).
Recall that 0;(t;, X*) = v; (t;,{j | (j € X*) A (Vi(tij) < Q; +7)}). This means that for every k €
X*, Vi(tix) must be less than Qj + 7;, because otherwise p;(t;, X*) < pi(ti, X*\{k}). Therefore,
0i(ti, S) = vi(ts, S) for all § C X*. Since v;(t;, -) is subadditive, v;(t;, X*) < v;(t;, X*\{k}) + Vi(tix)-
So by the optimality of X*, it must be that Vj(t;x) > Qx for all k € X*. Similarly, we can show
that for every k € Y*, V;(t,) € [Qk, Qr + Ti].
Now let set H = {j | j € X NY Ati; = t};}, if pi(ti, X) > pi(, V).
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|/‘i(tivX) - :ui(t;’Y)‘ = tle Z Q] - t/ Y* Z QJ

JEX* JEY*
< | oi(ts, X Z Qi | — | vilti, X*nH) Z Q; (Optimality of Y* and X* N H CY)
jEX* JEX*NH
<0;(t;, X*) — 0;(t;, X* N H) Z Qj (No externalities of 0;(t;,-))
JjEX*\H
<0;(t;, X*\H) — Z Qj (Subadditivity of ©;(t;,-))
JjEX*\H
<7i - |[X"\H| (Vi(tij) € [Q;,Qj + 7] for all j € X™)

<7 | X\H|

Similarly, i 1i(ts, X) < jua(t), V), |pi(ti, X) = (8}, Y)] < - [V \H]. Thus, (-, -) is 7-Lipschitz
as

|ilti, X) = it Y| < 73 - max { X\H|, [Y\H[} < 7 - (IXAY] + |X 0 Y] — |H]).

Monotonicity follows directly from the definition of u;(t;,-). Next, we argue subadditivity. For
all U,V C [m], let §* € argmaxgcpy (f}i(ti,S) =D jes Qj), X=5NUCU,Y=5"\XCV.

Since 0;(t;,-) is a subadditive valuation,

pi(ti, UUV) = ;(t;, S™) Z Q; < 0;(t;, X) — Z Qj |+ 0i(ti,Y) — Z Qi | < pi(ts, U)+pi(ti, V)

JES* jeX jey

Finally, we argue that u;(t;,-) has no externalities. Consider a set S, and types t;,t; € T; such

that t;; = t;; for all j € S. For any S’ C S, since 9;(%;, -) has no externalities, 0;(t;, S') —>_;ce Qj =

ﬁi(t;,S’) - ZjeS’ Qj. Thus, ,uz-(tl-,S) = ,LLi(tg,S). |
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A.5 Efficient Approximation for Symmetric Bidders

In this section, we sketch how to compute the RSPM and ASPE to approximate the optimal revenue
in polynomial time for symmetric bidders'. For any given BIC mechanism M, one can follow our
proof to construct in polynomial time an RSPM and an ASPE such that the better of the two
achieves a constant fraction of M’s revenue. We will describe the construction of the RSPM and
the ASPE separately in this section. The difficulty of applying the method described above to
construct the desired simple mechanisms is that we need to know an (approximately) revenue-
maximizing mechanism M*. We will show how to circumvent this difficulty when the bidders are
symmetric.

Indeed, we can directly construct an RSPM that approximates the POSTREV. As we have
restricted the buyers to purchase at most one item in an RSPM, the POSTREV is upper bounded
by the optimal revenue of the unit-demand setting where buyer i has value V;(;;) for item j when
her type is t;. By [CDW16], we know that the optimal revenue in this unit-demand setting is upper
bounded by 40P TCOP™-UD 54 one can simply use the RSPM constructed in [CHMS10] to extract
revenue at least w. Note that the construction is independent of M.

Unlike the RSPM, our construction for the ASPE heavily relies on 8 which depends on M
(Lemma 3.6). Given 3, we first compute ¢;s according to Definition 3.6. Next, we compute the
Qjs (Definition 3.7). Finally, we compute the ;s (Defintion 3.8) and use them to compute the
entry fee (Definition 3.10). A few steps of the algorithm above requires sampling from the type
distributions, but it is not hard to argue that a polynomial number of samples suffices. The main
reason that the information about M is necessary is because our construction crucially relies on the
choice of 8. Next, we argue that for symmetric bidders, we can essentially choose a § that satisfies
all requirements in Lemma 3.6 for all mechanisms.

When bidders are symmetric, the important observation is that the optimal mechanism must
also be symmetric, and for any symmetric mechanism we can directly construct a § that satisfies all

the requirements in Lemma 3.6. For every i € [n],j € [m], choose §;; such that Pry,; [Vi(ti;) > Bij] =

1. Bidders are symmetric if for any two bidders ¢ and ', we have v;(-,) = v/ (+,-) and D;; = D;s; for all j.
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%. Clearly, this choice satisfies property (i) in Lemma 3.6. Furthermore, the ex-ante probability for
any bidder ¢ to win item j is the same in any symmetric mechanism, and therefore is no more than
1/n. Hence, property (ii) in Lemma 3.6 is also satisfied. Given this 3, we can essentially follow the
algorithm mentioned above to construct the ASPE. The only difference is that we no longer know
the o, which is required when computing the @;s. This can be resolved by considering the welfare
maximizing mechanism M’ with respect to v'. We compute the prices @; using the allocation
rule of M’ and construct our ASPE. As M’ is also symmetric, our (3 satisfies all requirements
in Lemma 3.6 with respect to M’. Therefore, Lemma 3.31 implies that either this ASPE or the
RSPM constructed above has at least a constant fraction of CORE(M’, 3) as revenue. Since M’ is
welfare maximizing, CORE(M’, 8) > CoRE(M™*, ), where M* is the revenue optimal mechanism.
Therefore, we construct in polynomial time a simple mechanism whose revenue is a constant fraction

of the optimal BIC revenue.

A.6 Proof of Lemma 3.3

We first prove some properties of v(%), which will be useful for proving Lemma 3.3.

Lemma A.4. For any i, t; € T; and S € [m], v(ﬁi)(ti,S) > v;(t;, S).

i
Proof. This follows from the fact that v;(¢;,-) is a subadditive function over bundles of items for

all ti. O
Lemma A.5. For any 3; andt; € T;, vlwi)(ti, 1) is a monotone, subadditive function over the items.

Proof. Monotonicity follows directly from the monotonicity of v;(¢;,-). We only argue subadditivity
here. If t; belongs to R(()Bi), vl(ﬁi)(ti, ) = vi(t;,+). So it is clearly a subadditive function. If ¢;
belongs to R§Bi) for some j > 0 and j is not in either U or V, then clearly vi(ﬁ")(ti,U uv) <
vzw ) (t;,U) +v§’8 i)(ti, V). If j is in one of the two sets, without loss of generality let’s assume it is in

U. Then o™ (t;, U) 40 (;, V) = vi(ts, UN{GY) + Vi(ti) +vilti, V) > wits, VUU\{G )+ Viltij) =
0P, U U V). 0

Here we prove a stronger version of Lemma 3.3.
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Lemma A.6. For any (3, any absolute constant n € (0,1) and any BIC mechanism M for sub-
additive valuations {vi(ti,)}iepn) with ti ~ D; for all i, there exists a BIC' mechanism M®) for

valuations {v§ﬂi)(ti, ) }iepn) with t; ~ D; for all i, such that

Lo Yo Jilt) - sjes 09 (t) < Xyer, filts) - Ygjes ois(ti), for all i and j,

2. REV(M,v,D) <
ﬁ ‘REV(M®) P D) + % D0 2otiet; 2uscm) Jilti) - Ufg)(ti) : (Ui(ﬁi)(ti, S) — vi(t, 5))-
REV(M,v, D) (or REV(M®) (¥ D)) is the revenue of the mechanism M (or M®) ) while the
buyers’ types are drawn from D and buyer i’s valuation is v;(t;,-) (or vi(ﬁi)(ti,')). ois(t;) (or

O’,Eg) (t;)) is the probability of buyer i receiving exactly bundle S when her reported type is t; in
mechanism M (or MP)),

Proof of lemma A.6: Readers who are familiar with the e-BIC to BIC reduction [HKM11, BH11,
DW12| might have already realized that the problem here is quite similar. Our proof will follow
essentially the same approach.

First, we construct mechanism M ¥, which has two phases:

Phase 1: Surrogate Sale

1. For each buyer ¢, create £ — 1 replicas and ¢ surrogates sampled i.i.d. from D;. The value of

£ will be specified later.
2. Ask each buyer to report her type t;.

3. For each buyer i, create a weighted bipartite graph with the replicas and the buyer i on
the left and the surrogates on the right. The edge weight between a replica (or buyer 1)

with type r; and a surrogate with type s; is the expected value for a bidder with valuation
(Bi)

v,""/(ri,-) to receive buyer i’s interim allocation in M when she reported s; as her type

subtract the interim payment of buyer ¢ multiplied by (1 — 7). Formally, the weight is
> g0is(si) - Uwi)(ri, S) — (1 —n)pi(s;), where p;(s;) is the interim payment for buyer i if she

2

reported s;.
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4. Compute the VCG matching and prices on the bipartite graph created for each buyer <. If a
replica (or bidder ) is unmatched in the VCG matching, match her to a random unmatched

surrogate. The surrogate selected for buyer i is whoever she is matched to.

Phase 2: Surrogate Competition

1. Apply mechanism M on the type profiles of the selected surrogates §. Let M;(5) and P;(s)

be the corresponding allocated bundle and payment of buyer i.

2. If buyer 7 is matched to her surrogate in the VCG matching, give her bundle M;(3) and charge
her (1 —mn) - P;(5) plus the VCG price. If buyer i is not matched in the VCG matching, award

them nothing and charge them nothing.

Lemma A.7 ( [HKM11]). If all buyers play MB) truthfully, then the distribution of types of the

surrogate chosen by buyer i is exactly D;.

Proof. In the mechanism, first the buyer i’s type is sampled from the distribution, then we sampled
£ — 1 replicas and ¢ surrogates i.i.d. from the same distribution. Now, imagine a different order of
sampling. We first sample the ¢ replicas and ¢ surrogates, then we pick one replica to be buyer ¢
uniformly at random. The two different orders above provide exactly the same joint distribution
over the replicas, surrogates and buyer ¢. So we only need to argue that in the second order
of sampling, the distribution of types of the surrogate chosen by buyer i is exactly D;. Note
that the perfect matching (VCG matching plus the uniform random matching with the leftover
replicas/surrogates) only depends on the types but not the identity of the node (replica or buyer
). So we can decide who is buyer ¢ after we have decided the perfect matching. Since buyer i is
chosen uniformly at random among the replicas, the chosen surrogate is also uniformly at random.
Clearly, the distribution of the types of a surrogate chosen uniformly at random is also D;. The
assumption that buyer 7 is reporting truthfully is crucial, because otherwise the distribution of
buyer i’s reported type will be different from the type of a replica, and in that case, we cannot use

the second sampling order. O

Lemma A.8. M®) is a BIC mechanism with respect to valuation v(P).
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Proof. We need to argue that for every buyer ¢ reporting truthfully is a best response, if every
other buyer is truthful. In the VCG mechanism, buyer ¢ faces a competition with the replicas to
win a surrogate. If buyer i has type t;, then her value for winning a surrogate with type s; in the
VCG mechanism is )¢ 0i5(s;) - vgﬁi)(ti, S) — (1 —n)pi(si) due to Lemma A.7. Clearly, if buyer i
reports truthfully, the weights on the edges between her and all the surrogates will be exactly her
value for winning those surrogates. Since buyer ¢ is in a VCG mechanism, reporting the true edge
weights is a dominant strategy for her, therefore reporting truthfully is also a best response for her
assuming the other buyers are truthful. It is critical that the other buyers are reporting truthfully,

otherwise we cannot invoke Lemma A.7 and buyer i’s value for winning a surrogate with type s;

may be different from the weight on the corresponding edge. O

Lemma A.9. For any i and 7, ZtieTi fi(ti) - ZS:jes J%)(ti) < ZtieTi fi(ti) - ZS:jGS ois(ti).

Proof. The LHS is the ex-ante probability for buyer i to win item j in M and the RHS is the
corresponding probability in M. By Lemma A.7, we know the surrogate selected by buyer i is
participating in M against all other surrogates whose types are drawn from D_;. Therefore, the
ex-ante probability for the surrogate chosen by buyer ¢ to win item j is the same as RHS. Clearly,
the chosen surrogate’s ex-ante probability for winning any item should be at least as large as the

ex-ante probability for buyer i to win the item in M®). O

Next, we want to compare REV(M ®) (B, D) with REV(M, v, D). The following simple Lemma
relates both quantities to the expected prices charged to the surrogates by mechanism M. As in
the proof of Lemma A.7, we change the order of the sampling. We first sample ¢ replicas and ¢
surrogates then select a replica uniformly at random to be buyer 7. Let sf and Tf be the type of
the k-th surrogate and replica, s = (s},...,s), ri = (r},...,7¢) and V(s,r;) be the VCG matching
between surrogates and replicas with types s and r;. We will slightly abuse notation by using s¥

(or Tf) € V(s,r;) to denote that s¥ (or r]) is matched in the VCG matching V (s, r;).

i
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Lemma A.10. For every buyer i, her expected payments in MP) is at least

(gk
(1 - 77) 'ES,I'i Z pZ(EZ) ’

skev(sr;)

and her expected payments in M is

kel]
Proof. The revenue of M) contains two parts — the prices paid by the chosen surrogates and the
revenue of the VCG mechanism. Let’s compute the first part. For buyer ¢ and each realization
of ri and s only when the buyer i’s chosen surrogate is in V(s,r;), she pays the surrogate price.
Since each surrogate is selected with probability 1/¢, the expected surrogate price paid by buyer

(K
i is exactly (1 —n) - Egy, [ eV (s,ry) pZ(ji)}. Since the VCG payments are nonnegative, we have

proved our first statement.

The expected payment from buyer i in M is Ey,p, [pi(t;)]. Since all s¥ is drawn from Dj, this

is exactly the same as Eg [Zkem pi(;]f)} -

If the VCG matching is always perfect, then Lemma A.10 already shows that the revenue of
M®) is at least (1 —n) fraction of the revenue of M. But since the VCG matching may not be
perfect, we need to show that the total expected price from surrogates who are not in the VCG
matching is small. We prove this in two steps. First, we consider another matching X(s,r;) — a
maximal matching that only matches replicas and surrogates that have the same type, and show
that the expected cardinality of X (s,rj) is close to £. Then we argue that for any realization r;

and s the total payments from surrogates that are in X(s,r;) but not in V (s, r;) is small.

Lemma A.11 ( [HKM11]). For every buyer i, the expected cardinality of a mazimal matching that

only matches replicas and surrogates with the same type is at least £ — \/|T;| - €.

The proof can be found in Hartline et al. [HKM11].
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Corollary A.1. Let R = max; e, MaXge|m) vi(ti, S), then

B | Y MO0 R
skeX (sry) kel

Proof. Since M is a IR mechanism when the buyers’ valuations are v, R > p;(t;) for any buyer i

and any type t; of i. Our claim follows from Lemma A.11. O

Now we implement the second step of our argument. The plan is to show the total prices from
surrogates that are unmatched by going from X (s,r;) to V(s,r;). For any s,r;, V(s,ri) U X (s, ;)
can be decompose into a disjoint collection augmenting paths and cycles. If a surrogate is matched
in X(s,r;) but not in V(s,r;), then it must be the starting point of an augmenting path. The

following Lemma upper bounds the price of this surrogate.

Lemma A.12 (Adapted from [DW12]). For any buyer ¢ and any realization of s and r;, let P be
an augmenting path that starts with a surrogate that is matched in X (s,r;) but not in V(s,r;). It

has the form of either (a) ( p(1) ,rl( ) s 9(2), . ,sf(k)> when the path ends with a surrogate,

’Z’Z

or
(b) ( f \ T 1), 55(2),7“?(2), ey sf(k), rf(k)) when the path ends with a replica, where Tf(j) is matched
to st P9 i X(s,ri) and matched to sp(]Jr ) in V(s,r;) (whenever sp(J+ ) exists) for any j.

S o (sf(j)) _ S om (850)) <

sf(j)ePﬂX(s,ri) ’-J(j>EPﬂV(s ri)

pGHDY (489 (,90) §) _ 4 (00) gy .
; ( ) (UZ (r; ", 8) — wv(r, S))

Vi

JM—A

1

.
Il

Proof. Since rf(j )

is matched to sf(j) in X(s,r;), rf(j) must be equal to sf(j). M is a BIC mechanism
when buyers valuations are v, therefore the expected utility for reporting the true type is better

than lying. Hence, the following holds for all j:

A ()N . (00) . (PO A PG+ oy (00) _ o [ PUFD _
gahg(sf]) vz<r2j,S) pz<sf]>22025<sf] )Ul<rl],5> pz<sf] ) (A.1)

S
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The VCG matching finds the maximum weight matching, so the total edge weights in path
PN V(s,r;) is at least as large as the total edge weights in path P N X(s,r;). Mathematically, it

is the following inequalities.

e If P has format (a):

Z (Z gis ( A ) o)) (Tf(j)’s) —(1=n)pi (sf(m))) > (A.2)
7j=1
- (Z ;s <Sf(j)) -vgﬁi) (rf(j), S> —(1-=n)-p <$f(j)>>

1 S

N

J

e If P has format (b):

o G+ L, (80 T?(j)7 —(1=n)-p; P+ > '
;(Z s (£70) o) (198) = (L =) i (s )>> (A.3)
Z(Zaw (Sf(j))'%w") (Tf(j),s)—( =) pz( m))
S

j=1

Next, we further relax the RHS of inequality (A.2) using inequality (A.1).

RHS of inequality (A.2)
> (s () (2.8 - () ) 0 zp (49 (Lemma 2.)
(st ( plI+) ) v; (rf(j),S> — Di ( P+1) )) +mn- sz ( s; P() ) (Inequality A.1)

k‘

-1

v

| V
w <.
,_. —

1

J

We can obtain the following inequality by combining the relaxation above with the LHS of inequal-

ity (A.2) and rearrange the terms.
717. 1 ZS:U” (525 - (o2 (129,5) — vi (129, 8)) = i () = s (1) .
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The inequality above is exactly the inequality in the statement of this Lemma when P has format

().

Similarly, we have the following relaxation when P has format (b):

RHS of inequality (A.3)

>]Zl<20'15< D) v (r19,8) = i (2" )>+n sz(i”) (Lemma A.4)

. (j+1) ) Q(') . (F+1) ) p(j . .
> 1(201 (z] )UZ(TZ],S) ( U ) +n- Zpl<23) (Inequality A.1 and M is IR)

,]:

Again, by combining the relaxation with the LHS of inequality (A.3), we can prove our claim when

P has format (b).

R‘

-1

p(j+1) Bi) (,.0() — v (?(j)? > i ;?(1) ‘
5 (7)o (49.) - (:19.5)) 2 o)

S\H

1

.
Il

Lemma A.13. For any (3,

Eor, | D p(;k) <

skeX(sry)

Eor | 3 Z qu D (vt 9) —uilts, 9))

stV(s,r ) t,€T; SC[m

Proof. Due to Lemma A.12, for any buyer ¢ and any realization of r; and s, we have

3 pi(;?)_ 3 pi(;f)é}g_ > o (s8) - (0, 8) — 00, 5))

Ul

skeX(s,ry) skev(s,r;) skeV(sr;) S
where rf(k) is the replica that is matched to sf in V(s,r;). If we take expectation over r; and s on
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the RHS, the expectation means whenever mechanism M) awards buyer i (with type t;) bundle
S, % . ( (61)(751, S) — vi(ts, S)) is contributed to the expectation. Therefore, the expectation of the

RHS is the same as

T X @) (o8 - uie9))
L, €T; SC[m]

This completes the proof of the Lemma. ]

Now, we are ready to prove Lemma A.6.

REV(M,v, D)
—ZE 3 pl (Lemma A.10)
kell]

k
< E Es r, E pils;) + IT:] ‘R | (Corollary A.1)

sfeX (s,ry)
(K
< Eer | Y. p(j)
i skev(s,r;)
+ n Z Z; Z fi(ti) - o3 z) (Uz‘(ﬁi)(tias) —Ui(tus)) +Z |j;l| ‘R (Lemma A.13)
1 t;€T; SCm %

=7
+* > Z filti) - o; i)‘(Uz‘(ﬁi)(tias)_vi(ti7s)>+z @" ‘R (Lemma A.10)

1 t;,€T; SClm

T3]
L

Since |T;| and R are finite numbers, we can take £ to be sufficiently large, so that >,
R < € for any e. Let P®) be the set of all BIC mechanisms that satisfy the first condition in
Lemma A.6. Clearly, P(®) is a compact set and contains all M) we constructed (by choosing
different values for £). Notice that both REv(M ) v D) and 3, dotier; 2uscpm) filti) o 15 ( i) -

<v§6¢)(ti,5’) - Ui(ti,S)) are linear functions over the allocation/price rules of mechanism M ).

236



Therefore,

REV(M, v, D)

R0 D)+ 1YY S ) o) - (% (08) it )
]

< max 1
(B) B) —
MiSep " i €Ty SCm

This completes the proof of Lemma A.6. O
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Appendix B

Missing Details from Chapter 4

B.1 Duality Framework

The seller aims to maximize her profit among all direct, BIC, and interim IR mechanisms. This
maximization problem can be captured by the following LP (see Figure B.1). Here we use type
& to represent the choice of not participating in the mechanism. Now the IR constraint can be

described as another BIC constraint that the buyer won’t report type &. Let Tf =T, U{o}.

Variables:

e 7;i(t;,c), for all i € [n], t; € T;,c € T, denotes the interim probability vector that buyer i
with type ¢; receives each item, when the seller has cost c.

e pi(t;,c), for all i € [n], t; € Tj, ¢ € T, denoting the buyer i’s interim payment when she has
type t; and the seller has cost c.

Constraints:

o Eclt; mi(ti,c)—pi(ti, c)] > Ec[t;-mi(t], ¢)—p;(t;, c)], for alli € [n],t; € T}, t, € T;", guaranteeing
that the mechanism is BIC and interim IR.

o m € P({Fi}" ), guaranteeing the allocation is implementable.
Objective:

e max )y [, o[pi(ti,c) — ¢ m(t;, c)], the expected seller’s profit.

Figure B.1: A Linear Program (LP) for Maximizing Profit.
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We then take the partial Lagrangian dual of the LP in Figure B.1 by lagrangifying the BIC and
interim IR constraints. Let A;(t,t’) be the Lagrangian multiplier. The dual problem is described
in Figure B.2.

Variables:
e m;(t;,c) and p;(t;,c).

o \i(t,t') for alli € [n],t; € T}, t; € T;", the Lagrangian multiplier for buyer i’s BIC and interim
IR constraints.

Constraints:
o \i(t,t') >0 foralli € [n],t; € Ty, ¢, € T,
o m€ P{Fi}iy)-

Objective:

e miny maxy , L(A, 7, D).

Figure B.2: Partial Lagrangian of the LP for Maximizing Profit.

L(\,7,p)

- Z]Eti,c[pi(tiac) —c-mi(ti, c)]

FY O Niltith) - i mi(ti, €) — pi(ti; ) — (ti - mi(t, €) — pi(ti, c))]

i i 7t/

(B.1)
=SS Eelpiltn )] - | filt) + 3 Mltt) = 3 At t)
it teT; theT;
+ZZEC Wi(ti,c)' Z t; - tz,tl Z t fl( l)
i t; tieT;’" t'ET

Definition B.1. A feasible dual solution X is useful if max cp((ryn_)p LA, T,p) < 00
Similar to [CDW16], we show that every useful dual solution forms a flow.

Lemma B.1. A dual solution A is useful if and only if it forms the following flow:
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e Nodes: For everyi € [n] and t; € T; a node t;. A source s and a sink &.
e For everyi € [n] and t; € T;, a flow of weight f;(t;) from s to t;.
e For everyi € [n] and t; € T, t, € T.", a flow of weight \;(t;,t;) from t; to t..

Proof. Suppose there exists i € [n],t; € T;,t, € T;" such that

filta) + > Xt t) = Y Nt 1)) #0

t€T; theTt
Without loss of generality, suppose it’s positive. Notice that p;(¢;,c) is unconstrained. Thus

when E¢[p;(t;,c)] — 400, the Lagrangian also goes to +oo (see Equation B.1). Hence for every

i€[n),t; €Tyt €T,

filt) + > Niltiti) = D Nilti, ) =0

t,€T; teT;t
It’s essentially the flow conservation equation for node ¢;. Thus A forms a flow. On the other

hand, if A forms a flow, the Lagrangian only depends on 7 and thus bounded since 7 is bounded. [

For any useful dual solution A, by Lemma B.1, we can replace ), .+ Ni(ti, t;) by fi(t:) +
> wer, Ai(t, ti) in Equation (B.1) and simplify £(A, 7, p). For any BIC and interim IR mechanism
M = (m,p), both \;(t;,t}) and Ec[(t; - m;(ti, c) — pi(ti, €)) — (t; - mi(t}, €) — pi(t}, ¢))] are non-negative
for all i € [n],t; € T;,t; € T;". Thus by Equation (B.1), L(\,7,p) > PROFIT(M). We have the

following lemma.

Lemma B.2. (Restatement of Lemma 4.2) For any useful dual solution A and any BIC, interim

IR mechanism M = (z,p),

PROFIT(M) < E¢, Zﬂ'i(ti, c)- (‘I’E/\) (ti) — ¢

where
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Ny g L LVt
D, (tz)_tl—fi(ti) D At )t — ta)

t;ETi

can be viewed as buyer i’s virtual value function.

B.2 Missing Proofs from Section 4.3

Proof of Lemma 4.1: Consider a mechanism M that is ex-post implementable. For every i,t;, let
A;(t;) be buyer i’s (possibly randomized) equilibrium strategy, when her type is t;. It specifies all
the actions that the buyer takes in mechanism M. For every c, let Xi(ﬁ, c) be the vector of (possibly
randomized) indicator variables that indicate whether buyer i gets each item j when buyers choose
strategies A = (Aq,..., A;) and the seller’s realized cost vector is c; let PZ(/T, c¢) be the payment for
the buyer. For every ¢ and ¢_;, denote A_;(t_;) = (A1(t1), ..., Aim1(tiz1), Aix1(tiz1), .., An(tn)).
Since A is an equilibrium strategy for the buyers, for every i, t;,t, € T;, acting as A;(¢;) induces

more utility than A;(¢;), when the buyer’s type is ¢; and other buyers follow strategy A_;. We have

Bt [ti - Xi(Ai(ti), A-i(t—i),¢) — Pi(Ai(t:), A—i(t—i), c)]

Vv

Eet_,[ti - Xi(Ai(t;), A—i(t—i), ¢) — Pi(Ai(t;), Ai(t—i), c)]

)

We now define the direct mechanism M’ = (z, p) as follows: for every profile (t, c), let z;(t,c) =
Xi(A(t),c) and p;(t,c) = P;(A(t),c) for all . It’s the allocation and payment rule when the
reported type profile is t and the seller’s realized cost vector is ¢. Then Inequality (B.2) is equivalent

to: for every i,t;,t; € T;

EC,t—i [ti © Ty (tia ty, C) —Di (tia ti, C)] > EC,t—z‘ [ti “ &L (t;, tq, C) —Di (t;> l—i, C)]

It’s exactly the BIC constraint for M’. Thus, M’ is BIC.
Moreover, each buyer can choose not to participate in M, so Ec ¢ ,[t; - X;(Ai(t;), A—i(t—;),c) —

Pz(Az (ti), A,i(tfi), C)] > 0, which implies that Ec,t,i[ti . :Ei(ti, t,i, C) *pi(tia t,i, C)] > 0. Hence, M
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is also interim IR. O

Proof of Theorem 4.4: Let ®M(.) be the virtual value function induced by the above canonical

flow A\. By Lemma 4.2 and Lemma 4.3,

PROFIT(M) < ZEti,C Z Tij (ti, C) . ((I)z(j\) (tij) — Cj)
( L J

=N e | Y 1fti € R mijtie) - (34(t5) — ¢5)
i B

+ Y By [ S 1t ¢ RUD) - mij(tic) - (max{Bi(c), ¢} — )
i | J

- ZEti,c Z 1t; & REf)] -mij(ti, ) - (tij — max{pBi;(c),c;})
i 1

<> Eie | Y 1lti € BT - mij(tie) - (Gis(tig) — o) (SINGLE)
i i
+2-3 Y Eelgij(e) - (max{By(c),¢;} —¢;)]  (PROPHET)
i

+ ZEti Z 1[t; € joﬁ)] D (#, m)\{j}) (NON-FAVORITE)
( J

The first inequality is due to Lemma 4.2, and the first equality is due to Lemma 4.3. The second
inequality is because: For the second term, notice that max{f;;(c),c;} —¢; > 0, we bound the
indicator by 1 and use the fact that Eq, [m;;(t;, c)] = 2 gi;(c) for every c; For the third term, notice
that for every ¢,t; € RZ(JB ) and c, since 7 is feasible, we have

> miti,c) - (tiw — max{Bi(c),¢;}) < _max (tik — max{fB;;(c),c;}).

= SeF;,j¢s
Py Rhcdver:

Taking expectation over ¢, the RHS equals to 1756 ) (ti,[m]\{j}). Thus the inequality holds. O
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B.3 Missing Proofs from Section 4.4

Proof of Lemma 4.6:

Monotonicity: Fix any t € T, U C V C [m]. For all ¢ we have
maxgscu,ser ) jes(li — ¢j) < maxscv,ser D es(tj — ¢j). Taking expectation over ¢ on both sides
proves the monotonicity.

Subadditivity:
Fix any t € T and U,V C [m]. For every c, let S*(c) = argmaxgcyuy,ser 2. jes(ti — ¢;). Clearly,
tj —c; > 0 for all j € S*(c). Notice that S*(c)NU C U and S*(c)NU € F; also S*(c)NV CV
and S*(c) NV € F. We have

e < t: — ¢ t: — ¢
Sg%é\l/?ge}‘z(t] ¢j) < (tj —cj) + ' Z (tj —¢cj)
jes JjES*(c)NU JES*(c)NV
Sgdmax Q) (t—c)+ max ) (L —¢)
JES je

Taking expectation over ¢ on both sides, we have v(t,UU V) < o(t,U) + v(t, V).
No externalities: fix any t € 7, S C [m] and any t' € T such that t; = t; for all j € S. To

prove o(t’', S) = o(t, S), it suffices to show that for any c,

max (tj —¢j) = max (t —

J Cj)
UCS,UEF 4 UCS,UeF 4
= jeu

It follows directly from the fact that t; =t;jforalljeS. O

B.4 Missing Proofs from Section 4.5

Proof of Lemma 4.22:

Monotonicity: Fix any ¢;, U C V C [m]. For all ¢ we have

MaXscunc;(t:),5eF; 2ojes(tiy — max{Bi;(c), ¢;}) < maxgscynet,),ser 2jes(tij — max{Bi(c),c;}).

Taking expectation over ¢ on both sides proves the monotonicity.
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Subadditivity:
Fix any t; and U,V C [m]. For every ¢, let S*(c) = argmaxgcuv)nc(t),ser 2jes(tij —
max{f;;(c),c;}). Clearly, t;; — max{8;;(c),c;} > 0 for all j € S*(c). Notice that S*(c) N U C
UNCi(t;) and S*(c) NU € F;; also S*(c) NV C VN Ci(t;) and S*(c) NV € F;. We have

max Z(tij —max{f;;(c),c;})

SQ(UUV)ﬁCi(ti),Se]-}- jes

< Y (ty—max{Byle), )+ Y (ti; —max{By(c), ¢;})

JjES*(c)NU JES*(c)NV

< max Z(tij —max{f3;;(c),¢;}) + max Z(tij — max{f;;(c),¢;})

_SCUOCZ' t;),SEF; £ SCVNC;(t;),SEF; 4
CUNCi(t:) SeF: % CVNGilt).5€F fog

Taking expectation over ¢ on both sides, we have u;(t;, U U V) < p;(t;, U) + pi(t;, V).

No externalities: fix any ¢;, S C [m] and any ¢; such that #;; = t;; for all j € S. To prove

wi(t;, S) = pi(ts, S), it suffices to show that for any c,

max Z(tij — max{f;;(c),¢;}) = max Z(t;j — max{;;(c),¢;})

UCSNC;(t;),UEF; “ UCSNC;(t;),UEF; “
= ( ) € ]EU ( ) ]EU

It follows directly from the fact that t;j =t;; forall j € S.
Now we prove that y;(¢;, ) has Lipschitz constant 7,. For any t;,t, and set X,Y C [m], define

set H = {j eXnY : t; = t;j}. Since (-, -) has no externalities, u;(t;, H) = p;(t;, H). Therefore,

|pi(ti, X) — (5, Y)| = max { i (ti, X) — pa(t, V), i, Y) — pa(ts, X) }
< max {p(ti, X) — pi(t], H), pa(t;, Y) — p(ti, H)} - (Monotonicity)
< max {p;(t;, X\H), pi(t;, Y\H)}  (Subadditivity)
< 7 -max {|X\H|, [Y\H|}

<7 ([XAY[+ X NY| - |H]|)

The second last inequality is because p;(t;, -) is subadditive and for any item j € Cy(t;) (Cy(t;)) the
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single-item valuation v;;(t;;) (ij(¢;;)) is less than 7;.

O
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Appendix C
Missing Details from Chapter 6

C.1 Proof of Example 6.1

Proof of Example 6.1. First consider the first-best mechanism. Fix buyer . We’ll prove that if her
value b; > 1/2 4 € for some small € that will be determined later, she will trade in the first-best
mechanism with high probability. Let & be the number of sellers whose cost is smaller than 1/2 +¢,
and let B be the number of buyers whose value is larger than 1/2 4 €. Notice that there are at most
B buyers with value larger than . Thus if B < S, all buyers with value > /2 + ¢, including i, must
have traded with a seller whose cost is smaller than 1/2 + € in the first-best mechanism.

Both S and B are the sum of independent Bernoulli random variables, with expectation (1/2+¢€)n

and (1/2 — €)(n — 1) respectively. By Chernoff bound,

Pr [S <(1—e) (; + e) n] < exp <—€22 : <; + e> n) < exp <—11262n> ,
Pr [B > (1+¢) (; - e> (n— 1)] < exp (—632 : (; — e> (n — 1)> < exp <—11262n) :

With probability at least (1 —exp (—11—26271))2,

S>(1—¢) <;+6>n>(1—|—e) G—e) (n—1)>B.
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In other words, if b; > 1/2+ ¢, buyer ¢ will trade in the first-best mechanism with probability at
least (1 —exp (—%GQn))Q, taking expectation over all other agents’ types.

Choose € = n~"/3. The expected GFT contributed by buyer i is at least

1 1 1\\* 3
/2£+n‘§ bidb; - (1 —exp (—12713)> =3 +o(1).

By linearity of expectation and the fact that all buyers are i.i.d., the expected GFT contributed
by all buyers is at most 37/8 4+ o(n).

Similarly for every seller j, if her cost s; > 1/2+¢€ for some small ¢, she can only trade in the first-
best mechanism with small probability. The expected GFT contributed by all sellers (a negative
term) is at least —n/8 + o(n). Thus the first-best mechanism obtains GFT at least 7/4 + o(n). The
second-best mechanism gets GF'T that is in expectation at least the expected GFT of the Trade
Reduction mechanism, and as the GFT of the TR mechanism is at least the GFT of the first best
minus 1, the second-best mechanism obtains GFT at least 7/4 4+ o(n) as well.

In the mechanism of BCWZ, with probability a half, the mechanism implements GSOM that
finds all the efficient trade based on buyers’ virtual value and sellers’ cost. And probability a half,
it implements GBOM that finds all the efficient trade based on buyers’ value and seller’ virtual
cost. We will only give the proof that the expected GFT of GSOM is at most 27/9 + o(n). An
analogous proof shows that the expected GFT of GBOM is at most 2n/9 + o(n).

For each buyer whose value is drawn from uniform distribution [0, 1], her virtual value follows
the uniform distribution [—1,1]. Fix buyer i, we’ll show that if her value b; < 2/3 — ¢ (which
means her virtual value ¢;(b;) < 1/3 — 2¢) for some small € she can only trade in the GSOM with
exponentially small probability. Notice that buyer ¢ can only trade in GSOM with a seller whose
cost is smaller than 1/3 — 2e. Let S be the number of sellers whose cost is smaller than 1/3 — 2e,
and let B be the number of buyers whose value is at least 2/3 —e. Then if buyer i trades in GSOM,
B < S. This is because there are at least B buyers with value larger than 7 (and thus have a larger
virtual value since since all buyers are i.i.d.). If B > S, those buyers will take away all the sellers

with cost < 1/3 — 2e. It contradicts with the fact that buyer ¢ must trade with a seller with cost
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< 1/3 — 2¢ in GSOM. Notice that again S and B are the sum of independent Bernoulli random
variables. And the expectation of S (1/3— 2¢)n is smaller than the expectation of B, (1/34¢)(n—1)
when ¢ = n~5 and n sufficiently large. By Chernoff bound (and a similar calculation as above),
B < S happens with exponentially small probability. The expected GFT contributed by each buyer

1 is at most

1
5
/2 b+ 0(1) = = + (1)

3—n_3
Similarly, for each seller j whose value s; < 1/3 — € for some small €, she will trade in GSOM
with high probability. The expected GFT contributed by each seller (a negative term) is at most
—1/18 4+ 0(1). Thus GSOM obtains GFT at most 27/9 + o(n).
We conclude that the expected GFT the mechanism of BCWZ obtains is at most 2n/9 + o(n),

which is only a constant fraction of the second-best mechanism. O

C.2 Proofs of Lemmas 6.1 and 6.2

Proof of lemma 6.1. We start by proving part 1. We will show all of these properties for the SO
mechanism with the given parameters. Similar arguments show them for the BO mechanism, and
therefore for the RO mechanism. That the SO mechanism with the given parameters is BIC for the
seller is immediate since the the seller chooses a price that maximizes her expected utility over the
distribution from which the buyer is drawn. That SO is ex-post IC and ex-post IR for the buyer is
immediate from the buyer choosing whether to accept or reject the offer in a way that maximizes
her utility. Strong budget balance is also immediate from definition. Finally, to show that that the
SO mechanism with the given parameters is ex-post IR for the seller, we note that since the seller’s
cost is drawn from D,, and since § > sup Support Dy, we have that s is at least the seller’s cost.
Therefore, seller j can always ask for a price equal to his cost (without violating the constraint
5), which will result in zero utility for her (regardless of whether the buyer accepts or rejects this
price), and in particular guarantees nonnegative utility for her.

We move on to prove part 2. We will show that any offered price is at least b. An analogous

proof shows it to be at most 5. In case of the BO mechanism, this holds by definition since
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any offer by the buyer is constrained to be at least b. We note that any offer by the seller will
also be at least b, since this seller knows that the buyer will buy at this price with probability 1
since b < inf Support Dj (and since this price is at least 3, offering it does not violate this seller’s

constraint), and therefore the seller will never make a lower offer, and the proof is complete. O

Proof of lemma 6.2. We start by proving part 1. If § < b, then any price offered by the seller in
the SO part of the RO mechanism with the given parameters will be accepted by the buyer (as it
will be at most 5 and therefore at most b). Similarly, if b > s, then any price offered by the buyer
in the BO part of the RO mechanism with the given parameters will be accepted by the seller (as
it will be at least b and therefore at least s). Either way, trade will occur in the RO mechanism
with probability at least 1/2.

We move on to prove part 2. It is enough to show that if trade occurs in the SO part of the
latter mechanism, then trade occurs also in the SO part of the former mechanism. (The BO part
is handled analogously.) If trade occurs in the SO part of the latter mechanism (unconstrained
and unconditioned), then it means that in that mechanism, the price p that maximizes the revenue
of the seller from Dj (unconstrained and unconditioned), which is the price that was offered, is
at most b (since the offered price is accepted) and at least s (since the mechanism is ex-post IR).
Therefore, since b < § and s > b, we have 5 > b > p > s > b, and so p is also the price that
maximizes the revenue of the seller from Db\zg constrained upon the price being at most 5, and
so this is also (at most, in case of multiple utility-maximizing prices) the price offered in the SO
mechanism with parameters s and Db’zza and so the price offered by the seller is accepted in this

mechanism as well. O
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C.3 Details Omitted from the Proof of Theorem 6.5 and Com-

mentary

C.3.1 Details Omitted from the Proof of Theorem 6.5

We will show that that the region of the space of valuation/cost profiles where our hybrid mechanism
for double auctions runs each instance of the RO mechanism can be partitioned into disjoint subsets
where our hybrid mechanism is BIC on each such subset under the profile distribution conditioned
upon being in that subset.

Fix a choice of the identity (but not the cost) of seller s(;) and the identity (but not the value) of
bidder b(;), and fix a profile of costs and valuations for all other sellers and buyers (so in particular
the cost sy and value b(y) are fixed). We first claim that either our hybrid mechanism runs the
same instance of RO on all possible profiles b, s that agree with these fixed choices, or does not run
any instance of RO on any of these profiles. Indeed, if s(2) < b(y) (a conditioned fully determined
by these fixed choices) then TR is run on all such profiles, and otherwise the RO mechanism with
SO parameters 5§ = s(3) and D51)|Zb(2) and BO parameters b = bez) and Df(l)|§s(2) (note that all
of these parameters are fully determined by the above fixed choices and do not depend on the cost
s(1) or the value b)) is run on all such profiles.

We will next show that our hybrid mechanism is BIC on the subset of all profiles that agree with
these fixed choices. Note that when conditioning the distribution of all profiles to those that agree
with such fixed choices, the cost of the seller s(;) (conditioned to agree with these fixed choices) is

distributed precisely according to s(;) ~ Dfm ’gs@) and the value of the buyer b(;) (conditioned to

agree with these fixed choices) is distributed precisely according to by ~ DP

bty |2b(2>- By Lemma 6.1,

we therefore have that our hybrid mechanism is BIC for the offering agent (and ex-post IC for any
other agent) over all profiles that agree with these choices. We have therefore shown that if a
manipulation by a buyer does not change the choice of the mechanism that is run by our hybrid

mechanism, then it is nonbeneficial in expectation.
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C.3.2 Why The Proof of the Ex-Ante Guarantee Gives a Factor of 1/4 and Not
1/2

Having read the proof of the ex-ante guarantee of theorem 6.5, we note that at first glance, one may
be tempted to consider the following naive adaptation of this proof into a “proof” of an ex-ante

guarantee of 1/2 (rather than 1/4) of the second-best:

In each case analyzed above, the hybrid mechanism attains either at least the GFT of
the RVWM mechanism, or at least half of the GFT of the first-best, which in turn is at
least half of the GFT of the second-best. Since the GFT of the RVWM mechanism is
in turn also at least half of the GFT of the second-best, we get that in either case our

hybrid mechanism attains half of the GF'T of the second-best.

The problem with this “proof” is that it mixes ex-ante and ex-post guarantees. While indeed the
hybrid mechanism attains, on each profile (b, s), either at least the GFT of the RVWM mechanism
or at least half of the GFT of the (first-best and therefore of the) second-best, it is wrong to assume
that on each profile (b,s) the GFT of the RVWM mechanism is at least half of the GFT of the
second-best, as we only know that the expected GFT of the RVWM mechanism, over all profiles,
is at least half of the expected GFT, over all profiles, of the second-best. In other words, it may
hypothetically be that the RVWM mechanism performs poorly on the profiles on which our hybrid
mechanism attains at least the GFT of the RVWM mechanism, and that the RVWM mechanism
performs very well, surpassing half of the GFT of the second-best, and even half of the GF'T of the
first-best, on the profiles on which our hybrid mechanism attains at least half of the GFT of the
first-best (so on average, the RVWM mechanism would indeed attain its guarantee), and in such a

case, the above “proof” obviously fails.

C.4 The Trade Reduction Mechanism for Matching Markets: Proofs

Proof of theorem 6.6. We first observe that the allocation is indeed feasible, that is, that we can
perfectly match all winning buyers and sellers. Indeed, the set of winners can be obtained by

taking the matching M (b,s) and then removing the agents that correspond to one edge between
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any two classes ¢ and t' that are trading (have r,p > 0), and then switching agents of the same
class (removing every agent in the leftover matching that has value lower than a removed agent
of the same class, and adding the removed agent in her stead), maintaining a perfect matching of
TR(b,s). Thus, there is a matching of the winners TR(b,s) such that there are exactly r;y — 1
trades of agents of classes t and ¢’ whenever r;, ;7 > 0. The reduced agents can be perfectly matched
with exactly a single edge between agents of classes ¢ and ¢’ whenever r; ;s > 0.

Now, the theorem will directly follow from the following sequence of claims.

Claim C.1. The Trade Reduction Mechanism for matching markets is ex-post IR and ex-post IC.

Proof. We first observe that the TR mechanism for matching markets is monotone. It is enough to
show this for the buyers. Assume that the value of a winning buyer 7 increases by §. We show that
she still wins after the increase. Every matching that includes this buyer improves by the same
amount J, while the value of any other matching did not change, so the same matching M (b, s) will
be picked after the value increase (ties are broken the same way, independent of values). Finally,
the reduction will also not change as for any class ¢, the values of ¢; and d; did not change, and
if buyer ¢ is of class ¢, she will still not be in the set of d; lowest-value buyers after her value has
increased, so she will not be reduced.

To complete the proof that the mechanism is ex-post IR and ex-post IC, we need to show that
payments are by critical values. Indeed, assume that for a winning buyer 7 of class t, the value of
the highest reduced buyer of class ¢ (if i bids truthfully) is . If buyer i of class ¢ changes her bid
but keeps it above x, she wins. Now assume that she drops her bid below z. If she is not in M (b, s)
she loses. If she is in M (b,s) and bids below x, then the matching M (b, s) will contain the exact
same set of agents, and will be the same (due to the tie breaking rule which is independent of the
actual bids), so she will lose while the agent with bid # will win instead of her, as both ¢; and d; are
the same but now ¢ is no longer one of the ¢; — d; highest-bidding agents of class t. Thus, bidding
above z implies winning for ¢, while bidding below x implies losing, so x is indeed the critical value

for buyer i to win. Similar arguments prove the Claim for sellers. O
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Claim C.2. The Trade Reduction Mechanism for matching markets is ex-post (direct trade) weakly

budget balanced.

Proof. To see that the mechanism is ex-post (direct trade) weakly BB we prove that every trade
is ex-post weakly BB. Indeed, consider a trade between two agents of respective classes ¢t and ¢’ in
the matching of TR(b, s) that contains exactly r, — 1 trades of agents of classes t and ¢ whenever
r¢p > 0, and consider the reduced edge between these two classes. The buyer pays at least the value
of the reduced buyer of the same class on the reduced edge between classes t and ', while the seller
receives at most the cost of the reduced seller on that edge. As that reduced edge has non-negative
gain (otherwise removing it will increase the welfare of the first-best matching M (b, s)), the trade

is ex-post weakly BB. O

Claim C.3. For any profile (b, s), the fraction of the realized gains from trade (first-best) that the

Trade Reduction Mechanism for matching markets obtains ex-post is at least min{l—% | class t s.t. q > 0}.

Proof. Recall that T; is the set of agents of class ¢. Let a(b,s) = min{l - % ‘ class t s.t. ¢4 > 0}.
To prove the claim that the mechanism guarantees an « fraction of the welfare of FB-GFT (b, s),
we let vy, be the value of agent k (v = b; for a buyer k = ¢, and vy, = —s; for seller £ = j), and

assuming W is the set of agents in M (b, s) we observe that

FB-GFT(b,s)= >  (bi—s)= > >

(i,5)eM(b,s) t:q¢>0 keWNT;

As for each class t with ¢, > 0 we remove d; agents each with value at most the value of any

winner, we obtain at least a qtq;ft fraction of the value of agent of class t. Thus,

qr — dg
a(b,s)-OPT(b,s) < Y  +— > w <TR(b,s),
t:qe >0 at keWnTy

as needed. O

Theorem 6.6 follows from Claim C.1, Claim C.2 and Claim C.3. O

253



Proof of corollary 6.1. Let f(b,s) = min{l— % ‘ classes (t,t') s.t. ryp > O}. By the guarantee of
theorem 6.6 with respect to (b, s), it is enough to show that 5(b,s) < a(b,s). Indeed, for every

class t such that ¢ > 0, since ¢; =Y,/ 11 ¢:

qr — dy rey — 1 Tt — 1 et > in Tt — 1

— E L L E . m -
T4 thr, >0 Ty

at t'”"t,t/ >0 a4 t’:’/‘m/ >0 bt qt t bt

where the inequality is since a weighted average of values is always at least the minimal value.
Taking the minimum of both sides of the obtained inequality over all classes t s.t. ¢ > 0, we obtain

that a(b,s) > (b, s), as required. O

C.5 Additional Preliminaries for Appendices C.6 and C.7

C.5.1 Notation

First we give some notations specialized in this setting. Given profile (b,s), let M (b,s) be the
first-best matching, or the maximum weight matching!, under graph G with edge weight b; — 5§
on each edge (i,j) € E. For each agent a, denote M_,(b,s) the maximum weight matching? after
removing a and its related edges. For each buyer i such that (i,j) € M(b,s), let P;(b,s) be the

VCG payment of buyer ¢. Formally,

Pi(b, S) = Z (bi/ — Sj/) — Z (bi/ — Sj/) + bi

(¢,4")eM_;(b,s) (#',5")eM (b,s)

Similarly, let Pj(b,s) be the VCG payment received by seller j:

Pj(b, S) = Z (bi/ — Sj/) — Z (by - Sj/) + Sj

(i/,j/)EM(b,S) (i/,j/)Gij (b,S)

For simplicity, when the valuation profile (b, s) is fixed, we will abuse the notation and use M

1. We break ties lexicographically by IDs.

2. Follow the same breaking tie rules as the first-best matching.
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(or M_g, P;, Pj) instead in the proof, without writing the valuation profile.

C.5.2 Lexicographic Tie-Breaking by ID

In this section, we define the tie-breaking rule that we use whenever we have to choose between
multiple maximum weight matchings when picking a matching with maximum weight anywhere
throughout this paper. We first define a strict total order over matchings, which we call the

Lexicographic order by IDs.

Definition C.1 (Lexicographic order by IDs). Fiz a bipartite graph, and let M' and M" be two
matchings in this graph. The Lexicographic order by IDs decides which of M' and M" is ranked
higher as follows. It first sorts the edges of the matching by the index of the buyer. For each k, let
(i, Jy,) and (Zz,j;) be the k' sorted edges (according to the index of the buyer) in M’ and in M",
respectively. Let k be the lowest index such that it is not the case that the two edges (i}, j;.) and

(i;,jg) are both defined and are the same edge.

o If one matching has a k'™ edge while the other does not, then the matching with more edges

is ranked higher.
o Otherwise, the matching with the lower buyer index in the k™ edge is ranked higher.

o Otherwise, the matching with the lower seller index in the k™ edge is ranked higher.

As noted above, throughout this paper when two matchings have the same weight, we use the
Lexicographic by IDs order to break ties when choosing a maximum weight matching, so we in fact
choose the lexicographically-by-IDs-highest matching among those with maximum weight. We will
refer to this practice as using the Lexicographic by IDs tie-breaking rule. We will now formalize the

two properties of this tie-breaking rule, which we will use in our analysis:3

Lemma C.1. The Lexicographic by IDs tie-breaking rule satisfies the following two properties:

o The tie-breaking is weight independent: ties between mazximum weight matchings are broken

independently of any weight function. That is, if W and W' are two weight functions, if M

3. Indeed, our results would still hold for any other tie-breaking rule that satisfies these two properties.
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and M’ are the respective corresponding sets of mazximum weight matchings, and if M and
M’ are the respective corresponding chosen matchings, then if M C M’ and M' € M, then
M = M'. So, the set of matched nodes that this tie-breaking rule picks (among all possible
mazimum weight options), as well as the matching that this rule picks within that set, does

not depend on the weight function.

o The choice function is subset consistent: if the chosen mazimum weight matching among all
matchings of the vertices U is the matching M, then for any (i,j) € M, the chosen maximum

weight matching among all matchings of the vertices U \ {i,j} is the matching M \ {(i,7)}.

Proof. Weight-independence is by definition of the Lexicographic order by IDs. For subset consis-
tency, let M’ # M \ {(i,7)} be another maximum weight matching of U \ {(¢,7)}, and note that
when adding the edge (i,7) to M’, one obtains a maximum weight matching of U. By definition of
M, it is ranked higher than M’ U {(i,7)} by the Lexicographic by IDs order, and since the shared
edge makes no difference in the tie breaking, we have that after its removal M \ {(¢,7)} is (still)
ranked higher than M’ by the Lexicographic by IDs order (so the tie is be broken in the same

way). O

C.6 The Offering Mechanism for Matching Markets: Proofs

We will now prove theorem 6.7, which states that the Offering Mechanism for matching markets is
BIC, ex-post IR, ex-post (direct trade) strongly budget balanced, and ex-ante guarantees at least a
L/4-fraction of the optimal GFT (second-best). The Offering Mechanism is ex-post strongly (direct
trade) budget balanced as the RO mechanism is ex-post (direct trade) strongly budget balanced.

To show the remaining properties, we first develop some machinery.

C.6.1 Supporting Machinery

Lemma C.2. In the offering mechanism when run on a profile (b, s), for every (i,j) € M (b, s)
the following hold:

o Ific M_;(b,s), then 5= P;(b,s).
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o Ifj € M_;(b,s), then b= P;(b,s).

Proof. We will prove the first statement (the second is analogous). Since i € M_;(b,s), the VCG
price of buyer ¢ in the market without seller j is the minimal bid that causes her to be in the

first-best in that market, and so 5 = P;(b,s_;). Now observe that:

Pi(b,s)= Y (by—sp)— > (by—sy)+s;=

(i.5")eM (¢,5")eM_;
Z (bll — Sj/) — Z (bll — Sj/) + bz = _Pi(b,S_j) =35 O
(#,5")EMN\{(4,4)} (¢,5")EM_;

We are now ready to prove the first two parts of lemma 6.3:
Claim C.4. For every (i,j) € M (b, s), it holds that 5 > s; and b < b;.

Proof. We will show the former; the latter is analogous. If § = oo the the claim immediately
holds, so we assume that § < co. Consider the profile ((b_;,b}),s) for b, = max{s + 1,b;}. Since
we have only increased the bid of 4, we still have that (i,7) € M((b_;,b}),s). By definition, § is
the same for the profile ((b_;,b}),s) as it is for (b,s). By definition of 5, we have by b} > 5 that

i€ M_;j((b_;,t}),s). Therefore, by lemma C.2, § = P;j((b_;,b),s). Since (z,7) € M((b_;,¥}),s),

we have that s; < P;j((b_;,b}),s), and so s; < 5, as required. O
Claim C.5. For every (b, s) and (i,j) € M(b, s), it is the case that Pj(b,s) > Pi(b, s).

Proof. by the Second Welfare Theorem, there exist prices p = (pj/)jcs (where pjr denotes a price
for the good of seller j) such that (M (b,s);p) is a Walrasian equilibrium. Therefore, p; is a price
received by s; and paid by b; in some Walrasian equilibrium. By Theorem 8 of [GS99], we therefore

have that Pj(b,s) > p; > Pj(b,s), completing the proof. O
We are now ready to prove the third and final part of lemma 6.3:
Claim C.6. For every (i,j) € M(b, s), it holds that 5 > b.

Proof. Assume for contradiction that there exists a profile (b,s) and a pair (i,7) € M(b,s) such

that 5 < b. By claim C.4 we have that b; > b> 5 and 55 <5< b. Therefore, we have by definition
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of 3 and b that both i € M_;(b,s) and j € M_;(b,s). Therefore, by lemma C.2, 5 = Pj(b,s) and
b= P;(b,s), and so P;(b,s) < P;(b,s) — a contradiction to claim C.5. O

Proof of Lemma 6.3. Follows from Claim C.4 and Claim C.6. O

Lemma C.3. Fiz valuation profile (b, s) and a pair (i,5) € M. If j ¢ M_;, then P;(b,s) = s;.
Similarly if i ¢ M_j, then Pj(b, s) = b;.

Proof. We only give the proof for P; = P;(b, s) and similar argument holds for seller’s VCG payment
P; = Pj(b,s). If j & M_;, it holds that M_; = M\ {(¢, )} by subset consistency of the tie breaking

rule. Now, by definition of F;, we have P; = s;. O

C.6.2 Incentive Guarantees

Claim C.7. The Offering Mechanism is ex-post IR.
Proof. That the Offering Mechanism is ex-post IR follows from claim C.4 and lemma 6.1. O
Claim C.8. The Offering Mechanism is BIC.

Proof. We will prove that the Offering Mechanism is BIC for the seller. A similar argument holds
for the buyer. For each seller j with cost s;, suppose she misreports her cost to be s;- # s;. We
will show that taking expectation over other agents’ valuation profile b, s_;, the expected utility
of s; when reporting truthfully is at least the expected utility of seller j with true cost s; when
reporting s’.

We first consider b, s_; such that j is not in the first-best M (b,s_;,s;). It is sufficient to
consider manipulations s;- that cause j to become part of the first-best M (b, s,j,s;-). Let 8; be
such a manipulation, and note that in this case, s; > Pj(b,s_j,s;) > s} (since P;j(b,s_;,s})
is the threshold bid of seller j to become part of the first-best). Let ¢ be the agent such that
(1,7) € M(b,s_j, 3;) We will complete the proof of this case by considering two cases. First, if
i € M_j(b,s_j;,s}), then 5 = Pj(b,s_j,s}) by lemma C.2. Therefore, by lemma 6.1, seller j with
reported cost s} can only trade with i in the RO mechanism at a price p < 8= Pj(b,s_;, s}) < sj,

which derives non-positive utility for seller j. Second, if i ¢ M;(b,s_;,s}), then by lemma C.3,
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Pj(b,s_j, s;) = b;. Since the mechanism is ex-post IR for buyer i, seller j can only trade with ¢
(who has value b;) in the RO mechanism at a price at most b; = Pj(b,s_;,s;) < s;, which again
derives non-positive utility for seller j.

Now for every buyer 4, consider those b, s_; such that (¢,7) € M(b,s_;,s;). In this case, we
note that if seller j misreports to s}, then either the first-best is unchanged (and so j participates
in the same RO mechanism with the same buyer i) or seller j is no longer in the first-best, receiving
utility 0. Either way, she cannot change the RO mechanism that is run, or the buyer that she is
facing. When the BO mechanism is processed, if seller j is in the first-best, she will be asked to
accept a price. This is ex-post truthful.

When the SO mechanism is processed, then it is enough to show that for every ¢ and fixed

b_;,s—j,sj, in expectation over all b; such that (,j) € M(b_;, b;, s_j, s;), the utility of j when she

/,

reports s} # s; (denoted as u;(s]

)) is at most the utility of j when she reports s; (denoted as
uj(s;)) truthfully. Notice that either ¢ can never connect to j in the first-best M (b_;, b;, s—j, s;),
or P;i(b,s_j,s;) (which does not depend on b;) is the threshold bid of buyer ¢ to connect to j in
the first-best. Thus it is enough to prove the claim that when there exists a bid for ¢ such that
i connects to j in the first-best, in expectation over b; > P;(b,s_j, s;), the utility of j when she
reports s;- is at most the utility of j when she reports s;.

Note that fixed b_;,s_;,sj, when b; > P;(b,s_j, s;), the outcome of the Offering Mechanism
for j is as if the SO mechanism with parameters § and DiB ]25 had been run between j and 7. Notice

that the parameters 5 and b do not depend on sj or on b;. By lemma 6.1, the SO mechanism with

parameters 5§ and D > is BIC when the buyer’s valuation is drawn from DB >3- In other words,

Ebizz[w(%)] < EbizE[Uj(Sj)]- (C.1)

Note that P;(b,s_;,s;) > b by claim C.4. If Pi(b,s_j,s;) = b, then the above claim trivially
holds. Otherwise we have to reason about the case P;j(b,b_j,s;) > b; > b, which is included in the
expectation in eq. (C.1) but not in the expectation in the above claim.

In this case, since P;(b,s_;,s;) > b, then lemmas C.2 and C.3, P;(b,s_j, s;) = s;. We notice
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that when s; > b; > b, seller j won’t trade with buyer i in the Offering Mechanism when j reports
sj, as (i,7) can’t be in the first-best M (b,s). The utility of j (contributed by buyer %) is thus 0
in this case. When s; > b; > b and j reports s;, since the payment goes directly from buyer i to
seller j when they trade, they do so at price at most b; < s; (since we assume that buyer ¢ reports
truthfully, and since the mechanism is ex-post IR for her), so seller j’s utility (contributed by buyer
i) in this case is negative if they trade, and 0 otherwise, so it is nonpositive. Combined this with
eq. (C.1), we obtain

Ep s, [145(57)] < Ep,>s; [wi(s5)]

which finishes the proof as s; = P;(b, s_j, s;). O

C.6.3 Efficiency Guarantee

Given a bipartite graph (B, S, E) and two matchings M and M’ over the graph, a path is called
an alternating path of M U M’ if the edges on the path alternate between edges of M and M’. If
arg = ay, we call it an alternating cycle. A path is mazimal if it is not a sub-path of any other
path.

It is well-known that the union of two matchings in a bipartite graph can be divided into disjoint

maximal alternating paths and cycles.

Observation C.1. Given any set of nodes V' and two undirected graphs G1 = (V, E1) and Gy =
(V, E3) such that in both graphs the degree of any node is at most 1 (i.e., each is a matching), it
holds that in G192 = (V, E1 U Es) every node has degree at most 2 and thus G132 is a disjoint union

of mazimal alternating paths and maximal alternating cycles.

Given a bipartite graph (V1,Va, E), a set U C V; U V; of nodes is matchable if it is possible
to find a perfect matching of all of the nodes in U using edges in E. Note that if U is matchable
then [UNVy| = |U N Va|. A node weight function is a function W that assigns a weight W (i) to
any node i € V73 U Va. A node-based weighted matching problem is a matching problem in which
for some node weight function W, the weight of every edge (i,j) € E is the sum of the weights of

the two nodes incident on the edge, that is, W(i,j) = W (i) + W (j). The weight of a matchable
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set of nodes U is W(U) = >,y W(u). For a weighted matching problem, a weight-mazimizing
set is a matchable set of nodes that has maximum weight, over all matchable sets. Clearly, for
any node-based weighted matching problem, the weight of any matching over the same matchable
set of nodes U is the same. Moreover, if U is a weight maximizing set, then any perfect matching
of it does not include any edge of negative weight. For our mechanisms to work, we will need to
carefully define the tie-breaking rule that will be used to choose the weight-maximizing set, as well

as the perfect matching of its elements.

Observation C.2. Fiz a bipartite graph. Let Wy and WY, be two node-based weight functions for
the graph, and let M and M’ be the two mazimum weight matchings picked by the tie-breaking rule
for these two weight functions, respectively. If the sets of matched nodes of M and M' are the

same, then M and M’ must be the same.

We also observe that if an agent is in the first best, by changing his bid he cannot influence the

picked matching while staying in the first best.

Observation C.3. Fix a bipartite graph. Assume that with node-based weight function W, the
mazimum weight matching M is picked by the tie-breaking rule. Fiz any i and let W' be a node-
based weight function such that W' (k) = W (k) for any k # i. Let M’ be the the mazimum weight
matching picked for W'. Then if i € M’ it holds that M = M’'.

We prove the following two lemmas about VCG prices which are both useful in our proofs.

Corollary C.1. Consider the VCG mechanism with lexicographic by IDs tie-breaking rule.

If (i,j) € M (b, s) for some (b, s) then for any bl such that i trades when the bids are ((b_;, 1), s),
it holds that buyer i trades with j and pays P;(b,s). Moreover, for any such b} it holds that
b, > Pi(b, s) > s;.

Similarly, if (i,j) € M(b, s) for some (b, s) then for any s} such that seller j trades when the
bids are (b, (s—j,s;)), it holds that j trades with i and pays Pj(b, s). Moreover, for any such s’ it
holds that s’ < Pj(b,s) < b;.

Proof. The inequality b, > Pj(b,s) holds by VCG being ex-post IR. It holds that P;(b,s) > s; as
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otherwise, if P;j(b,s) < s; then for b; s.t. P;j(b,s) < b; < s; there is an inefficient trade in M, a

contradiction. Similar arguments prove imply the claim for seller j. O

Observe that M = M (b,s), M{ = M (b,s) and Mj = Mj(b,s) are each a maximum weighted
matching for some node based weight function, all defined over the same undirected bipartite graph
G = (S, B, F) and chosen using the same tie-breaking rule. M (b, s) is derived from the node-based
function W that assigns weight b; to any node ¢ € B and weight —s; to any node j € S. Similarly,
M (b, s) is derived from the node-based function W; that assigns weight ¢;(b;) to any node i € B
and weight —s; to any node j € S, where ¢;(b;) is the ironed virtual value of ¢ when his value is b;.
Finally, M3 (b,s) is derived from the node-based function W5 that assigns weight b; to any node
i € B and weight —7;(s;) to any node j € S, where 7;(s;) is the ironed virtual cost of j when his
cost is s;.

A direct corollary of Observation C.2, is that any alternating cycle in M U M7} cannot include
more than two distinct nodes, as any such alternating cycle is actually two different matchings over

the same matchable set of nodes. We state the claim for M{; the same claim holds also for M.

Corollary C.2. Let (ajas...ak), be an alternating cycle of M UM . Then K = 3. In other words,

a1 = ag and the undirected edge (a1, a2) is in both M and in M;.

For a bipartite graph (V1, Vs, E), we say that the node-based weight function W is a V;-weak-
improvement of W' if for any node ¢ € V; it holds that W (i) > W'(i) and for any j € V5 it holds
that W(j) = W’(j). By definition of ¢ and 7, we have that the node-based weight function W
used to derive M is a B-weak improvement to the node-based weight function W; used to derive
M7 (and similarly, W is an S-weak improvement to the node-based weight function Wy used to

derive My).

Lemma C.4. Fiz a bipartite graph (B, S, E), and assume that the node-based weight function W
is a B-weak-improvement of W'. Let M and M' be the mazimum weight matchings that are picked
by the tie-breaking rule for W and W' respectively. Consider a maximal alternating path of M U M’
that is not a cycle. It holds that path cannot both start and end with an edge from M'. Moreover,

it holds that the path (or its inverse) starts with a node in B and that the first edge belongs to M.
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Proof. Let A = (ajas...ax) be a maximal alternating path in M U M’ that is not a cycle, and let
U be the set of nodes in the path A. W.l.o.g., if there is a a node in B on any end of the path,
it is the first in the path. Assume that the path starts and ends with an edge from M’. In this
case the path must have an odd number of edges (as any edge from M’ is followed by an edge from
M), and it starts with a node a; € B and ends with a node a € S. If W/(a1) + W (a) < 0,
then U’ = U \ {a1, ax} is matchable and has higher weight than U for W', a contradiction to the
maximality of M'. If W'(a1) + W'(ax) > 0 then since W is a Vj-weak-improvement of W it holds
that W(ay) +W(ag) > W'(a1) +W'(ax) > 0. If W(ay) + W (a) > 0 then the matchable set U’ has
higher weight than U with respect to W, contradicting the maximality of M. If on the other hand
W(a1)+W(ar) = W'(a1) + W'(ax) = 0 both U and U’ are matchable sets of the same weight with
respect to both W and W', so by set consistency of the tie breaking, both M and M’ must have
matched the same set, a contradiction.

Now, if the path starts and ends with an edge in M, it has an odd number of edges, so it has a
node in B on one end and a node in .S on the other, and as we can assume w.l.o.g. that the node
in B is first, this completes the proof.

We are left with the case that the path has an edge from M on one end, and an edge from M’
on the other. In this case it has an even number of edges and thus either both ends are in B, or
both are in S. We prove that both are in B, completing the proof of the claim. Assume by way of
contradiction that both a; and ay are in S. Since W is a B-weak-improvement of W/, for any node
j €S we have W(j) = W'(j) and thus W(a1) = W/(a1) and W(ax) = W (ag). If W(a1) < W(ag)
then U \ {ax} is a matchable set with higher weight than the set U \ {a;} with respect to W,
contradicting the optimality of M. Similarly if W'(a;) = W(a1) > W(ag) = W'(ax) then U \ {a1}
is a matchable set with higher weight than the set U \ {a;} with respect to W', contradicting the
optimality of M’. Thus it must be the case that W'(a;) = W'(ax). So both matchable sets U \ {a1 }
and U \ {ax} have exactly the same weight with respect to both W and W’ and as the tie breaking

is weight-independent, both should have picked the same set, a contradiction. ]

From Lemma C.4 and Corollary C.2 we immediately get the following corollary.
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Corollary C.3. Let (ajaz...ax), be a mazimal alternating path of M U M7 . Precisely one of the

following holds:
o K =3, a; = az and the undirected edge (a1,a2) € M N M, or
e (w.l.o.g.) the path starts with a buyer and an edge from M.

lemma 6.5, which plays a central role in our proof of the ex-ante guarantee of the Offering
Mechanism, provides a sufficient condition for a buyer-seller pair to trade in that mechanism. Here

we restate and prove the lemma.

Lemma C.5 (Restatement of lemma 6.5). Fix valuation profile (b, s). For every (i,7) € M(b, s), if
J is in M_;(b, s) then buyer i will trade with seller j in the BO Mechanism, and if i is in M_;(b, s)
then buyer i will trade with seller j in the SO Mechanism. Thus, in each such case the edge (i, 7)

will be traded with probability at least 1/2 in the Offering Mechanism.

Proof. For every pair (i,j) € M(b,s), if j € M_;(b,s), we have by lemma C.2 that b = P;(b,s) >
sj, where the inequality is by lemma C.3. Similarly, if ¢ € M_;(b,s), then § = Pj(b,s) < b;.
Therefore, in either case, by lemma 6.2 the edge (i,7) will be traded with probability at least 1/2

in the Offering Mechanism. O

Consider a maximal alternating path that is not a cycle. lemma 6.6 shows that for every seller
j € A that is not at one of the ends such a path, it holds that j € M_;, where i is the buyer that

is matched to j in M. Here we restate and give the proof of the lemma.

Lemma C.6 (Restatement of lemma 6.6). Let A be a mazimal alternating path of M U M that is
not a cycle. For every seller j € A who is not at one of the ends of the path, it holds that j € M_;,

where i is the buyer such that (i,5) € M.

Proof. By corollary C.3 we can assume w.l.o.g. that A starts with a buyer and an edge in M. So,
if the path has an even number of edges, then A = (i1j1i2j2...ir—1jr—17r) and if it is odd then
A = (i1j1i242---ip—1jr—1iLjL), where in either case each agent i; denotes a buyer and each agent
Jji denotes a seller, such that for every [ € {1,2,...,L — 1} it holds that (i;, 5;) € M. If the path is

odd, it furthermore holds that (iz,jr) € M.
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We need to show that for every [ € {1,2,...,L — 1} it holds that j; € M_;. Assume for
contradiction that j; ¢ M_;, for some [ € {1,2,...,L — 1}. Then M_;, = M \ {(4;,7;)} by subset
consistency of the tie-breaking rule, and in A the matching M_;, matches the set of agents* A’ =
MO (AN A, gi})-

If the path has an even number of edges, then iy, ¢ A’. To derive a contradiction we observe
that the set A” = A"U {jj,ir} = A\ {i;} is matchable (using the edges of M on the path A up to
Jji—1, and the edges of M7 on the path A starting from j;), and moreover, has weight with respect
to W that is at least the weight of A’. This holds as M; matched A” N R and not A’ N R for
R = {ji, 9141, j1+1,- - - i}, and the weight of iz is not lower in W than in W; (and the weight of
Jji is the same in both). So we get an contradiction as either A” is matchable and with a higher
weight than A’ with respect to W, or they have the same weight with regard to W and the same
weight with regard to Wi, and ties were broken differently.

Next we consider the case that the path has an odd number of edges, in which case also
(ir,jr) € M. It must hold that s; < s;, as M; matches A\ {i1,jr} and not the matchable
set A\ {i1,ji}. Recall that since j; ¢ M_;,, then M_;, = M \ {(i;,ji)}, but the matchable set
A" = A\ {i;,jr} € A\ {9} has at least the weight of A" = A\ {4, 7} with respect to W (since
sellers have the same weight in W and W), so we get an contradiction as either A” is matchable
and with a higher weight than A’ with respect to W, or they have the same weight with regard to

W and the same weight with regard to Wi, and ties were broken differently in M_;, and in M. U

lemma 6.7 considers such paths with an odd number of edges and present some additional
characterization that will help us in bounding the GFT of our mechanism. By Corollary C.3 we
can assume w.l.o.g. that any maximal alternating path of M U M7 starts with a buyer and an edge
in M. Let GFT;(U) be the GFT of all edges of M’ that are contained in U. We now restate and

prove this lemma.

Lemma C.7 (Restatement of lemma 6.7). For K > 3, let A = (i1j1i2J2...i—1jr-191JL), be a

mazimal alternating path of odd number of edges of M U M{ with any agent i; denoting a buyer

4. We slightly abuse notation by using A to also denote the set of agents in the path A.
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and any agent j; denoting a seller, and the first edge in M ((i1,j1) € M ). It holds that
o ifb;, > by thenip € M_j, .
L4 if biL S bil then GFTM(A \ {iL,jL}) Z GFTM{K (A)

Proof. We prove that if b;, > b;, then i;, € M_;, . Assume for contradiction that i, ¢ M_;, . Since
the tie breaking is subset consistent, the matching picked on A\ {ir, 5} will be the same as the
one in M. Yet, the set A\ {41, 7.} is matchable (by the edges of M) and has higher weight than
the weight that M gets on A\ {ir,jr}, a contradiction.

We next consider the case that b;, < b;;. Let w = GFTy(A) = Zle(bil — s;,). Notice that:
GFTM(A\ {iL,jL}) =W — (biL — SiL) Z w — (bi1 — SiL) = GFTM{‘(A\{Zl,]L}) = GFTMT(A) ]

We are now ready to complete the proof of lemma 6.4, which states that for any valuation
profile (b, s), the gains from trade of the Offering Mechanism for matching markets is at least half
of the from trade of the RVWM mechanism for that profile.

Fix a valuation profile (b,s). To prove the claim we consider the connected components of
M (b, s) UM (b,s) and show that in each connected component separately the GFT of the Offering
Mechanism in expectation (over the randomness of the mechanism), is at least half the GFT of the
RVWM mechanism on (b, s).

By observation C.1 each connected component is either a maximal alternating path or a cycle.
By corollary C.2 any cycle has only two (identical) undirected edges, denote it by (i,5) € M (b,s)N
M7 (b,s). That is, the unique edge (7, j) of M; = M (b,s) in this cycle is the same as the unique
edge (i,7) of M = M(b,s) in that cycle. If j € M_;(b,s) or i € M_;(b,s), by lemma 6.5 buyer
i will trade with seller j in the Offering Mechanism with probability at least 1/2, which obtains at
least half the GFT that the RVWM mechanism obtains on (i,7) € M/ (b,s) when the profile is
(b,s). Otherwise, since i ¢ M_; we have that § > b;, and since j ¢ M_; we have that b < s;. Since
trade occurs with positive probability on (i, 7) in the RVWM mechanism, then by observation 6.1,
in this case the GFT of the RVWM mechanism on this edge are therefore at least those of the

RO mechanism with SO parameters co (no constraint) and fo (unconditioned distribution) and
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BO parameters 0 (no constraint) and ij (unconditioned distribution) on (7, j). Since § > b; and
b < sj, we have by lemma 6.2 that the probability that trade occurs between ¢ and j is at least
as high in our Offering Mechanism (which runs the appropriate RO mechanism, constrained and
conditioned) as it is in the unconstrained and unconditioned RO mechanism (that upper-bounds
the GFT of RVWM on this edge). Therefore, in this case our Offering Mechanism achieves at least
the gains from trade of the RVWM mechanism on this edge (and therefore, on any alternating
cycle).

By corollary C.3, any other maximal alternating path of is not a cycle, and is a path starts or
ends with a buyer and an edge from M. We will assume w.l.o.g. that it start with a buyer and an
edge from M, and we consider such paths of even and odd numbers of edges separately. Note that
Corollary C.3 implies that there is no connected component that does not include at least one edge
from M, so by going over all connected components with at least two edges, we cover all the edges
of M.

If the number of edges in the path is even, by lemma 6.6, M matches every seller j in the
path to some buyer i, and for any such pair (4,7) it holds that j € M_;. By lemma 6.5 buyer 4
will trade with seller 5 in the BO Mechanism, so whenever the BO mechanism runs, the maximal
GFT (first best) of that connected component, which is at least the GFT of the M mechanism for
that connected component, will be obtained. The Offering Mechanism runs the BO mechanism is
probability 1/2, so in expectation it obtains at least 1/2 the GFT of M for this path.

We next consider the case that the number of edges in the path is odd and at least 3.5 Let the
path be A = (i1j1i2]2...ir—1jr—1irjr) for some L > 2. By lemma 6.6, for any [ € {1,2,...,L — 1}

it holds that j; € M_;,. Next, we use lemma 6.5 again. We consider two cases, using lemma 6.7.

o If b;, > b;, then i;, € M_;, . In this case all edges of M will each be traded with probability
at least 1/2 in the Offering Mechanisms, so in expectation it obtains at least 1/2 the GFT of

M in this path and thus also at least 1/2 the GFT of M} in this path A.

e If on the other hand b;; < b;, then GFTy(A\{iL,jr}) > GF Ty (A). Therefore, since every

5. As noted, if there is a single edge, it is only in M. We only need to cover edges in M7 .
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edge (i1, j;) for 1 € {1,2,..., L — 1} is traded with probability 1/2 in the Offering Mechanisms,
we have that in expectation the Offering Mechanism obtains in this path A at least 1/2 of the
GFT of M7 in this path A.

We conclude that the Offering Mechanisms obtains at least 1/2 the GFT that the RVWM
mechanism gets on M. Similar arguments show that the Offering Mechanisms obtains at least 1/2
the GFT of the RVWM mechanism gets on M. Thus the Offering Mechanisms, obtains at least
1/4 the total GFT of M and M;. The expected GFT of the RVWM mechanism is the average
GFT of M{ and of My. We conclude that the Offering Mechanisms obtains at least 1/2 the GFT
of the RVWM mechanism.

C.7 The Hybrid Mechanism for Matching Markets: Proofs

In this section, we prove theorem 6.8.

Ex-post IR, ex-post (direct trade) weakly budget balanced They directly come from the
fact that both the TR mechanism and Offering Mechanism are ex-post IR and ex-post (direct trade)

weakly budget balanced.

Bayesian IC Lemma C.8 proves that after combining the two mechanisms, the hybrid mechanism

is still a BIC mechanism.
Lemma C.8. The hybrid mechanism for matching markets is BIC.

Proof. We will prove that the Hybrid Mechanism is BIC for the seller. A similar argument holds
for the buyer. For each seller j with cost s;, suppose she misreports her cost to be s;- # s;. We
will show that taking expectation over other agents’ valuation profile b, s_;, the expected utility
of s; when reporting truthfully is at least the expected utility of seller j with true cost s; when

reporting s;.. We consider three cases:

e Iirst, consider the case where when seller j reports s;, then she is in the first-best and the

TR Mechanism is run. In this case, we note that if seller j misreports to s;-, then either the
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first-best is unchanged (and so the TR is still run) or j is no longer in the first-best. In the
former case, seller j does not profit since by theorem 6.6 the TR Mechanism is ex-post IC,

and in the latter case seller j does not profit as she gets utility 0.

Now, consider the case where when seller j reports s;, then she is in the first-best and the
Offering Mechanism is run with an offer on the edge (i, 7). Similarly to above, we note that
if j misreports to s;-, then either the first-best is unchanged (and so the Offering Mechanism
is still run) or j is no longer in the first-best, and has 0 utility. In particular, j cannot cause
the TR mechanism to run without getting 0 utility. Also note that for the same reason, for
every report of buyer i that keeps (7, j) in the first best, the Offering Mechanism is still run,
and so it is enough to show truthfulness of j in expectation over all such reports of buyer 1,
and we have shown precisely that in claim C.8 using lemma 6.1. So, we have that when j has
cost s; such that there exists b, s_; such that the Offering Mechanism is run with an offer
on the edge (7, 7), then in expectation over all such b, s_;, it is the case that s; cannot gain

from misreporting.

Finally, consider the case where when seller j reports s;, then she is not in the first-best. In
this case, regardless of the mechanism that is actually run when j reports s;, her outcome
reporting s; would have been the same under both mechanisms. So, since we have shown
that when j is not in the first-best, truthtelling is ex-post IC in both mechanisms, we have
that this implies that truthfulness is ex-post IC for seller j in the hybrid mechanism in this

case. OJ

Ex-post efficiency guarantee Whenever a(b,s) > 1/2, the hybrid mechanism run TR mecha-

nism. The ex-post guarantee directly comes from Claim C.3.

Ex-ante efficiency guarantee Let (b,s) be a profile. If a(b,s) > %, the hybrid mechanism runs

the Trading Reduction mechanism, which achieves at least 1/2-fraction of the first-best gains from

trade. This is at least 1/2-fraction the gains from trade of the RVWM mechanism. If a(b,s) < %,

the hybrid mechanism runs the Offering Mechanism, which by lemma 6.4 achieves at least a 1/2-
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fraction of the GFT of the RVWM mechanism for this profile. So, for any profile the hybrid
mechanism achieves at least a 1/2-fraction of the GFT of the RVWM mechanism for this profile,
and so by theorem 6.4, it achieves at least a /4-fraction of the GFT of the second-best mechanism,

as required.

Proof of corollary 6.2. Since (b,s) < a(b,s) (see the proof of corollary 6.1), we have that in this
case also a(b,s) > 1/2, and so the hybrid mechanism runs the TR mechanism for matching markets,

and so the claim following via corollary 6.1. O
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Appendix D
Missing Details from Chapter 7

D.1 Missing Details from Section 7.3

Proof of Lemma 7.2:
For every i,s, b;, define
I . . =1, 1 1,1
qi(bi,s) = (bl — Si) . %DI‘[Z esS (b,S)} -1 | F; (7_1) <s; <F; (*) .
Then we have that g;(b;,s) > 0 is non-decreasing in b;, as both b; — s; and the probability Pr,__.[i €
S*(b,s)] is non-decreasing in b;.

1

Since 6;; = E_l(Q%) and Pry, |b; > F; (2%)} = 1P, [bi > F; (2]%1)}, we have

Eyp, [¢i(bi,s) - 1 [b; > 055]] >qi(0i5,8) - IZT [b; > 0]

i

i

— 1,1
:qi(HZ-j,s) . fb)r {Fz (F) <b < 9ij:| (D.l)

1

J— 1
ZEbi [qi(bi,s) -1 l:FZ (F) <b < 923:|:| .

Thus we have
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]Eb,s [Z(bl — Si)+ . ]l[Z S S*(b, S) A E”]

—ZE;[ (bi,s) - [bizFfl(le_l)]]

<2 Ei, s [gi(birs) - 1[bi > 6;5]] (Inequality (D.1))

=2 IEb,s

> (bi—si)t - 1[i € S*(b,s) A By

7

<2 -Epgs Z(bl — Qij)Jr -1[i € S*(b,s) /\Eij]

7

+2- Eb,s [Z(@Z] - SZ‘)Jr . ]l[i € S*(b,s) /\Eij]

i
Moreover, we have

Ens | Y (b —0i)" - 1[i € S*(b,s)] - 1[Ey]

%

<Eps | (b — 0i;)" - Ls; < 0] - L[i € S*(b,s)]] (D.2)

i

SeF
L €S

SEb,s m&XZ{ b; — 92] 52 < 91]]}]

Similarly,

Eps | Y (05— si)" - 1[i € S*(b,s) A Ejj]

i

<Ebs

maXZ{ ij — Sz) -1[b; > Hij]}]

€S

IN

Proof of Lemma 7.3: For every i € [n] and j =1, ..., [log(2/r)], let Ej; be the event that Gz_l(Q%)

b < Gt (=) A si < Gy (2] r) and Egj be the event that G;l(%ﬂ) < b < G;l(yl,l) Asp <

G»_l(%). We have

)

Mog(2)]
@S ;1 Eb,s Zi(bi_si)+']l[l € S*(b,s)/\E;j] .
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Fix any j. For every 7, b, s;, define
qi(b, 82') = (bl — Si)+ . PI“[Z € S*(b,S)] -1 Gil(f.
5

Then we have that g;(b, s;) > 0 is non-increasing in s;. Since §;; = G;1(3) and Pry, [5; < G,_l(i.)] =

%Prs [SZSG (23 1)],We have

Esi [Qi(ba Si) -1 [32 < 923]] Z%(ba ezj) lif [Si < 9;]]
1
(b s, <y L
ZgEsi [Qz(b7 Sz) -1 [Sz < Gi (F) .

Thus we have

]Eb,s !Z(bl — 52’)+ . ]1[2 S S*(b7 S) VAN E;]]

i

= o)1 < 67 )]

<2 ZEb,Si [gi(b, si) - L[s; < 0] (Inequality D.3)

=2-Eps | Y _(bi—s:)" - 1[i € S*(b,s) N Ej}]

)

<2-Bue |y (b —0);)" - 1[i € 5*(b,s) A E]

i

+2-Eps [Z(% —si)" - 1li € S*(b,s) /\E;j]

i

Moreover, we have

/

Ebs | Y (bi—6;;)" - 1[i € S™(b,s)] - 1[E]}]

B |30~ 04)" s < 0] i € S*<b,s>1] (D.4)

SeF
L 1€S

<Eps maXZ{ 9/ T1fs g@%]}]

273



Similarly,

Ebs | (04 —si)* - 1[i € S*(b,s) A Ey]

(2

< Epg glgz {0 —s:)* - 1o > 0]}

i€S
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