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Abstract

In many multiagent settings, a decision must be made based on the preferences of
multiple agents, and agents may lie about their preferences if this is to their benefit.
In mechanism design, the goal is to design procedures (mechanisms) for making the
decision that work in spite of such strategic behavior, usually by making untruthful
behavior suboptimal. In automated mechanism design, the idea is to computationally
search through the space of feasible mechanisms, rather than to design them ana-
lytically by hand. Unfortunately, the most straightforward approach to automated
mechanism design does not scale to large instances, because it requires searching over
a very large space of possible functions. In this dissertation, we adopt an approach
to automated mechanism design that is computationally feasible. Instead of opti-
mizing over all feasible mechanisms, we carefully choose a parameterized subfamily
of mechanisms. Then we optimize over mechanisms within this family. Finally, we
analyze whether and to what extent the resulting mechanism is suboptimal outside
the subfamily. We apply (computationally feasible) automated mechanism design to
three resource allocation mechanism design problems: mechanisms that redistribute
revenue, mechanisms that involve no payments at all, and mechanisms that guard

against false-name manipulation.
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1

Introduction

In the past decade, computer scientists have been increasingly focusing on interdisci-
plinary topics that lie in the intersection of computer science and economics, in large
part because the development of the Internet has led to novel and influential elec-
tronic markets, accompanied by new computing challenges. For example, keyword
auctions (Internet advertisement auctions), such as Google AdWords and Yahoo!
Sponsored Search, form a multi-billion dollar industry in rapid growth. Their unique
features, including their computational aspects, distinguish them from traditional
auctions, thus calling for new auction protocols [74]. On the other hand, existing
markets have also benefited from the development of computing. For example, com-
binatorial auctions [40] allow market participants to express richer preferences (e.g.,
“I want either product A or product B, but not both”) than traditional auctions,
which greatly increases economic efficiency when matching buyers and sellers. Be-
sides applications on Wall Street (e.g., conditional contracts), combinatorial auctions
have also been used for spectrum auctions, airport takeoff and landing slot auctions,
supply chain auctions, and many others. These combinatorial auctions, as well as

many other novel market protocols, are made possible by modern computers and



algorithms.

This dissertation studies the problem of designing new protocols, often called
mechanisms, that implement desirable social decisions in systems involving multiple
agents. Our main focus is on designing new mechanisms, specifically, new resource
allocation mechanisms, with the help of computational techniques. We also address

mechanism design problems that arise specifically in computer science domains.
1.1 Mechanism Design Preliminaries

Mechanism design deals with making social decisions in systems involving multiple
agents. A typical setting in mechanism design is given by the following. There is a
set of agents I = {1,2,...,n}, and a set of possible outcomes O (social decisions).
For example, in resource allocation problems, an outcome specifies who wins which
resources. We generally assume that the agents are rational in a game-theoretic
sense, and that each agent’s preferences are private information for that agent. Let
© be the space of all possible types that agents may have, where agent ¢’s type 6;
contains all of agent 7’s private information. For example, in a single-item auction,
agent i’s type #; is a nonnegative real value, which is ¢’s valuation for winning the only
item. In a combinatorial auction [40] in which a set of items S are simultaneously
for sale, in general, 6; consists of 2/°/ — 1 nonnegative real numbers, where each
number represents the valuation for receiving a certain nonempty bundle (subset) of
the items. Often, the type space is assumed to be more restricted. For example, if
each agent is only interested in a single bundle (that is, agents are single-minded),
then a type 6 consists of a pair (S’,z), where S’ is the bundle that the agent is
interested in, and her valuation equals x if the bundle she wins contains S’ (and
her valuation is 0 otherwise). Another special case is a multi-unit auction, in which
m indistinguishable items are for sale (equivalently, there are multiple units of the
same item for sale). Here, a type consists of m nonnegative real numbers, where the

2



jth number indicates the value for obtaining j units. A special case is a multi-unit
auction with unit demand, in which each agent wants to obtain only one unit—that
is, all m numbers are always the same, so a type effectively consists of a single
number. As is common, we assume that preferences are quasi-linear, that is, agent
i’s utility equals to her valuation for the items that she wins, minus her payment (in
settings where payments are allowed).

We generally focus on direct-revelation mechanisms, in which each agent makes
a report 6; € © of her preferences to the mechanism, which then makes the decision
based on these reported types. Hence, a mechanism is a function f : 0" — O. (If
randomized mechanisms are allowed, then a mechanism is a function f : ©" — A(O),
where A(O) are the probability distributions over O.) In settings where payments
are allowed, a mechanism also needs to specify how much each agent pays. That is,
in these settings, a mechanism is determined by both an allocation function f and
a payment function p (p = (p1,p2,...,pn) : ©" — R"). When an agent reports,
she may lie so that her reported type may not be exactly 6;. By a result known as
the revelation principle [49, 51, 85, 86], we can restrict attention to direct-revelation
mechanisms that incentivize truthful reporting.

Let w;(60;,0) be the valuation that agent i obtains if she has true type 6; and the
outcome is 0. According to the quasi-linear assumption, agent ¢’s utility equals her
valuation minus her payment.

A mechanism is strategy-proof if each agent is best off reporting her type truth-
fully, no matter what her type is and no matter what the other agents report. That

is, for all (0y,...,60,) € ©" and all 6, € O,

uz(Gl,f(Gl,,91,,9n))—p2(91,,91,,9n) Z

~ ~

UZ(QZ, f(@l, PN ,0,‘7 c. ,Hn)) - p,(&z, PN ,91‘, PN 7071)
A mechanism is efficient if its outcome always maximizes the agents’ total valu-

3



ation. That is, for all (64,...,0,) € O",

f(bq,...,0,) € arg mgxx{z u;(0;,0)}.

A mechanism is (ex post) individually rational (IR) if each agent’s utility is al-
ways nonnegative (as long as she reports truthfully), so that participating is always

optimal. That is, for all (6y,...,6,) € O, for all i,
uz(é’l,f(é’l,,ﬁz,,ﬁn)) —pi(Ql,...,é’i,...,Qn) Z 0.

A mechanism is (strongly) budget balanced if the agents’ total payment is always

0. That is, for all (0y,...,0,) € O™,

> pilOr,. . 0., 0,) =0,

A mechanism is non-deficit if the agents’ total payment is always at least 0. That

is, for all (0y,...,6,) € O™,

> pilbr,...0;,. .. 0,) > 0.

Perhaps the most famous mechanism is the Vickrey-Clarke-Groves (VCG) mech-
anism [103, 25, 52]. This mechanism chooses an outcome o* that maximizes the
agents’ total valuation, that is, o* € argmax,{> ,u;(#;,0)}. That is, the mecha-
nism is efficient. Then, to determine agent i’s payment, it computes an outcome
o*, that would have been optimal if agent ¢ had not been present, that is, o*, €
argmax,{);; u;(0;,0)}. Finally, it determines agent i’s payment as >, u;(6;, 0" ;) —
> j2ij(05,0%). That is, agent i pays how much she “hurts” the other agents by her
presence. This mechanism is well-known to be strategy-proof and efficient. Under

certain minimal assumptions, it is also individually rational and non-deficit.



The goal of mechanism design is to design a mechanism that satisfies a set of de-
sired properties, and performs well according to some objective. Example objectives
include maximizing expected/worst-case social welfare (sum of the agents’ utilities)
as well as maximizing expected/worst-case revenue (total payment collected from

the agents by the mechanism).
1.2 Automated Mechanism Design

Traditionally, economists have designed mechanisms manually, based on analytical
techniques. This has resulted in many good mechanisms, such as the VCG mecha-
nism. However, there are many different variants of the mechanism design problem,
depending on the specific desired properties and objective, and many of these variants
remain unsolved. Often, they correspond to very difficult optimization problems, and
the solutions can take very complex forms.

This is where automated mechanism design can be of help. The first precise gen-
eral formulation of the automated mechanism design problem was given by Conitzer
and Sandholm [30]. The basic idea is to solve for the function f as a constrained
optimization problem, where the desired properties (e.g., strategy-proofness, IR) cor-
respond to the constraints in the optimization, and the objective (e.g., social welfare,
revenue) corresponds to the objective in the optimization.

To illustrate the framework, suppose that we have a prior distribution p for the
true type vector of the agents, p : ©" — [0, 1]. For simplicity, let us for now assume
that we are dealing with a setting where payments are not allowed. That is, u;(6, o)
is the utility that agent ¢ obtains if she has true type 6 and the outcome is o. Finally,
suppose (for the sake of example) that strategy-proofness is the only desired property,
we want the mechanism to be deterministic, and we aim to maximize expected social

welfare. We obtain the following general formulation:



Variable function: f: 0" — O

— —

Maximize ) 5 o. p(0) > o1, ui(6;, f(6)) (expected social welfare)

Subject to: Vi € {1,2,...,n}, g e o™, 0. € O,

—

wi(0, f(0)) > uwi(0;, f(O1,...,0;-1,0,0;11,...,0,)) (strategy-proofness)

A key problem is that this is a problem of optimizing a function. Perhaps the
most basic approach to solving such problems is the one explored in a sequence of
papers by Conitzer and Sandholm [30, 32, 31, 34] (an overview can be found in a
chapter by Conitzer [27]); it works as follows. If the type space © and the outcome
space O are finite, and we allow for randomized mechanisms, then it is possible
to write the optimization problem as a linear program: this is done by defining a
probability variable pf(o|§) for each §# € ©" and 0 € O. For the case where we
require a deterministic mechanism, we can add the constraint that each of these
probabilities must be in {0,1} to obtain an integer program (in the deterministic
case, the problem is generally NP-hard even with one agent). Still, the scalability of
this approach is very limited. One reason is that both the number of variables and
the number of constraints are exponential in n. Another problem is that type spaces
are generally not finite and require discretization for this approach to work. For small
instances, this approach is feasible, and the solutions to these small instances will
sometimes allow us to conjecture more general results, but generally the limitations

on scalability are too constraining.
1.3 Previous Research on Automated Mechanism Design

Since proposed, the principle of automated mechanism design (broadly interpreted)
has been applied to various settings. Constantin and Parkes [37] applied automated
mechanism design to the problem of designing revenue-optimal dynamic single-item

auctions with interdependent-value agents. Their (mixed-integer programming) for-



mulation turned out to be computationally feasible under several assumptions, in-
cluding that the number of agents is small, and the type space is small (coarse
discretization). Jurca and Faltings [71] applied automated mechanism design to com-
pute the minimum payments that make a reputation mechanism incentive-compatible.
In their model, when designing such mechanisms, we only need to consider two agents
at a time. That is, in this particular problem, as long as the type space is small,
the automated mechanism design process is computationally feasible. Bhattacharya
et al. [12] applied automated mechanism design to solve for revenue-maximizing
multi-item auctions with budget constrained agents. They relied on linear program
relaxations to derive upper bounds on performance, and used rounding schemes to
construct feasible mechanisms whose performances approximate the obtained upper
bounds. Hyafil and Boutilier [68] studied mechanisms that only require partial reve-
lation of preferences from agents. They discussed how to use direct AMD to design
such mechanisms. Sandholm et al. [98] applied automated mechanism design to the
design of multistage mechanisms. Here, they also do not require complete revelation
of preferences from agents. Instead, agents are queried sequentially, and only about
information that is relevant given previous query responses. Automated mechanism
design has also been applied to the online mechanism design problem [62] and to an-
alyze existing mechanism design theorems (Arrow’s Impossibility Theorem [79] and
the Myerson-Satterthwaite Impossibility Theorem [88]).

Automated mechanism design has also been used for optimizing over specific fam-
ilies of parameterized mechanisms. For example, Likhodedov and Sandholm [78, 77]
studied the problem of constructing revenue-maximizing combinatorial auctions.
They focused their attention on the family of Affine Mazimizer Auctions and the
family of Virtual Valuations Combinatorial Auctions. Mechanisms inside these two
families are characterized by a set of parameters. They proposed several algorithms
for searching for the optimal values for the parameters. Likhodedov and Sand-

7



holm [76] studied the problem of designing efficiency-maximizing multi-unit auctions,
subject to a minimal revenue constraint. They showed that the optimal mechanism
belongs to a family of mechanisms parameterized by a single parameter, and gave
a binary search algorithm for identifying the optimal parameter. Sandholm and
Gilpin [99] studied a special kind of mechanisms that consist of sequences of take-it-
or-leave-it offers. These mechanisms form a mechanism family parameterized by the
“offers”. They evaluated mechanisms based on equilibrium analysis, and proposed
an algorithm for optimizing the parameters (offers). Vorobeychik et al. [105] focused
on the family of Shared-Good Auctions. Fach mechanism within the family is char-
acterized by two parameters. For different objectives, they searched for the optimal
shared-good auctions within the family. There is also a series of papers on simul-
taneously optimizing for parameters of the non-strategy-proof mechanisms and the
agents’ equilibrium strategies [26, 93, 18, 104, 80]. Our approach in this dissertation
is also based on the idea of optimizing over families of parameterized mechanisms.
Another line of research called heuristic mechanism design also deals with de-
signing mechanisms with the help of computation [92, 38, 91]. Unlike in automated
mechanism design where the problem of designing mechanisms is treated as an op-
timization problem, in heuristic mechanism design, we start from a heuristic mech-
anism (a mechanism that we expect to perform reasonably well), then we rely on
computation to modify the heuristic mechanism so that it becomes truthful — a
process that is called self-correction/output ironing. An approach that is similar to
heuristic mechanism design is incremental mechanism design, which was proposed by
Conitzer and Sandholm [36]. In incremental mechanism design, we start with a naive
mechanism that is manipulable, and then incrementally make it more strategy-proof

over iterations.



1.4 Computationally Feasible Automated Mechanism Design

To address the scalability issue of automated mechanism design, we adopt the fol-
lowing approach in this dissertation. We call this approach computationally feasible

automated mechanism design (CFAMD).

e For a specific setting, let € denote the set of all feasible mechanisms.!

e Instead of optimizing over 2 directly, we first choose a suitable subfamily
Q' C Q based on analytical considerations, where the mechanisms in €' can
be parameterized using k parameters, so that a vector (cy,...,cx) defines a

mechanism fe, ¢, .. € .
e We then optimize over (cy, ..., c;), which is generally a much easier problem.?

e Finally, we analytically study the suboptimality of the resulting mechanism in

the full set €.

Unlike in the more basic automated mechanism design approach described earlier,
this approach requires significant human input: we need to find a good subfamily
) as well as a formulation/algorithm for optimizing over this subfamily, and in the
end we need to analyze the suboptimality of the resulting mechanism by hand. From
the perspective of artificial intelligence, it may be disappointing that the approach
requires so much domain-specific expertise from humans. On the other hand, we

have been much more successful at contributing new results to microeconomic theory

I Throughout this dissertation, we only consider truthful mechanisms. That is, feasibility includes
truthfulness.

2 As discussed in the previous section, there have been some previous automated mechanism

design papers that optimize over a parameterized family (notably, [78, 77, 76, 99, 105]), and that
also have other aspects in common with the CFAMD approach layed out here—for example, some
of these papers give some analytical justification for the class of mechanisms that they consider.
Therefore, we certainly do not claim to be the first to use some of these ideas. However, to our
knowledge, we are the first to lay out this general CFAMD approach in the abstract.



with this human-machine interactive approach, so we believe that at this point, this
is the best way in which artificial intelligence can make contributions to the theory
of mechanism design.

The key step is choosing . If €' is too restrictive, then even if we find the optimal
mechanism in it, its performance will be too suboptimal. If 2’ is too general, then the
optimization problem becomes too difficult again. That is, we want {2’ to be general
enough that an (almost) optimal mechanism exists in ', and Q' to be specific enough
that we know how to optimize over its parameters. Of course, choosing a good ¢
is not as simple as doing a binary search on the specificity-generality spectrum: an
unfortunate choice may result in an €’ that is difficult to optimize over and still does
not produce good mechanisms!®> The point is that there is some “art” involved in

choosing a good €V'.
1.5 Contribution and Organization

My dissertation statement is that the CFAMD approach can be successfully employed
to discover new results in the theory of mechanism design.

In Section 1.4, we formalized the CFAMD approach. This section is based on
[57].

In Chapter 2, we apply CFAMD to the problem of designing resource allocation
mechanisms that redistribute their revenue back to the agents. For allocation prob-
lems with one or more items, the well-known Vickrey-Clarke-Groves (VCG) mecha-
nism (aka. Clarke mechanism, Generalized Vickrey Auction) as introduced in Sec-
tion 1.1 is efficient, strategy-proof, individually rational, and does not incur a deficit.
However, it is not (strongly) budget balanced: generally, the agents’ payments will

sum to more than 0. In this chapter, we study mechanisms that redistribute some of

3 Tt should be noted that our approach is subject to the analytical bottleneck as specified in [91].
That is, sometimes, we may not be able to find a good €V'.
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the VCG payments back to the agents, while maintaining the desirable properties of
the VCG mechanism. Below is a detailed description of this chapter’s contribution

and organization:

e Section 2.1: We study the problem of designing VCG redistribution mecha-
nisms that redistribute the most in the worst case. For auctions with multiple
indistinguishable units in which marginal values are nonincreasing, we derive a
mechanism that is optimal in this sense. We also derive an optimal mechanism
for the case where we drop the non-deficit requirement. Finally, we show that
if marginal values are not required to be nonincreasing, then the original VCG

mechanism is worst-case optimal. This section is based on [56].

e Section 2.2: We study the problem of designing VCG redistribution mecha-
nisms that redistribute the most in expectation when prior distributions over
the agents’ valuations are available. For auctions with multiple indistinguish-
able units in which each agent is only interested in one unit, we analytically
derive a mechanism that is optimal among linear redistribution mechanisms.
We also propose discretized redistribution mechanisms. We show how to auto-
matically solve for the optimal discretized redistribution mechanism for a given
discretization step size, and show that the resulting mechanisms converge to op-
timality as the step size goes to zero. We present experimental results showing
that for auctions with many bidders, the optimal linear redistribution mech-
anism redistributes almost everything, whereas for auctions with few bidders,
we can solve for the optimal discretized redistribution mechanism with a very
small step size. We then generalize our setting to auctions with multiple indis-
tinguishable units in which marginal values are nonincreasing. We extend the
notion of linear redistribution mechanisms to this more general setting. We

introduce a linear program for finding the optimal linear redistribution mech-
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anism. Since this linear program is unwieldy, we also introduce one simplified
linear program that produces relatively good linear redistribution mechanisms.
Finally, we conjecture an analytical solution for the simplified linear program.

This section is based on [59].

e Section 2.3: We study the problem of designing mechanisms whose redistri-
bution functions are undominated in the sense that no other mechanisms can
always perform as well, and sometimes better. (Here, ”always” means for every
profile of types.) We introduce two measures for comparing two VCG redis-
tribution mechanisms with respect to how well off they make the agents. We
say a non-deficit VCG redistribution mechanism is individually undominated
if there exists no other non-deficit VCG redistribution mechanism that always
has a larger or equal redistribution for each agent. We say a non-deficit VCG
redistribution mechanism is collectively undominated if there exists no other
non-deficit VCG redistribution mechanism that always has a larger or equal
sum of redistributions. We study the question of finding maximal elements in
the space of non-deficit redistribution mechanisms, with respect to the partial
orders induced by both measures. For the first measure, we give a character-
ization of all individually undominated VCG redistribution mechanisms, and
propose two techniques for generating individually undominated mechanisms
based on known individually dominated mechanisms. Experimental results
show that these techniques can significantly increase the agents’ utilities. For
the second measure, we characterize all collectively undominated VCG redis-
tribution mechanisms that are anonymous and have linear payment functions,
for auctions with multiple indistinguishable units, where each agent is only

interested in a single copy of the unit. This section is based on [55, 3].1

4 3] is joint work with Krzysztof Apt and Evangelos Markakis. This dissertation does not contain
materialsthat were contributed by Apt or Markakis.
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e Section 2.4: We study the problem of designing the allocation rule together
with the redistribution scheme, allowing for the allocation to be inefficient. We
notice that sometimes even the optimal VCG redistribution mechanism results
in a low total utility for the agents, even though the items are allocated effi-
ciently. We further notice that by allocating inefficiently, more payment can
sometimes be redistributed, so that the net effect is an increase in the sum of
the agents’ utilities. Our objective is to design mechanisms that are competi-
tive with the first-best allocation. We define linear allocation mechanisms. We
propose an optimization model for simultaneously finding an allocation mecha-
nism and a payment redistribution rule which together are optimal, given that
the allocation mechanism is required to be either one of, or a mixture of, a
finite set of specified linear allocation mechanisms. Finally, we propose sev-
eral specific (linear) mechanisms that are based on burning items, excluding
agents, and (most generally) partitioning the items and agents into groups. We
show or conjecture that these mechanisms are optimal among various classes

of mechanisms. This section is based on [54].

In Chapter 3, we apply CFAMD to the problem of designing resource allocation
mechanisms that do not rely on payments at all. This is useful in settings where
no currency has (yet) been established (as may be the case, for example, in a peer-
to-peer network, as well as in many other multiagent systems); or where payments
are prohibited by law; or where payments are otherwise inconvenient. Below is a

detailed description of this chapter’s contribution and organization:

e Section 3.1: We study the problem of allocating a single item repeatedly among
multiple competing agents, in an environment where monetary transfers are
not possible. We design (Bayes-Nash) incentive compatible mechanisms that

do not rely on payments, with the goal of maximizing expected social welfare.
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We first focus on the case of two agents. We introduce an artificial payment
system, which enables us to construct repeated allocation mechanisms without
payments based on one-shot allocation mechanisms with payments. Under cer-
tain restrictions on the discount factor, we propose several repeated allocation
mechanisms based on artificial payments. For the simple model in which the
agents’ valuations are either high or low, the mechanism we propose is 0.94-
competitive against the optimal allocation mechanism with payments. For
the general case of any prior distribution, the mechanism we propose is 0.85-
competitive. We generalize the mechanism to cases of three or more agents. For
any number of agents, the mechanism we obtain is at least 0.75-competitive.
The obtained competitive ratios imply that for repeated allocation, artificial
payments may be used to replace real monetary payments, without incurring

too much loss in social welfare. This section is based on [61].5

e Section 3.2: We investigate the problem of allocating items among compet-
ing agents in a (single-round) setting that is both prior-free and payment-free.
Specifically, we focus on allocating multiple heterogeneous items between two
agents with additive valuation functions. Our objective is to design strategy-
proof mechanisms that are competitive against the most efficient (first-best) al-
location. We introduce the family of linear increasing-price (LIP) mechanisms.
The LIP mechanisms are strategy-proof, prior-free, and payment-free, and they
are exactly the increasing-price mechanisms satisfying a strong responsiveness
property. We show how to solve for competitive mechanisms within the LIP
family. For the case of two items, we find a LIP mechanism whose competi-
tive ratio is near optimal (the achieved competitive ratio is 0.828, while any

strategy-proof mechanism is at most 0.841-competitive). As the number of

5 [61] is joint work with Daniel Reeves. This dissertation does not contain materials that were
contributed by Reeves.
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items goes to infinity, we prove a negative result that any increasing-price
mechanism (linear or nonlinear) has a maximal competitive ratio of 0.5. Our
results imply that in some cases, it is possible to design good allocation mech-

anisms without payments and without priors. This section is based on [60].

In Chapter 4, we study the following manipulation in Internet auctions: an agent
can submit multiple false-name bids, but then, once the allocation and payments have
been decided, withdraw some of her false-name identities (have some of her false-
name identities refuse to pay). While these withdrawn identities will not obtain the
items they won, their initial presence may have been beneficial to the agent’s other
identities. We define a mechanism to be false-name-proof with withdrawal (FNPW)
if the aforementioned manipulation is never beneficial. We first give a necessary and
sufficient condition on the type space for the VCG mechanism to be FNPW. We then
characterize both the payment rules and the allocation rules of FNPW mechanisms
in general combinatorial auctions. Based on the characterization of the payment
rules, we derive a condition that is sufficient for a mechanism to be FNPW. We also
propose the mazimum marginal value item pricing (MMVIP) mechanism. We show
that MMVIP is FNPW and exhibit some of its desirable properties. We then propose
an automated mechanism design technique that transforms any feasible mechanism
into an FNPW mechanism, and prove some basic properties about this technique.
Toward the end, we prove a strict upper bound on the worst-case efficiency ratio of
FNPW mechanisms. We conclude with a characterization of FNP(W) social choice
rules. This chapter is based on [58].

Finally, in Chapter 5, we discuss future research and conclude.
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2

Redistribution Mechanisms

Many important problems in multiagent systems can be seen as resource allocation
problems. One natural way of allocating resources among agents is to auction off
the items. An allocation mechanism (or auction) takes as input the agents’ reported
valuations for the items, and as output produces an allocation of the items to the
agents, as well as payments to be made by or to the agents. As was defined in
Section 1.1, a mechanism is strategy-proof if it is a dominant strategy for the agents
to report their true valuations—that is, regardless of what the other agents do, an
agent is best off reporting her true valuation. A mechanism is efficient if it always
chooses an allocation that maximizes the sum of the agents’ valuations (aka. the
social welfare).

The well-known VCG (Vickrey-Clarke-Groves) mechanism [103, 25, 52] is both
strategy-proof and efficient.! In fact, in sufficiently general settings, the wider but

closely related class of Groves mechanisms coincides exactly with the class of mech-

1 We use the term “VCG mechanism” to refer to the Clarke mechanism. Sometimes people refer
to the wider class of Groves mechanisms as “VCG mechanisms,” but we will avoid this usage in
this chapter. In fact, the mechanisms proposed in this chapter fall within the class of Groves
mechanisms.
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anisms that satisfy both properties [51, 65]. The VCG mechanism has an additional
nice property, which is that it satisfies the non-deficit property (in allocation set-
tings), which means that the mechanism does not need to be subsidized by an outside
party. However, the VCG mechanism does not satisfy the non-deficit constraint—
generally value flows out of the system of agents, in the form of VCG payments. In
the context of auctions, often, this is not seen as a problem for the sake of maxi-
mizing the agents’ welfare (the agents’ total utility): the idea is that the payments
are collected by the seller of the items, who is just another agent, so that nothing
goes to waste. However, this reasoning does not apply to many multiagent settings;
in particular, it does not apply to settings in which there is no seller who is sepa-
rate from the agents. For example, consider the problem of dissolving a partnership:
suppose there is a group of agents who have started a company together, but due to
personal disagreements can no longer work together, so that it becomes essential to
allocate the (currently jointly owned) company to just one of the agents. While it
makes sense to auction off the company among the agents, ideally, the revenue of this
auction is then distributed among the agents themselves—if the revenue leaves the
system of the agents, their welfare is reduced. Similarly, the agents may be deciding
how to allocate a resource that is not claimed by anyone—for example, the agents
may have jointly discovered a valuable commodity (say, an oil field) in unclaimed
territory, which they now need to allocate to the one of them that can make the
best use of it. Finally, the agents may have a jointly owned resource (say, a powerful
computer) that can only be used by one agent on any given day, and may wish to
use an auction to determine which agent gets to use it today. In all these cases,
any payment that is not redistributed to the agents truly goes to waste. Hence, to
maximize social welfare (taking payments into account), we would prefer a budget
balanced mechanism to one that merely achieves the non-deficit property (assuming

both are efficient). Unfortunately, it is impossible to achieve budget balance together
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with strategy-proofness and efficiency [67, 51, 87].% Incidentally, while these types of
setting are perhaps not what one typically has in mind when considering “auctions”
in the common sense of the word, the fact that we use auctions does not signifi-
cantly limit the generality of our approach. Effectively, we just use “auctions” as a
convenient word to describe resource allocation mechanisms that use payments.
Previous research has sacrificed either strategy-proofness or efficiency to achieve
budget balance [46, 90, 45]. Another approach is to allocate the items according to
the VCG mechanism, and then to redistribute as much of the total VCG payment
as possible back to the agents, in a way that does not affect the desirable properties
of the VCG mechanism. Several papers have pursued this idea and proposed some
natural redistribution mechanisms [8, 94, 20]. For example, in the Bailey mecha-
nism [8], each agent receives a redistribution payment that equals 1/n times the
VCG revenue that would result if this agent were removed from the auction. In the
Cavallo mechanism [20], each agent receives a redistribution payment that equals
1/n times the minimal VCG revenue that can be obtained by changing this agent’s
own bid. For revenue monotonic settings,® Bailey’s and Cavallo’s mechanisms coin-
cide; in this case we refer to this mechanism as the Bailey-Cavallo mechanism. As
an example, in the special case of a single-item auction, under the Bailey-Cavallo
mechanism, an agent’s redistribution payment is 1/n times the second-highest bid

among other agents’ bids. That is, the agent with the highest bid wins and pays

2 The dAGVA mechanism [41] is efficient, (strongly) budget balanced, and Bayes-Nash incentive
compatible, which means that if each agent’s belief over the other agents’ valuations is the distribu-
tion that results from conditioning the (common) prior distribution over valuations on the agent’s
own valuation, and other agents bid truthfully, then the agent is best off (in expectation) bidding
truthfully. In practice, it is somewhat unreasonable to assume that agents’ beliefs are so consistent
with each other and with the mechanism designer’s belief, so we use the much stronger and more
common notion of dominant-strategies incentive compatibility (strategy-proofness) in this chapter.

3 Tt is well-known that for general valuations, the VCG mechanism does not satisfy this revenue
monotonicity criterion [7, 35, 108, 110, 111] (this is in fact true for a much wider class of mech-
anisms [96]). However, with restricted valuations, such as the ones considered in this chapter,
revenue monotonicity often holds.
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the second-highest bid, as in a second-price sealed-bid (Vickrey) auction; then, the
agents with the highest and the second-highest bids each receive a redistribution
payment of vs/n, where vz is the third-highest bid; and the remaining agents each
receive a redistribution payment of vs/n, where vy is the second-highest bid. Hence,
the total redistributed is 2v3/n+ (n —2)vy/n < nvy/n = vy. That is, there is never a
deficit. Other desirable properties of the VCG mechanism are also maintained by the
above mechanism. For example, because an agent’s redistribution does not depend
on her own bid, the agents’ incentives are not affected by the redistribution step.
That is, the above mechanism maintains strategy-proofness.

In this chapter, we extend the idea behind the Bailey-Cavallo mechanism. We
aim to design optimal redistribution mechanisms. In Section 2.1, we study the prob-
lem of designing VCG redistribution mechanisms that redistribute the most in the
worst case. In Section 2.2, we study the problem of designing VCG redistribution
mechanisms that redistribute the most in ezpectation. In Section 2.3, we study the
problem of designing mechanisms whose redistribution functions are undominated in
the sense that no other mechanisms can always perform as well as, and sometimes
better. Finally, in Section 2.4, we study the problem of designing allocation rule
together with the redistribution scheme, allowing for the allocation to be inefficient.
Most of the results in this chapter are obtained based on the computationally feasible

automated mechanism design approach.
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2.1  Worst-Case Optimal Redistribution of VCG Payments

In this section, we study the problem of designing VCG redistribution mechanisms
that redistribute the most in the worst case. We mainly focus on allocation settings
where there are multiple indistinguishable units of a single good, and each agent’s
valuation function is concave—that is, agents have nonincreasing marginal values.
The settings we consider here are revenue monotonic. That is, in our settings, Cav-
allo’s mechanism and Bailey’s mechanism coincide.*

From Subsection 2.1.1 to Subsection 2.1.8, we consider a slightly simpler setting
where all agents have unit demand, i.e. they want only a single unit. We propose
the family of linear VCG redistribution mechanisms. All mechanisms in this family
are efficient, strategy-proof, individually rational, and never incur a deficit. The
family includes the Bailey-Cavallo mechanism as a special case (with the caveat
that Bailey’s and Cavallo’s mechanisms can be applied in more general settings).
We then provide an optimization model for finding the optimal mechanism inside
the family, based on worst-case analysis. We convert this optimization model into
a linear program. Both numerical and analytical solutions of this linear program
are provided, and the resulting mechanism shows significant improvement over the
Bailey-Cavallo mechanism (in the worst case). For example, for the problem of
allocating a single unit, when the number of agents is 10, the resulting mechanism
always redistributes more than 98% of the total VCG payment back to the agents
(whereas the Bailey-Cavallo mechanism redistributes only 80% in the worst case).
Finally, we prove that this mechanism is in fact optimal among all mechanisms (even
nonlinear ones) that satisfy the desirable properties.

Around the same time, the same mechanism (in the unit demand setting only)

4 When there is only a single unit, the same mechanism has also been proposed by Porter et
al. [94].
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has been independently derived by Moulin [84].> Moulin actually pursues a different
objective (also based on worst-case analysis): whereas our objective is to maximize
the fraction of VCG payments that are redistributed, Moulin tries to minimize the
overall payments from agents as a fraction of efficiency. It turns out that the result-
ing mechanisms are the same. However, for our objective, the optimal mechanism
does not change even if the individual rationality requirement is dropped, while for
Moulin’s objective, dropping individual rationality does change the optimal mecha-
nism (but only if there are multiple units).

In Subsection 2.1.8, we drop the non-deficit requirement and solve for the mech-
anism that is as close to budget balance as possible (in the worst case). This mech-
anism is in fact closer to budget balance than the best non-deficit mechanism.b

In Subsection 2.1.9, we consider the more general setting where the agents do
not necessarily have unit demand, but have nonincreasing marginal values. We gen-
eralize the optimal redistribution mechanism to this setting (both with and without
the individual rationality constraint, and both with or without the non-deficit con-
straint). In each case, the worst-case performance is the same as for the unit demand
setting.

Finally, in Subsection 2.1.10, we consider multi-unit auctions without restrictions
on the agents’ valuations—marginal values may increase. Here, we show a negative
result: when there are at least two units, no redistribution mechanism performs

better (in the worst case) than the original VCG mechanism (redistributing nothing).
2.1.1 Formalization

From this subsection to Subsection 2.1.8, we consider only the unit demand setting.

Let n denote the number of agents, and let m denote the number of units. At the

5 We thank Rakesh Vohra for pointing us to Moulin’s paper.

6 Moulin [84] also notes that dropping the non-deficit requirement can bring us closer to budget
balance, but does not solve for the optimal mechanism.
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moment, we only consider the case where m < n (otherwise the problem becomes
trivial in the unit demand setting). We also assume that m and n are always known.
This assumption is not harmful: in environments where anyone can join the auction,
running a redistribution mechanism is typically not a good idea anyway, because
everyone would want to join to collect part of the redistribution.

In the unit demand setting, an agent’s marginal value for any unit after the first
is zero. Hence, the agent’s type corresponds to a single value, which is her valuation
for having at least one unit.

Let the set of agents be I = {1,2,...,n}. Since in the unit demand setting,
an agent’s type corresponds to a single value, we simply use v; to denote agent ’s
type, where v; is agent ¢’s valuation for having at least one unit. Without loss of
generality, we assume agent 7 is the agent with the ¢th highest type v;. That is, we
have vy > vy > ... > v, > 0. Throughout this chapter, we only consider strategy-
proof mechanisms. Therefore, v; is both agent i’s true type and reported type.

Under the VCG mechanism, each agent among 1,...,m wins a unit, and pays
U4 for this unit. Thus, the total VCG payment equals muv,, 1. When m = 1, this
is the second-price or Vickrey auction.

We modify the mechanism as follows. After running the original VCG mechanism,
agent i receives some redistribution amount z; (agent i’s redistribution payment). We
do not allow z; to depend on v;; because of this, agent i’s incentives are unaffected

by this redistribution payment, and the mechanism remains strategy-proof.
2.1.2  Linear VCG Redistribution Mechanisms

We are now ready to introduce the family of linear VCG redistribution mechanisms.
Such a mechanism is defined by a vector of constants cg,cq,...,¢,_1. The amount
that the mechanism returns to agent ¢ is z; = cog+c1v1 +Covo+. ..+ ¢ 101+ ¢V 11+

...+ cnqv,. That is, an agent receives ¢y, plus ¢; times the highest bid other than
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the agent’s own bid, plus ¢y times the second-highest other bid, etc. The mechanism
is strategy-proof, because for all i, z; is independent of v;. Also, the mechanism is
anonymous and efficient.

It is helpful to see the entire list of redistribution payments:
21 = Cop+ ClU + CoU3 + C3Ug + ... + Cp2oUp_1 + Cp_1VUy,
29 =Co+ClU1 + CoUg +C3U4 + ...+ Cp_2Up_1 + Cr_1Up
23 = Co+ ClU] + CoUy +C3Ugy + ... + CpoUp_1 + Cp_1Vy,

Z4 = Co+ C1U1 + CoUy + C3U3 + ...+ Cr2Up—1 + Cr1Up

Zi=Cy+Clu1 +CoUy + ...+ C_1V;_1 + CiUit1 + ...+ Ch1Uy

Zn—2 = Cg + C1V1 + CoU2 + C3V3 + ... + Cr—2Up_1 + Cp_1Un

Zn_1 = Co + C1V1 + CoV3 + C3V3 + ...+ Cp_2oUp_9 + Cp_1Up

Zn = Co + C1U1 + CoUy + C3V3 + ... + Cp—2VUp—2 + Cp—1Un—1

Not all choices of the constants ¢y, . . ., ¢,_1 produce a mechanism that is individually
rational, and not all choices of the constants produce a mechanism that never incurs
a deficit. Hence, to obtain these properties, we need to place some constraints on
the constants.

To satisfy the individual rationality criterion, each agent’s utility should always
be nonnegative. An agent that does not win a unit obtains a utility that is equal to
the agent’s redistribution payment. An agent that wins a unit obtains a utility that
is equal to the agent’s valuation for the unit, minus the VCG payment v,,,1, plus
the agent’s redistribution payment.

Consider agent n, the agent with the lowest bid. Since this agent does not win an
item (m < n), her utility is just her redistribution payment z,. Hence, for the mech-

anism to be individually rational, the ¢; must be such that z, is always nonnegative.
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If the ¢; have this property, then it actually follows that z; is nonnegative for every
1, for the following reason. Suppose there exists some ¢ < n and some vector of bids
v1 > Vg > ... > v, > 0such that z; < 0. Then, consider the bid vector that results
from replacing v; by v;41 for all j > 4, and letting v,, = 0. If we omit v, from this
vector, the same vector results that results from omitting v; from the original vector.
Therefore, n’s redistribution payment under the new vector should be the same as
1’s redistribution payment under the old vector—but this payment is negative.

If all redistribution payments are always nonnegative, then the mechanism must
be individually rational (because the VCG mechanism is individually rational, and
the redistribution payment only increases an agent’s utility). Therefore, the mecha-
nism is individually rational if and only if for any bid vector, z, > 0.

To satisfy the non-deficit criterion, the sum of the redistribution payments should
be less than or equal to the total VCG payment. So for any bid vector v; > vy >
... > v, > 0, the constants ¢; should make z; + 25 + ... + 2, < MUy11.

We will focus on linear VCG redistribution mechanisms that satisfy both the
individual rationality and the non-deficit property. That is, we require that the c¢;
satisfy the above two constraints. It turns out that some of the ¢; always need to be

set to 0, as the following proposition demonstrates.

Proposition 1. Ifcy,cq,. .., cn_1 satisfy both the individual rationality and the non-

deficit constraints, then ¢; =0 fort=20,...,m.

Proof. First, let us prove that ¢y = 0. Consider the bid vector in which v; = 0 for
all 7. To obtain individual rationality, we must have ¢y > 0. To satisfy the non-
deficit constraint, we must have ¢y < 0. Thus we know ¢y = 0. Now, if ¢; = 0 for
all 4, there is nothing to prove. Otherwise, let j = min{i|c; # 0}. Assume that
7 < m. We recall that we can write the individual rationality constraint as follows:

Zpn = Co + C1U1 + CoUs + C3U3 + ... + Cp_oUp_o + Cp_1V,_1 > 0 for any bid vector. Let
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us consider the bid vector in which v; = 1 for ¢ < 5 and v; = 0 for the rest. In this
case z, = ¢j, so we must have ¢; > 0. The non-deficit constraint can be written as
follows: 21 4+ 20+ ...+ 2, < muy,4 for any bid vector. Consider the same bid vector
as above. We have z; = 0 for ¢« < j, because for these bids, the jth highest other bid
has value 0, so all the ¢; that are nonzero are multiplied by 0. For ¢ > 7, we have
z; = ¢j, because the jth highest other bid has value 1, and all lower bids have value
0. So the non-deficit constraint tells us that ¢;(n — j) < muvy,41. Because j < m,
Uma1 = 0, so the right hand side is 0. We also have n — j > 0 because j < m < n.
So ¢; < 0. Because we have already established that ¢; > 0, it follows that ¢; = 0;

but this is contrary to assumption. So j > m. O]

Incidentally, this proposition also shows that if m = n — 1, then ¢; = 0 for all 1.
Thus, we are stuck with the VCG mechanism (more details in Proposition 7). From
here on, we only consider the case where m < n — 1.

We now give two examples of mechanisms in this family.

Example 1. Bailey-Cavallo mechanism: Consider the mechanism corresponding
to ¢y = 0 and ¢; =0 for all other 7. Under this mechanism, each agent receives
a redistribution payment of ™ times the (m + 1)th highest bid from another agent.
Hence, 1,...,m+1 receive a redistribution payment of v,, 5, and the others receive
Dms1. Thus, the total redistribution payment is (m+4-1)= vy, 10 +(n—m—1) v, 1.
This redistribution mechanism is individually rational, because all the redistribution
payments are nonnegative, and never incurs a deficit, because (m 4 1) v 42 + (1 —
m— 1)%vm+1 <N U1 = MUy (We note that for this mechanism to make sense,

we need n > m + 2.)

Example 2. Consider the mechanism corresponding to ¢11 = =", Cpy2 =

— (n_m”z(&:l_)m_m, and ¢; = 0 for all other 7. In this mechanism, each agent receives
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m
n—m-—1

a redistribution payment of times the (m + 1)th highest reported value from
m(m+1)
n—m—1)(n—m—2)

times the (m + 2)th highest reported value from

other agents, minus (

other agents. Thus, the total redistribution payment is mu,, 1 — (nﬁlmj;zﬁf_)m Ura3-
If n > 2m + 3 (which is equivalent to —"— > (n_mf(&:l_)m_m), then each agent

always receives a nonnegative redistribution payment, thus the mechanism is indi-

vidually rational. Also, the mechanism never incurs a deficit, because the total VCG

payment is muv,,,1, which is greater than the amount muv,,,; — (nfgiﬁzﬁjﬁm Ut 3

that is redistributed.

Which of these two mechanisms is better? Is there another mechanism that is

even better? This is what we study in the next subsection.
2.1.8 Worst-case Optimal Redistribution Mechanisms

Among all linear VCG redistribution mechanisms, we would like to be able to identify
the one that redistributes the greatest fraction of the total VCG payment.” This is
not a well-defined notion: it may be that one mechanism redistributes more on some
bid vectors, and another more on other bid vectors. In this section, we compare
mechanisms by the fraction of the total VCG payment that they redistribute in the
worst case. This fraction is undefined when the total VCG payment is 0. To deal
with this, technically, we define the worst-case redistribution fraction as the largest
k so that the total amount redistributed is at least k times the total VCG payment,
for all bid vectors. (Hence, as long as the total amount redistributed is at least 0
when the total VCG payment is 0, these cases do not affect the worst-case fraction.)

Let us analyze the worst-case performances of the two example mechanisms men-

tioned earlier. For the first example, the total redistribution payment is (m +

" The fraction redistributed seems a natural criterion to use. One good property of this criterion
is that it is scale-invariant: if we multiply all bids by the same positive constant (for example, if
we change the units by re-expressing the bids in euros instead of dollars), we would not want the
behavior of our mechanism to change.
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1)V 0 4 (n—m —1)™v,, 11, which is greater than or equal to (n—m —1)"v,,,;. In
the worst case, which is when v,, 5 = 0, the fraction redistributed is "’Tm’l For the

m(m+1)(m+2)
n—m—1)(n—m—2) Um+3,

second example, the total redistribution payment is mv,, 1 — (

(m+1)(m—+2) )
n—m—1)(n—m—2)/"

which is greater than or equal to mu,1(1 — ( In the worst case,

(m+1)(m+2)

D) (n—m=2)" Since

which is when v,;,1 3 = v,,41, the fraction redistributed is 1 — i
we assume that the number of agents n and the number of units m are known, we can
determine which example mechanism has better worst-case performance by compar-
ing the two quantities. When n = 6 and m = 1, for the first example (Bailey-Cavallo
mechanism), the fraction redistributed in the worst case is 2, and for the second
example, this fraction is %, which implies that for this pair of n and m, the first
mechanism has better worst-case performance. On the other hand, when n = 12 and
5

m = 1, for the first example, the fraction redistributed in the worst case is ¢, and

for the second example, this fraction is %, which implies that this time the second

mechanism has better worst-case performance.

The problem of finding the worst-case optimal VCG redistribution mechanism

corresponds to the following optimization problem:

Maximize k (the fraction redistributed in the worst case)

Subject to:

For every bid vector vy > vy > ... > v, >0

zp, > 0 (individual rationality)

214+ 22+ ...+ 2 < Moy (non-deficit)

21+ 29+ ...+ 2, > kmu,,q (worst-case constraint)

We recall that z; = co+c1v1 +cova+. . .+ ¢ 1V 1+ U1+ . .+ Cr1V,

2.1.4  Transformation to Linear Programming

The optimization problem given in the previous subsection can be rewritten as a

linear program, based on the following observations.

Proposition 2. The individual rationality constraint can be written as follows:

Z:chiZOforj:m—i—l,...,n—l.
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Before proving this proposition, we introduce the following lemma.

Lemma 1. Given a positive integer k and a set of real constants sy, o, . .., Sk, (S1t1+
Soto + ...+ Sptx > 0 for any t; >ty > ... >t > 0) if and only if(zgzlsi >0 for
i=1,2,...,k).

Proof. Let d; =t; —t;yq fori=1,2,... . k—1, and dy = t;. Then (sit; + sota+ ...+
spty > 0 for any t; >ty > ... > ¢, > 0) is equivalent to ((Zzlz1 si)dy + (Z?:l s;)dy +

o+ (Zle si)di > 0 for any set of arbitrary nonnegative d;). When Zle s; > 0 for
j=1,2,... k, the above inequality is obviously true. If for some j, Z?Zl s; < 0, if
we set d; > 0 and d; = 0 for all 7+ # j, then the above inequality becomes false. So

Z:l s; > 0for j =1,2,...,k is both necessary and sufficient. O]

We are now ready to present the proof of Proposition 2.

Proof. The individual rationality constraint can be written as z, = c¢o+ c1v1 + covo +
C3V3+. ..+ Cp_oVy o+ Cp_1v,_1 > 0 for any bid vector vy > vy, > ... > v, 1 > v, > 0.
We have already shown that ¢; = 0 for « < m. Thus, the above can be simplified to
Zn = Cma1Um+1 + Cma2Umas + oo + CnoUp_o + C_1v,—1 > 0 for any bid vector. By

the above lemma, this is equivalent to ¢i>0forj=m+1,....,n—1. [O

=m+1

Proposition 3. The non-deficit constraint and the worst-case constraint can also be

written as linear inequalities involving only the ¢; and k.

Proof. The non-deficit constraint requires that for any bid vector, z; +25+...+2, <
MUpy1, Where z; = cg + v + eV + ... + G101 + ¢V + ... + cy_1v, for
1=1,2,...,n. Because ¢; = 0 for i < m, we can simplify this inequality to

m+1Vma1 T Gmi2Vms2 + -+ @un = 0

Gmi1 =m — (n—m — 1)¢pi

¢=—(G—1)ci1—(n—i)g, fori=m+2,...,n—1 (when m +2 >n — 1, this
set of equalities is empty)
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n = _(n - I)Cn—l
By the above lemma, this is equivalent to g:mH g >0forj=m-+1,... n
So, we can simplify further as follows:

Gmi1 >0 <= (n—m—1)cpp1 <m

Qi1+ -+ @i > 0 = nzizzﬁ*lcj%—(n—m—i)cmﬂ- < m for i =
2,....n—m-—1
j=n—1
Qa1+ oo+ qn >0 <= nZ;anchgm

So, the non-deficit constraint can be written as a set of linear inequalities involving
only the ¢;.

The worst-case constraint can be also written as a set of linear inequalities, by
the following reasoning. The worst-case constraint requires that for any bid input
21+ 204 ..+ 2 > kmuy,oq, where z; = co+ vy +covo+. o101 U+
Cn_1v, for i =1,2,... n. Because ¢; = 0 for i < m, we can simplify this inequality
to

Qmi1Vms1 + Qmi2Vmia + ... + Qnvy >0

Qmi1=(n—m—1)cp1 —km

Qi=G{—1)ci 1+ n—d), fori=m+2,....n—1

Qn=mn—1)c, 4

By the above lemma, this is equivalent to Zg:mﬂ Qi >0forj=m+1,...,n.
So, we can simplify further as follows:

Qmi1 >0 <= (n—m—1)cp1 > km

Qmi1t+ ...+ Quyi > 0 <— nZiZZIZI_I ¢j+(n—m— i)y > km for
1=2,....n—m—1

Qmi1+...+0Q, >0 < nzzig}lcj > km

So, the worst-case constraint can also be written as a set of linear inequalities

involving only the ¢; and k. O]
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Combining all the propositions, we see that the original optimization problem
can be transformed into the following linear program. It should be noted that we

need different linear programs for different n and m.

Variables: ¢, 11, Cni2,...,Cn1,k
Maximize k (the fraction redistributed in the worst case)
Subject to:
i >20forj=m+1,...,n—1
km < (n —m— Deper <m
km <n ;igf{l ci+(n—m—i)cpy <mfori=2,...,n—m—1
j=n—1
km < nzzzzﬂcj <m

2.1.5 Numerical Results

For selected values of n and m, we solved the linear program using GLPK (GNU
Linear Programming Kit). In this subsection, we compare the resulting mechanisms

with the Bailey-Cavallo mechanism.
Worst-case performance

In Table 2.1, we present the results for a single unit (m = 1). The second column
displays the fraction of the total VCG payment that is not redistributed in the worst
case by the worst-case optimal mechanism—that is, it displays the value 1 — k.
(Displaying k& would require too many significant digits.) Correspondingly, the third
column displays the fraction of the total VCG payment that is not redistributed by
the Bailey-Cavallo mechanism in the worst case (which is equal to %)

In Table 2.1, we showed that when m = 1, the worst-case optimal mechanism
significantly outperforms the Bailey-Cavallo mechanism in the worst case. For larger
m(m=1,2,3,4,n=m+2,...,30), we compare the worst-case performance of these
two mechanisms in Figure 2.1. We see that for any m, when n = m + 2, the worst-
case optimal mechanism has the same worst-case performance as the Bailey-Cavallo

mechanism (actually, in this case, the worst-case optimal mechanism is identical to
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Table 2.1: Worst-case performances under the WCO and the Bailey-Cavallo mecha-
nisms for single-item case.

n  Worst-Case Optimal Mechanism Bailey-Cavallo Mechanism
3 66.7% 66.7%
4 42.9% 50.0%
5 26.7% 40.0%
6 16.1% 33.3%
7 9.52% 28.6%
8 5.51% 25.0%
9 3.14% 22.2%
10 1.76% 20.0%
15 8.55e-4 13.3%
20 3.62e-5 10.0%
30 5.40e-8 6.67e-2
40 7.09e-11 5.00e-2

the Bailey-Cavallo mechanism). When n > m+2, the worst-case optimal mechanism
outperforms the Bailey-Cavallo mechanism (in the worst case).

In Subsection 2.1.9, we will see that in the more general setting where agents
have nonincreasing marginal values, the worst-case redistribution fraction for the
(generalized) worst-case optimal mechanism is the same as for the unit demand
setting. The same is true for the Bailey-Cavallo mechanism. Hence, Figure 2.1 does

not change in this more general setting.
Average-case performance

It is perhaps not surprising that the worst-case optimal mechanism significantly
outperforms the Bailey-Cavallo mechanism in the worst case, because that is, after
all, the case for which the former has been designed. We can also compare how much
the mechanisms redistribute on average (say, when the bids are drawn i.i.d. from
a uniform distribution over [0,1]). In this case, the worst-case optimal mechanism
does not always outperform the Bailey-Cavallo mechanism. Table 2.2 compares the

expected amount of VCG payment that fails to be redistributed by the worst-case
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FIGURE 2.1: A comparison of the worst-case performance of the worst-case optimal
mechanism (WCO) and the Bailey-Cavallo mechanism (BC).

optimal mechanism and by the Bailey-Cavallo mechanism (m = 1).

We see that when n is small, the Bailey-Cavallo mechanism outperforms the
worst-case optimal redistribution mechanism in expectation (except for the case
n = 3, for which the two mechanisms are the same). When n is large (n > 8), the
worst-case optimal redistribution mechanism outperforms the Bailey-Cavallo mech-
anism. The results are similar for larger m. That is, when n is small, the Bailey-
Cavallo mechanism outperforms the worst-case optimal redistribution mechanism in
expectation (except for the case n = m + 2, for which the two mechanisms are the
same). When n is large (e.g. n > 10 for m = 2; n > 13 for m = 3; n > 16 for m = 4),
the worst-case optimal redistribution mechanism performs better than the Bailey-
Cavallo mechanism. In fact, this is not surprising: the expected amount that fails to
be redistributed by the Bailey-Cavallo mechanism vanishes as ©(-;). This is slower
than the convergence rate of the worst-case redistribution fraction for the worst-case

optimal mechanism (Corollary 1); and, of course, the average-case performance of
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Table 2.2: Average-case performances under the WCO and the Bailey-Cavallo mech-
anisms for single-item case.

n  Worst-Case Optimal Mechanism Bailey-Cavallo Mechanism
3 0.1667 0.1667
4 0.1714 0.1000
5 0.08889 0.06667
6 0.06912 0.04762
7 0.03571 0.03571
8 0.02450 0.02778
9 0.01255 0.02222
10 0.008006 0.01818
15 3.739e-4 0.008333
20 1.726e-5 0.004762
30 2.614e-8 0.002151
40 3.461e-11 0.001220

the worst-case optimal mechanism must be at least as good as its worst-case per-
formance. This also shows that the worst-case optimal mechanism asymptotically

outperforms the Bailey-Cavallo mechanism, even in the average case.
A detailed example

Finally, let us present the result for the case n = 5,m = 1 in detail. By solving the

above linear program, we find that the optimal values for the ¢; are c; = %, c3 = —%,

and ¢4 = % That is, the redistribution payment received by each agent under the
worst-case optimal mechanism is: % times the second highest bid among the other

agents, minus % times the third highest bid among the other agents, plus 11—5 times

the fourth highest bid among the other agents.

g 11 1 1
agent 1 receives zv3 — U4 + 105

: 11 1 1
agent 2 receives U3 — U4+ 7505
: 11 1 1
agent 3 receives BV2 — gls + 305
: 11 1 1
agent 4 receives 1zv3 — 5U3z + 15Us5
11

. 1 1
agent 5 receives zUz — gUs + U4
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The total amount redistributed by the worst-case optimal mechanism is %Ug + 11‘5113 —

4
15

vy + %05; in the worst case, %’UQ is redistributed. Hence, the fraction of the total
VCG payment that is not redistributed is never more than % = 26.7%.

As a specific example, for the bid vector v; = 4,v, = 3,v3 = 2,v4 = 1,05 = 1,
the total amount redistributed by the worst-case optimal redistribution mechanism is
%vz—i— %Ug — %m—f— %05 = %3—1—%2— %1—#%1 = %. The total amount redistributed
by the Bailey-Cavallo mechanism is %Ug + gvg = %2 + %3 = % Hence, for this bid
vector, the worst-case optimal redistribution mechanism redistributes more.

As another specific example, for the bid vector v; = 4,v9 = 3,v3 = 2,04 =
2,v5 = 1, the total amount redistributed by the worst-case optimal redistribution
mechanism is %Ug + 14—51}3 — %114 + %05 = %3 + %2 — %2 + %1 = i’—g The total

amount redistributed by the Bailey-Cavallo mechanism is still 15—3 Hence, for this bid

vector, the Bailey-Cavallo mechanism redistributes more.
2.1.6 Analytical Characterization

We recall that our linear program has the following form:

Variables: ¢, 11,Cni2,--.,Cn1,k
Maximize k (the fraction redistributed in the worst case)
Subject to:
G >0forj=m+1,...,n—1
km < (n —m— Demer <m
km <n ;zz::lfl ciH(n—m—i)cpy; <mfori=2,... ,n—m—1
j=n—1
km < nZ;:ZHCj <m

A linear program has no solution if and only if either the objective is unbounded,
or the constraints are contradictory (there is no feasible solution). It is easy to see
that & is bounded above by 1 (redistributing more than 100% violates the non-deficit
constraint). Also, a feasible solution always exists, for example, k£ = 0 and ¢; = 0 for

all 7. So an optimal solution always exists. Observe that the linear program model
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depends only on the number of agents n and the number of units m. Hence the
optimal solution is a function of n and m. It turns out that this optimal solution

can be analytically characterized as follows.

Theorem 1. For any m and n with n > m + 2, the worst-case optimal mechanism
(among linear VCG redistribution mechanisms) is unique. For this mechanism, the

fraction redistributed in the worst case is

. (")
k =1- 1 /n—1

The worst-case optimal mechanism is characterized by the following values for the c;:

- SR

J=t

fori=m+1,...,n—1.
It should be noted that we have proved ¢; = 0 for ¢ < m in Proposition 1.

Proof. We first rewrite the linear program as follows. We introduce new variables
Tmt1, T2, - - - Tn—1, defined by z; = E‘g:mﬂ cifor j=m-+1,...,n—1. The linear

program then becomes:

Variables: z,, 1, Tmio, ..., Tpn 1,k

Maximize k

Subject to:

Em < (n—m—1)x,m <m

km < (m+i)Tyyi1+(n—m—i)x, <mfori=2,... , n—m—1
km <nx,_1 <m

r;>0fori=m+1m+2,...,n—1

We will prove that for any optimal solution to this linear program, k = k*.

Moreover, we will prove that when k = £*, z; = ]‘:m+1 ciforj=m+1,...,n—1

This will prove the theorem.
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We first make the following observations:

(n—m—1)cr, 4
n—1

_ B B (n—m)(mil) 1 n—1 n—1
=(n—m 1)(m+1)2?:71n GRIGR Zj:m+1 ( j )

7 m+1

= (0= m = D (L () - ()

J m+1
(n”l )
m

(n-m-1) 3771 (")

m
n—m—1

=(n—-m-1) —(n—m-—1)

=m—(1—k*)m=Ek*m

Fori=m-+1,...,n—2,

icy + (n—1—1)c;,

(=D)Fmtm—m)(PT) ) anl <n71)

. (—1)i+m(n—m)(gl__ll) 1 n—1 n—1
R ey G Il G 2 (1)

(=D em) (PTY) n—1 (n—1
SEICU R GUPYERSE

. (—1)i+m_l(n—m)(;ill) i1 n—1 n—1

(=i mem) (27

("7")

Finally,

(n—1)c, 4

_ (n — 1)(71)n+m(n7m)(:;:11) 1 ) anl (nfl)

(-5, (") (D) eIt

= (=)™ (1 - k)
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Summarizing the above, we have:

(n—m—1)c;, 1 =k'm

(m 4 1)cf i + (0 =m = 2)c;, o = m(1 - k%)
(M +2)¢h42 + (0= m = 3)¢), 5 = —m(l — k%)
(m+3)ct 5+ (n—m—4)c, , =m(l—k)

(n=3)c 5 +2¢;, 5 = (=1)"""*m(1 - k%)
(n=2)c; 5+ ¢y = (=1)"" (1 — k)
(n—=1)c, .y = (=1)™™"m(1l - k)

Let 2} = z mi1 G for j =m+1,m+ 2. — 1, the first equation in the

above tells us that (n —m — 1)z, = k*m
By adding the first two equations, we get (m + 2)z;, ., + (n —m — 2)z), ., = m.
By adding the first three equations, we get (m+3)xz}, ., +(n—m—3)x},, 5 = k*m.
By adding the first 7 equations, where ¢ = 2,...,n—m—1, we get (m~+i)z},; +
= k*m if 7 is odd.

(n—m—i)xy,  , =mifiiseven; (m+i)x),,_+(n—m—i)z) ;=

Finally by adding all the equations, we get nx) _; = m if n —m is even; na) | =

k*m if n —m is odd.

Thus, for all of the constraints other than the nonnegativity constraints, we have

shown that they are satisfied by setting z; = z} = f me1 € and k = k*. We next

show that the nonnegativity constraints are satisfied by these settings as well.

n—1 (n—1 . 3
For m+1 < i,i+1 < n—1, we have %Zj(ff(l)]) = %Z;::;:EZ:—}:;))', >

n—1 n—1
anlln Zn2z+l)'nlzl) _ 1Zj:z‘+1(j)
z+1 j=i jl(n—1— ]' = z+1 G+DUn—1=5=D! i+l (771
T

This implies that the absolute value of ¢! is decreasing as i increases (if the ¢
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contains more than one number). We further observe that the sign of ¢} alternates,
with the first element ¢, ; positive. So z} = g:m 41 ¢ > 0forall j. Thus, we have
shown that these x; = =] together with k = k* form a feasible solution of the linear
program. We proceed to show that it is in fact the unique optimal solution.

First we prove the following proposition:
Proposition 4. If/%, T, t=m+1,m+2, ..., n—1 satisfy the following inequalities:

l%mg(n—m—l):f:mﬂgm

l;;mg(m+i)£m+i_1+(n—m—i)§3m+,~Smforiz?,...,n—m—l

then we must have that z; = x} and k= k.

PROOF OF PROPOSITION. Consider the first inequality. We know that (n —m —
Dy, =k*m,so (n—m—1)Tpm > km > k*m = (n—m— L)ay, . 1. It follows that
1 > 2 (Rn—m —1%£0).

Now, consider the next inequality for i = 2. We know that (m+2)x}, ., +(n—m—
2)x}, 1o = m. It follows that (n—m—2)Tp, 10 < m—(M+2)Tp1 < m—(MmA42)2), | =
(n—m—2)x% 15,8 Ty <xp iy (1=2<n—-—m—-1=>n-m-—2%#0).

Now consider the next inequality for ¢ = 3. We know that (m + 3)x}, ., + (n —
m—3)x;, 5 = m. It follows that (n—m—3)Zp43 > km— (m+3)Zmao > k*m— (m+
3t o =(M—m—=3)x},.,3,8 Tz > s (1=3<n—m—-1=n—-—m-—3#0).

Proceeding like this all the way up to i = n —m — 1, we get that ,,,; >z}, ., if
if ¢ is even. Moreover, if one inequality is strict, then all

PR A E3
¢t is odd and T4y < 77,

*

subsequent inequalities are strict. Now, if we can prove z,_1 = z},_,, it would follow

that the z¥ are equal to the &; (which also implies that k = k*).
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We consider two cases:
Case 1I: n —m is even. We have: n —meven = n—m —1odd = 2,1 > z_;.
We also have: n—m even = nz;,_; = m. Combining these two, we get m = nz),_; <

NTp1 <M= Tpo1 =T, 4.

Case 2: n —m is odd. In this case, we have z,,_; < x’_;, and nz)_, = k*m.
. * 7. -, * 1.k - ek
Then, we have: k*m < km <nz,_; <nz)_ |, =k'm= 2,1 =2,_,.

This completes the proof of the proposition. o

It follows that if l%, T, i =m~+1,m+2,...,n—11is a feasible solution and k> k*,
then since all the inequalities in Proposition 4 are satisfied, we must have z; = z;
and k = k*. Hence no other feasible solution is as good as the one described in the

theorem. O

Knowing the analytical characterization of the worst-case optimal mechanism
provides us with at least two major benefits. First, using these formulas is com-
putationally more efficient than solving the linear program using a general-purpose

solver. Second, we can derive the following corollary.

Corollary 1. If the number of units m is fized, then as the number of agents n

increases, the worst-case fraction redistributed linearly converges to 1, with a rate of

convergence % (That is, lim,,_, % = % That s, in the limit, the fraction that

is not redistributed halves for every additional agent.)

We note that this is consistent with the experimental data for the single-unit
case, where the worst-case remaining fraction roughly halves each time we add an-
other agent. The worst-case fraction that is redistributed under the Bailey-Cavallo
mechanism also converges to 1 as the number of agents goes to infinity, but the
convergence is much slower—it does not converge linearly (that is, letting k¢ be the

fraction redistributed by the Bailey-Cavallo mechanism in the worst case for n agents,
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_1.C
lim,, o 11_16—;;33 = UMy ooy = 1). We now present the proof of the corollary.

Proof. When the number of agents is n, the worst-case fraction redistributed is &} =

1 ()

S When the number of agents is n + 1, the fraction becomes k; | =
o (]
1 - % For n sufficiently large, we will have 2" — mn™~! > 0, and hence
j=m
-k S (D) e 2 (Y and . ZTimmneymt Ak
1-k5 (n;ll) Z;'L:m (';t) n—m Zn*Z;n:?)l (';1) ) n—m on = 1ok =
n—1 ;. . .
nfmm (because (?) <n'if j <i).
. . 271,71_ —1 m—1 . n—1 .
Since we have limy, o nilm m2(’? : = %’ and lim,, #m = %? 1t
. 1-k%,, 1
follows that lim, ... — 3+ = 3. O

2.1.7 Worst-Case Optimality Outside the Family

In this subsection, we prove that the worst-case optimal redistribution mechanism
among linear VCG redistribution mechanisms is in fact optimal (in the worst case)
among all redistribution mechanisms that are deterministic, anonymous, strategy-
proof, efficient and satisfy the non-deficit constraint. Thus, restricting our attention
to linear VCG redistribution mechanisms did not come at a loss.

To prove this theorem, we need the following lemma. This lemma is not new: it
was informally stated by Cavallo [20]. For completeness, we present it here with a

detailed proof.

Lemma 2. A VCG redistribution mechanism is deterministic, anonymous and strategy-
proof if and only if there exists a function f : R* ! — R, so that the redistribution

payment z; received by i satisfies
Zi = f(’Ul,UQ, ey Uim1y Uity e - - ,’Un)
for all © and all bid vectors.
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Proof. First, let us prove the “only if” direction, that is, if a VCG redistribution
mechanism is deterministic, anonymous and strategy-proof then there exists a de-
terministic function f: R*™! — R, which makes z; = f(v1,v9, ..., Vi 1, Vig1,.--,Vp)
for all 7 and all bid vectors.

If a VCG redistribution mechanism is deterministic and anonymous, then for
any bid vector v; > vy > ... > v,, the mechanism outputs a unique redistribution
payment list: zq, z9,...,2,. Let G : R® — R™ be the function that maps vi, vs, ..., v,
to z1,22,...,2, for all bid vectors. Let H(i,x1,2s,...,2,) be the ith element of
G(x1,x9,...,2y,), so that z; = H(i,v1,vs,...,v,) for all bid vectors and all 1 <

1 < n. Because the mechanism is anonymous, two agents should receive the same

redistribution payment if their bids are the same. So, if v; = v;, H(i,v1,va, ..., Vy,)

H(j,v1,v9,...,v,). Hence, if we let j = min{t|v; = v;}, then H(i,vy,va,...,0,)
H(j,v1,v9,...,0,).

Let us define K : R® — N x R™ as follows: K(y,x1,%2,...,Tp_1) =
[7, w1, wa, ... ,wy,|, where wy,ws, ..., w, are y,x1,Zs, ..., T, 1 sorted in descending
order, and j = min{tlw; = y}. ({t|lwe =y} # 0 because y € {wy,wa, ..., wy}).

Also let us define F': R™ — R by F(v;,01,V9, ..., Vi1, V41, .-, Up) =
H o K(vi,v1,09, ..., Ui—1,Vit1, -, 0n) = H(min{t|v; = v;}, 01,09, ..., 0,)
= H(i,v1,v9,...,v,) = 2z;. That is, F' is the redistribution payment to an agent that
bids v; when the other bids are vy, va, ..., 0;1,Viz1, ..., Un.

Since our mechanism is required to be strategy-proof, and the space of valua-
tions is unrestricted, z; should be independent of v; by Lemma 1 in Cavallo [20].
Hence, we can simply ignore the first variable input to F; let f(xy,z9,...,2,-1) =
F(0,21,29,...,2,-1). So, we have z; = f(vy,v2,...,0;_1,V11,...,0,) for all bid
vectors and 7. This completes the proof for the “only if” direction.

For the “if” direction, if the redistribution payment received by ¢ satisfies z; =
f(v1,v9, ..., 0i_1,Vi41,...,0,) for all bid vectors and 4, then this is clearly a deter-

41



ministic and anonymous mechanism. To prove strategy-proofness, we observe that
because an agent’s redistribution payment is not affected by her own bid, her incen-

tives are the same as in the VCG mechanism, which is strategy-proof. O
Now we are ready to introduce the next theorem:

Theorem 2. For any m and n with n > m + 2, the worst-case optimal mechanism
among the family of linear VCG redistribution mechanisms is worst-case optimal
among all mechanisms that are deterministic, anonymous, strategqy-proof, efficient

and satisfy the non-deficit constraint.

While we needed individual rationality earlier, this theorem does not mention it,
that is, we cannot find a mechanism with better worst-case performance even if we
sacrifice individual rationality. (The worst-case optimal linear VCG redistribution

mechanism is of course individually rational.)

Proof. Suppose there is a redistribution mechanism (when the number of units is m
and the number of agents is n) that satisfies all of the above properties and has a
better worst-case performance than the worst-case optimal linear VCG redistribution
mechanism, that is, its worst-case redistribution fraction k is strictly greater than
k*.

By Lemma 2, for this mechanism, there is a function f : R®! — R so that
zi = f(v,v9, ..., 0_1,0it1,...,0,) for all ¢ and all bid vectors. We first prove that

f has the following properties.

Proposition 5. f(1,1,...,1,0,0,...,0) = 0 if the number of 1s is less than or equal

tom.

PROOF OF PROPOSITION. We assumed that for this mechanism, the worst-case
redistribution fraction satisfies k& > k* > 0. If the total VCG payment is x, the total
redistribution payment should be in [kz, 2] (non-deficit criterion). Consider the case
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where all agents bid 0, so that the total VCG payment is also 0. Hence, the total
redistribution payment should be in [/2; - 0,0]—that is, it should be 0. Hence every
agent’s redistribution payment f(0,0,...,0) must be 0.

Now, let t; = f(1,1,...,1,0,0,...,0) where the number of 1s equals i. We proved
to = 0. If t,_1 = 0, consider the bid vector where everyone bids 1. The total VCG
payment is m and the total redistribution payment is nf(1,1,...,1) = nt,_; = 0.
This corresponds to 0% redistribution, which is contrary to our assumption that
k > k* > 0. Now, consider j = min{ilt; # 0} (which is well-defined because
tn—1 # 0). If 7 > m, the property is satisfied. If j < m, consider the bid vector
where v; = 1 for ¢ < j and v; = 0 for all other . Under this bid vector, the first j
agents each get redistribution payment ¢;_; = 0, and the remaining n — j agents each
get t;. Thus, the total redistribution payment is (n — j)t;. Because the total VCG
payment for this bid vector is 0, we must have (n —j)t; =0. Sot; =0 (j < m < n).
But this is contrary to the definition of j. Hence f(1,1,...,1,0,0,...,0) = 0 if the

number of 1s is less than or equal to m. o
Proposition 6. f satisfies the following inequalities:

l%mg(n—m—l)tmﬂgm
l%mg(m+z’)tm+i_1+(n—m—z’)tm+iSmforiz?,?),...,n—m—l

km <nt,_1 <m
Here t; is defined as in the proof of Proposition 5.

PROOF OF PROPOSITION. For j = m+1,...,n, consider the bid vectors where
v; = 1 for 1 < j and v; = 0 for all other 7. These bid vectors together with the non-
deficit constraint and worst-case constraint produce the above set of inequalities: for
example, when j = m + 1, we consider the bid vector v; = 1 for i < m + 1 and

v; = 0 for all other ¢. The first m + 1 agents each receive a redistribution payment of
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t,, = 0, and all other agents each receive ¢,,.1. Thus, the total VCG redistribution is
(n—m — 1)t,,41. The non-deficit constraint gives (n —m — 1)t,,.1 < m (because the
total VCG payment is m). The worst-case constraint gives (n —m — 1)t 41 > km.
Combining these two, we get the first inequality. The other inequalities can be

obtained in the same way. o

We now observe that the inequalities in Proposition 6, together with k> k*, are
the same as those in Proposition 4 (where the ¢; are replaced by the z;). Thus, we
can conclude that k = k*, which is contrary to our assumption k > k*. Hence no
mechanism satisfying all the listed properties has a redistribution fraction greater

than £* in the worst case. O

So far we have only talked about the case where n > m + 2. For the purpose
of completeness, we provide the following proposition for the n = m + 1 case. (We

assume n > m in the unit demand setting.)

Proposition 7. For any m and n withn = m+1, the original VCG mechanism (that
is, redistributing nothing) is (uniquely) worst-case optimal among all redistribution
mechanisms that are deterministic, anonymous, strategy-proof, efficient and satisfy

the non-deficit constraint.

We recall that when n = m + 1, Proposition 1 tells us that the only mechanism
inside the family of linear redistribution mechanisms is the original VCG mechanism,
so that this mechanism is automatically worst-case optimal inside this family. How-
ever, to prove the above proposition, we need to show that it is worst-case optimal

among all redistribution mechanisms that have the desired properties.

Proof. Suppose a redistribution mechanism exists that satisfies all of the above prop-

erties and has a worst-case performance as good as the original VCG mechanism, that
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is, its worst-case redistribution fraction is greater than or equal to 0. This implies
that the total redistribution payment of this mechanism is always nonnegative.

By Lemma 2, for this mechanism, there is a function f : R®! — R so that
zi = f(v1,v2,...,0i-1,Vis1,...,0y,) for all i and all bid vectors. We will prove that
f(x1,29,...,2p 1) =0forall x;y > 29 > ... > 2,1 > 0.

First, consider the bid vector where v; = 0 for all 7. Here, each agent receives a
redistribution payment f(0,0,...,0). The total redistribution payment is then
nf(0,0,...,0), which should be both greater than or equal to 0 (by the above obser-
vation) as well less than or equal to 0 (using the non-deficit criterion and the fact that
the total VCG payment is 0). It follows that f(0,0,...,0) = 0. Now, let us consider
the bid vector where v = x; > 0 and v; = 0 for all other 7. For this bid vector, the
agent with the highest bid receives a redistribution payment of f(0,0,...,0) = 0,
and the other n — 1 agents each receive f(x1,0,...,0). By the same reasoning as
above, the total redistribution payment should be both greater than or equal to 0
and less than or equal to 0, hence f(x1,0,...,0) =0 for all ; > 0.

Proceeding by induction, let us assume f(z1,x9,...,2,0,...,0) =0 for all z; >
Ty > ... > x > 0, for some k < n — 1. Consider the bid vector where v; = x; for
1 < k41, and v; = 0 for all other ¢, where the z; are arbitrary numbers satisfying
X1 > Xy > ... > T > x> 0. For the agents with the highest £ 4 1 bids, their
redistribution payment is specified by f acting on an input with only k& non-zero
variables. Hence they all receive 0 by induction assumption. The other n — k — 1
agents each receive f(x1, o, ..., 2k, Trr1,0,...,0). The total redistribution payment
is then (n —k —1)f(x1, 29, ..., %k, Tpy1,0,...,0), which should be both greater than
or equal to 0, and less than or equal to the total VCG payment. Now, in this
bid vector, the lowest bid is 0 because £k + 1 < n. But since n = m + 1, the
total VCG payment is mv, = 0. So we have f(z1,z9,...,2%, Tf41,0,...,0) = 0
for all x1 > 29 > ... > xp > 11 > 0. By induction, this statement holds for
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all kK < n—1; when k+1 =n — 1, we have f(z1,22,...,Tp_2,2,-1) = 0 for all
1 > Ty > ... > Ty o > Tp_1 > 0. Hence, in this mechanism, the redistribution

payment is always 0; that is, the mechanism is just the original VCG mechanism. []
Incidentally, we obtain the following corollary:

Corollary 2. No VCG redistribution mechanism satisfies all of the following: deter-
minism, anonymity, strategy-proofness, efficiency, and (strong) budget balance. This

holds for any n > m + 1.

Proof. For the case n > m + 2: If such a mechanism exists, its worst-case perfor-
mance would be better than that of the worst-case optimal linear VCG redistribution
mechanism, which by Theorem 1 obtains a redistribution fraction strictly less than
1. But Theorem 2 shows that it is impossible to outperform this mechanism in the
worst case.

For the case n = m+1: 1If such a mechanism exists, it would perform as well as
the original VCG mechanism in the worst case, which implies that it is identical to
the VCG mechanism by Proposition 7. But the VCG mechanism is not (strongly)
budget balanced. O]

2.1.8 Worst-Case Optimal Mechanism When Deficits Are Allowed

In the previous subsection, we showed that even if the individual rationality require-
ment is dropped, the worst-case optimal redistribution mechanism remains the same.
In this subsection, we consider dropping the non-deficit requirement, and try to find
the redistribution mechanism that deviates the least from budget balance (in the
worst case).

We define the imbalance to be the absolute difference between the total redistri-
bution and the total VCG payment, and define the imbalance fraction to be the ratio

between the imbalance and the total VCG payment. Our goal is to minimize the
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worst-case imbalance fraction. Finding the optimal linear mechanism corresponds to

the following optimization model:

Minimize k,; (the imbalance fraction in the worst case)

Subject to:

For every bid vector vy > vy > ... > v, >0

2, > 0 (individual rationality)

|21+ 22 4+ ... + 2 — M| < kgmuy, 11 (imbalance constraint)

We recall that Zi = Co+C1U1+CoUg+ ...+ Cim1V;—1 +Civi+1 + .. .+ Ch1Un

The imbalance constraint can also be written as
(I —ky)mupsr < z1+ 204+ ...+ 2, < (14 kg)mugi
The above optimization model can be transformed into a linear program, based

on the following observations.

Proposition 8. If ¢y, c1,...,c,_1 satisfy both the individual rationality and the im-

balance constraints, then ¢; =0 fort=20,...,m.
The proof is a slight modification of the proof of Proposition 1.

Proof. First, let us prove that ¢y = 0. Consider the bid vector in which v; = 0
for all .. To obtain individual rationality, we must have ¢y > 0. To satisfy the
imbalance constraint, we must have ¢y < 0. Thus we know ¢y = 0. Now, if ¢; = 0
for all 7, there is nothing to prove. Otherwise, let j = min{i|c; # 0}. Assume that
7 < m. We recall that we can write the individual rationality constraint as follows:
Zp = Co + C1U1 + CoUs + C3U3 + ...+ Cp_9Up_o + Cp_1V,_1 > 0 for any bid vector. Let
us consider the bid vector in which v; = 1 for ¢« < j and v; = 0 for the rest. In
this case z, = ¢;, so we must have ¢; > 0. The imbalance constraint requires that :
21+ 204 ...+ 2, < (1+ kg)mu,,oq for any bid vector. Consider the same bid vector
as above. We have z; = 0 for 7 < j, because for these bids, the jth highest other bid
has value 0, so all the ¢; that are nonzero are multiplied by 0. For i > j, we have
zj = ¢j, because the jth highest other bid has value 1, and all lower bids have value
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0. So the imbalance constraint tells us that ¢;(n — j) < (1 + kg)muv,,11. Because
J < m, Uyy1 = 0, so the right hand side is 0. We also have n — 5 > 0 because
Jj <m < n. Soc¢; <0. Because we have already established that ¢; > 0, it follows

that ¢; = 0; but this is contrary to assumption. So j > m. [

Proposition 9. The imbalance constraint can be written as linear inequalities in-

volving only the ¢; and kqy.
The proof is a slight modification of the proof of Proposition 3.

Proof. The imbalance constraint requires that for any bid vector, (1 — kq)muv,1 <
21+ 20+ oo+ 2 < (1 + kg)mugg1, where z; = ¢o + cjug + cove + ...+ ¢iqv;-1 +
CiViy1 + ...+ cpqv, for e = 1,2,...,n. Because ¢; = 0 for ¢« < m, we can simplify
this inequality to

Im41Vm+1 T Gmi2Vmi2 + - - + @y > 0

Gt = (0= m = Demis — (1— kgm

¢G=0—1Dci1+n—id), fori=m+2,...,n—1

n = (n - 1)Cn—l

QerlUerl + Qm+2vm+2 + ...+ ann S 0
Qmii=mn—m—1)cp — (1+kgm

Qi=G{—1)ci 1+ n—id), fori=m+2,...,n—1

Qn = (n - 1)Cn—1
By Lemma 1, this is equivalent to z:m+1 ¢ > 0for j =m+1,....,n and
{:mH Q: <0for j=m+1,...,n. So, we can simplify further as follows:

(1—kym < (n—m—1Dcpr1 < (1+ky)m

(1—Fkqg)m < nZ;z;Zfl_l ci+(n—m—i)epmp < (1+kgmfori=2,...,.n—m—1
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(1—k‘d)m<nzj m+1 _(1—|—kd)

So, the imbalance constraint can also be written as a set of linear inequalities

involving only the ¢; and ky. O]

Combining all the propositions (together with Proposition 2), we see that the

original optimization problem can be transformed into the following linear program.

Variables: ¢, 11, Cni2,. .., Cn1, kg
Minimize k,; (the imbalance fraction in the worst case)
Subject to:

LG >0forj=m+1,...,n—-1

(I —=ka)m < (n—m—1)cp < (1+ka)m

(1 —kgm <mn gzz:—l i+ (n—m—1i)cpy < (14 kg)m for
t=2,....,n—m—1

(1- kd)m < nZ]—erl < (L+ ka)m

For this model, it is easy to see that k4 is bounded below by 0. Also, k; = 1 and
¢; = 0 for all ¢ form a feasible solution. So an optimal solution always exists. As
in the case where deficits are not allowed, the optimal solution can be analytically

characterized. The characterization is the following:

Theorem 3. For any m and n with n > m + 2, the worst-case optimal mechanism
with deficits (among linear VCG redistribution mechanisms) is unique. For this

mechanism, the imbalance fraction in the worst case is

. (")
kd = n n
Zj=m+1 (])

The worst-case optimal mechanism with deficits is characterized by the following

values for the ¢;:

j=i
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fori=m+1,...,n—1.

From Proposition 8 it follows that ¢; = 0 for i < m.

Proof. Let a = kj;/(1—k*), where k* is the worst-case optimal redistribution fraction

in Theorem 1. To avoid ambiguity, we refer to the ¢ in Theorem 1 as ¢*, and to
the ¢ here as ¢*. Inspection reveals that cf* = 2ac?* for all i. We have shown in
Theorem 1 that
fmﬂz >0forj=m+1,...,n—1
EFm < (n—m—1)cpy <m
m<n2j Zi’ll}”*—i—(n—m—z)mﬂgmforZ—Q ,n—m—1
k*m < nzg Zwll & <m
So we have
me *>0forj=m+1,...,n—1 («is positive)
20k*m < (n —m — 1)c&; < 2am
Qak*mgnZi Ziild*jt(n— m—i)ct  <2amfori=2,...,n—m—1

2ak*m < nZ; ;Jrll cf < 2am

A sequence of algebraic manipulations reveals that 2ak* = (1 — k) and 2a =

(1+ k3). Hence, k% and the c* form a feasible solution, because we have

Lo CE>0for j=m+1,...,n—1
(1-kjm < (n—m— 1), < (1+kd)
(1—k§)m§nzgzzfl 1cd*+(n m—i)ck, < (1+kj)mfori=2,....,n—m—1

(1= kgm <n 37k ef < (1+kpm

We proceed to show that it is in fact the unique optimal solution. Suppose ¢; and

l%d form a feasible solution, and l%d < k. We have
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(1—k)m < (1—k)dm < (n—m —1)éme < (L4 kg)m < (14 k)m
(I=E)m < (1—kg)m < n Y1207 e (n—m—i)épe; < (1+kg)m < (1+k)m

fori=2,...n—m-—1

(1= kpm < (1= kgym <n Y7000 & < (1+ ka)m < (1+ kpm

1 J

We introduce new variables 41, Zm+2, ..., Tn_1, defined by z; = 56 2 iema1 Ci
for j=m+1,...,n— 1. The above inequalities can be rewritten in terms of z;, we
have

Em < (n—m—1)xuy <m

Em < (m+i)tmia+n—m—i)x,; <mfori=2,....n—m-—1

kKm <nz,_1 <m

However, in Proposition 4, we proved that these inequalities have a unique solu-
tion. Therefore, there is only one value that each of ¢; and l%d can have. This proves

that k5 and the ¢f* form the unique optimal solution. O]

a = k}/(1 — k*) can be interpreted as the ratio between the imbalance fraction
of the worst-case optimal mechanism with deficits (among linear VCG redistribu-
tion mechanisms) and the imbalance fraction of the worst-case optimal mechanism

without deficits. This ratio can be expressed as follows:

* * E:n;gz(nf1> ﬂ:nrkl<n:%) E:ﬂ:nr+1«j/nj(ﬁ>)
=k /(1 — k) = Simd ol = Simmit =y 2 ’
« d/( ) " (n) 7:m+1 (n) ;:m+1 (")

J=m+1\j J J

For fixed n, this ratio increases as m increases. (This is because as we decrease

m by 1, the ratio of the additional terms in the fraction decreases.) When m = 1,

2n—l—q
2n—n—1

a = (for large n, roughly 1); when m = n — 2, o = 5 (for large n,
roughly 1). Hence, if m is small (relative to n), the worst-case optimal linear VCG
redistribution mechanism with deficits is much closer to budget balance than the

worst-case optimal mechanism without deficits; if m is large (relative to n), they are
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FIGURE 2.2: The ratio between the imbalance fractions of the worst-case optimal
mechanisms with and without deficits.

about the same. On the other hand, when m is small relative to n, then the worst-
case optimal redistribution fraction is large even with the non-deficit requirement.
This means that the non-deficit constraint does not come at a great cost. Figure 2.2
shows how a changes as a function of m and n.

Now we prove that the worst-case optimal linear VCG redistribution mechanism
with deficits is in fact optimal among all redistribution mechanisms that are deter-

ministic, anonymous, strategy-proof and efficient.

Theorem 4. For any m and n with n > m + 2, the worst-case optimal mecha-
nism with deficits among linear VCG redistribution mechanisms has the smallest
worst-case imbalance fraction among all VCG redistribution mechanisms that are

deterministic, anonymous, strategy-proof and efficient.

As in the case of Theorem 2, there is no redistribution mechanism with a smaller

worst-case imbalance fraction even if we sacrifice individual rationality.
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Proof. Suppose there is a redistribution mechanism (when the number of units is m
and the number of agents is n) that satisfies all of the above properties and has a
smaller worst-case imbalance fraction than that of the worst-case optimal linear VCG
redistribution mechanism with deficits—that is, its worst-case imbalance fraction kq
is strictly less than k.

By Lemma 2, for this mechanism, there is a function f: R*1 — R so that z; =
f(v1,v9, ..., 0i—1,Vi41,...,0,) for all ¢ and all bid vectors. The following properties
of f follow from straightforward modifications of the proofs of Proposition 5 and

Proposition 6.

Proposition 10. f(1,1,...,1,0,0,...,0) = 0 if the number of 1s is less than or

equal to m.
Proposition 11. f satisfies the following inequalities:
(1 —kg)ym < (n—m — D1 < (14 kg)m
(1—kg)m < (m+Dtmyics +(n—m — Dty < 1+ kg)m fori=2,3,....n—m—1
(1 —k)m < ntp_y < (1 +kg)m
t;=f(1,1,...,1,0,0,...,0) where the number of 1s equals i

Let xi:%ti fori=m-+1,...,n— 1. Since l%d<kj§, we have

k*m < i(l—l%d)m <(n—m-—1Dxmn < %(1+l%d)m <m

k*m < i(l —l;;d)m <(m+8)xmpio1+(n—m =8z, < i(1+/%d)m < m for
1=2,3,....n—m—1

~

k*m < i(l — /%d)m <nwp_1 < 5= (1+kg)m <m

— 2«

By Proposition 4, the above system of inequalities cannot hold. Hence no mech-
anism satisfying all the listed properties has an imbalance fraction less than £} in

the worst case. O
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For the purpose of completeness, we note the following proposition, which follows

from a straightforward modification of the proof of Proposition 7.

Proposition 12. For any m and n with n = m + 1, the original VCG mecha-
nism (that is, redistributing nothing) is (uniquely) the worst-case optimal mechanism
with deficits among all redistribution mechanisms that are deterministic, anonymous,

strategy-proof and efficient.

Proof. Suppose a redistribution mechanism exists that satisfies all of the above prop-
erties and has a worst-case performance as good as the original VCG mechanism,
that is, its worst-case imbalance fraction is less than or equal to 100%.

By Lemma 2, for this mechanism, there is a function f : R®! — R so that
zi = f(v1,v2,...,0i-1,Vis1,...,0,) for all i and all bid vectors. We will prove that
f(x1,29,...,2pq1)=0forall x;y > 29 > ... >z, 1 > 0.

First, consider the bid vector where v; = 0 for all . Here, each agent receives a
redistribution payment f(0,0,...,0). The total redistribution payment is then
nf(0,0,...,0), which should be 0, because the total VCG payment is 0 (under 100%
imbalance fraction, the imbalance is still 0). It follows that f(0,0,...,0) = 0. Now,
let us consider the bid vector where v; = z; > 0 and v; = 0 for all other 7. For
this bid vector, the agent with the highest bid receives a redistribution payment
of £(0,0,...,0) = 0, and the other n — 1 agents each receive f(z1,0,...,0). By
the same reasoning as above, the total redistribution payment should be 0, hence
f(x1,0,...,0) =0 for all x; > 0.

Proceeding by induction, let us assume f(z1,x9,...,2,0,...,0) =0 for all ; >
To > ... > 1w > 0, for some k < n — 1. Consider the bid vector where v; =
x; for i < k41, and v; = 0 for all other ¢, where the z; are arbitrary numbers
satisfying ©1 > x9 > ... > xp > x31 > 0. For the agents with the highest k + 1

bids, their redistribution payment is specified by f acting on an input with only &
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non-zero variables. Hence they all receive 0 by induction assumption. The other
n—k—1 agents each receive f(x1, 2, ..., 2k, Tr11,0,...,0). The total redistribution
payment is then (n — k — 1) f(z1, 22, ..., Tk, Tk+1,0,...,0). Now, in this bid vector,
the lowest bid is 0 because £+ 1 < n. But since n = m + 1, the total VCG payment
is mv, = 0, which forces the total redistribution payment to be 0. So we have
f(z1, 29, ..., Tpy Tpy1,0,...,0) = 0 for all 2y > a9 > ... > xp > 2341 > 0. By
induction, this statement holds for all K < n — 1; when £k +1 = n — 1, we have
flzy, 29, ..., Tpo,xpq)=0forall zy > 29> ... > 2,9 > x, 1 > 0. Hence, in this
mechanism, the redistribution payment is always 0; that is, the mechanism is just

the original VCG mechanism. O]
2.1.9 Multi-Unit Auction with Nonincreasing Marginal Values

In this subsection, we consider the more general setting where the agents have non-
increasing marginal values. (Units remain indistinguishable.) An agent’s bid is now
a vector of m elements, with the jth element denoting this agent’s marginal value for
getting her jth unit (and the elements are nonincreasing in j). That is, the agent’s
valuation for receiving j units is the sum of the first j elements. Let the set of agents
be {1,2,...,n}, where i is the agent with the ith highest initial marginal value (the
marginal value for winning the first unit).

We still consider only the case where m < n — 2, because if m > n — 1, then the
original VCG mechanism is worst-case optimal, both with and without deficits (we
will show this in Proposition 18).

The VCG mechanism requires us to find the efficient allocation. Because marginal
values are nonincreasing, this can be achieved by the following greedy algorithm. At
each step, we sort the agents according to their upcoming marginal values (their
values for winning their next unit), and allocate one unit to the agent with the

highest such value. We continue until there are no units left, or the remaining agents
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all have upcoming marginal values of zero (in this case, we simply throw away the
remaining units). Given that marginal values are nonincreasing, the following greedy
algorithm is effectively the same (in terms of the allocation process): sort all the
marginal values (not just those for upcoming units), and accept them in decreasing
order. Because marginal values are nonincreasing, when we accept one of them, this
marginal value does in fact correspond to that agent’s utility for receiving another
unit at that point. In the proofs below, this greedy algorithm will provide a useful
view of how units are allocated.

In the efficient allocation, only agents 1,...,m can possibly win, and the VCG
payments are determined by the bids of 1,...,m + 1 (because when we remove an
agent, only the top m remaining agents can possibly win).

We will generalize the worst-case optimal mechanism (both with and without
deficits) to the current setting, and show in each case that the generalized mecha-
nism has the same worst-case performance. This implies that there does not exist
another redistribution mechanism with better worst-case performance (because such
a mechanism would also have better worst-case performance in the more specific unit
demand setting).

We still use I to denote the set of all agents. We use —i to denote the set
of agents other than 7. Because the mechanisms under consideration are strategy-
proof, agents can be expected to report truthfully; hence, we do not make a sharp

distinction between an agent and her bid. We define the following functions:

e VCG:P(I)—=R

For any subset S of I, let VCG(S) be the total VCG payment when only the

agents in S participate in the auction.

e £:P(I)—R

56



For any subset S of I, let E(S) be the total efficiency (that is, the total utility
not taking payments into account) when only the agents in S participate in

the auction.

e c:P(I)xI—=R

For any subset S of I and any a € S, let e(S,a) be the utility (not taking

payments into account) of agent a, when only the agents in S participate in

the auction. We note that E(S) = .qe(S,a).

e U:P(I)x N —P()
For any subset S of I, any integer ¢ (1 < i < |S]), let U(S,7) be the set that
results after removing the agent with the ¢th highest initial marginal value in

S from S. (If there is a tie, this tie is broken according to the original order

1,...,n.)
e R:P(I)x N—=R
For any subset S of I, any integer i (0 < i < |S| — m), let R(S,i) =

1 zm+l R(U(S,j),z _ 1) le > 07 and R(S’ 0) = VCG(S) We emphaSiZe

m+i j=1

that this is a recursive definition: for ¢ > 0, R(.9,%) is obtained by computing,
for each j with 1 < j < m +14, R(U(S,j),i — 1) (that is, the value of the
function R after removing the jth agent in S from S, and decreasing i by one),
and taking the average. For ¢ = 0, it is simply the total VCG payment if only
the agents from S are present. Shortly, we will prove some properties of this

function that clarify its usefulness to our mechanism.
Let V; = R(1,i) for all i (0 < i < mn —m). In what follows, we present several
propositions.
Proposition 13. For any S,S € P(I), if S C S, then VCG(S) < VCG(S). That
18, revenue is nondecreasing in agents.
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The above proposition was proved in [7]. It should be noted that revenue may

not be nondecreasing in agents in more general settings [96, 7, 35, 108, 110, 111].

Proposition 14. For any S € P(I), 0 <i<|[S|—-m—2, andm+i+2 <7 <|S|,
we have R(S,i) = R(U(S,j),1).

Proof. We prove this proposition by induction on ¢. For ¢ = 0 and 7 > m +
2, we have R(S,i) = VCG(S) = VCG(U(S,j)) = R(U(S,j),i), because, as we
noted earlier, the total VCG payment depends only on the agents with the high-
est m + 1 initial marginal values in S, so removing the jth agent does not change
the total VCG payment. Let us assume that we have proven that for ¢ = k, if
j > m+k+2 R(Sk) = RU(S,j),k). Now let us consider the case where
i = k+1. By definition, R(S,k + 1) = —— S""* ! R(U(S,1),k). When j >
m+i+2=m-+k+ 3, we can use the induction assumption (using the fact that
j—12>m+k+2) to show that R(U(S,l),k) = R(UWU(S,1),j — 1),k). Hence,
R(S, k+1) = o7 SIS R(U(S, 1), k) = g it R(UU(S, D), 5=1), k) =
—T SR R(U(U(S, §),1), k) = R(U(S, 7),k +1). (In the second-to-last step,
the same agents are removed in a different order, although the agents’ indices change

as other agents are removed.) Hence the proposition is also true for i = k+1. O

Proposition 15. For any S,5 € P(I), 0 <i < |S| —m, if S € S, then R(S,i) <

R(S, i). That is, R is nondecreasing in agents.

Proof. We prove this proposition by induction on ¢. When ¢ = 0, using Proposi-
tion 13, R(S,) = VCG(S) < VCG(S) = R(S,1). Let us assume that we have proven
that the proposition is true for i = k, that is, R(S, k) < R(S, k) if S C S. Now let us
consider the case where i = k+ 1. If S and S are the same, the proposition is trivial.
Now suppose that S has one more agent than S, and that this additional agent has
the gth highest initial marginal value in S. If ¢ > m + k + 2, U(S,j) C U(g,j)
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for all j < m + k + 1. By the induction assumption, we have R(S,k +1) =

e g R(U(S.5). k) > iy S5 R(U(S, ) k) = R(S,k +1).
Ifqg<m+k+1 U(S,j) CUW, ) for j <q—1,and U(S,j —1) C U(S, )

for g+ 1 < j <m+ k + 1. Using the induction assumption, we have R(S’ kE+1)=

e g R(U(S,5), k) = e 9 ROUS, ), k)4 X7 R(U(S,5),

k) + mmws,q), k) > m— VR(U(S, ), k) + sy ST R(U(S, G —
R(S, k + 1).

So, if S has one more element than S, then R(S;k+1) < R(g,k; +1). It
naturally follows that if S has even more elements, then we still have R(S,k + 1) <

R(S,k+1). 0

Proposition 16. For any S € P(I), R(S,i) is nonincreasing in i. In particular,

setting S = I, V; is nonincreasing in 1.

Proof. Using Proposition 15, R(S,i+1) = —— Zmﬂﬂ R(U(S,j),1) <

m+7,+1 Zm—H—i_l ( ) = R<S7 Z) D

Proposition 17. For0 <i<n—m—1, Z?:1 R(—j,i)=(n—m—1—)Vi+ (m+

1+10)Vig.

Proof. Using Proposition 14, we have > 7 | R(—j,1) = Z?jfrl R(—j,1) +
Demyise B(=4y)) = (m+i+ DR(,i+ 1)+ (n—m—i—1)R([,i) = (m+i+
Wier +(n—m—i—1)V, O

Now that we have established these basic properties of R, we are ready to in-
troduce the generalization of the worst-case optimal redistribution mechanism (both
with or without deficits) to the setting where agents have nonincreasing marginal

values over units.
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Theorem 5. When agents have nonincreasing marginal values over units, for any
m and n with n > m + 2, the worst-case optimal redistribution fraction (without
deficits) is
(")
k* =1- n—lm n—1
Zj:m( 7 )

(the same as in Theorem 1), and the worst-case imbalance fraction (with deficits) is

. (")
ki = =<7
Zj:m—f—l (])

(the same as in Theorem 3).

In each case, the following is a worst-case optimal mechanism: to agent i, re-
distribute - Z;::nﬂ c;R(—i,j —m — 1). Here, the ¢; from Theorem 1 are used
to mazimize the worst-case redistribution fraction without deficits, and the ¢} from
Theorem 3 are used to minimize the worst-case imbalance fraction when deficits are

allowed. The mechanisms obtained in this way in fact generalize the mechanisms

from Theorem 1 and Theorem 3.

Proof. In each case, the mechanism is strategy-proof because each agent’s redis-
tribution payment is independent of her own bid (—i does not contain ). It is
deterministic, efficient and anonymous. Because R(—i,j —m — 1) is nonincreasing
in 7, and Z;:mﬂ c¢; >0fori=m+1,...,n—1, it follows by Lemma 1 that the
mechanism is also individually rational.

Now, we recall that in the unit demand setting, for any bid vector vy > vy >
... > Uy, the total amount redistributed by the worst-case optimal mechanism is
Z;:;H c;((n— j)vj + jvj41), which is always at least k*muvy, 11 and at most muvy, 1
when we use the ¢ from Theorem 1; and which is always at least (1 — k)muvm 1

and at most (1+ k})mvy,,1 when we use the ¢ from Theorem 3. We next show that
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analogous bounds apply to the more general mechanisms, which will complete the
proof.
For the more general mechanisms, the total redistribution payment is

IZZ_ Z] —m+1 G R(—i,j—m _1)_ Z] =m+1 gzz  R(=i, 5 —m —1)

=1 ZJ 1 € (= J)Vj—m—1+ jVj_m). This expression is very similar to the total
redistributed by the mechanisms in the unit demand setting: the only differences
are that each v; has been replaced by the V;_,,_;, and there is an additional fac-
tor % Now, the bounds for the unit demand setting hold for any nonincreasing
sequence of v;; and, by Proposition 16, we have V5 > V; > ... > V,,_,,_;. Hence,
L ZJ 1 C (0= J)Vjem1 + jVjm) is in [K* Vg, Vo] when we use the ¢} from Theo-
rem 1, and in [(1 — k})Vo, (1 + k) Vo] when we use the ¢} from Theorem 3. Because

Vo = R(1,0) = VCG(I) is the total VCG payment, this proves the result. O

So far we have only talked about the case where n > m + 2. For the purpose of

completeness, we provide the following proposition for the n < m + 1 case.

Proposition 18. For any m and n with n < m+ 1, the original VCG mechanism
(that is, redistributing nothing) is worst-case optimal, both with or without deficits,
among all redistribution mechanisms that are deterministic, anonymous, strategy-

proof and efficient.

The proof of this proposition is based on the “nullification” technique proposed

in Cavallo [20].

Proof. Suppose there is a mechanism that satisfies all the desirable properties and has
a worst-case performance that is at least as good as the VCG mechanism. Because
the mechanism is strategy-proof, the redistribution payment received by an agent
should be independent of her own bid. Also, if a bid profile results in a total VCG

payment of 0, then under this profile, the total redistribution payment must also be 0.
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(If the objective is to maximize redistribution without deficits, negative total redis-
tribution would result in worse performance than VCG, and positive redistribution
would violate the non-deficit constraint. If the objective is to minimize imbalance,
either negative or positive redistribution would result in worse performance than
VCG. These arguments are analogous to those in the proofs of Proposition 7 and
Proposition 12.)

For the purpose of this proof only, we introduce the following notation. If an
agent has marginal value 1 for every unit among the first £ units, and 0 for any
further units, we denote her bid by k. These are the only bids that we will use in
this proof. For b; € N, let f(by,bs,...,b,_1) be the redistribution payment received
by an agent if the other agents’ bids are by,...,b, 1.

We will prove that for any set of nonnegative integers by, ba, . .., b,_1, if Z;:ll b; <
m, we have f(by,...,b,-1) = 0. We will do so by proving by induction on k (k < m)
the proposition that for any set of nonnegative integers by, bs, . .., b,_1, if Z?;ll b; <k,
we have f(by,...,b,—1) =0.

For the case k = 0, let us consider the case where all the agents bid 0, so that
the total redistribution payment is nf(0,0,...,0). Because the total VCG payment
is 0, the total redistribution must be 0, therefore f(0,0,...,0) must be 0.

Now let us assume that for any set of nonnegative integers by, bs, ..., b, 1, if
S b <k, we have f(by, ..., b, 1) = 0. Let b, b),... b, ; be any set of nonnega-
tive integers that satisfies Z;:ll b, = k + 1. Consider the bid profile (consisting of n
bids) formed by the b; and one 0. The redistribution payment received by the agent
that bids 0 is then f(b},0,...,b, ;). We note that some of the b may equal 0 as well;
by anonymity, the payment for these agents should be the same. The redistribution
payment received by any agent that does not bid 0 is 0 by the induction assumption.
Hence, the total redistribution is a positive multiple of f(b,5,...,b, ;). Given that

" Yn—1
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k+ 1 < m, the total VCG payment is 0, so it must be that f(b},b,,...,b/,_;) =0,
completing the proof by induction.

Having proved this, we now find an example with positive total VCG payment
but zero total redistribution, which will complete the proof. We recall m > n —
1. Let us consider the bid profile where one agent bids m — n 4+ 2 and the other
agents each bid 1. Then, the total redistribution payment is (n — 1)f(m — n +

2,1,...,1)+ f(1,...,1) = 0 (since the previous proposition applies to both f(m —
—— ——

n—2 n—1

n+2,1,...,1)and f(1,...,1)). However, the total VCG payment is positive. Hence,
——— ———

n—2 n—1
the mechanism has a redistribution fraction of 0% and an imbalance fraction of 100%

on this instance. O
2.1.10 General Multi-Unit Auctions

In Subsection 2.1.9, we showed how the results for the unit demand setting can be
generalized to the setting where agents have nonincreasing marginal values over the
units. The natural next question is whether they can be generalized even further. In
this subsection, we study multi-unit settings without any constraint on the bidders’
valuations—that is, marginal values can be increasing (but they cannot be negative:
units can always be freely disposed of). We show that when there are at least two
units, the original VCG mechanism (that is, redistributing nothing) is worst-case
optimal, both with and without deficits. (When there is only a single unit, then the

agents must have unit demand, so the previous results do apply.)

Proposition 19. In multi-unit auctions without any restrictions on agents’ valua-
tions, when the number of units m is at least 2, the original VCG mechanism (that is,
redistributing nothing) is worst-case optimal, both with or without deficits, among all

redistribution mechanisms that are deterministic, anonymous, individually rational,
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strategy-proof and efficient.

The proof of this proposition is based on the “nullification” technique proposed
in Cavallo [20]. We emphasize that unlike some of the earlier proofs, this proof does

require individual rationality.

Proof. Proposition 18 already established that for n — 2 < m, the original VCG
mechanism is worst-case optimal even when we do assume nonincreasing marginal
values, so it suffices to consider only the case where n — 2 > m. Suppose there
is a mechanism that satisfies all the desirable properties and has a worst-case per-
formance that is at least as good as the original VCG mechanism. Because the
mechanism is strategy-proof, the redistribution payment received by an agent should
be independent of her own bid.

Also, if a bid profile results in a total VCG payment of 0, then under this profile,
the total redistribution payment must also be 0 (otherwise, the performance is worse
than that of the original VCG mechanism).

For the purpose of this proof only, we introduce the following notations. If an
agent has marginal value 0 for every unit among the first m — 1 units, and marginal
value 1 for the mth unit, we denote her bid by B;. If an agent has marginal value
1 for the first unit, and 0 for any further units, we denote her bid by B,. If an
agent has marginal value 0 for all units, we denote her bid by 0. These are the only
bids that we will use in this proof. For b; € { By, Bs,0}, let f(by,ba,...,b,_1) be the
redistribution payment received by an agent if the other agents’ bids are by, ..., b,_1.
We need f(by,ba,...,b,-1) > 0 to ensure individual rationality.

We will prove the following:
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e f(B,0,...,0)=0
e f(Bi,B,0,...,0)=0

For £(0,0,...,0), let us consider the case where all the agents bid 0, so that the
total redistribution payment is nf(0,0,...,0). Because the total VCG payment is
0, the total redistribution must be 0, therefore f(0,0,...,0) must be 0.

For f(Bi,0,...,0), let us consider the case where one agent bids B; and all the
other agents bid 0, so that the total redistribution payment is (n—1) f(B,0,...,0)+
£(0,0,...,0) = (n—1)f(B1,0,...,0). Because the total VCG payment is 0, the total
redistribution must be 0, therefore f(Bj,0,...,0) must be 0. The same argument
can be used to show that f(B,,0,...,0) = 0.

For f(Bi, Bs,0,...,0), let us consider the case where one agent bids Bj, two
agents bid By and all the other agents bid 0, so that the total redistribution payment
is (n —3)f(B1, B2, Bs,0,...,0)+2f(B1, Bs,0,...,0)+ f(Ba, Bs,0,...,0). However,
the total VCG payment is still 0 for these bids (the agents that bid B, win; if one of
them is removed, we can do no better than to still allocate one unit to the other B,
agent, and nothing to the other agents—hence each By agent pays 0). Hence, the
total redistribution must be 0. Because f is nonnegative everywhere, it follows that
f(By, Bs,0,...,0) must equal 0.

Having proved this, we now find an example with positive total VCG payment
but zero total redistribution, which will complete the proof. Let us consider the bid
profile where one agent bids B, one agent bids By, and the other agents all bid 0.
Then, the total redistribution payment is (n—2) f(By, Bs,0,...,0)+ f(B1,0,...,0)+
f(Bs,0,...,0) = 0. However, the total VCG payment is positive (because we can
accept at most one of the B; bid and the By bid). Hence, the mechanism has a

redistribution fraction of 0% and an imbalance fraction of 100% on this instance. [

65



2.2 Optimal-in-Expectation Redistribution Mechanisms

So far, we have evaluated how well a redistribution mechanism does by focusing on
the worst case. This is a very robust criterion, but if we have a prior distribution
over the valuations, it may make more sense to maximize the expected redistribution.
In this section, we study the problem of designing VCG redistribution mechanisms
that redistribute the most in expectation. From Subsection 2.2.1 to Subsection 2.2.4,
we focus on multi-unit auctions with unit demand. In Subsection 2.2.1, we cover the
necessary background and introduce our notation. In Subsection 2.2.2, we recall the
definition of linear redistribution mechanisms and we solve for optimal-in-expectation
linear (OEL) redistribution mechanisms in our setting. We focus on deriving an ana-
lytical characterization of these OEL mechanisms. In Subsection 2.2.3, we show how
to automatically (using linear programming) solve for (possibly nonlinear) mecha-
nisms that are close to optimal, based on a discretization of the valuation space. This
technique is only effective for cases with small number of agents. That is, it does
not scale very well. Fortunately, the experimental results in Subsection 2.2.4 show
that for auctions with many bidders, the optimal linear mechanism redistributes al-
most everything, whereas for auctions with few bidders, we can solve for the optimal
discretized redistribution mechanism with a very small step size. That is, the two ap-
proaches are in some sense complementary. Finally, in Subsection 2.2.5, we study the
more general setting of multi-unit auctions with nonincreasing marginal values. We
extend the notion of linear redistribution mechanisms to this more general setting,
and propose several models for finding optimal linear redistribution mechanisms. It
is more difficult to work in this more general setting, since we also need to consider

a type of ordering information; we discuss these difficulties in that subsection.
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2.2.1 Formalization

From this subsection to Subsection 2.2.4, we focus on multi-unit auctions with unit
demand. We still use n and m to denote the number of agents and the number
of units. Since we are dealing with the unit demand setting, we assume n > m.8
(Otherwise, it is clearly optimal to give every agent a unit and charge nothing.) As
usual, for the ith agent, we denote her true/reported type/bid for winning one unit
by v; (we are focusing on strategy-proof mechanisms). Without losing generality, we
assume that v1 > vy > ... >0, > 0.

Let constants L and U be the lower and upper bounds, respectively, on the
possible values. Hence, co > U > vy > vy > ... > v, > L > 0. We assume that we
have a prior joint probability distribution over the agents’ values v;. We denote the
probability density function of this joint distribution by f(vy,...,v,). We emphasize
that we require neither that the agents’ values are drawn from identical distributions,
nor that they are independent.

We aim to design VCG redistribution mechanisms that redistribute the most in
expectation, subject to the non-deficit constraint. Here, we do not explicitly enforce
the individual rationality constraint for the following reasons: Since our objective
is to maximize social welfare, if the prior distribution is symmetric across agents,
then under any redistribution mechanism that redistributes a nonnegative amount
of payment in expectation, every agent benefits from participating in the mechanism
(the agent receives nonnegative expected utility). That is, ex-interim individual
rationality is not a binding constraint. Our technique can also be used to design
mechanisms that are ex-interim individually rational when the prior is not symmet-
ric across agents, or mechanisms that satisfy the even stronger ez-post individual

rationality. However, this would require additional constraints and make the ana-

8 We remove this restriction in Subsection 2.2.5 where we consider settings without unit demand.
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lytical characterization in Subsection 2.2.2 too complex. For the above reasons, we

omit individual rationality constraints.
2.2.2 Linear Redistribution Mechanisms

We first restrict our attention to the family of linear redistribution mechanisms. We
recall from Subsection 2.1.2 that a linear redistribution mechanism is characterized

by a linear redistribution function of the following form:
T(’U_Z') =+ C1V_;1 + CoU_; 2 + ...+ Cp—1V—jn—1

Here, r(v_;) is agent ¢’s redistribution. v_; ; is the jth highest bid among v_; (the
set of bids other than v;). The coeflicients ¢; completely characterize the redistribu-

tion mechanism.
Optimal-in-expectation linear redistribution mechanisms

We will prove the following result, which characterizes a linear redistribution mech-
anism that maximizes the expected total redistribution (among linear redistribution

mechanisms). We call this mechanism OEL (optimal-in-expectation, linear).

Theorem 6. Given n, m, and a prior distribution over agents’ valuations, the fol-
lowing c¢; define a redistribution mechanism that maximizes expected redistribution,
under the constraints that the mechanism must be a linear redistribution mechanism,
efficient, strategy-proof, and satisfy the non-deficit property.

Let the o; be defined as follows:

OOZU—E’Ul, Oi:E’Ui—EUZ'+1 (i:1,2,...,n—1), andon:Evn—L.

The o; are determined by the given prior distribution.

Let k be any integer satisfying

k € argmin;{o;/(")]i —modd,i =0,...,n}
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Let function G be defined as follows:

G(n,m,i) = ("71) /(7)) = Ansimhie-)!

n—m—1 i—-1/) = (n—m—1)I(m—1)!
o If0< k< m, then
ci = (=1)"™"'G(n,m,i) fori=k+1,...,m,
cr=m/n—3 "0 L (=1)"G(n,m, i),
and ¢; = 0 for other 1.
o [fk=0, then
ci = (=)™ "'G(n,m,i) fori=1,...,m,
co=Um/n—=U>" (-1)""G(n,m,1i),
and ¢; = 0 for other 1.
o I[fm < k<mn, then
ci = (=)™ G(n,m,i) fori=m+1,... k-1,
Cr = m/n - Zf:_rizﬂ(_l)m_i_l(;(na m, i);
and ¢; = 0 for other 1.
o If k =n, then
¢ = (=)™ G(n,m,i) fori=m+1,...,n—1,
co=Lm/n— LY (=) G n,m, i),

and ¢; = 0 for other 1.

In expectation, this mechanism fails to redistribute
n—1 n
oxm(",)/ ;)
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This mechanism is uniquely optimal among all linear redistribution mechanisms
if and only if the choice of k is unique and there does not exist an even i and an odd

J such that o, = 0; = 0.

The mechanism is complicated, and is perhaps easier to understand using the
auxiliary variables that we define in the derivation of this mechanism below.

Depending on the optimal choice of k, we have different OEL mechanisms. We
call the OEL mechanism corresponding to a specific choice of £ the OEL mechanism
with index k. For k = 1,2,...,n—1, the waste under the OEL mechanism with index

k equals m(™ ) /(%) (vr, — vg41). The waste under the OEL mechanism with index 0

m

n—1
m

equals m( )(U —v1). The waste under the OEL mechanism with index n equals
m(";zl) (v,—L). Basically, the waste is always a multiple of: 1) the expected difference
between two adjacent (in terms of size) bids, or 2) the expected difference between
the upper bound and the largest bid, or 3) the expected difference between the lowest
bid and the lower bound. Moreover, the multiplication coefficient is determined by
m and n. Then, the OEL mechanism simply chooses the best of these options. In
contrast, under the worst-case optimal mechanism, the waste is a linear combination
of all of the bids (except for the highest m).

In what follows, we derive the OEL mechanism and prove its optimality. Our
objective is to find an linear redistribution mechanism that redistributes the most
in expectation. To optimize among the family of linear redistribution mechanisms,
we must solve for the optimal values of the ¢;. We want the resulting redistribution
mechanism to be strategy-proof and efficient, and we want it to satisfy the non-
deficit property. The first two properties are satisfied by all the mechanisms inside
the linear family, so the only constraint is the non-deficit property. The following

optimization model can be used to find the linear redistribution mechanism (the ¢;)

that redistributes the most in expectation, while satisfying the non-deficit property.
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Variables: ¢y, cq,...,ch_1

Maximize E(} ;1)

Subject to:

For every bid vector U > vy > vy > ... > v, > L
Yoy 1 < MU

ri =Co+ C1U—j1 + CU—j2+ ...+ Cho1V—in-1

Given the prior distribution, E(muv,,.1) is a constant, so the objective of the
above model may be rewritten as Minimize E(muvy,+1 — Y, 73).
Since 1; = ¢o + €1V_;1 + CoV_j2 + ... + Cp_1V_ipn—1, Where v_; ; is the jth highest

bid among bids other than ¢’s own bid, we have the following:

1 = Co+ C1V2 + CoU3 + C3Vy . . . + Cp—2Up—1 + Cp—1Up
Ty = Co + C1V1 + CU3 + C3V4 ... + Cp—2Up—1 + Cp—1Up

T3 = Co+ C1U1 + CoUs + C3Vy . .. + Cp—2Up—1 + Cp—1Un

Th—1 = Co + C1V1 + CoV2 + C3V3 ... + Cp_2Up_9 + Cr_1Uy

Typ = Co+ ClU1 + CoUg + C3V3 ...+ Cp_2Upn_9 + Cn_1Up_1

We can write mu,,+1 — Z?:l r; as qo+q1v1+qave+. . .+ qnv,, Where the coefficients

q; are listed below:

qo = —MNCo
¢G=—(G—1Dc1—(n—i)fori=1,2,....mm+2,...,n

Gmi1 =M — My — (n—m — 1)cmi

(We note that we introduced a dummy variable ¢, in the above equations—since

there are only n — 1 other bids, ¢, will always be multiplied by 0, but adding this

variable makes the definition of the ¢; more elegant.) Given n and m, qo,...,qn
(n + 1 values) are determined by co, ...,c,—1 (n values). Conversely, if qo, ..., ¢n-1
are fixed, then we can completely solve for the values of ¢y, ..., c,_1 (and hence also

for ¢,,). This results in the following relation among the ¢;:
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R

(_1)mm (nfl)(n;i')(nfm)

After simplification we obtain:
S ()T g = (=) m ()

Now, we can use the g; as the variables of the optimization model, since from them
we will be able to infer the ¢;. Because muy,41—> o 7 = qo+q1v1+ 2+ . .+, 0y,
we can rewrite the non-deficit constraint by requiring that the latter summation is
nonnegative. Also, the ¢; must satisfy the previous inequality (otherwise there will

be no corresponding ¢;).

Variables: qq,q1,...,qx

Minimize F(qo + q1v1 + qav2 + ... + ¢ vy)
Subject to:

For every bid vector U > vy > vy > ... > v, > L

Qo+ @1 + U2+ ...+ quu, >0

i (D) e = (D)7 m ()

In what follows, we will cast the above model into a linear program. We begin

with the following lemma:

Lemma 3. The following are equivalent:
(1) qo+qui+ @ua+ ...+ ¢y 20 for allU > vy 2 vy > ... > v, > L
(2) qo+ LY+ (U =L)X, 420 fork=0,....n

Proof. (1)=(2): (2) can be obtained from (1) by setting v; = vy = ... = v, = U and
Vg1 = Upao = ... =V, = L.

(2)=(1): Let us rewrite 7' = qo + q1v1 + Gav2 + ... + @u0, as o + LY o qi +
(01 = v2) Doy i+ (V2 = 03) iy i oo (V1 = 00) S0 @+ (00 = L) 00 o I

Zle ¢; > Oforevery k=1,...,n,then T > go+L> " | ¢ > 0 (because vy — vy, vg —
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vs3,...,v, — L are all nonnegative). Otherwise, let &’ be the index so that Ziil i
is minimal (hence negative). To make 7" minimal, we want vy — vpy1 (which is
multiplied by Zflzl ¢;) to be maximal. So the minimal value for T'is gqo+L > ;| ¢; +
(U—-1L) Zf;l ¢; > 0, which is attained when v; = vy = ... = v = U and vy =
Uprao = ... =v, = L. Hence T is always nonnegative. O]

Let 2p = (g0 + LY.", ¢:)/(U — L)+ Y% i for k=0,...,n. The z; correspond
(one to one) to the ¢;, so we can use the x; as the variables in the optimization
model. The first constraint of the optimization model now becomes x;, > 0 for every

k. Since xp — xp_1 = q for k =1,...,n, the second constraint becomes

Cin (=D 0) (@ =) = (0" ("))

After simplification we get:

i1 (i = ()"t ("))

Let [ U — E?)l, 0; — E’Ui — E'U,L'+1 (’l = 1,...,77,— 1) and Op — EUn — L.
The o; are all nonnegative constants that we know from the prior distribution. The

objective of the optimization model can be rewritten as follows:

E(qo+ q1v1 + 2 + ... + ¢, 0p)
=qo+qlbv +@Eve+ ...+ ¢, Evu,
=zo(U—L)+q(Evy — L)+ q(Fve — L)+ ...+ q.(Ev, — L)
= zo((U = L) = (Bvy = L)) + (zo + @) (Bvy — L) — (Evy = L)) + (0 + 1 +
@)(Bva—L)—(Fvs—L))+...+(xo+q + ...+ ¢)(Ev, — L)

= 09Xg + 0121 + ...+ 0,

We finally obtain the following linear program:
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Variables: zg,x1,...,2,
Minimize ogxg + 0121 + ... + 0,2,
Subject to:

i)' (i = (=)™ 'm ("))

At this point, for any given n and m, for any prior distribution, it is possible to
solve this linear program using any LP solver; then, using the above, the resulting
x; can be transformed back to ¢; to obtain an optimal-in-expectation linear redistri-
bution mechanism. However, this will not be necessary. The following proposition

gives an analytical solution of this linear program.
Proposition 20. Let k be any integer satisfying
k € argmin;{o;/(7)]i —modd,i =0,...,n}
The above linear program has the following optimal solution:

Ty = m("_l)/(Z), and ; =0 fori # k

m

The optimal objective value is

n—1 n
oxm(",")/ ()
This solution is the unique optimal solution if and only if the choice of k is unique

and there does not exist an even i and an odd j such that o; = 0; = 0.

Proof. We can rewrite the second constraint as

S (=1 () () s = 1

This results in the program

Variables: xg,x1,..., 2,
Minimize oyxg + o121 + ... + 0,2,
Subject to:

)/ Nei= X (D)/m(%, ) +1

i=0...n;i—m odd 1=0...nji—m even
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The o; are nonnegative. To minimize the objective, we want all the z; to be as
small as possible. It is not hard to see that it does not hurt to set the x; for which
1 — m is even to zero: in fact, setting them to a larger value will only force the x;
for which i —m is odd to take on larger values, by the last constraint. (It should be
noted that if there exists an even ¢ and an odd j such that o, = 0; = 0, then we can
increase the corresponding z; and x; at no cost to the objective without breaking
the constraint, hence the solution is not unique in that case.) This results in the

following linear program:

Variables: zg,21,...,2,
Minimize oyxg + o121 + ... + 0,2,
Subject to:

()/(m (", )i =1

7=0...n;i—m odd

We want the x; to be as small as possible. However, the second constraint makes
it impossible to set all the x; to 0. For each z; with ¢ —m odd, if we increase it by 9,
the left side of the second constraint is increased by (7)/(m("'))d and the objective
value is increased by 0;6. We need the left side of the second constraint to increase
to 1 (starting from 0), while minimizing the increase in the objective value. To do
so, we want to find the z; (with ¢ — m odd) that has the minimal cost-gain ratio
(where the cost is 0,6, and the gain is (7) /(m(""))d). It follows that for any integer
k satisfying k € arg mini{oi/(’z) |i —modd,i=0,...,n}, the linear program has the
following optimal solution: xp = m(";ll) / (Z) and z; = 0 for i # k. The resulting

optimal objective value is okm(”;l) /(2)-
In the above argument, there were only two conditions under which we made a
choice that is not necessarily uniquely optimal: if (and only if) there exists an even

¢ and an odd j such that o; = 0; = 0, then, as we explained, there exist optimal

solutions where some x; with m—1 even is set to a positive value (in fact, it can be set
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to any value in this case); and if (and only if) arg min;{o;/(7)|i—modd,i =0,...,n}
is not a singleton set, then there exists another optimal solution with another x;, set
to a positive value (in fact, in this case, multiple x; may simultaneously be set to a

positive value). O

By transforming the x; from Proposition 20 to the corresponding c¢;, we obtain
the OEL mechanism from Theorem 6.

We now present a special case that may give some further intuition. The case
where £ = m+1 in Theorem 6 corresponds to the redistribution mechanism in which
each agent receives a redistribution payment that is equal to m/n times the (m+1)th
highest bid from the other agents. In our setting of multi-unit auctions with unit
demand, this is exactly the Bailey-Cavallo mechanism. This observation is formally

stated in the following corollary.

Corollary 3. Given n, m, and a prior distribution over agents’ valuations, we define

the o; as follows:
oo=U— FEvy, 0,=Fv; — Fv;; (i=1,2,...,n—1), and 0, = Ev,, — L.
If the following condition holds:
Omi1 < 0; (m’il)/(’;) for all 0 < i <mn with i —m odd,

then the Bailey-Cavallo mechanism mazimizes expected redistribution, under the con-
straints that the mechanism must be a linear redistribution mechanism, efficient,

strategy-proof, and satisfy the non-deficit property.
Next, we present two example OEL mechanisms.

Example 3. Consider the case where n = 3 and m = 1, and the bids are all drawn
independently and uniformly from [0,1]. In this case, Ev; = % forti=1,...,3.
So, U =1,L = 0,0; = ;11 for i = 0,...,3. (We recall that o = U — Evy,0, =
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Ev, — L, and o; = Ev; — Fv;; otherwise.) arg mini{oi/(?) |i —modd,i =0,...,n}

is then {m + 1} = {2}. The expected amount that fails to be redistributed is

02m<n7;1) / (Z) = %. (The expected total VCG payment is %) The optimal solution
is given by ¢y = %, and ¢; = 0 for other 7. Hence, this optimal-in-expectation linear
redistribution mechanism is defined by r; = %v,i,g, which is actually the Bailey-

Cavallo mechanism. The total redistribution is > r; = %vg + %Ug. The expected

E('UQ — U3> = l.

amount that fails to be redistributed is E(vy — 5

W

b = ) =

Example 4. Consider the case where n = 8 and m = 2, and the bids are all drawn
independently and uniformly from [0, 1]. In this case, Fv; = % fori=1,...,8. So
U=1,L=0,0,=¢ fori=0,...,8. argmin;{o;/(?)|i —modd,i =0,...,n} is then

{3,5}. The expected amount that fails to be redistributed is osm(" ')/ (%) = 15

(The expected total VCG payment is 3.)
One optimal solution is given by c3 = %, and ¢; = 0 for other i. Hence this
expectation optimal linear redistribution mechanism is defined by r; = zl;U—iS (Bailey-

Cavallo mechanism). The total redistribution is Z?:l ri = %’Ug + %114. The expected

amount that fails to be redistributed is F(2v3 — Sv3 — 2v4) = 3E(vs — vg) = 5.

3 3

The other optimal solution is given by c3 cs = 55, and ¢; = 0 for

I
[
)
N
I
|
—
=l

other 7. Hence this expectation optimal linear redistribution mechanism is defined
by r; = %v,i,g — 1%1)71-,4—1— %v,ig,. The total redistribution is Z?:l r; = 203 — %v5+ %UG.

The expected amount that fails to be redistributed is E(3(vs — vg)) = 5.

Properties of the OEL mechanism
We present some properties of the OEL mechanism. First, we have that there cannot
be another redistribution mechanism that always redistributes at least as much in

total as OEL, and strictly more in at least one case. That is, the OEL mechanism is

collectively undominated.
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Proposition 21. For any m,n and any prior distribution, there does not exist any
redistribution mechanism that, for every multi-set of bids, redistributes at least as

much in total as OFEL, and redistributes strictly more in at least one case.

We will prove the above proposition in Section 2.3. More precisely, we will show
that the OEL mechanisms characterized in Theorem 6 are the only collectively un-
dominated redistribution mechanisms that are anonymous and linear in multi-unit
auctions with unit demand.

It should be noted that Proposition 21 only applies to the OEL mechanism, as
defined in Theorem 6. Under certain circumstances (as detailed in Theorem 6), this
mechanism is not uniquely optimal; and the other optimal mechanisms do not always
have the property of Proposition 21.

The next proposition shows that, if the prior distribution does not distinguish
among agents, OEL is ez-interim individually rational—that is, in expectation,
agents benefit from participating in the mechanism (they receive nonnegative ex-

pected utilities).

Proposition 22. If the prior distribution is symmetric across agents (for exam-
ple, the agents’ values are independent and identically distributed), then the OFEL

redistribution mechanism is ex-interim individually rational.

Proof. The original VCG mechanism (redistributing nothing) is also a linear redistri-
bution mechanism (corresponding to ¢; = 0 for all 7). Hence, the OEL mechanism will
always redistribute a nonnegative amount in expectation. That is, E(> ", ;) > 0.
If the distribution is symmetric across agents, E(r;) = E(r;) for any i and j (E(r;)
is the expected redistribution received by agent ¢, which is independent of her own
report). So E(r;) > 0 for all . However, the VCG mechanism is well-known to

be ex-interim (in fact, ex-post) individually rational in this setting, so that even if
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E(r;) =0, agents’ expected utility from participating in the mechanism is nonnega-

tive. It follows that OEL must also be ex-interim individually rational. m

As an aside, if the prior is not symmetric across agents, then we can explicitly add
the ex-interim individual rationality constraint (or the stronger ez-post individual
rationality constraint®) into our optimization model. This still results in a linear
program (but it does not admit an elegant analytical solution).

In Theorem 6, we gave an expression for the expected amount that OEL fails to
redistribute, which depended on the prior. In the next proposition, we give an upper

bound on this that does not depend on the prior.

Proposition 23. For any prior, the OEL mechanism fails to redistribute at most

(U —Lym("")/ > (1)

i=0,1,...,n;i—m odd
in expectation. This bound is tight.

Proof. Given a prior distribution (and therefore, given the o;), the expected amount

that fails to be redistributed is ogm (") /(7) for any k € arg min;{o;/(7)|i—modd, i =

m

0,...,n}. If a distribution is constructed such that o; = (U—L)(%)/ > (")

7
i=0,...,n;i—m odd

for all 7 with i —m odd, and o; = 0 for all other 7 (this is in fact a feasible setting of the
o;,—we can just use a degenerate distribution where the agents’ valuations are not in-
dependent), then arg min;{o;/ (%) |i—modd,i =0,...,n} = {i|0 <i < n,i—modd}.
So k can be any ¢ as long as ¢ — m is odd. In this case, the expected amount not

redistributed is exactly (U — L)m(" ")/ > (™).
1=0,...,n;i—m odd

Now suppose that there is another distribution under which the mechanism fails

to redistribute strictly more in expectation. Then, the new set of o} must satisfy

9 A mechanism is ex-post individually rational if every agent receives nonnegative utility for any
bids.
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om(" /(7)) >m(™ 1)/ > (") = oim (™) /(}) for any i with i —m odd.

1=0,...,n;i—m odd

It follows that o > o; for any ¢ with ¢ —m odd. Since > 0, =U-1L

1=0,...,n;i—m odd

and o > 0 for any ¢ with ¢ — m even, we have > o, > U — L, which is a
1=0,...,n

contradiction. O

For Example 3, Proposition 23 gives an upper bound on the expected amount
that fails to be redistributed of 0.5 (we recall that the actual amount is %) For
Example 4, Proposition 23 gives an upper bound on the expected amount that fails
to be redistributed of 0.3281 (we recall that the actual amount is 55).

The next proposition shows that for fixed m, as n goes to infinity, the expected

amount that fails to be redistributed goes to 0; hence OEL is asymptotically optimal

for fixed number of units.

Proposition 24. For fized m, as n goes to infinity, the expected amount that fails

to be redistributed by OFEL goes to 0.

Proof. By Proposition 23, we only need to show that for fixed m, as n goes to infinity,

(U — L)m(”;bl)/ » 27 N (T:) goes to 0.
We have that (U — L)ym(" ')/ S (") < WU -Lm("H/(0) =

i=0,1,...,n;5—m odd

(U - L)m("jl),!(mﬂ)!("*m*l)! = (U—L)(m+1)m/n. The right-hand side goes to 0 as

I(n—m—1)!n!

n goes to infinity. O
On the other hand, if we increase both n and m, and keep their difference within

constant C, then the expected amount fails to redistributed by OEL also goes to 0:

for large n, the expected amount fails to be redistributed by OEL is at most

U-Dm(uY) % (5 <U=Lnm-1) ¥ ()

i=0,1,...,n;5i—m o 1=0,1,...,n;i—m odd
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— (U —-Ln -1 X (DTN + X (1) Base

i=1,2,....,n—1;i—m odd i=0,n3i—m odd

cally, the denominator is exponential in n, while the numerator is polynomial in n.
Therefore, as n increases, the amount fails to be redistributed by OEL approaches
0.

So far, we have only considered anonymous redistribution mechanisms (that is,
mechanisms with the same redistribution function 7(-) for each agent).!% If we allow
the redistribution mechanism to be nonanonymous, then we can use different c;
for different bidders. Moreover, even for the same bidder, we can use different c;
depending on the order of the other bidders (in terms of their bids), and there are (n—
1)! such orders. Thus, it is clear that to optimize among the class of nonanonymous
linear redistribution mechanisms, we need significantly more variables, and analytical
solution of the linear program no longer seems tractable. However, we do have the
following proposition, which shows that the OEL mechanism remains optimal even
among nonanonymous linear redistribution mechanisms, if the prior is symmetric.
Proposition 25. If the prior distribution is symmetric across agents (for example,
the agents’ values are independent and identically distributed), then no nonanony-
mous linear redistribution mechanism can redistribute strictly more than the OEL

mechanism (which is anonymous) in expectation.

Proof. Let us define the average of two (not necessarily anonymous) redistribution
mechanisms as follows: for any multi-set of bids, for any agent i, if one redistribu-
tion mechanism redistributes x to agent i, and the other redistribution mechanism
redistributes y to 4, then the average mechanism redistributes (x + y)/2 to ¢. It is
not difficult to see that if two redistribution mechanisms both never incur a deficit,
then the average of these two mechanisms also satisfies the non-deficit property. This

averaging operation is easily generalized to averaging over three or more mechanisms.

10 An exception is Proposition 21, which shows that there is not even a nonanonymous mechanism
that always redistributes at least as much in total as OEL, and strictly more in at least one case.
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Now let us assume that r is a nonanonymous linear redistribution mechanism,
and that r redistributes strictly more than the OEL mechanism in expectation when
the prior distribution is symmetric across agents. Let m be any permutation of n
elements. We permute the way r treats the agents according to 7, and denote the
new mechanism by ™. That is, ™ treats agent 7 (i) the way r treats i. Since we
assumed that the prior distribution is symmetric across agents, the expected total
amount redistributed by r™ should be the same as that redistributed by r. Now,
if we take the average of the r™ over all permutations 7w, we obtain an anonymous
linear redistribution mechanism that redistributes as much in expectation as r (and
hence more than the OEL mechanism). But this contradicts the optimality of the

OEL mechanism among anonymous linear redistribution mechanisms. O]
2.2.8 Discretized Redistribution Mechanisms

In the previous subsection, we only considered linear redistribution mechanisms.
This restriction allowed us to find the optimal linear redistribution mechanism by
analytically solving a linear program. In this subsection, we consider a larger domain
of eligible mechanisms, and propose discretized redistribution mechanisms, which can
be automatically designed [30] and can outperform the OEL mechanism. (In this
subsection, for simplicity and to be able to compare to the previous subsection, we
only consider anonymous mechanisms, and we do not impose an individual rationality
constraint. However, all of the below can be generalized to allow for nonanonymous
mechanisms and an individual rationality constraint.)

We study the following problem: given a prior distribution f (the joint pdf of
U1, Vg, ..., Uy), We try to find a redistribution mechanism that redistributes the most
in expectation among all redistribution mechanisms that can be characterized by
continuous functions. For simplicity, we will assume that f is continuous. The

optimization model is the following:
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Variable function: » : R"~! — R, r continuous
Maximize

Yoo r(voi) f(vr, v, ..., vy)durdoy . .. doy,
U>v1>. >0 >L
Subject to:
For every bid vector U > vy > vy > ... > v, > L

Z?:l T(“—i) < MUy41 B

Let R* be the optimal objective value for this model. (To be precise, we have
not proved that an optimal solution exists for this model: it could be that the set of
feasible solution values does not include its least upper bound. In this case, simply let
R* be the least upper bound.) Since we are not able to solve this model analytically,
we try to solve it numerically.

We divide the interval [L, U] (within which the bids lie) into N equal parts, with
step size h = (U — L)/N. Let k denote the subinterval: I(k) = [L + kh, L + kh + h]
(k=0,1,...,N —1). Define r" : R"* — R as follows: for all U >y > 29 > ... >
Tpo1 > L,r"(ay, 20, .. 20 1) = 2"[ky, ko, ..., kn_1] where k; = | (2; — L)/h] (except
that k; = N — 1 if x; = U). Here, the 2"[ky, ko, ..., k,_1] are variables. We call such

a mechanism a discretized redistribution mechanism of step size h.

Proposition 26. A discretized redistribution mechanism satisfies the non-deficit

constraint if and only if

S Mk ke ki ki, - k] < m(L A Ky h)

forevery N—1>ki>ky>... >k, > 0.

Proof. For every N —1 >k > ko > ... > k, > 0, if v; = L + k;h for all ¢, then
S 2k k. kiy, iy, .. k] is the total redistribution and m(L + kpiqh) is
the total VCG payment. It follows that if the mechanism satisfies the non-deficit
property, the inequalities in the proposition must hold. Conversely, if all the in-

equalities in the proposition hold, then the total redistribution of the mechanism
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is never more than m(L + k,,;1h), which is less than equal to the total VCG pay-
ment mu,,,1. So the mechanism never incurs a deficit if all the inequalities in the

proposition hold. O

The following linear program finds the optimal discretized redistribution mecha-
nism for step size h. The variables are z"[ky, ko, . .., k,_1] for all integers k; satisfying
N—=1>k >ky>...>k,_1 > 0. The objective is the expected total redistribution,
where plki, ko, ..., ky) = P(vy € I(k1),v2 € I(ks),...,v, € I(k,)) (we note that the

plki, ka, . .., ky) are constants).

Variables: 2"[.. ]

Maximize .

ZN—IZklszZ...anZO P[kh k27 ey kn] Zizl Zh[k17 k2> ey ki—h ki—f—l; ey kn]
Subject to:

Forevery N—1>k > ky>... 2k, >0

Z:'L:l Zh[kla k?a R ki—l) ki-ﬁ-la s 7kn] < m(L + km-i—lh’)

Let z*"[...] denote the optimal solution of the above linear program, and let
r*" denote the corresponding optimal discretized redistribution mechanism. Let R*"
denote the optimal objective value. The next proposition shows that discretized re-
distribution mechanisms cannot outperform the best continuous redistribution mech-

anisms.
Proposition 27. R*" < R*.

Proof. For any € > 0, we will show how to construct a continuous function r/ so that

r’ < r*h everywhere, and the measure of the set {r*" s r’} is less than e.
Let B be the greatest lower bound of 7*" (r** is bounded below because it is a
piecewise constant function with finitely many pieces). For given U > 1 > x5 >
. > Xy > L, let d(xy,...,2,_1) be the minimal distance from any x; — L to

the nearest multiple of h. For any § > 0, let 75(z1,..., 2, 1) = 7" (21,..., 2,_1) if
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*h(iCl, . ,IL‘n_1>

d(x1,...,xp_1) >0, and rs(xy, ..., xh_1) =T
— (6 —d(zy,...,001)) (" (21, ..., 2,_1) — B)/d otherwise.
It is easy to see that the function r; is continuous at any point where d(x1, ..., z,_1)

his continuous. Furthermore, the function is con-

> ¢, because at these points, r*
tinuous at any point where 6 > d(zy,...,7,_1) > 0, because 7*" and d are both
continuous at these points. Moreover, it is also continuous at any point where
d(xy,...,T,_1) = 0, because at such a point r*"(xy,... 2, 1)

—(6—d(xy, ..., 00 1))(r*"(zy1,...,20_1) — B)/6 = r*"(xy,...,2,_1). Finally, at any
point where d(z1,...,2,-1) = 0, the function is continuous because on any point
xy, ..., _, at distance at most v > 0 from x4, ..., x,_1, the function will take value
at most v(H — B)/§, where H is an upper bound on 7*" (H is finite).

As 4 goes to 0, so does the measure of the set {r*" # rs}. Moreover, rs < r*"
everywhere. Hence we can obtain 7/ with the desired property by letting it equal r;
for sufficiently small §.

Now, r! is a feasible redistribution mechanism, because it always redistributes

less than r*".

Moreover, because f is a continuous pdf on a compact domain, as
¢ — 0, the difference in expected value between 7/ and r*" goes to 0. Hence, we
can create continuous redistribution functions that come arbitrarily close to R*"
in terms of expected redistribution, and hence R* (the least upper bound of the

expected redistributions that can be obtained with continuous functions) is at least

R, O

The next proposition shows that if we make the discretization finer, we will do

N0 Worse.
Proposition 28. R*" < R*/2.

P’/’OOf. For all 2N — 1 Z ]{31 Z kg Z Z kn—l Z O, let Zh/Q[k?th,...,kn_l] =
2 k1 /2], k2/2], ..., |kn1/2]]. The discretized redistribution mechanism corre-
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h

sponding to z"2[...] is exactly r*". h

The discretized redistribution mechanism 7*
satisfies the non-deficit property. Hence the variables 2/2[...] form a feasible solu-
tion of the linear program corresponding to step size h/2, so its expected redistribu-
tion must be less than or equal to that of the optimal solution of the linear program

corresponding to step size h/2. That is, R*" < R*/2. O

The next proposition shows that as we make the discretization finer and finer,

we converge to the optimal value for continuous redistribution mechanisms.
Proposition 29. lim;,_,, R*" = R*.

Proof. For any v > 0, there exists a continuous redistribution mechanism r* such that
its expected redistribution is at least R*—~. r* is continuous on a closed and bounded
domain, so r* is uniformly continuous. Hence for any ¢ > 0, there exists 6 > 0 so
that [r*(x1, 29, ..., xn1) — r*(2), xh, ..., 2} ;)| < € as long as max;{|z; — x}|} < 4.
Choose h < 6, and define 2" [k, ko, ..., kn_1] by (L + kih, L + kah, ..., L+ k,_1h)
foral N—1>k >ky>...>k,_1 > 0. zh[. ..] corresponds to a feasible discretized
mechanism r". In addition, »® > r* — €. Hence, the expected redistribution of the
optimal discretized mechanism with step size (at most) h is R** > R* — v — ne.
Since v and € are both arbitrarily small, limj,_, R** > R*. By Proposition 27,

lim;,_0 R** < R*. [l

We note that a discretized redistribution mechanism 7" is defined by a finite
number of real-valued variables: namely, one variable 2[ky, ko, ..., k,_1] for every
N—-1>k >ky>...>k,_1 > 0. Because of this, we can use a standard LP solver
to solve for the optimal discretized redistribution mechanism 7" (for given m,n,h
and prior). In general, this linear program involves exponential number of variables
and does not scale. However, at least for small problem instances, we can set h to
very small values, and by Proposition 29, we expect the resulting mechanism to be

close to optimal.
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But how do we know how far from optimal we are? As it turns out, the discretiza-
tion method can also be used to find upper bounds on R*. Here, we will assume that
agents’ values are independent and identically distributed. The following linear pro-

gram gives an upper bound on R*.

Variables: 2"[.. ]

Maximize "

ZN—12k12k22m2kn20 p[kh k27 RIS kn] Zi:l Zh[kh k?? ey ki—l? ki—l—h SRR kn]
Subject to:

Forevery N—1>k > ko> ... >k, >0

Z?Zl Zh[kfl, k?g, ey ki—l) ki—l—lu ce ,kn] S

mE(vpy1lvr € I(k1),v2 € I(ka), ... v, € I(ky))

The intuition behind this linear program is the following. In the previous linear
program, the non-deficit constraints were effectively set for the lowest values within
each discretized block, which guaranteed that they would hold for every value in the
block. In this linear program, however, we set the non-deficit constraints by taking
the expectation over the values in each block. Generally, this will result in deficits
for values inside the block, so this program does not produce feasible mechanisms.

Let 2"[...] denote the optimal solution of the above linear program, and let #"
denote the (not necessarily feasible) corresponding optimal discretized redistribution
mechanism. Let R" denote the optimal objective value. We have the following

propositions:

Proposition 30. If the bids are independent and identically distributed, then RM >
R*.

Proof. Let r be any feasible continuous (anonymous) redistribution mechanism. Now,
consider the conditional expectation of a bidder’s redistribution payment under r,
given that, for each ¢ € {1,...,n — 1}, the ith highest bid among other bidders is
in I(k;) = [L + k;h, L + k;h + h]. Let 2"[ky, ko, ..., k,_1] denote this conditional
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expectation. (We emphasize that this does not depend on which agent we choose,
due to the i.i.d. assumption.)

Now, these z"[...] constitute a feasible solution of the above linear program, for
the following reason. The left-hand side of the constraint in the above linear program
is now the expected total redistribution of r, given that for each i € {1,...,n}, the ith
highest bid is in I(k;); and the right-hand side is the expected total VCG payment,
given that for each ¢ € {1,...,n}, the ith highest bid is in I(k;). Because r satisfies
non-deficit by assumption, the constraint must be met by the z"[.. ].

Moreover, the objective value of the feasible solution defined by the z"[...] is
identical to the expected total amount redistributed by r. Hence, for every expected
total amount redistributed by a feasible continuous mechanism, there exists a feasible

solution to the above linear program that attains that value. It follows that RM >

R*. ]

So, we have that R*" is a lower bound on R*, and R is an upper bound. The

next proposition considers how close these two bounds are, in terms of the step size

h.

Proposition 31. If the bids are independent and identically distributed, then RM <

R*" + mh.

Proof. Consider the right-hand side of the constraints of the above linear program.
We have mE (vy,1|vy € I(k1),ve € I(ka),...,v, € I(ky)) < m(L+ kpi1h+ h), since
Umt1 € I(kpy) implies that vy, < L+ ky1h+ h. Consider an optimal solution of
the linear program for determining R". Now, from every variable 2" [k, ks, ..., ko_1],
subtract mh/n. This results in a feasible solution of the linear program for de-
termining R**, and the decrease in the objective value is nmh/n = mh. Hence,

R" < R*" + mh. u
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Hence, by solving the linear program for determining R*", we get a lower bound
on R* and a discretized redistribution mechanism that comes close to it. If we also
have that the bids are independent and identically distributed, by solving the linear

program for determining ]A%h, we get an upper bound on R* that is close to R*".
2.2.4 FExperimental Results

We now have two different types of redistribution mechanisms with which we can
try to maximize the expected total amount redistributed. The OEL mechanism
has the advantage that Theorem 6 gives a simple expression for it, so it is easy
to scale to large auctions. In addition, it is optimal among all linear redistribution
mechanisms, although nonlinear redistribution mechanisms may perform even better
in expectation despite not being able to welfare dominate the OEL mechanism. On
the other hand, the discretized mechanisms have the advantage that, as we decrease
the step size h, we will converge to the maximum amount that can be redistributed
by any continuous redistribution mechanism. The disadvantage of this approach is
that it does not scale to large auctions. Fortunately, the experimental results below
show that for auctions with many bidders, the OEL mechanism redistributes almost
everything, whereas for auctions with few bidders, we can solve for the optimal
discretized redistribution mechanism with a very small step size. That is, the two
types of redistribution mechanisms are in some sense complementary.

In Table 2.3, for different n (number of agents) and m (number of units), we list
the expected amount of redistribution by both the OEL mechanism and the optimal
discretized mechanism (for specific step sizes). The bids are independently drawn
from the uniform [0, 1] distribution.

In Table 2.3, the column “VCG” gives the expected total VCG payment; the
column “BC” gives the expected redistribution by the Bailey-Cavallo mechanism;

the column “OEL” gives the expected redistribution by the OEL mechanism; the
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Table 2.3: Expected redistribution by VCG, BC, OEL, and discretized mechanisms,
for small numbers of agents.

nm | VCG | BC | OEL R BT %
3.1 | 0.5000 | 0.3333 | 0.3333 | 0.4218 (N=100) | 0.4269 | 84.4
4,1 | 0.6000 | 0.5000 | 0.5000 | 0.5498 (N=40) | 0.5625 | 91.6
5,1 | 0.6667 | 0.6000 | 0.6000 | 0.6248 (N=25) | 0.6452 | 93.7
6,1 | 0.7143 | 0.6667 | 0.6667 | 0.6701 (N=15) | 0.7040 | 93.8

3,2 | 0.5000 | 0.0000 | 0.3333 | 0.4169 (N=100) | 0.4269 | 83.4
4,2 1 0.8000 | 0.5000 | 0.5000 | 0.6848 (N=40) | 0.7103 | 85.6
5,2 | 1.0000 | 0.8000 | 0.8000 | 0.8944 (N=25) | 0.9355 | 89.4
6,2 | 1.1429 | 1.0000 | 1.0000 | 1.0280 (N=15) | 1.0978 | 89.9

Table 2.4: Expected redistribution by VCG, BC, and OEL for large numbers of
agents.

nm | VCG BC OEL | % nm | VCG BC OEL %

10,1 | 0.8182 | 0.8000 | 0.8143 | 99.5 || 20,1 | 0.9048 | 0.9000 | 0.9048 | 100.0
10,3 | 1.9091 | 1.8000 | 1.8000 | 94.3 || 20,5 | 3.5714 | 3.5000 | 3.5564 | 99.6
10,5 | 2.2727 | 2.0000 | 2.0000 | 88.0 || 20,10 | 4.7619 | 4.5000 | 4.5000 | 94.5
10,7 | 1.9091 | 1.4000 | 1.8000 | 94.3 || 20,15 | 3.5714 | 3.0000 | 3.5564 | 99.6
10,9 | 0.8182 | 0.0000 | 0.8143 | 99.5 || 20,19 | 0.9048 | 0.0000 | 0.9048 | 100.0

column “R*" gives the expected redistribution by the optimal discretized redistri-
bution mechanism (step size 1/N); the column “Rh gives the upper bound on the
expected redistribution by any continuous redistribution mechanism (same step size
as that of R*"). The last column gives the percentages of the VCG payment that
are redistributed by the optimal discretized redistribution mechanisms (rounding to
the nearest tenth).

Finally, when the number of agents is large, the OEL mechanism is very close to
optimal, as shown in Table 2.4:

The fifth and tenth columns give the percentages of the VCG payment that are

redistributed by the OEL mechanisms (rounding to the nearest tenth).
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2.2.5  Multi-Unit Auctions with Nonincreasing Marginal Values

In this subsection, we consider a more general setting in which agents do not neces-
sarily have unit demand, that is, they may value receiving units in addition to the
first. However, we assume that the marginal values are nonincreasing, that is, they
value the earlier units (weakly) more. (Units remain indistinguishable.) We still use
n and m to denote the number of agents and the number of available units, but we
no longer require that m < n. An agent’s bid is now a nonincreasing sequence of
m elements. We denote agent i’s bid by B; =< b;1, bjo, . . ., b, >, Where b;; is agent
i’s marginal value for getting her jth unit (so that b;; > b;j+1)). That is, agent 4’s
valuation for receiving j units is Z£=1 bir. A bid profile now consists of n vectors
B;, with 1 <¢ < n, or equivalently mn elements b;;, with 1 <7 <nand1<j<m.

We represent the b;; in matrix form as follows:

blm b2m v bnm
b12 622 s bn2
bin bo1 ... bm

Without loss of generality, we assume that b;; > by > ... > b,;. That is, the
agents are ordered according to their marginal values for winning their first unit. We
denote the kth highest element among all the b;; by v (1 <k < mn).

We assume that we know the joint distribution of the b;; (and hence we also know
the joint distribution of the v;). We continue to use U to denote the known upper
bound on the values that the b;; can take (U is also the upper bound on the v;). In
this subsection we will not consider the case where there is a lower bound L > 0 on
all the b;; (vx); that is, we assume the lower bound is 0. (In fact, if there is a lower
bound L > 0, we can simply require the agents to bid how far above L their marginal

values are, that is, require them to submit b}; = b;; — L, in which case we arrive at
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the case that we study below. The VCG payments under these modified bids will
always be mL less than under the original bids, but we can easily redistribute this
additional mL. Hence, the restriction that L = 0 comes without loss of generality.)

Let B be a bid profile. We denote the set of bids other than B; (agent i’s own

bid) by B_;. B_; consists of mn —m elements. We can write B_; in matrix form as

follows:
blm oo bifl,m biJrl,m v bnm
b12 <o bi—1,2 bz’+1,2 v bn2
bll s bi—l,l bz‘+1,1 s bnl

We denote the kth highest element in B_; by v_;; (1 <k < mn —m).

Our definition for VCG redistribution mechanisms in this setting is similar to
our earlier definition. Namely, in a VCG redistribution mechanism, we first allocate
the units efficiently, according to the VCG mechanism; then, each agent receives a
redistribution payment that is independent of her own bid. An efficient allocation
is obtained by accepting the m highest marginal values (vq,vs,...,v,). That is, if
x elements among vy, v, ..., v, come from agent i’s bid, then agent ¢ wins x units.
Agent i’s redistribution equals r(B_;), where r is the function that characterizes the
redistribution rule.

We now need a definition of linear redistribution mechanisms in this setting. We

could define linear redistribution mechanisms as follows:
r(B_i) = co+ c1v_i1 + c20_i2+ ... + Comn—mV—imn—m

We will study this particular definition later; however, it should immediately be
noted that this definition ignores some potentially valuable information in B_;, as

shown by the following example.

Example 5. Let n =3 and m = 2.
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0 0
e Case 1: Let B_; be U U]'

e Case 2: Let B_; be

In both cases, we have v_;; = U, v_;2 = U, v_;3 = 0, and v_;4 = 0. Hence,
if we define the linear redistribution mechanisms as above, then the redistribution

payment must be the same in both cases.

We can see that the above definition loses some information about the ordering
of the elements in the matrix. We will show later that this information loss can in
fact come at a cost (less payments can be redistributed). It would be good if we
can incorporate the information about the order of the b;; in B_; in the definition of
linear redistribution mechanisms. This is what we will do next.

Let B and B’ be two bid profiles. The elements in B and B’ are denoted by b;;
and b/

;> respectively, for 1 <4 < nand 1 < j < m. We say B and B’ are order
consistent, denoted by B ~ B’, if for any iy, ji, %2, jo, we have that b, ;, > b;,j,

and b, . > U

11J1 1252

implies b, . > b/

i aa? implies b;,;, > bj,;,. An order consistent class of

bid profiles consists of bid profiles that are all pairwise order consistent. The set of all
allowable bid profiles can be divided into a finite number of maximal order consistent
classes (that is, order consistent classes that are not proper subsets of other order
consistent classes). (Specifically, we have one such class for every strict ordering <
on the ordered pairs (7,7) (1 <4 < m and 1 < j < n) such that (4,5 + 1) < (4,)
and (i + 1,1) < (i,1) everywhere. We note that some bid profiles are part of more
than one of these maximal order consistent classes: for example, the bid profile with
all 0 elements belongs to all the classes.) We can apply the same definitions of order
consistency and (maximal) order consistent classes to the profiles of other bids, the

B_;. Let I(B_;) denote the maximal order consistent class that contains B_;.1

11 If B_; belongs to multiple maximal order consistent classes, then I(B_;) is the class with
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The following definition of linear redistribution mechanisms successfully captures
the ordering information of B_;, by having separate coefficients for every maximal

order consistent class.

T(Bfi) = CI1(B_)),0 + CI(B_;),1V—i,1 +.o CI(B_;),mn—mV—imn—m

. 0 0 U 0 . o
Since [ U U } and [ U 0o } are not order consistent, they can result in different

redistribution payments in this class of redistribution mechanisms.

Of course, this set of coefficients is unwieldy. As it turns out, we can simplify the
representation of these mechanisms if we assume that they are continuous.

Let r be a linear redistribution mechanism (as just defined). Let T'(B_;, k) be the
result of changing the largest k elements of B_; into U, and changing the remaining
elements of B_; into 0. (We assume that ties for the top k values are broken in a

consistent way.) We note that T'(B_;, k) ~ B_; for all 0 < k < mn—m. For example,

T([i ;],1):{8 g}andT([i g},z):w H

We define the following function r’:

r(T(B-i,1)) = r(T(B-,0))

r'(B_;) = r(T(B-;,0)) + U

U—i,l+~~-+

r(T(B-;,mn—m)) —r(T(B_;,mn—m — 1>>v
U —i,mn—m

Proposition 32. If r is continuous, then r = r’.

Proof. We first restrict our attention to profiles B_; in a specific (but arbitrary)
maximal order consistent class; moreover, we only consider profiles B_; in which no

two elements are equal. For any B_; in this class, we use the same mn — m + 1

the smallest index in any predetermined order of all the classes. If we assume continuity of the
redistribution function, as we will do below, then in fact it does not matter which maximal order
consistent class we choose for B_;.
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coefficients of r, and T'(B_;, k) (and hence r(T'(B_;, k))) depends only on k. That is,
both the coefficients and T'(B_;, k) are constant in B_;.

If 7 is continuous, then when B_; approaches T'(B_;, k), we have that r(B_;) ap-
proaches r(T(B_;, k)). By the definition of 1, we also have that when B_; approaches
T(B_;, k), that is, when the first k& elements of B_; approach U and the remaining
elements of B_; approach 0, we have that r'(B_;) approaches r(T(B_;, k)). That is,
r(T(B-i,k)) = ' (T'(B_;,k)) for 0 < k < mn — m; that is, the functions agree in
mn —m+ 1 different places. Since r and 7’ are both linear functions with mn —m-+1
constant coefficients, r and " must be the same function when B_; is restricted to

one class. Since the choice of class was arbitrary, we have that r = r’. O

From now on, we only consider continuous r. Hence, we can characterize r by
the values it attains at all possible T'(B_;, k). T'(B_;, k) consists of only the numbers
U and 0. We represent T'(B_;, k) by an integer vector of length n, where the ith
coordinate of the vector is the number of Us in the ith column of T'(B_;, k).

For example,

T({4 2},2):{[] 0]—><2,0>

5 3 U 0
1 2 0 U
T({43},3)_[UU}—><1,2>
Using this, 7(T'(B_;, k)) can be rewritten as r|xy, za, ..., x, 1], where
< X1,To,...,T,_1 > is the vector representing T'(B_;, k) (with for each i, 0 < z; < m,

and > z; = k). Moreover, because we have, for example, that r([ 8 g ]) —

7’([ g 8 ]), we can assume without loss of generality that 1 > 29 > ... > z,_1.

The following is an example of how to compute an agent’s redistribution payment

based on the values of r[z1, xs, ..., T, 1].
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Example 6. Let n =3 and m = 2. Let B_; = {i ;}

r(T(B-i,1)) = r(T(B-,0))

T‘(B_Z‘) = ’I"(T(B_i, 0)) + U U—i,l + Ce +
r(T'(B_;,mn—m)) —r(T(B_;,mn —m — 1))
V—imn—m
U I
0 0 0 0 U 0 0 0
IR TR ARG LTt KR I 1 I T
U 0 U 0 Uu U U 0
+r<[U gD 5 o) 2 oo o) 1
U U
r[1,0] — [0, 0] r[2,0] — r[1, 0] r[2,1] — r[2,0] r[2,2] — r[2,1]
= 4 . .9 1
r[0, 0]+ i + i 3+ i + 7
Since the values of the r[xq,xs, ..., z,_1] completely characterize the continuous
linear redistribution mechanism, we can solve for values of the r[zy, s, ..., T, 1]

for which the corresponding linear redistribution mechanism satisfies the non-deficit
property and produces the least waste in expectation under this constraint.
The following proposition characterizes the non-deficit linear redistribution mech-

anisms.

Proposition 33. A linear redistribution mechanism satisfies the non-deficit property

if and only if the corresponding r[xy,xs, ..., T, 1] satisfy the following inequalities:
Forallm>mx > a9 > a3 > ... > 2, >0, D0 P01,y Ty, Ty o5 T < U -
(O iy min{ (327, zj) =2, my—(n—1)min{>_7_, x;,m}). (The right-hand side of the

inequality corresponds to the total VCG payment for the profile < xq,x9,..., 2, >.)

Proof. To see why the right-hand side U - (3 ;L min{(}>_7_, z;) — z;,m} — (n —

1) min{Z?zl xj,m}) corresponds to the total VCG payment, we note that
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U - min{(}>_7_, z;) — x;,m} is the total efficiency when i is removed, so that U -
> iy min{ (37, ;) — x5, m} is the sum of all the terms corresponding to efficiencies
when one agent is removed. U - (n — 1) min{}_"_, z;,m}) corresponds to the sum of
the basic Groves terms in the payments from the agents: in this term, each agent
receives the total efficiency obtained by the other agents (when the agent is not
removed), and if we sum over all the agents, that means each agent is counted n — 1
times.

Now we can prove the main part of the proposition. If the non-deficit property is
satisfied for all bid profiles, then it should also be satisfied when the marginal values
are restricted to be either U or 0. This proves the “only if” direction. Now we prove
the “if” direction. Let B be any bid profile from a fixed maximal order consistent
class. This implies that the maximal order consistent class of B_; is fixed as well, for
every 7. The total VCG payment equals the sum over all ¢ of the m highest elements
in B_;, minus n — 1 times the sum of the m highest elements in B. In either case,
because we are restricting attention to a fixed class, the m highest elements are the
same ones for any B in the class. Because of this, the VCG payments are linear
in the v;. Additionally, again because we are restricting attention to one particular
class, the redistribution payments are also linear in the v;.

Now, if the inequalities hold, that means that the total VCG payment minus
the total redistribution is nonnegative when the marginal values are restricted to
either U or 0. That is, the non-deficit constraints hold for these extreme cases.
But by Lemma 3, if a non-deficit constraint is violated anywhere, then a non-deficit
constraint must be violated for one of these extreme cases. It follows that the non-
deficit constraints hold everywhere in the class that we were considering, and because

this class was arbitrary, the non-deficit constraint must hold everywhere. O

Let z be the total number of maximal order consistent classes. Let Z; be an arbi-
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trary bid profile that is (only) in the jth class. Let P(B € I(Z7)) be the probability
that a bid profile is drawn that is (only) in the jth class, and let E(v_;|B € I(Z7))
be the expectation of the kth-highest marginal value among B_;, given that B is
(only) in the jth class. We assume that the probability that we draw a bid vector
that is in more than one class is zero (this would require that two values are exactly
equal).

Now we are ready to introduce a linear program that solves for the optimal-
in-expectation linear redistribution mechanism.'? This linear program is based on
the alternative representation of linear redistribution mechanisms, whose correctness
was established by Proposition 32, and on the characterization of the non-deficit

constraints established for this representation by Proposition 33.

Variables: r[zy,xs,...,z,-1] for all integer m > xy > 29> ... > 2,1 >0
Maximize:

S, P(B € IZ) S nT(Z,,0) + TEDTED po_p e
I(Z) 4 ...+ T(T(Zj‘“m"_m))_;(T(Z]—“m"_m_l))E(v,i,mn,myB e I(Z9))]
Subject to:

Forallm>x1 > 29> 23> ... > 2, >0,

Yo, i, T, e, T <

U- (i min{ (35 #;) — @i, m} — (n = Dymin{3 5, zj,m})

We do not have an analytical solution to this linear program; all that we can
do is solve for the optimal mechanism for specific values of m and n. More prob-
lematically, in general it is not easy to compute the constants P(B € I[(Z7)) and

E(v_jx|B € I(Z7)). One way to work around this problem is to approximate the final

12 Tncidentally, we can give a similar linear program for finding the linear redistribution mechanism
that is worst-case optimal, that is, it maximizes the fraction of total VCG payment redistributed
in the worst case. In Section 2.1, we have already identified a worst-case optimal linear mechanism
for the nonincreasing marginal values case; however, that mechanism is only optimal under the
requirement of ex-post individual rationality. The linear programming technique here can be used
to find the worst-case optimal mechanism when individual rationality is not required.
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result. That is, instead of computing an exact optimal linear redistribution mech-
anism, we can draw a few sample bid profiles, and solve for a linear redistribution
mechanism that is optimal for the samples. This way, we do not need to compute
any probabilities or conditional expectations; we simply sum over the profiles in the
sample in the objective. (However, we still enforce the constraints everywhere, not
just on the samples.) Because the linear redistribution mechanisms are continuous
and we assume continuous and bounded prior distributions for the valuations, it
follows that as the number of samples grows, we approach an optimal mechanism.
We now return to the original idea for the definition of linear redistribution mech-
anisms: what if we ignore the ordering information and just use coefficients ¢ for
0 < k < mn — m, which do not depend on the maximal order consistent class?
This will be a more scalable approach, although it will come at a loss. To find an
optimal mechanism in this class, we can take a similar approach as we did above
for the more general definition of linear redistribution mechanisms (and this ap-
proach is correct for similar reasons). We consider the extreme bid vectors where
all marginal values are U or 0, represented by vectors of integers x1, s, ..., x,, as

before. The fact that we ignore the ordering information now implies that we re-

quire that r[z1, ze, ..., 2n_1] = T[y1, Y2, - .., Yn_1] Whenever Z;:ll T = Z;:ll Y. So,
we can rewrite 7[21,..., 2, 1] as r[>.—] x;]. That is, the variables now are r[k] for
k=0,1,...,mn —m. The redistribution function now becomes:
r(l] —r|0 rimn—m|—rimn—m—1
T(Bfi> — T[O] + %Uz’,l + ..o+ [ ] U[ ]Ufi,mnfm

The linear program for finding an optimal mechanism becomes:
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Variables: r[k| for integer 0 < k < mn —m
Maximize:

Zi [T[O] + ME@—Z‘,I) + .+ T[mn_m]_{][mn_m_ﬂE(“—i,mn—m)]

Subject to:
Forallm>xy > 29 >23>... > 2, >0,

> (T ) — ] < -
U- (3, min{(37_, #;) — a,m} — (n = 1) min{377_, z;,m})

While this linear program is much more manageable, it may lead to worse results
than the earlier linear program, which optimizes over the more general class of linear
redistribution mechanisms that take the ordering information into account. We now
study some example solutions to this linear program, and compare them to the
Bailey-Cavallo redistribution mechanism [8, 20]. We recall that the Bailey-Cavallo
mechanism redistributes to every agent % times the VCG payment that would result
if this agent were removed from the auction. If we only consider bid profiles from
a specific maximal order consistent class, then for any i, the VCG payment that
would result if 7 is removed is a linear combination of the v_;;. Therefore, the
Bailey-Cavallo mechanism belongs to the family of linear redistribution mechanisms
that consider the ordering information (and hence, the optimal solution to the earlier
linear program will do at least as well as the Bailey-Cavallo mechanism). The Bailey-
Cavallo mechanism does not belong to the family of linear redistribution mechanisms
that ignore the ordering information: in fact, we will see that it sometimes performs
better than the optimal mechanism among linear redistribution mechanisms that
ignore the ordering information. Hence, ignoring the ordering information in general
comes at a cost.

For these examples, let us recall that agent i’s bid vector B; consists of m ele-
ments b;1, b, . .., b;,. In both examples, we assume that the values of b;1, by, . .., bip,
are drawn independently from the uniform [0, 1] distribution, with b;; being the jth

highest among the m drawn values. We also assume that By, B, ..., B, are inde-

100



pendent.

Example 7. Suppose that n = 3 and m = 2. By solving the above linear program
(the one that ignores the ordering information), we get the following linear redistri-
bution mechanism that ignores ordering information: r(B_;) = %U—LB- That is, an
agent’s redistribution is equal to two thirds of the third highest marginal value among
the set of other bids. The expected waste of this mechanism is 0.2571. In contrast,
the expected waste of the Bailey-Cavallo mechanism is 0.4571. (The expected total
VCG payment is 1.0571.) So, for this example, the optimal linear redistribution

mechanism that ignores the ordering information outperforms the Bailey-Cavallo

mechanism.

Example 8. Suppose that n = 7 and m = 2. By solving the above linear program
(the one that ignores the ordering information), we get the following linear redis-
tribution mechanism that ignores ordering information: r(B_;) = fv_;3 + Sv_;4.
That is, an agent’s redistribution is equal to % times the third highest marginal value
among the set of other bids, plus 3—35 times the fourth highest marginal value among
the set of other bids. The expected waste of this mechanism is 0.0923. In contrast,
the expected waste of the Bailey-Cavallo mechanism is 0.0671. (The expected to-
tal VCG payment is 1.5846.) So, for this example, the Bailey-Cavallo mechanism
outperforms the optimal linear redistribution mechanism that ignores the ordering

information.

In both of these examples (as well as in other examples for which we solved
the linear program, including examples with other distributions), the optimal linear
redistribution mechanism that ignores the ordering information is a special case of

the following more general mechanism.

m(n—Q)J .

Mechanism M* is defined as follows, where t = m 4 | ™

o rlk]=UZfork=m+1,m+2,...,t
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o r[k] =U" for k >t

The redistribution an agent receives is:

1 m t—m
r(B_;) = Z Uik + (z e JU_itt1
m+1<k<t

We conjecture that there are some more general conditions under which M* is

the optimal linear redistribution mechanism that ignores the ordering information.
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2.3 Undominated VCG Redistribution Mechanisms

In the previous section, we mentioned a result (Proposition 21) that stated that
OEL mechanisms are collectively undominated. In this section, we will prove this
result and investigate the dominance notion in more detail. We study the prob-
lem of designing mechanisms whose redistribution functions are undominated in the
sense that no other mechanisms can always perform as well, and sometimes better.
(Here, “always” means for every profile of types.) We introduce two measures for
comparing two VCG redistribution mechanisms with respect to how well off they
make the agents. We say a non-deficit VCG redistribution mechanism is individu-
ally undominated if there exists no other non-deficit VCG redistribution mechanism
that always has a larger or equal redistribution for each agent. We say a non-deficit
VCG redistribution mechanism is collectively undominated if there exists no other
non-deficit VCG redistribution mechanism that always has a larger or equal sum of
redistributions. We study the question of finding maximal elements in the space of
non-deficit redistribution mechanisms, with respect to the partial orders induced by
both measures. For the first measure, we give a characterization of all individually
undominated VCG redistribution mechanisms, and propose two techniques for gener-
ating individually undominated mechanisms based on known individually dominated
mechanisms. Experimental results show that these techniques can significantly in-
crease the agents’ utilities. For the second measure, we characterize all collectively
undominated VCG redistribution mechanisms that are anonymous and have linear
payment functions, for auctions with multiple indistinguishable units, where each

agent is only interested in a single copy of the unit.
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2.8.1 Formalization

We still use n to denote the number of agents. We still use 6; to denote agent
i’s true/reported type (we are restricting attention to strategy-proof mechanisms).
Unless specified, we are dealing with general combinatorial auctions in this section.

A VCG redistribution mechanism is defined by a function r; : ©1 X ... x 0,1 X
O;r1 X ... x 0, — R for each agent i. That is, letting 6_; be the vector of types
submitted by agents other than 4, r;(6_;) indicates the amount redistributed to i.
For an anonymous redistribution mechanism, r; = r for all 7.

Let us say that a VCG redistribution mechanism is feasible if it satisfies the non-
deficit constraint.!3 The trivial redistribution mechanism that redistributes nothing
is always feasible. As another example, Cavallo’s mechanism [20] is given by r;(0_;) =

%emiél VCG(60;,0-;), where VCG(6;,0_;) is the total VCG payment collected for
i€0;

those reports. We could see that each agent’s redistribution is at most % of the total

VCG payment, so that there is never a deficit.
2.3.2 Individual and Collective Dominance

How should we select a redistribution mechanism? In general, we prefer to redis-
tribute as much as possible. However, two redistribution mechanisms may be incom-
parable in the sense that one redistributes more for one vector of reported types, and
the other redistributes more for another vector. In this subsection, we define two
measures for comparing two VCG redistribution mechanisms with respect to how

well off they make the agents.

13 Tt should be noted that here we do not require a feasible VCG redistribution mechanism to
be individually rational. There are two reasons for this. First, as mentioned in Section 2.2, since
our objective is to maximize social welfare, if the prior distribution over the agents’ valuations is
symmetric across agents, then under any redistribution mechanism that redistributes a nonnegative
amount of payment in expectation, every agent benefits from participating in the mechanism (the
agent receives nonnegative expected utility). That is, ex-interim individual rationality is not a
binding constraint. Second, some of the results in this section are based on the OEL mechanisms,
which ignore individual rationality. To be consistent, we also ignore individual rationality here.
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Before discussing the above two measures, we first mathematically characterize

all feasible VCG redistribution mechanisms.

Proposition 34. A redistribution mechanism r = (r1,...,r,) is feasible if and only
if for all i and all 64,...,0,
. N\ < / N (H 14 )
ri(6-i) < inf {VOG(8;6-) = 3 ri(6,)) (2.1)
J#i
Here, 0" ; are the reported types of the agents other than j when 0; is replaced by 0;.

VCG(6.,0-;) is the total VCG payments for the type vector0y,...,0;1,0,0;11,...,0,.

Proof. We first prove the “if” direction. For any ¢ and 64,...,60,, Equation 2.1

implies that r;(0_;) < VCG(0;,0_;) — > r;(0";) for any 0; € ©;. If we let 0 = 0;,
JFi

we obtain 7;(0_;) + > r;(0—;) < VCG(0;,0—;). Thus, the non-deficit property holds.
JFi

We now prove the “only if” direction. By the non-deficit property, for any

i, any 0p,...,0;1,0i11,...,0,, and any 0;, we must have r;(0_;) + > (0" ;) <
J#i

VCG(0;,0-;), or equivalently r;(0_;) < VCG(0;,0-;) — > r;(0;). Since 8] is arbi-
J#i
trary, Equation 2.1 follows. O]

Now we are ready to define individual and collective (un)dominance.

Definition 1. A redistribution mechanism r is individually undominated if it is feasi-
ble, and there does not exist a feasible redistribution mechanism r’ that individually

dominates it, that is,
o for all 4, for all 0y, ...,0,, ri(0_;) > r(6_;).

e for some i, for some 0y, ...,0,, ri(0_;) > r;(0_;).

14 We use “inf” instead of “min”, because r may not be continuous.
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Definition 2. A redistribution mechanism r is collectively undominated if it is feasi-
ble, and there does not exist a feasible redistribution mechanism r’ that collectively

dominates it, that is,
o forall 6y,...,0,, >, ri(0-;) > > . ri(0-).
o for some 6y,...,0,, > . ri(0_;) > > . ri(0-;).

It is easy to see that being collectively undominated is stronger than being in-
dividually undominated. Next, we give an example to show that being collectively

undominated is strictly stronger.

Example 9. Consider a single-item auction with 4 players. We assume that for each
player, the set of allowed types is the same, namely, integers from 0 to 3. Here, the
VCG mechanism is just the second-price auction.

We define feasible redistribution mechanisms 1 and 2 as follows:

Mechanism 1: r(0_;) = r([0_]1,[0_i]2, [0—i]3), and the function r is given in
Table 2.5. ([#_;]; is the jth highest type among types other than i’s own type.)

Mechanism 2: 7/(0_;) = r'([0_i]1,[0_:]2, [0—i]3), and the function ' is given in
Table 2.5.

With the above characterization, mechanism 2 collectively dominates mechanism
1. The redistribution under mechanism 2 is never lower, and in some cases it is strictly
higher: for example, for the type vector (3,2,2,2), the total redistribution under
mechanism 1 is 1/2, but the total redistribution under mechanism 2 is 1. On the
other hand, mechanism 2 does not individually dominate mechanism 1: for example,
r(3,3,2) = 1 > 5/6 = r(3,3,2). In fact, no feasible redistribution mechanism

individually dominates mechanism 1.
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Table 2.5: Example mechanisms for differentiating being collectively undominated
and being individually undominated.

r(0,0,0)] 0 [r(0,0,0)] 0

r(1,0,0)| 0 |r(1,0,0)| 0

r(1,1,0) | 1/4 |r(1,1,0) | 1/4
r(1,1,1) | 1/4 |(1,1,1)| 1/4
r(2,0,0)| 0 |r(2,0,00| 0

r(2,1,0) | 1/12 [ (2,1,0) | 7/24
r(2,1,1)| 0 |r(2,1,1)] 1/6
r(2,2,0) | 1/2 | 1(2,2,0) | 1/2
r(2,2,1)| 0 |r(221)] 1/4
r(2,2,2) | 1/2 [1(2,2,2) | 1/2
r(3,0,0)| 0 |1r'(3,0,0)| 0

r(3,1,0) | 1/4 | r'(3,1,0) | 1/4
r(3,1,1)| 0 |r(3,1,1)] 1/4
r(3,2,0) | 2/3 [1/(3,2,0) | 2/3
r(3,2,1) | 1 |r(3,2,1)]19/24
r(3,2,2)| 0 [r(3,2,2)| 1/6
r(3,3,0) | 2/3 [1/(3,3,0) | 5/6
r(3,3,1)| 0 |r(3,3,1)] 7/12
r(3,3,2) | 1 [r(3,3,2)] 5/6
r(3,3,3)| 0 |r(3,3,3)] 1/2

2.3.8  Indwidually Undominated Redistribution Mechanisms

In this subsection, we focus on individually undominated redistribution mechanisms.
We first give a characterization of all individually undominated VCG redistribution
mechanisms. Then, we propose two techniques for generating individually undomi-
nated mechanisms based on known individually dominated mechanisms. Finally, our
experimental results show that these techniques can significantly increase the agents’

utilities.

Theorem 7. A redistribution mechanism r is individually undominated if and only

if for all i and all 64,...,0,

ri(0-) = jnf {VCG(0],0-5) = Y _1(0)} (2.2)
e j#i
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Here, 0’ ; are the reported types of the agents other than j when 0; is replaced by 0;.

It should be noted that the only difference between Equation 2.1 and Equation 2.2

is that “<” is replaced by “=".

Proof. We prove the “if” direction first. Any redistribution mechanism r that sat-
isfies Equation 2.2 is feasible by Proposition 34. Now suppose that r is individ-
ually dominated, that is, there exists a feasible redistribution mechanism r’ such
that for all ¢ and 6_;, we have 7}(0_;) > r;(_;), and for some i and 6_;, we have
ri(0_;) > r;(6_;). For the i and 6_; that make this inequality strict, we have r(6_;) >

ri(0_5) = inf {VCG(0,0_,) — SSry(0",)} > inf {VCG(0,0_;) — S (0" ,)}. But
926@1‘ ]757, 9;6@1' ]751

this contradicts the feasibility of r’. It follows that r is individually undominated.

Now we prove the “only if” direction. Suppose Equation 2.2 is not satisfied. Then,

there exists some ¢ and 6_; such that r;(6_;) < eing VOG(0;,0-5) = > r;(0" )} Let
i€0i

JFi
a = ein(g {VOG(9;,0-5) — > ri(0";)} — ri(0—;) (so that a > 0), and let r’' be the
i€0i j#i
same as r, except that for the aforementioned i and 6_;, 7 (0_;) = r,(0_;) + a.

To show that this does not break the non-deficit constraint, consider any type

vector (0;,0_;) where i and 6_; are the same as before (that is, any type vector

that is affected). Then, ri(0_;) = a + r;(0_;) = ein(g {(VCG(0;,0-:) — > ri(0;)} =
1 €0 i

9inef) {VCG(0;,0-:) — >_r;(0";)}. Thus, by Proposition 34, r' is feasible. This con-

(€0 i

tradicts that r is individually undominated. Hence, Equation 2.2 must hold. O

As an aside, suppose we were only interested in anonymous mechanisms, and
we would therefore only consider a mechanism individually dominated if it were

individually dominated by an anonymous mechanism. Then, the characterization in
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Theorem 7 remains identical.!> Therefore, all of our results apply to this modified
definition as well.

An individually undominated redistribution mechanism always exists; in general,
it is not unique. We now give two examples of individually undominated redistribu-

tion mechanisms.

Example 10. Consider a single-item auction with n > 3 agents. Agent i bids
0; € [0,00). Let p(j,0) be the jth highest element of #. If r is Cavallo’s mecha-
nism, then 7(6_;) = tp(2,6_;) (Cavallo’s mechanism is anonymous, so we omit the
subscript of r.) To show r is individually undominated, it suffices to show Equa-
tion 2.2 is satisfied. For Equation 2.2, we first observe that for all ¢;, VCG(0.,0_;) =

p(2,(0;,0-:)) > p(2,0_;) and for all j # i, VCG(0;,0_;) = p(2, (0;,0-:)) > p(2,0" ;).

Because 7;(0_;) + > r;(0.;) = Lp(2,0_;) + £ > p(2,0";), it follows that for all 6],
J# J#i

ri(0-;) < VCOG(0;,0-;) — > r;(0" ;). Moreover, if 6 = p(2,0_;), then all of the above
i

inequalities become equalities. Hence Equation 2.2 holds. It follows that Cavallo’s

mechanism is individually undominated in this setting. (We will show that it is not

individually undominated in more general settings.)

Example 11. Consider again a single-item auction with n > 5 agents. Agent i
bids ;. Let r be the following anonymous redistribution mechanism: r(0_;) =
ﬁp(Q, 0_1) mp(?) 0_1) mp(ZL Q_z) Equation 2.2 can be shown to

hold (the equality in Equation 2.2 is achieved by setting 0, = p(4,0_;)).

Because in general, there are multiple individually undominated redistribution
mechanisms, it is not clear which one is the best. If a prior distribution over agents’
types is available, then we would prefer the one that redistributes the most in ex-

pectation; however, in this section, we do not wish to assume that such a prior is

15 This can be proved by modifying the proof of Theorem 7, adding a/n to each agent’s redistri-
bution function instead of adding a to one agent’s redistribution function.
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available. Nevertheless, for any (feasible) redistribution mechanism that we might
consider using, if it is individually dominated, then there exists another (feasible)
redistribution mechanism that always redistributes at least as much to each agent,
and more in some cases. Thus, in expectation, the latter mechanism redistributes at
least as much for any prior distribution, and strictly more if the prior assigns positive
probability to the set of type vectors on which the latter mechanism redistributes
more. Hence, we would certainly prefer the latter mechanism—and if that mecha-
nism is not individually undominated, we would prefer to find one that individually
dominates it, etc. But how do we find such an improved mechanism? This is what
we study next.

In what follows, we propose two techniques that, given a redistribution mechanism
that is feasible and individually dominated, find a feasible redistribution mechanism
that individually dominates it. (If the initial mechanism is already individually un-
dominated, then the techniques will return the same mechanism.) One technique im-
mediately produces an individually undominated mechanism that is not anonymous;
the other techniques preserve anonymity, and after repeated application converge to
an individually undominated mechanism. We emphasize that we can start with any
feasible redistribution mechanism, including Cavallo’s mechanism, the WCO mech-
anism (which, even though is optimal in the worst case, is generally not individu-
ally undominated), or even the trivial redistribution mechanism that redistributes
nothing. These techniques can also be useful in settings where we do have a prior
distribution. For example, after designing a redistribution mechanism based on a
prior distribution, we can further improve it and make it individually undominated,

which will never decrease the redistribution payment to any agent.
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A Priority-Based Technique

Given a feasible redistribution mechanism r and a priority order over agents m, we
can improve r into an individually undominated redistribution mechanism that is

not anonymous. The technique works as follows.

1) Let 7 : {1,...,n} — {1,...,n} be a permutation representing the priority
order. That is, 7(i) is agent i’s priority value (the lower the value, the higher the

priority). m'(k) is the agent with the kth-highest priority.

2) Let i = 7~ !(1), and update 4’s redistribution function to r7(6_;) = gin(g {
i€0i

VCG(0;,0-:) — > r;(0";)}. That is, we redistribute as much as possible to this

w(j)>1

agent without breaking feasibility.

3) We will now consider the remaining agents in turn, according to the order
7. In the kth step, we update the redistribution function of agent i = 7~1(k) to
rT(0_;) = a;g(gi{VCG((%,@,i)— > (07 )— > r7(0";)}. Thatis, we redistribute

’ (i) ok n(i)<k
as much as possible to this agent without breaking feasibility, taking the previous

k — 1 updates into account.
Thus, for every agent 4, r7(0_;) = inf {VCG(0;,0_;) — > 1;i(0";)
60 m(j)>m (i)

— > 717(0;)}. The new redistribution mechanism r™ satisfies the following
m(4)<m (i)

properties:

Proposition 35. For all i, for all 6_;, rT(0_;) > r;(6_;).

7

Proof. First consider ¢ = 7~ !(1), the agent with the highest priority. For any 6_;,

we have r7(0_;) = ein(g {VCG(6;,0-:) = > r;(0";)}. Since the original redistribution
i€O; i

mechanism r is feasible, by Equation 2.1, we have r;(0_;) < eing {VCG(0,0_;) —
1€0i
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> Tj(ﬁ’_j)}. Hence r7(0-;) > ri(6-;).

J#i
Forany i # 7 1(1), rT(0_;) = r;(0_;)+ /inf {VCG(.,0_;)—ri(0_;))— > rj(Q’_j)—
%:€0: ~(§)>()
>, r7(02;)} We must show inf {VCG(0;,0-;) —ri(0-;) — > ri(0;) —
m(j)<m(i) 0;€0; m(j)>m(i)
> il =0.
() <m(3)

Consider p = 7! (7(i) — 1) (the agent immediately before i in terms of priority).

For any 0;,0_;, we have VCG(0;,0_;) —ri(0-5) — > 1i(0-5)— > 17(0-;) =

m(4)>m (i) m(4)<m (i)
VOG0~ X r0)— X r5(0.)—15(0.) = inf {VOG(H).0.,) -
() »SOr
> 0= > ri(0-;)}—r;(0-p) = 0. (For the above inequality only, 0"
m(j)>m(p) m(j)<m(p)

is the set of types reported by the agents other than j when 6, is replaced by 6,,.)
Because 0; is arbitrary, it follows that inf {VCG(0;,0_;) —ri(0_;)— > (0" ;)—

0;€0; w(j) > (i)

> ri(0,)} > 0. It follows that rf(0_;) > r;i(6_;) for all i and 6_;. O

m(4)<m(7)

Proposition 36. r™ is an individually undominated redistribution mechanism.

Proof. Let i = 7~ 1(n). For all 6y, ...,0,, the total VCG payment that is not redis-
tributed by r™is VCG(0y,...,0,)— > r5(0-5) > ein(g {(VCG(0,0-0)—=> 7 (0" ,)}—
‘ 1€0: i

rT(0-;) = 0. Hence r™ never incurs a deficit. So, r™ is feasible.

Using Proposition 35, we have r(0_;) = Ging (VOG(6;,0-5) — > 1;(0;) —
(€0

m(j)>m(2)

> i)} > e}g(gi{VCG(Hg, 0_i) — > r7(0";)}. Because r” is feasible, the op-

m(j)<m(i) j#n
posite inequality must also be satisfied (Equation 2.1)—hence we must have equality,

that is, Equation 2.2 must hold. It follows that r™ is individually undominated. [

Example 12. Consider a single-item auction with four agents 1,2, 3,4. In this set-
ting, the redistribution under the WCO mechanism to agent i is (6_;) = (2/7)p(2,0_;)—
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(1/7)p(3,6_;) (where p(k,0_;) is the kth highest bid among bids other than i’s).
Consider a specific set of bids (8,10,13,5) and let 7(i) = ¢ for all 7. (That is,
agent 1 bids 8 for the item and has the highest priority, etc.) If we apply the

above technique, the resulting redistribution payment to agent 1 is r7(10,13,5) =
mf {VC’G(Q’l, 10,13,5) — r(0},13,5) — r(#,,10,5) — r(0],10,13)} (where r is the

1€[0,00)
WCO mechanism). It turns out that the expression is minimized at 6] = 0, so that

r7(10,13,5) = 3—70. This is twice the amount 1 would have received under WCO:

r(10,13,5) = (2/7) - 10 — (1/7) -5 = 12,

For agent 2, r7(8,13,5) = inf {VCG(8,0,,13,5) — r7(04,13,5) — r(8,65,5) —

04€[0,00)
7(8,0%,13)}. This expression is minimized at 6} = 8, so that 73(8,13,5) = +. (Under
WCO, 2 receives only =)

For agent 3, r7(8,10,5) = " mf {VCG( 10, 65,5) — r7(10,605,5) —r3(8,605,5) —

r(8,10,6%)}. This expression is minimized at 0 = 8, so that r3(8,10,5) = +. (Under

WCO, 3 receives & as well.)

For agent 4 r7(8,10,13) = inf {VCG(8,10,13,0,)—r7(10,13,6,)—r](8,13,0;)—

6,€[0,00)
75(8,10,6})}. This expression is minimized at 8} = 5, so that r7(8,10,13) = 2. (Un-
der WCO, 4 receives == as well.)

30417411412 _

We note that for this priority order, the total amount redistributed is -

10, that is, all of the VCG payments are redistributed. This is not true for all priority
orders; averaging over all priority orders, 0.315 remains unredistributed (compared
to 3 for the WCO mechanism). Table 2.6 shows the results for all priority orders for

this example.

Generally, most of the increase in redistribution payment goes to high-priority
agents. Hence, a reasonable approximation can be obtained by only updating the
redistribution payment functions of the first few agents. This still results in a feasible
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mechanism that individually dominates the original (or is the same), but it is no

longer guaranteed to be individually undominated.
Iterative Techniques that Preserve Anonymity

The earlier technique will, in general, not produce an anonymous redistribution mech-
anism, even if the original mechanism r is anonymous. This is because agents higher
in the priority order tend to receive higher redistribution payments. Here, we will
introduce techniques that preserve anonymity.

One way to obtain an anonymous mechanism is to consider ™ for all permutations

7, and take the average. That is, let T be defined by 7; = % > (rTF), where S, is
TESy

the set of all permutations of n elements. Given that the setting and the initial
mechanism are anonymous, this results in an anonymous mechanism. It is also

feasible:

Proposition 37. Any conver combination of a set {r™M), ... r®) of feasible redis-
tribution mechanisms is itself feasible.
t t
Proof. Let >  ap = 1 with each ax > 0; we must show that r =
k=1 k=1

apr® s

feasible. For any i and 6_;, for any k, we have r(k)(G,i) > 0, hence r;(0_;) =

t
> ozk'r’z(k)(ﬁ,i) > 0. This implies individual rationality. Also, for any 6y,...,0,,
k=1

n n t n
for any k, 3. r™(0_) < VCG(64,...,6,), hence S ri(0-) = S a Y. rP(0_,) <
=1 =1

i=1 k=1

VCG(6y,...,0,). This implies the non-deficit property. H

Because T is anonymous, all 7; are the same, so we will simply use 7. Even though
7 is an average of a set of individually undominated redistribution mechanisms, in

general, it itself is not individually undominated. In principle, we can take the
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resulting mechanism and apply the technique again. Unfortunately, this approach is
not computationally practical—in fact, it may not be feasible to perform even one
iteration of this technique if n is large, since we have to take an average over n!
mechanisms.'® However, as we mentioned, it is also possible to apply the priority-
based technique only to the first h agents. This still results in a feasible (but not
necessarily individually undominated) mechanism, and tends to obtain most of the
increase in redistribution payments. Taking the average over all such mechanisms is
feasible for sufficiently small h (there will be P = n!/(n—h)! such mechanisms), and
will result in an anonymous mechanism. We will consider the extreme case where
h =1 (i.e. we only change one agent’s redistribution function), so that we have to
take an average over only n mechanisms. This we can do iteratively.

Given a feasible and anonymous redistribution mechanism r, let v = r, and

let 7* be the mechanism that results after k iterations of the above technique (with

n

h=1). Then, foralli and 6;,...,6,, r*(6_;) = 2=Lrk(6_;)+ 1 Hin(g {(VCG(6,0_;)—
i€O:

> rH(075)}-

JF

This technique can be interpreted as a generalization of the basic idea underlying

Cavallo’s mechanism. We can rewrite r*1(0_;) = r*(0_;) + %eincg {VvCG(0.,0-;) —
i€0:

S rF(0 ;) —r*(0_;)}. If the starting mechanism r = 0 is the trivial redistribution

J#

mechanism that redistributes nothing, then r'(6_;) = %ein(lg {VCG(6;,0_;)}, which
1€0i

is exactly Cavallo’s mechanism.

Proposition 38. If r* is feasible, r**! is feasible.

16 Computational limitations often prevent us from using certain mechanisms. As an extreme
example, it is possible to have a computer search over the space of all possible (truthful) mechanisms
for the setting at hand and find the best one [30] (more details in Section 1.2), but this does not scale
to very large instances. By contrast, here, we have an analytical characterization of the mechanism,
but computing its outcomes is still hard.
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Proof. r**1 is an average of feasible mechanisms, so Proposition 37 applies. O

Proposition 39. For any i and 0_;, r*(0_;) is nondecreasing in k.

Proof. m*1(0_;) = r*(0_;)+ = einé {VCG(6;,0_;)—> k(0" ;) —r"(6_;)}. Because r*
1 €0 J#i

is feasible by Proposition 38, ein(g {VCG(0],0_;) — > r*(0",;) —r*(0_;)} > 0. Hence
1€9: i

T’k+1(9,i) Z rk(e,i). ]

k

Proposition 40. As k — oo, r® converges (point-wise) to an individually undomi-

nated redistribution mechanism.

Proof. By Proposition 39, the r*(_;) are nondecreasing in k, and since every r* is

feasible by Proposition 38, they must be bounded; hence they must converge (point-

wise). For any ¢ and 0_;, let d, = 9in(£ {VCG(8,0-;) — > r*(0";)} — "(0_;). Using
i€0i

JFi

Proposition 39, we derive the following inequality: dyi1 = ein(g {VCG(0;,0-;) —
i€Oi

7

3 rEH(0)) = P02 < inf {VCG(O!,0-) = X r*(8])} = r*+(6-) = jnt {

J#i i 0;€0i
VOG0, 0_;) — S r*(0,)} — =Lrk(0-;) — 2 inf {VCG(0.,0-;) — > rk(0.,)} = =2
i 0i€0; Ji
inf {VCG(0],0-;) — > k(0 ;)} — =Lr*(0_;) = 2dy. As k — oo, di = inf {
9;6@7; i 92691

VCG(6;,0-;) — > r* (0" ;)} — r*(0_;) — 0. So in the limit, Equation 2.2 is satis-
J#

fied. Thus, r* converges (point-wise) to an individually undominated redistribution

mechanism. O
Corollary 4. If r**1 =k then r* is individually undominated.

Proposition 41. If r* is not individually undominated, then r*+1 individually dom-

inates r¥.
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Proof. r**1 always redistributes at least as much as r* to each agent by Proposi-
tion 39. Moreover, r**! # r* (otherwise Corollary 4 would imply 7* is individually

undominated). Hence there must be a case where 75*1 redistributes more than r*. [

Next, we present the results of some experiments in which we use the techniques
we proposed to improve both the WCO mechanism and Cavallo’s mechanism. For the
purpose of completeness, we also apply the nonanonymous (priority-based) technique
to the trivial redistribution mechanism that redistributes nothing, and compare the
resulting mechanism’s performance with that of Cavallo’s mechanism. (We omit the
result of applying the anonymity-preserving technique to the trivial redistribution
mechanism because, as we mentioned, after one iteration, we just obtain Cavallo’s
mechanism. We also omit the result of applying the nonanonymous technique to the
trivial redistribution mechanism in multi-unit auctions with unit demand, because
the resulting mechanism always has the same expected redistribution amount as
Cavallo’s mechanism: m(m+1)/n times the m+2th highest bid, plus m(n—m—1)/n
times the m + 1th highest bid.)

Improving the WCO mechanism. The WCO mechanism applies only to
multi-unit auctions with unit demand (i.e. in which each agent only wants a single
unit); in this setting, this mechanism maximizes the percentage that is redistributed
in the worst case. This, however, does not mean that it is individually undominated,
because it could be individually dominated by another mechanism that does equally
well in the worst case, and better in other cases. Indeed, we can improve the WCO
mechanism using our techniques (resulting in another, better, worst-case optimal
mechanism).

For various m (number of units) and n (number of agents), we generated 100
random instances with each agent’s valuation drawn uniformly from [0, 1]. Table 2.7

shows the ratio between the average amount that is not redistributed by the new
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mechanism (which results from applying one of our techniques to the WCO mech-
anism), and the average amount that is not redistributed by the (original) WCO
mechanism. That is, it is the percentage of the amount that WCO fails to re-
distribute that the new mechanism also fails to redistribute. Lower numbers are
better—100% indicates no improvement over WCO, 0% indicates that everything is
redistributed. For the nonanonymous (priority-based) technique, to save computa-
tion time, we only update the redistribution payments for the first three agents. This
technique redistributes more than the anonymity-preserving technique.

Improving Cavallo’s mechanism. We recall that Cavallo’s mechanism is in-
dividually undominated in the single-item auction setting (in fact, this remains true
for multi-unit auctions with unit demand). However, as the experiment below shows,
it is not individually undominated in general.

For a combinatorial auction with n single-minded agents and 2 items, we gener-
ated 100 random instances. For each agent, we randomly chose a nonempty bundle
of items, and randomly chose a per-item value from [0, 1] (which is multiplied by
two if the agent desires the bundle of two items). The percentages have the same
meaning as before. We distinguish between the known single-minded case (where
the auctioneer knows which bundle the agent wants) and the unknown case. Again,
the nonanonymous technique redistributes more; also, more is redistributed in the
known case. The experimental results are shown in Table 2.8.

For the same set of 100 random instances, Table 2.9 shows the ratio between
the average amount that is not redistributed by the mechanism which results from
applying the nonanonymous technique to the trivial redistribution mechanism, and

the average amount that is not redistributed by Cavallo’s mechanism.
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2.3.4  Collectively Undominated Redistribution Mechanisms

In this subsection, we characterize all collectively undominated VCG redistribution
mechanisms that are anonymous and have linear payment functions, for auctions
with multiple indistinguishable units, where each agent is only interested in a single
copy of the unit.

First of all, we show that for multi-unit auctions with unit demand, the OEL
mechanisms, which are anonymous and have linear payment functions, are collec-

tively undominated (Proposition 21).

Proof. We only need to prove that the OEL mechanisms are not collectively dom-
inated by any anonymous feasible redistribution mechanism. Suppose a nonanony-
mous feasible redistribution mechanism r collectively dominates an OEL mechanism
r’, then by permuting the indices of the agents under both mechanisms, the permuted
r still collectively dominates the permuted /. Since 7’ is anonymous, the permuted
r’ is just r’. That is, any permuted r collectively dominates . Now we take the
average of all permuted r corresponding to all possible permutations of the agents.
The resulting mechanism 7 is anonymous, and it collectively dominates r’. There-
fore, if a nonanonymous feasible redistribution mechanism collectively dominates an
OEL mechanism, then there exists an anonymous feasible redistribution mechanism
that collectively dominates an OEL mechanism. Therefore, we only need to prove
that the OEL mechanisms are not collectively dominated by any other anonymous
feasible redistribution mechanisms.

Since we are dealing with multi-unit auctions with unit demand, an agent’s type
is just a single value. We use []; to denote the ith highest type among the agents.
We still use U and L to denote the upper bound and the lower bound on the agents’
types, respectively.

We recall that an OEL mechanism corresponds to an index from 0 to n. For
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k= 1,2,...,n — 1, the waste under the OEL mechanism with index k equals

m(" 1) /(1) ([0]k — [0]k+1). The waste under the OEL mechanism with index 0

m

equals m(™ ") (U — [0];). The waste under the OEL mechanism with index n equals

m

m () (1, L.

We first prove that for £ € {1,...,n — 1}, the OEL mechanism with index k is
collectively undominated.

Suppose a feasible anonymous redistribution mechanism (corresponding to the
redistribution function) r collectively dominates an OEL mechanism (corresponding
to the redistribution function) »* with index k € {1,...,n — 1}.

For any i and 6_;, we define the following function: A(6_;) = r(0_;) — ' (0_;).

Since r collectively dominates r’, we have that for any type profile, > 1" | A(6_;) >

We also have that, whenever [0];11 = [0]k, there is no waste under r’. In this
case, because r is feasible, its total redistribution must equal the total redistribution
under 7’ (otherwise, there will be deficit). Hence, whenever [0]x,1 = [0], we have
Z?:l A(0-;) = 0.

Now we claim that A(6_;) =0 for all 4_,.

Let ¢(f_;) be the number of types among 6_; that equal [0_;]; (the kth highest
type among 6_;). Hence, we must show that for all 6_; with ¢(6_;) > 1, we have
A(0_;) = 0.

We now prove it by induction on the value of ¢ (backwards, from n — 1 to 1).
Base case: ¢ =n — 1.

Suppose there is a #_; with ¢(f_;) = n — 1. That is, all the types in 0_; are
identical. When 6; is also equal to the types in 6_;, all types are the same so that
[0]x11 = [0]x. Hence, by our earlier observation, we have Y7 | A(6_;) = 0. But we

know that for all j, A(6_;) is the same value. Hence A(f_;) = 0 for all §_; when
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c(0_;))=n—1.
Induction step.

Let us assume that for all 6_;, if ¢(6_;) > p (where p € {2,...,n — 1}), then
A(0_;) = 0. Now we consider any 0_; with ¢(f_;) = p — 1. When 6; is equal
to [0_i]r, we have [0], = [f]p11, which implies that > 7 | A(f_;) = 0. For all j
with 6; = [0_;]x, A(0_;) = A(6_;), and for other j, ¢(f_;) = p. Therefore, by the
induction assumption, 2?21 A(6_;) is a positive multiple of A(f_;), which implies
that A(f_;) = 0.

By induction, we have shown that A(6_;) = 0 for all §_;. This implies that r
and 7’ are identical. Hence, no other feasible anonymous redistribution mechanism
collectively dominates an OEL mechanism with index k& € {1,...,n — 1}.

Similarly, we can prove that no other feasible anonymous redistribution mecha-
nism collectively dominates an OEL mechanism with index & = 0 or £ = n. (In the
above induction steps, we set 6; to be equal to [0_;]x. To prove that no other feasi-
ble anonymous redistribution mechanism collectively dominates an OEL mechanism
with index & = 0, we use the same induction steps, except that we set #; to be equal
to U. To prove that no other feasible anonymous redistribution mechanism collec-
tively dominates an OEL mechanism with index &k = n, we use the same induction

steps, except that we set 6; to be equal to L. ) O

Next, we show that for multi-unit auctions with unit demand, the OEL mech-
anisms are the only individually undominated redistribution mechanisms that are

anonymous and have linear payment functions.

Proposition 42. For multi-unit auctions with unit demand, the OEL mechanisms
are the only indiwidually undominated redistribution mechanisms that are anonymous

and have linear payment functions.

Before proving this theorem, let us introduce the following lemma:
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Lemma 4. Let I be the set of points (s1,82,...,5k) (U >51 >8> ...> 8 >1L)
that satisfy Qo+ Q151+ Q282+ ...+ Qrsk, = 0 (the Q; are constants). If the measure

of I is positive (Lebesque measure on R¥), then Q; = 0 for all .

Proof. It Q; # 0 for some ¢, then for any U > s1 > 59 > ... > 8.1 > Si11 > ... >

sg > L, to make Qg + Q151 + Q252 + ... + Qrsp = 0, s; can take at most one value.

As a result the measure of I must be 0. O]

Proof of Proposition 42. We still use [f]; to denote the ith highest type among the
agents. We still use U and L to denote the upper bound and the lower bound on the
agents’ types, respectively.

Let r be a feasible anonymous linear redistribution mechanism. We recall that

a redistribution mechanism is anonymous and linear if the redistribution function is

n—1

defined as r(6_;) = ap + >_ a;[0_;];. Here, the a; are constants.

J=1
n—1

For any type profile, the total redistribution > 7(6;) = > (ap + >_ a;[0—];). In
=1 i=1 =1

i= j=
our setting, the total VCG payment equals m|[f],,,1. Therefore, for any type profile,
the waste is a linear function in terms of the types. For simplicity, we rewrite the
waste as Co + C1[0]1 + Ca[f]2 + . .. + Cp[0],,. The C; are constants determined by the

a;. We have



Coao=—m~+Daps1 — (n—m —2)amio

Cnfl = _<n - 2)an72 —ap-1

Cpn=—-n—-1a,1

Given any 0_;, for any possible value of ¢;, we must have »_ r(6_;) < m[0],41
j=1

(non-deficit). That is, for any 6_;, we have Héin(m[G]mH — > r(f—;)) > 0. If for
i =1
some 6_;, we have n;in(m[ﬁ]mH — > r(6—;)) > € (e > 0), then we can increase (0_;)

7 ]:1
(the redistribution of agent i) by € without violating the non-deficit constraint when

the other agents’ types are 6_;. Therefore, if r is individually undominated, for any
0_;, we have rr;in(m[&]mﬂ - Y r(0-)) =0.
[ j=1

We denote [f_;]; (the jth highest type among 6_;) by s; (j =1,...,n—1). That

iS,8128QZ...28n_1.

min(m|0],41 — Y r(6—;)) then equals the minimum of the following expressions:

0 ]

n

min (M0 — Y r(0-))

L<b;i<sn-1

min  (m[0]n — Z 7(0-5))

Sn—1 SeiSSn—Q

min (m[0],41 — > r(0-5))

52<0;<s1 j=1

n

ity i = 02

n

We take a closer look at L<£n<in (Mmbps1 — Y 7(0—;)). When L < 6; <s,_4, the
SUisSn—1 j=1
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jth highest type [6]; = s; for j = 1,...,n — 1, and the nth highest type [0], = 6;

(this case corresponds to agent i being the agent with the lowest type). We have
n

min (m9m+1 — Z 7"((9_]')) = min (Co+0181 —l—CQSQ—I—. .. —|—Cn_18n_1 +On91) =

L<6;<sp—1 j=1 L<6;<sp—1

min{CO + 0181 +...+ Cn_lsn_l + CnL, CO + 0181 +...+ Cn—lsn—l + C’nsn_l}. That
is, because the expression is linear, the minimum is reached when 6; is set to either

the lower bound L or the upper bound s,,_;.

Similarly, we have min (Ml — >, r(0_;)) = min{Co+C}s1+Caso+. ..+

8n—1<0;<sp—2 =1

Cr—25n—2+Cp_15p-1+Cp5,-1,Co+C151+Casa+. . . +Cp_98p_9+Cr15,2+Cp8,_1}.

n

min (m@mH — Z 7’(6, )) = H’lin{Co —+ 0151 -+ 0281 -+ 0382 + ...+ Cnsn,l, 00 -+

52<60;<s1 j=1

0181 + 0282 -+ 0382 + ...+ CnSnfl}.

n

min  (mb,,+1 — Y, r(0—_;)) = min{Cy+ C1U + Css1 + ... + Cpsp_1,Co + Cy51 +

51<0;<U j=1
0281 + ...+ C’nsn_l}.
Putting all the above together, we have that for any U > s; > s9 > ... > s, 1 >

L, the minimum of the following expressions is 0.

[} (n) C(] + 0181 + 0252 + ..+ Cn_lsn_l + CnL

(n — 1) C() + 0181 + 0282 + ...+ Cn_lsn_1 + Cnsn_l

[} (n — 2) O() + 0181 + 0282 + ...+ Cn_28n_2 + On_lsn_z + C’nsn_l

[ ]
[} (2) Co + 0181 + 0282 -+ 0382 + ...+ C’nsn_l
[} (1) Co + 0151 + 0281 -+ 0382 + ...+ CnSnfl
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o (0) Co + ClU + 0281 + 0382 + ...+ CnSn_l

The above expressions are numbered from 0 to n. Let I(i) be the set of points
(81,89,...,8,-1) (U > 81 >89 >...> 8,1 > L) that make expression (i) equal to
0. There must exist at least one ¢ such that the measure of I(7) is positive. According
to Lemma 4, expression (i) must be constant at 0.

If expression (0) is constant at 0, then the waste under mechanism 7 is 0 whenever
the highest type is equal to the upper bound U. That is, for any type profile, the
waste Co + C1[0]1 + Ca[0]2 + . . . + C,,[0],, must be a constant multiple of U — [0]; (the
waste is a linear function). We have Cy = —UC} and C; = 0 for j > 2. It turns out
that the above equalities of the C; completely determine the values of the a;, and
the corresponding mechanism is the OEL mechanism with index £ = 0. We show
this below.

We recall that the C} satisfy the following equalities:

Co = —nag

Q
I

—(n—1)a,

Co=—(m—=1)ay,_1— (n—m)a,
Crg1 = =My — (n—m — 1)ap +m
C"m—s—2 = _(m + 1)am+1 - (TL —m — 2)(lm+2
Cn—l = _(n - 2)an—2 —ap—1

Cn=—(n—-1a,
We can solve for the value of a,,_; based on the value of C,,.
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We can solve for the value of a,,_» based on the values of a,,_; and C,,_;.

We can solve for the value of a; based on the values of ay; and Cs.

Finally, since Cy = —UCY, the value of ay can also be solved.

Therefore, there is only one anonymous linear redistribution mechanism whose
waste equals a constant multiple of U — [#];. Since the OEL mechanism with index
0 is anonymous, linear and its total waste is a constant multiple of U — [0];, we
have that if expression (0) is constant at 0, then the mechanism must be the OEL
mechanism with index 0.

Similarly, if expression (n) is constant at 0, then the waste under mechanism r
is 0 whenever the lowest type is equal to the lower bound L (corresponding to the
OEL mechanism with index k = n). If expression (i) is constant at 0 for other 4,
then the waste under mechanism r is 0 whenever the ith and (i + 1)th type equal

(corresponding to the OEL mechanism with index & = 7). This finishes the proof. [

Since being collectively undominated is strictly stronger than being individually
undominated, Proposition 21 and 42 imply that for multi-unit auctions with unit
demand, the family of collectively undominated VCG redistribution mechanisms
that are anonymous and have linear payment functions, is exactly the family of

OEL mechanisms.

Theorem 8. For multi-unit auctions with unit demand, the family of collectively
undominated VCOG redistribution mechanisms that are anonymous and have linear

payment functions, is exactly the family of OEL mechanisms.

The above theorem also implies that, if we are focusing on anonymous and lin-
ear VCG redistribution mechanisms for multi-unit auctions with unit demand, then

being individually undominated and being collectively undominated are equivalent.
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Table 2.6: Increase in redistribution payments relative to WCO, and total VCG
payments that are not redistributed, for different priority orders. Note that increases
are ordered according to the priority order. The “average” item gives the average
increase to the agent ordered in the kth place (first), as well as the average increase
to agent i (second).

Bids Increase Remaining
5,13,10,8 6/7,9/7,4/7,0 2/7
5,13,8,10 6/7,9/7,0,1/7 5/7
5,10,13.8 6/7,9/7,4/7,0 2/7
5,10,8,13 6/7,9/7,0,1/7 5/7
5,8,10,13 6/7,15/7,0,0 0
5,8,13,10 6/7,15/7,0,0 0
13,5,10,8 9/7,6/7,6/7,0 0
13,5,8,10 9/7,6/7,0,0 6/7
13,10,5,8 9/7,6/7,6/7,0 0
13,10,8,5 9/7,6/7,0,6/7 0
13,8,10,5 9/7,0,0,6/7 6/7
13,8,5,10 9/7,0,6/7,0 6/7
10,13,5,8 9/7,6/7,6/7,0 0
10,13,8,5 9/7,6/7,0,6/7 0
10,5,13,8 9/7,6/7,6/7,0 0
10,5,8,13 9/7,6/7,0,0 6/7
10,8,5,13 9/7,0,6/7,0 6/7
10,8,13,5 9/7,0,0,3/7 9/7
8,13,10,5 15/7,6/7,0,0 0
8,13,5,10 15/7,6/7,0,0 0
8,10,13,5 15/7,6/7,0,0 0
8,10,5,13 15/7,6/7,0,0 0
8,5,10,13 15/7,6/7,0,0 0
8,5,13,10 15/7,6/7,0,0 0

Average (1) | 1.39,0.89,0.26,0.14 0.315
Average (2) | 0.71,0.64,0.64,0.70
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Table 2.7: Improving WCO using dominance techniques.

n | m | Nonanon. | Anonymous | Anonymous
3 updates | 1 iteration | 2 iterations

411 42% 66% 52%

511 49% 69% 55%

6] 1 32% 55% 39%

51 2 44% 68% 54%

613 45% 68% 54%

Table 2.8: Improving Cavallo using dominance techniques.

Nonanon. | Anonymous | Nonanon. | Anonymous
n | 2 updates | 1 iteration | 2 updates | 1 iteration
unknown unknown known known
5 81% 84% 61% 75%
6 76% 82% 64% 69%
7 73% 81% 54% 68%
8 78% 83% 59% 66%

Table 2.9: Improving VCG using dominance techniques.

n | Nonanon. 3 updates, unknown | Nonanon. 3 updates, known
5 88% 68%
6 91% 67%
7 95% 51%
8 96% 81%
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2.4  Better Redistribution with Inefficient Allocation

So far, we have only discussed the problem of designing VCG redistribution mech-
anisms that are optimal in various senses. By definition, the VCG redistribution
mechanisms first allocate the items efficiently and charge the VCG payments. Then,
a large fraction of the VCG revenue is redistributed back to the agents, in a way
that maintains the desirable properties of the original VCG mechanism, including
strategy-proofness, the non-deficit property, and (sometimes) individual rationality.
However, in some cases, even the best redistribution mechanism fails to redistribute
a substantial amount of the VCG revenue. That is, even though the VCG redis-
tribution mechanisms maximize efficiency, the total welfare (the sum of the agents’
utilities, taking payments into account) can be very low (in fact, zero), as a result
of poor redistribution. Still, the VCG redistribution mechanisms proposed earlier in
this dissertation are optimal in various senses—but only under the constraint that
allocation is efficient.

In this section, we study the problem of designing the allocation rule together
with the redistribution scheme, allowing for the allocation to be inefficient. It turns
out that even though inefficient allocation reduces efficiency, it sometimes allows for
greater redistributions, so that the net effect is an increase in the sum of the agents’
utilities. Moulin [84] already provided an example where inefficient allocation can
lead to better results, but left a more thorough investigation for future research. As
we will see, the example mechanism that he proposed will turn out to be useful for
us.

In Subsection 2.4.1, we cover some basic definitions. In Subsection 2.4.2, we
define a class of allocation mechanisms that we call linear allocation mechanisms,
and propose an optimization model for simultaneously finding an allocation mecha-

nism and a payment redistribution rule which together are optimal, given that the
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allocation mechanism is required to be either one of, or a mixture over, a finite set
of specified linear allocation mechanisms. In Subsection 2.4.3 to Subsection 2.4.4,
we propose several specific mechanisms that are based on burning items, excluding
agents, and (most generally) partitioning the items and agents into groups. We show
or conjecture that these mechanisms are optimal among various classes of mecha-

nisms.
2.4.1 Formalization

We will restrict our attention to multi-unit auctions with unit demand. We still use
n and m to denote the number of agents and the number of units. Since we are
dealing with the unit demand setting, we assume n > m. (Otherwise, it is clearly
optimal to give every agent a unit and charge nothing.) As usual, for the ith agent,
we denote her true/reported type/bid for winning one unit by v; (we are restricting
our attention to strategy-proof mechanisms). Without losing generality, we assume
that v1 > vy > ... > v, > 0. A bid profile is a vector V = (v1,va, ..., 0p).

Let M be a strategy-proof allocation mechanism. (We use “allocation mecha-
nism” to refer to the mechanism before redistribution—for example, in a VCG redis-
tribution mechanism, the VCG mechanism is the allocation mechanism, whereas the
complete mechanism also includes the redistributions.) M does not need to be deter-
ministic: in general, M can be a probability mixture over ¢ deterministic mechanisms
M, ..., M;. (When t =1, M is deterministic.) With probability p;, mechanism M;
is chosen (Y_'_, pi = 1).

For each bid profile V', we define Uy (V') to be the total efficiency (sum of ob-
tained valuations) that results under M for V' (this does not take payments into
account). We have Up(V) = S piUn (V). Similarly, let Py (V) be the to-
tal revenue (sum of the agents’ payments) that results under M for V. We have

Py(V) =31 piPa, (V).
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For multi-unit auctions with unit demand, the VCG mechanism is just the (m +
1)th price auction: the agents with the m highest bids each win one unit and each
pay the value of the (m + 1)th-highest bid. Hence, if M is the VCG mechanism,
Upu(V)=>2" v and Py (V) = mup,1.

Given a strategy-proof allocation mechanism M and a bid profile V', without
redistribution, the agents’ welfare under M equals Uy (V) — Py(V). The welfare
can potentially be increased by introducing redistribution payments. We require
that the redistribution payment to each agent is independent of her own bid, so that
the mechanism will remain strategy-proof. That is, agent ¢ receives a redistribution
payment R(V.;), where V_; is the bid profile without v; (vy,...,v;_1,Vit1,...,Un),
and R is any real-valued function.

Not all redistribution functions (R) are feasible. For a redistribution mechanism
to be feasible, we require two additional properties. First, we require that Py (V) >
>or R(V,;) for all V. That is, the mechanism must satisfy the non-deficit property:
the total redistribution should never exceed the revenue collected by M. Otherwise,
we need external funds to subsidize the mechanism.

We also require that the mechanism be (ez-post) individually rational: if M is
deterministic, then for any bid profile V| every agent’s utility after redistribution
must be nonnegative. If M is not deterministic, then for any bid profile V', every
agent’s expected utility after redistribution must be nonnegative.

With redistribution, for a bid profile V| the agents’ welfare is Uy (V) — Py (V') +
Yo  R(V.;). Our goal is to find a strategy-proof allocation mechanism M and a
redistribution function R that are feasible and maximize this expression. However,
this is not a well-defined objective, because the value of this expression depends on V.
It could be that one choice of M and R maximizes the expression for some V', while
another choice of M and R maximizes the expression for another V. In this section,

we return to the worst-case perspective, as in Section 2.1. Specifically, consider an
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omnipotent perfect allocation mechanism that magically identifies the agents with
the m highest true valuations, without asking for their bids, and allocates the units
to these agents at no charge. Clearly this mechanism obtains the largest welfare
that we could hope for (without deficits). Our objective is to design mechanisms
that are competitive with this perfect allocation mechanism. We say a redistribution
mechanism (M, R) is a-competitive against the perfect mechanism if the agents’
welfare under (M, R) is at least a ), | v;, for all bid profiles V.. (3_.", v; is the agents’
welfare under the perfect mechanism.) Our objective is to find the redistribution
mechanism (M, R) that is the most competitive, that is, that maximizes «, while
satisfying the individual rationality and non-deficit properties.

In what follows, we construct a motivational example feasible strategy-proof
mechanism that allocates inefficiently and has a higher competitive ratio (with the
perfect mechanism) than all feasible strategy-proof mechanisms that always maxi-
mize efficiency. Actually, it was shown in [84] that the WCO mechanism has the
highest competitive ratio among all feasible strategy-proof mechanisms that always

maximize efficiency.

Proposition 43. [8// The WCO mechanism has the highest competitive ratio «
against the perfect allocation mechanism, among all (efficient) VCG redistribution

mechanisms that are individually rational and satisfy the non-deficit property.

When n = 3 and m = 2, the WCO mechanism is not competitive at all:
awco(3,2) = 0. In contrast, the following simple mechanism that allocates inef-

ficiently is somewhat competitive:

e Burn (throw away) one unit.

e Allocate the remaining unit according to the WCO mechanism for n = 3 and

m = 1.
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The new mechanism is feasible and strategy-proof because it is equivalent to

the WCO mechanism for n = 3 and m = 1. It is not efficient because one unit

1

is burned. Since awco(3,1) = %, the new mechanism is 3

competitive against the
perfect allocation mechanism for one unit (m = 1). That is, the new mechanism
guarantees a welfare of %vl for any bid profile V. Since v; > v,, it also guarantees
a total utility of %(Ul + vy) for all bid profiles. Hence, the competitive ratio of the
new mechanism against the perfect allocation mechanism for two units (m = 2) is at
least %. That is, this new mechanism has a higher competitive ratio than any VCG
redistribution mechanism (any feasible strategy-proof mechanism that allocates the
units efficiently). So, ironically, in some cases, the agents are happier if one unit
is burned. Motivated by this example, in what follows, we study mechanisms that

allocate inefficiently (and in Subsection 2.4.3, we specifically study mechanisms that

are based on burning units).
2.4.2  Linear allocation mechanisms

In this subsection, we define a class of mechanisms that we call linear allocation
mechanisms. We then provide a general technique for finding the optimal redistri-
bution function for any given linear allocation mechanism. We also show how to
simultaneously find the optimal linear allocation mechanism and the corresponding
redistribution function, given that the allocation mechanism is required to be one of,

or a mixture over, a finite set of specified linear allocation mechanisms.

Definition 3. A (strategy-proof) allocation mechanism M is linear if the following

two conditions are satisfied:

e (linearity) Uy (V') and Py (V) are linear combinations of the v;.

e (normalized individual rationality) M is individually rational, and an agent’s

payment is always 0 if her bid is 0.
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Example 13. The VCG mechanism is linear, for the following reasons. In the VCG
mechanism, the agents with the highest m bids each win one unit and each pay the
value of the (m + 1)th-highest bid. That is, for any bid profile V' = (vy,vs,...,v,),
Un(V) = 37" v and Py (V) = muy,41, which are both linear.!” The normalized
individual rationality condition is also satisfied by the VCG mechanism. Under the
VCG mechanism, the payment from an agent is always less than or equal to her own

bid, and is never negative. When an agent’s bid is 0, her payment must be 0.

Example 14. The random allocation mechanism in which the winners are picked uni-
formly at random (without replacement), and there are no payments, is linear, for the
following reasons. Under this mechanism, for any bid profile V', Up (V) = 237" | v,
and Py (V) = 0, which are both linear. The normalized individual rationality con-

dition is also satisfied.

Proposition 44. Any probability mizture over linear allocation mechanisms is also

linear.

Proof. Let M be a mixture over t linear allocation mechanisms M, M, ..., M;,
where M; is chosen with probability p;. We have Uy (V) = Yt pUns, (V) and
Py (V) = 3t piPy,(V), which are both linear, because for any i, Uy, and Py,
are linear. Normalized individual rationality also holds: because My, Ms, ..., M, are
all individually rational, any mixture over them is also individually rational. If an
agent’s bid is 0, then for all 7, her payment under M; is 0. This implies that her

payment under any mixture over the M; is also 0. [

Given the number of agents n, the number of units m, and a linear allocation

mechanism M, the following optimization model can be used to find an optimal

17 We emphasize that the linearity depends on the fact that the bids are sorted. In fact, if we
increase the (m + 1)th-highest bid, then the revenue will increase, but only up to the point where
the bid equals the mth-highest bid; if we increase the bid further, the revenue will not change. So
in this sense, the VCG mechanism is not linear in the bids, but this is not the type of linearity that
is used in the definition.
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redistribution function R, so that the resulting mechanism (M, R) has the highest
competitive ratio. That is, we are computing the optimal redistribution function for

a fixed allocation mechanism.

Variable function: R:[0,00)" ! - R
Variable: «
Maximize «
Subject to:

For every bid profile V' = (v, v, ..., v,) with v; > vy > ..
R(V.,) > 0 (individual rationality)
Py (V) > > R(V.;) (non-deficit)
Uu(V)=Pu(V)+> 0, R(Vy) > ad ", v; (competitive ratio constraint)

>v, >0

Because M is linear, it satisfies the normalized individual rationality condition.
Hence, if the agent with the lowest bid bids 0, her payment under M must be 0. Such
an agent’s utility is 0 when there is no redistribution, regardless of whether she wins
a unit or not. With redistribution, such an agent’s utility is just her redistribution
R(V.,). Therefore, for the resulting mechanism (M, R) to satisfy the individual
rationality constraint, it is necessary that R(V.,) > 0 for all V_,. Since R(V.,)
does not depend on the value of v,, equivalently, it is necessary that R(V.,) >
0 for all V. Conversely, if R(V.,) > 0 for all V, then the function R is always
nonnegative, because for any xy > x9 > ... > x,_; there exists a V' such that V_, =
(x1,T9,...,x,_1). Thisimplies that R(V.,) > 0 for all V' is also a sufficient condition
for individual rationality, because M is individually rational without redistribution
and nonnegative redistribution never decreases an agent’s utility. This is why the
individual rationality constraint can be written as R(V.,) > 0 for all V.

Now, suppose that the allocation mechanism is not fixed; specifically, suppose
that we need to choose one mechanism M from a set of ¢ linear allocation mecha-
nisms {Mj, ..., M;}, so that M, coupled with a corresponding optimal redistribution

function, has the highest competitive ratio. Then the optimization model becomes:
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variables p;, rather than just solve the original model ¢ times. The reason is that
if we change the p; into continuous variables ranging from 0 to 1, then the modi-
fied model optimizes for the best allocation mechanism among mechanisms that are
mixtures over { My, M, ..
redistribution function). We call the above optimization model in which the p; are

binary the discrete model (DM), and we call the modified optimization model the

Variable function: R:[0,00)" ! = R
Variable: o
Binary variables: py,ps,...,p:

Maximize «
Subject to:

For every bid profile V' = (v, va,...,v,) with vy > vy > ... >0, >0

R(V.,) > 0 (individual rationality)

Z;lejPMj(V) > R(V.;) (non-deficit)

22:1 piUn, (V) — Z;Zl piPr, (V) + 307 R(Vai) > @) v (competitive ra-
tio constraint)

22:1 p;=1

It might not be clear, at first glance, why we would want to introduce the binary

continuous model (CM).

turns out, an optimal solution can be found by means of a linear program (for CM)

or a mixed integer program (for DM). The linear/mixed integer program can be

DM and CM both optimize over functions, not just variables. However, as it

solved directly, using any solver.

Up) With vy > vy > ... > v, > 0. We use z € {0,...,n} to denote the bid profile
in which the highest z bids are 1 and the remaining bids are 0. If we only require
that the constraints be satisfied for bid profiles from 0 to n, then the objective value
should be greater than or equal to the original objective value. The relaxed opti-
mization models (UCM and UDM, for “upper bounding continuous/discrete model”)

are:

The constraints of DM and CM must be satisfied for any bid profile V- = (vq, vy, . ..
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Variable function: R:[0,00)" ! = R
Variables: pi,ps,...,p; > 0 (UCM only), «
Binary variables: pi,ps,...,p; (UDM only)

Maximize «
Subject to:

For every bid profile V' from 0 to n
R(V.,) > 0 (individual rationality)

Zzzl piPr, (V) > 350 R(V.;) (non-deficit)
Z§=1 piUn, (V) = 23:1 piPr, (V) + 37 R(Vei) > ad 2" v (competitive ra-

tio constraint)
¢
Zj:l p;=1

Effectively, UCM is a linear program and UDM is a mixed integer program. If
V = 2z, then V; (the bids other than i’s own bid) contains z copies of 1 and n—1—2
copies of 0 for 7 > z, and V.; contains z — 1 copies of 1 and n — z copies of 0 for i < z.
Let us denote R(V.;) by R, if V_; contains x copies of 1 (0 < x < n—1). Then, the n
variables Ry, Ry, ..., R,_1 specify everything about the redistribution function that
affects the UDM/UCM programs; thus, they are the only variables that we need, in
addition to the p; and a. The Py, (V) and Uy, (V) are constants that we need to
evaluate for V' from 0 to n. The constraints and the objective function are all linear.

This results in the following linear/mixed integer program:

Variables: py,ps,...,p; > 0 (UCM only)
a, R07 R17 ) Rn—l
Binary variables: pi,ps,...,p; (UDM only)

Maximize «
Subject to:

Z;:ﬂ?j =1
Ry=0, R, >0for1<ax<n-1
Z;lejPMj (x) > 2Ry 1+ (n—x)R, for 1 <ax<n

22:1 piUn, () — 22:1 pi P, () + 2 Rey + (n — 2) R, > amin{z, m} for 1 <

r<n
Let ag, Rgo, Beqs -+ BGpqs and pg oy, DEgs - - -, PG, denote an optimal solution
. 3 3 * * * * * * *
to UCM; similarly, let o, Rp o, Rp 1, .-+ Bp 1, and pp 1, 0h o, - -, Pp, denote an

optimal solution to UDM. We know that oy, («7,) is an upper bound on the compet-

itive ratio that can be obtained in the continuous (discrete) case; we will show that,
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in fact, af. (a},) can be obtained, so that it is the optimal competitive ratio. The
following theorem shows how to convert the optimal solution to UCM (UDM) into a

redistribution mechanism that is defined for all V' and that obtains competitive ratio

Theorem 9. The optimal objective value for CM (DM) equals of, (a,). For DM, an
optimal allocation mechanism is M;, where j is the (only) index that satisfies Ppj =
1. For CM, an optimal allocation mechanism is the mizture over My, Ms, ..., M,
where Mj is chosen with probability p, ;.

An optimal redistribution function Rc can be obtained from the R¢,, as follows:

for any V' and any 1,

n—1

Re (Vi) = R gVei(1) + ) (Re, — Re 1) Vii(x)

=1
Here, V.;(x) is the xth-highest bid among bids other than i’s own bid. An optimal

redistribution function Rp is defined similarly.

We note that when V_; consists of z ones and n—z—1 zeroes, we have Ro(V.;) =
Rio+ > (RE, — R, 1) = RE, (if 2 =0, Re(Vai) = 0= Rp). (Inasense, Ris
an interpolation of these values.) Before proving the theorem, we give the following

lemma. We presented a similar lemma in Section 2.1, namely, Lemma 1.

Lemma 5. When the ¢; do not depend on the x;, the following two systems of

mequalities are equivalent:

(a) crx1 + caxo+ ...+ csxs >0 forallxzy > a9 > ... > x5 > 0.

(b) crxy + coxo+ ...+ csxs >0 for all xy > x9 > ... > x5, where each z; € {0,1}.
Proof. (a) = (b) is trivial. We now prove (b) = (a). (b) implies that 27, ¢; > 0

for all 1 < j < s. We have cix1 + cowg + ... + coxs = Zj;( le i)y —xjm) +
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(>°7  ci)zs. Forall oy > 29 > ... > xy > 0, each term of the above expression is

nonnegative, hence the whole expression is nonnegative. So (b) = (a). O
Now we are ready to prove Theorem 9.

Proof. We only need to prove that the solution described in the theorem is a feasible
solution for CM (DM). (We emphasize that feasibility also entails obtaining the
competitive ratio o, (aj,) everywhere.) Because it is feasible, it is also optimal,
because o («7,)) is an upper bound on CM (DM).

In the proposed solution, we have R¢(V.;) = REyOVNZ‘(l)—FZZ;i (R& . —Ré 1) Vail).
For specific ¢ and x, when = < i, V_;(z) = v,, and when = > i, V_;(z) = v,41. (We
recall that V_;(z) is the xth-highest bid among bids other than i’s own bid.) Hence,
Rc(V.;) is linear in vy, vg, ..., v,, where the coefficients are determined by the con-
stants Rg , (we have similar results for Rp). Forall1 < j <t , U u; and Py, are both
linear in vy, vy, .. ., v, by the linearity assumption. So for all of the constraints in CM
(DM), with the exception of the probability constraint, each side of the inequality is
a linear combination of the v;.

We need to prove that these constraints are satisfied for all v; > vy > ... > v, >
0. By Lemma 5, we only need them be satisfied for all v; > vo > ... > v, > 0
where the v; are binary variables. That is, we only need them be satisfied for the bid
profiles V' from 0 to n. But for these V, the constraints of CM (DM) are identical
with the constraints of UCM (UDM), because, as we already noted, the function R¢

(Rp) that we have defined coincides with the R, (R} ) on these V. O

Using Theorem 9, given the number of agents n and the number of units m, we
can find the optimal allocation mechanism M, and simultaneously, a corresponding
optimal redistribution function R, so that the resulting mechanism (M, R) maximizes
the competitive ratio—under the constraint that M must be one of, or a mixture
over, a finite set of specific linear allocation mechanisms M, M, ... M,.
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2.4.8 Burning units

In this subsection, we study allocation mechanisms that are based on (sometimes)
burning units. As was showed earlier, in some cases we can achieve a higher com-
petitive ratio by burning units than by using the most competitive mechanism that
is feasible, strategy-proof and efficient (the WCO mechanism).

We start by characterizing a set of mechanisms based on the idea of burning
units. First, we construct m allocation mechanisms that are based on burning a
deterministic number of units. Let M; (i = 1...m) be the allocation mechanism
in which m — ¢ units are burned, and the remaining ¢ units are allocated efficiently
according to the VCG mechanism. M,, is just the original VCG mechanism. We note
that it makes no sense to burn all units, hence ¢ > 0. We call the M; deterministic
burning allocation mechanisms. We can also construct allocation mechanisms in
which a random number of units are burned, by randomizing over the M;. Let M be
a mixture of the M;, where mechanism M; is chosen with probability p;. That is, M
is the mechanism in which with probability p;, exactly m — i units are burned. (If
p; = 1 for some i, then M is just M;.) We call such mixtures over the M; randomized
burning allocation mechanisms.

The deterministic burning allocation mechanisms are strategy-proof, because the
remaining units are allocated according to the VCG mechanism, which is strategy-
proof. It follows that the randomized burning allocation mechanisms are also strategy-
proof. Also, the deterministic burning allocation mechanisms are linear. When there
are i units remaining (M), the agents with the ¢ highest bids each win one unit,
and each pay the value of the (i 4+ 1)-th highest bid. That is, for any bid profile
V = (v1,v2,...,0,), Up (V) = 23:1 vj and Py, (V) = dv;pq. Both Uy, and Py,
are linear in the v;. The normalized individual rationality condition is also satisfied.

Therefore, the deterministic burning allocation mechanisms are linear. By Proposi-
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tion 44, we also have that the randomized burning allocation mechanisms are linear.

Using Theorem 9, we can find an optimal allocation mechanism M, and a corre-
sponding optimal redistribution function R, so that (M, R) maximizes the competi-
tive ratio, given that M is one of the deterministic burning allocation mechanisms,
or M is a randomized burning allocation mechanism.

In Table 2.10, we present the results for different numbers of agents and different
numbers of units. The second column (aF,) gives the optimal competitive ratio
among all feasible mechanisms (M, R) where M is one of the deterministic burning
allocation mechanisms. The integers in the third column are the number of units
burned in the optimal mechanism that corresponds to aj,. The fourth column (af,)
is the optimal competitive ratio among all feasible mechanisms (M, R) where M is
a randomized burning allocation mechanism. The values in the fifth column are the
probabilities of having one unit burned in the optimal mechanism that corresponds
to af. (It turns out that in the optimal mechanism, either exactly one unit is
burned with a certain probability, or nothing is burned.) Finally, as a benchmark,
the sixth column (af, o) gives the competitive ratio of the WCO mechanism (the
optimal competitive ratio among all feasible mechanisms (M, R) where M allocates
efficiently).

For the case of n = 10, m = 1,...,9, we compare the values of ajyp, @, and
af in Figure 2.3. When m is small, the three values are the same. As m gets large,
the value of ajy o decreases all the way to 0; the value of o}, also decreases but it
gets stable when its value goes down to around 0.5; the value of af, first decreases,
but then increases, at the end almost reaches 1.

Of course, ajycp < ap < ag; it turns out that all of these inequalities are
sometimes strict. Therefore, in general we need to burn a random number of units
to get the most competitive redistribution mechanism.

While we can use Theorem 9 in this way to solve for the most competitive redis-
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Table 2.10: Competitive ratios of burning allocation mechanisms.

ap |burn || af | burn | ajyco
n=4m=1 | 0.571 | 0 0.571 | 0 0.571
n=4m=2 | 0.286 | 1 0.667 | 0.67 || 0.250
n=4m=3 || 0.267 | 2 0.889 | 0.33 0
n=6,m=1 || 0.839 | 0 0839 | 0 0.839
n=6m=3 | 0.410 | 1 0.800 | 0.60 || 0.375
n=6,m=>5 || 0.356 | 3 0.960 | 0.20 0
n=8m=1 | 0.945| 0 0945 | 0 0.945
n=8m=3 || 0.646 | 0 0.762 | 0.71 || 0.646
n=8,m=>5 | 0.452 2 0.914 | 0.43 || 0.276
n=8m="7 || 0.422 4 0.980 | 0.14 0

Comparison of Competitive Ratios (10 agents)
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FIGURE 2.3: A comparison of competitive ratios of deterministic burning allocation
mechanisms, random burning allocation mechanisms, and WCO mechanisms.

142



tribution mechanism in this class of mechanisms for any given n and m, it would be
nice to have a general analytical characterization of the most competitive redistribu-
tion mechanism. The following proposition specifies a burning-based redistribution
mechanism for each m, n pair, and gives the competitive ratio for these mechanisms.
We conjecture that these mechanisms are in fact the most competitive in this class
of mechanisms (including the randomized mechanisms), but have not been able to
prove it. (However, using the linear programming methodology from Theorem 9, we

have verified that this conjecture is true for all n < 10.)

Proposition 45. Given n and m, using a redistribution mechanism (M, R) where
M is a randomized burning allocation mechanism, we can achieve the following com-
petitive ratio:

n-l mn —n
(")

=D mn —m
ijm( j )

max{1l —

}

If the first expression is greater (or equal), then the mechanism achieving the above
ratio is the worst-case optimal VCG redistribution mechanism (nothing is burned).

If the second expression is greater, then the mechanism achieving the above ratio
is the following:

n—m
n—1"

e Burn (throw away) one unit with probability
e The remaining units are allocated according to the VCG mechanism.

o After the VCG payments, every agent receives a redistribution payment of ’:T_ll
times the m-~th highest bid among bids other than this agent’s own bid. (Unlike
the VCG payments, the redistribution does not depend on whether a unit was

burned.)

Proof. We already know that the WCO mechanism is strategy-proof, feasible, and

n—1
() i} Hence, we only need to show that the other

has competitive ratio 1 — =4+
ZJZW( J
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mechanism proposed in the proposition is strategy-proof, feasible, and has compet-

itive ratio 22=2
mn—

, for the values of m,n for which this mechanism outperforms the
WCO mechanism.

If m = 1, then =" = (, which cannot be greater than the competitive ra-
tio of the WCO mechanism. So we only need to consider m > 1. We have al-
ready proved that any randomized burning allocation mechanism is strategy-proof.
After introducing redistribution, the mechanism remains strategy-proof, because
the redistribution does not depend on the agent’s own bid. Individual rational-
ity is satisfied because the randomized burning allocation mechanism is individ-
ually rational, and the redistribution is always nonnegative. For any bid profile
V, the VCG revenue is muv,,;; when nothing is burned, and the VCG revenue is

(m — 1)v,, when one unit is burned. Together, the expected!® VCG revenue is

2 (m — 1)vm, + ( MU = 2 (Mupma1 + (R — m)vy,). For the agents
bidding vy, ...,v,, the redistribution received is %vmﬂ. For the other agents,

the redistribution received is TS Ly

. Therefore, the total redistribution equals the
total VCG payment, so the non-deficit criterion is satisfied. We conclude that the
mechanism is feasible.

Now we show that the mechanism has competitive ratio 7**=". With probability

2=t the total efficiency is Z;Zl v; (one unit is burned). When nothing is burned, the

total efficiency is > ;" | v (1
nom) S v This is greater than or equal to 2221 57 ), 4+ ( n*q‘) S v =

18 The mechanism satisfies the non-deficit criterion only in expectation over the choice of whether to
burn a unit. Alternatively, we can charge each agent her expected VCG payment, in which case there
will certainly be no deficit. One may worry that this will result in individual rationality only holding
in expectation. However, interestingly, individual rationality continues to hold unconditionally if
we charge the expected VCG payment: the only agent that faces any randomness is the mth agent,
and she pays (1— 2= )v,,, 11, but then receives a redistribution of = v, 41, for a total payment of
0, so that she is not unhappy even if the unit is thrown away. However, in this case, she would prefer
to place a bid of 0 instead—so the resulting mechanism is strategy-proof only in expectation over
the mechanism’s random choice. (In contrast, the mechanism in Proposition 45 is unconditionally
strategy-proof and individually rational.)
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mn—n %" v; (we have equality when all v; are equal). Since the total payment equals
the total redistribution, efficiency is equal to welfare, so we conclude that we obtain

the competitive ratio =", O]

Conjecture 1. The competitive ratio in Proposition 45 is optimal for mechanisms
(M, R) where M is a randomized burning allocation mechanism. That is, if M is
required to be a randomized burning allocation mechanism, then there is an optimal
mechanism that either never burns anything (so that it coincides with the WCO
mechanism), or burns exactly one unit with some probability, so that all the revenue

can be redistributed.
2.4.4 Partitioning units and agents

In this subsection, we study allocation mechanisms that are based on partitioning the
units and the agents into groups. This is an idea that has previously been proven
effective in mechanism design [9, 50]. Based on this idea, we first characterize a
class of strongly budget balanced allocation mechanisms (in the setting of multi-
unit auctions with unit demand). Some of the mechanisms in this class have been
proposed previously [45, 84]. We focus on finding the most competitive mechanism in
this class. Because all of the mechanisms in this class are strongly budget balanced,
there will be no redistributions.

We start with two example mechanisms. They are both based on excluding one
individual agent from the set of all agents. The first one is due to Moulin [84], and

the second one is due to Faltings [45].

Example Mechanism 1
e Exclude one agent from the auction, uniformly at random.

e Assign one unit to the excluded agent at no charge.
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e The remaining units are allocated to the remaining agents according to the

VCG mechanism.
e Transfer all the VCG revenue to the excluded agent.
Example Mechanism 2
e Exclude one agent from the auction, uniformly at random.
e Units are allocated to the remaining agents according to the VCG mechanism.
e Transfer all the VCG revenue to the excluded agent.

Both example mechanisms are strategy-proof, individually rational and strongly
budget balanced. In the first mechanism, one agent is excluded and assigned one
unit. In the second mechanism, one agent is excluded and assigned zero units.

We now introduce our class of mechanisms that is based on partitioning the

agents; this class generalizes both of the previous two mechanisms.

Definition 4. Given n and m, for ny € {1,..., 5]}, m; € {0,..., min{n;, m}}, we

define the following mechanism:

e Pick n; agents to form one group, uniformly at random. The other n — ny

agents form the second group.
e Allocate my units among the first group, according to the VCG mechanism.

e Allocate the remaining m — m; units among the second group, according to

the VCG mechanism.

e Transfer the VCG revenue from the first group to the second group, in any

predetermined way.
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e Transfer the VCG revenue from the second group to the first group, in any

predetermined way.
We call this mechanism the (ny,my)-partition mechanism.

We note that Example Mechanisms 1 and 2 are the (1, 1)-partition mechanism

and the (1,0)-partition mechanism, respectively.

Proposition 46. The partition mechanisms are strategy-proof, individually rational,

and strongly budget balanced.

Proof. Without transferring the VCG revenue, every agent is participating in a VCG
mechanism, which must be strategy-proof. For each agent, the transfer payment she
receives depends only on the bids from the other group of agents, hence it does not
affect her incentives. Therefore, the mechanisms are strategy-proof. Similarly, with-
out transferring the VCG revenue, every agent is participating in a VCG mechanism,
which must be individually rational. With transferring, the agents’ utilities become
higher or stay the same. Therefore, the mechanisms are individually rational. Fi-
nally, the strong budget balance property follows from the fact that the entire VCG

revenue is transferred. O

Since the partition mechanisms are strongly budget balanced, welfare must equal
efficiency. Hence, for our objective of finding the most competitive partition mech-
anism, we can completely ignore the VCG payments and the revenue transferring
process. That is, for the analysis that follows, we pretend that there are no payments
of any kind; when we use the mechanism, we add the VCG payments and transfers
back to achieve strategy-proofness. We now show that by ignoring the payments and
transfers, the partition mechanisms become linear mechanisms (albeit linear mech-
anisms that are not strategy-proof, but this does not matter). Given n and m, let
M, m, be the (nq, my)-partition mechanism. For any bid profile V' = (vy, va, ..., v,),
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under M,,, ,,, there is only a finite number of ways of dividing the v; into two groups
of size ny and n — ny (and each of these ways receives equal probability). For any
specific way of dividing, the agents’ total efficiency is linear in the v;. Since each
way of dividing happens with equal probability, the expected total efficiency is also
linear in the v;. That is, Uy, ,, (V) is linear in the v;. We also have Py, . = 0.
Hence, the partition mechanisms satisfy the linearity condition. The normalized
individual rationality condition is also satisfied (after ignoring the VCG payments
and the revenue transferring process). Thus, we can use the general technique in
Theorem 9 to solve for the optimal partition mechanism. However, we now present
a simpler solution technique based on the special structure of the class of partition
mechanisms.

The following proposition characterizes the competitive ratio of a given partition

mechanism.

Proposition 47. Given n and m, the competitive ratio of the (ny, mq)-partition

mechanism equals

UMnl,ml (m)

m
Here, Uy, . (m) is the expected efficiency (welfare) under the (ny,my)-partition
mechanism when m agents bid 1 and the remaining agents bid 0. This competitive

ratio 1s equal to

Y orex (’;1) (Z:L;)(mm{x, my} + min{m — z,m —my })

m(5,)

Here, X ={z|0 <2 <n;,0 <m—x <n—mny}. Wewill call this competitive ratio

'3
ni,mi°

Proof. For bid profile m (where m agents bid 1 and the remaining agents bid 0), the

. . . . U
perfect (omnipotent) mechanism would achieve an efficiency of m. Hence, Yrtny iy (1)
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is an upper bound on «;, . .

U . . e
We now show that Uty amy () is equal to the second expression in the proposition;

then, we will show that M,, ,,, does in fact attain this competitive ratio. In the
(ny, mq)-partition mechanism, n; agents are randomly picked to form one group,
and the remaining n — n; agents form a second group. If m agents bid 1 and the

remaining agents bid 0, then the probability of having x agents that bid 1 in the group

(") (o)
()

m

of size ny is . The corresponding total welfare is (min{x,m;} + min{m —

x,m—my}). The set of possible values of x is X. It follows that Uy, ,, (m) is equal

Yosex (7:1 ) (?;7"11 ) (min{z,m1 }+min{m—z,m—m1})
(m) '

All that is left to show is that M, ,,, does in fact attain this competitive ratio. Let

to

us consider the following allocation mechanism, which is never better than M, ,:

e Pick n; agents to form one group, uniformly at random. The other n — ny

agents form the second group.
e Remove the agents with the lowest n — m bids.

e For the first group, if there are more than m; agents left, allocate m; units
uniformly at random among the remaining agents in group one. Otherwise,

allocate one unit to every remaining agent in group one.

e For the second group, if there are more than m — m; agents left, allocate
m — my units uniformly at random among the remaining agents in group two.

Otherwise, allocate one unit to every remaining agent in group two.

For any bid profile, the above mechanism results in (weakly) lower efficiency than
the (ny, m)-partition mechanism, because in the partition mechanism, the units are
assigned efficiently within each group, and in the modified mechanism they are not
because of agent removal and random assignment.
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Under the modified mechanism, only the agents bidding vy, ..., v,, possibly win
any units, and the probability of winning is the same for each of them. For the
bid profile in which m agents bid 1 and the remaining agents bid 0, the modified
mechanism results in the same efficiency as the partition mechanism. Therefore,
because in this case, a winning agent’s utility is 1, the expected number of winners
under the modified mechanism is Uy, . (m). But this probability must be the
same for all bid profiles. So, using the fact that each of the top m bidders is equally

likely to win, for a general bid profile, the expected efficiency under the modified
. .U m m ..

mechanism is M”+1() >, v;; and we know that this is (weakly) lower than the

expected efficiency under the (ni,m;)-partition mechanism. Hence, the (ni,m;)-

.. . .. . U
partition mechanism has a competitive ratio of at least M"+l(m) We have already

Ubiny ym, (M) *

n..my» SO this expression must be exactly

proved that is an upper bound of «

equal to the competitive ratio. O

So far, we have not considered mixtures over partition mechanisms. It could be
that, by taking such mixtures, we can obtain more competitive mechanism. However,
the following proposition rules out the possibility of obtaining more competitive

mechanisms by taking mixtures over partition mechanisms.

Proposition 48. If M is a mizture over My, Ms, ..., M;, where the M; are partition
mechanisms for different values of nq, my, and M; is chosen with probability p;, then

there exists 1 < j <t so that M; attains at least the competitive ratio of M.

Proof. By the same argument as in Proposition 47, the competitive ratio of M is at

t . Ur. Unr.
most UMT(m) We have that UMW(Lm) = Zzzlp;lUMi(m) < max; Mj)fm). But M;hb(m)

(where

Unr;(m)

J € argmax; ) is the competitive ratio for M; by Proposition 47. Hence, M;

is as competitive as M. O
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By Proposition 47, for given n and m, by maximizing

Y orex (’;1) (Z:L;)(mm{x, my} + min{m — z,m —my })

m(5,)

over n; and my, we obtain the optimal (n;, m;)-partition mechanism. This mecha-
nism is also optimal among all mixtures of partition mechanisms by Proposition 48.
It would be nice to have a general analytical characterization of the optimal n; and
my. The following conjecture specifies three partition mechanisms, and gives the
corresponding competitive ratios. The conjecture states that for any n and m, the
optimal partition mechanism must be one of these three. Experimentally, we have

verified that this conjecture is true for all n < 10.

Conjecture 2. For any n and m, the optimal partition mechanism is one of the

following three:

(1, 0)-partition mechanism, with competitive ratio "T_l;

nm+m-—n .

(1,1)-partition mechanism, with competitive ratio ™™ ="

(2, 1)-partition mechanism, with competitive ratio

D ex! (2) (:l:i) (min{z,1}+min{m—z,m—1})

m(m) ’

where X' ={z|0 <2 <2,0<m—xz<n-—2}.

In Table 2.11, we present the results for various numbers of agents and units.

*

w1my) gives the optimal competitive ratio among all partition

The second column (o
mechanisms. The third column gives the values of n; and m;, where the (ny,mq)-

partition mechanism achieves the optimal competitive ratio.
2.4.5 Generalized partition mechanisms

Finally, we slightly generalize the definition of partition mechanisms by allowing for
empty groups of agents in the partition, as well as burning units.
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Table 2.11: Competitive ratios of partition mechanisms.

Oé:bl my (nlaml)
n=4m=11| 0.750 1,0
n=4m=2/| 0.833 2,1
n=4m=3| 0.917 1,1
n=6m=1| 0.833 1,0

n=6m=3| 0.867
n=6,m=>5| 0967
n=8m=1| 0.875
n=8m=3| 0.875
n=8m=2>5/| 0.925
n=8m=7] 0.982

== = = N
o R R =) =) R
S | | | | S | | | | — | ~~—

PN N P N | N P P | N S

Definition 5. Given n and m, for nonnegative integers ny, no, my, mo with n; +ns =

n, my + ms < m, we define the following mechanism:

e Pick n; agents to form one group, uniformly at random. The other n — ny

agents form the second group. (One group can be empty.)
e Allocate m; units among the first group, according to the VCG mechanism.

e Allocate ms units among the second group, according to the VCG mechanism.
We call this mechanism the (ny, my, ms)-generalized partition mechanism.

We removed the transferring of VCG revenue from the definition, because when
one group is empty, it is not possible to transfer to that group. However, we still
allow for redistribution, so if both groups are nonempty (or, more generally, if we
randomize only over generalized partition mechanisms in which both groups are
nonempty) we will in fact redistribute all the VCG revenue.

The set of generalized partition mechanisms contains all the burning allocation
mechanisms: the (0,0, mz)-generalized partition mechanism is the mechanism in
which m — ms units are burned, and the remaining units are allocated efficiently
among all agents.
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Proposition 49. All generalized partition mechanisms are strategy-proof and linear.

Proof. Every agent is participating in a VCG mechanism, which must be strategy-
proof and individually rational. We also have that if an agent’s bid is 0, then her
payment is 0. Let M be a generalized partition mechanism, U,; and P,; are the
average of the efficiency and VCG revenue over all random partitions of the agents
into groups of sizes ny and n — ny. Given a specific way of partitioning, both the
efficiency and the VCG revenue are linear in the v;. Therefore, both Uy, and Py, are

linear in the v; as well. ]

We can now directly apply Theorem 9 to find the mechanism (M, R) with the
highest competitive ratio, given that M is a mixture of the generalized partition
mechanisms. In Table 2.12, we present the results for various numbers of agents and
units. The second column («*) gives the optimal competitive ratio among all (M, R),
under the constraint that M is a mixture of the generalized partition mechanisms.
The third column describes a mixture of generalized partition mechanisms that at-
tains the optimal competitive ratio in each case (the meaning of (nq,my, msy), p is that
with probability p, we use the (ny, my, ms)-generalized partition mechanism). (We do
not present the redistribution function because we do not know how to conveniently

describe it in a table.)

153



Table 2.12: Competitive ratios of generalized partition mechanisms.

o allocation mechanism
n=4m=1/|0.842 (0,0,1),0.37
(1,0,1),0.63
n=4m=2|0.864 (0,0,2),0.18
(2,1,1),0.82
n=4m=3/0.923 (0,0,3),0.08
(1,1,2),0.92
n=38m=110.962 (0,0,1),0.69
(1,0,1),0.31
n=38m=3]0.908 (0,0,3),0.26
(1,0,3),0.74
n=38m=2>5]0.928 (0,0,5),0.04
(1,1,4),0.96
n=38m=7]0.982 (0,0,7),0.02
(1,1,6),0.98
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2.5 Summary

In this chapter, we applied CFAMD to the problem of designing resource alloca-
tion mechanisms that redistribute their revenue back to the agents. For allocation
problems with one or more items, the well-known Vickrey-Clarke-Groves (VCG)
mechanism is efficient, strategy-proof, individually rational, and does not incur a
deficit. However, it is not (strongly) budget balanced: generally, the agents’ pay-
ments will sum to more than 0. We studied mechanisms that redistribute some of
the VCG payments back to the agents, while maintaining the desirable properties of
the VCG mechanism. In Section 2.1, we focused on designing VCG redistribution
mechanisms that redistribute the most in the worst case. For auctions with multi-
ple indistinguishable units in which marginal values are nonincreasing, we derived a
mechanism that is optimal in this sense. We also showed that if marginal values are
not required to be nonincreasing, then the original VCG mechanism is worst-case
optimal. In Section 2.2, we studied the problem of designing VCG redistribution
mechanisms that redistribute the most in expectation when prior distributions over
the agents’ valuations are available. For auctions with multiple indistinguishable
units in which each agent is only interested in one unit, we analytically derived the
OEL mechanism that is optimal among linear redistribution mechanisms. For this
setting, we also proposed an automated mechanism design technique based on type
discretization. We then generalized our setting to auctions with multiple indistin-
guishable units in which marginal values are nonincreasing. We extended the notion
of linear redistribution mechanisms to this more general setting. In Section 2.3, we
studied the problem of designing mechanisms whose redistribution functions are un-
dominated in the sense that no other mechanisms can always perform as well, and
sometimes better. We introduced two measures for comparing two VCG redistri-

bution mechanisms with respect to how well off they make the agents, and studied
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the question of finding maximal elements in the space of non-deficit redistribution
mechanisms, with respect to the partial orders induced by both measures. One main
discovery is that, for auctions with multiple indistinguishable units, where each agent
is only interested in a single copy of the unit, if we restrict our attention to linear
and anonymous redistribution functions, then the maximal elements defined by both
measures coincide, and they are exactly the family of OEL mechanisms. Finally, in
Section 2.4, we studied the problem of designing the allocation rule together with
the redistribution scheme, allowing for the allocation to be inefficient. We proposed
several specific mechanisms that are based on burning items, excluding agents, and

(most generally) partitioning the items and agents into groups.

156



3

Mechanism Design Without Payments

In Chapter 2, we tried minimizing the net payments by the agents, but the payments
were nevertheless a very helpful tool to create the right incentives. In this chapter,
however, we study the problem of designing resource allocation mechanisms that do
not rely on payments. This is useful in settings where no currency has (yet) been
established (as may be the case, for example, in a peer-to-peer network, as well as
in many other multiagent systems); or where payments are prohibited by law; or
where payments are otherwise inconvenient. Specifically, our objective is to design
mechanisms that do not rely on payments, and lead to high social welfare.

The problem of allocating resources among multiple competing agents when mon-
etary transfers are possible has been studied extensively in both the one-shot mech-
anism design setting [20, 8, 94, 56, 84, 39, 81], and the repeated setting [22, 11, 21,
6, 47, 72, 73]. There is also a rich literature on mechanisms without payments. A
survey is given in the book chapter by Schummer and Vohra [101]. Barbera [10]
gives an introduction to strategy-proof social choice functions. Budish [16] gives a
nice survey of existing allocation mechanisms without payments that are designed

for practical usage (e.g., the patented Adjusted Winner Procedure [14]). All these
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mechanisms are manipulable except for the Serial Dictatorship mechanism in a paper
by Budish and Cantillon [17], in which the authors study user behavior in Harvard
Business School course allocation. The recently proposed qualitative Vickrey auc-
tion [63], a generalization of the traditional Vickrey auction, is another mechanism
that does not necessarily rely on monetary payments. However, it cannot be applied
to our problem as it requires that there will be only a single winner, and that the
center has preferences over the outcomes. Mechanism design without payments has
also been studied in the contexts of matching [64] and cake-cutting [15, 23].

In this chapter, we design resource allocation mechanisms that do not rely on
monetary payments in two specific settings: repeated allocation of a single item
among multiple agents, and single-round allocation of multiple items between two
agents. The mechanisms we propose, which are based on artificial payments, turn
out to be competitive against the optimal mechanisms with payments (in the settings
that we study, the optimal mechanisms with payments produce first-best results, i.e,
optimal efficiency).

By proposing specific competitive mechanisms that do not rely on payments,
this chapter also provides an answer to the question: Are monetary payments nec-
essary for designing good mechanisms? Our results imply that, sometimes, artificial
payments are “good enough” for designing allocation mechanisms with high social
welfare.

The idea of designing mechanisms without payments to achieve competitive per-
formance against mechanisms with payments was explicitly framed by Procaccia
and Tennenholtz [95], in their paper titled Approzimate Mechanism Design With-
out Money. That paper carries out a case study on locating a public facility for
agents with single-peaked preferences. (The general idea of approximate mechanism
design without payments dates back further, at least to work by Dekel et al. [43]

in a machine learning framework.) To our knowledge, along this line of research,
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we are the first to study allocation of private goods. Unlike the models studied in
the above two papers [43, 95], where agents may have consensus agreement, when
we are considering the allocation of private goods, the agents are fundamentally in
conflict.! Nevertheless, it turns out that even here, some positive results can be
obtained. Thus, we believe that our results provide additional insights to this line of
research. Of course, it is beyond the scope of this chapter to answer the above ques-
tion in its general form; rather, we will be content to focus specifically on designing
payment-free allocation mechanisms with high social welfare.

Most of the payment-free allocation mechanisms proposed in this chapter have
been obtained with the help of the CFAMD approach. Previously, the basic AMD
approach (without parameterization) has been applied to settings without payments
(e.g., [33]). To our knowledge, this dissertation is the first to use automated mech-
anism design to study parameterized families of mechanisms that do not rely on

payments.

L For example, both [43] and [95] proposed mechanisms that pick the “median” report from the
agents as the final outcome. When the agents’ favorite outcomes are identical, the median report is
the consensus agreement for all the agents. When allocating private goods (without externalities),
consensus agreement never exists—every agent wants every good. Of course, in the worst case (all
of these papers are based on worst-case analysis), the agents in the earlier papers are also in conflict.
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3.1 Competitive Repeated Allocation Without Payments

In this section, we study the problem of allocating a single item repeatedly among
multiple competing agents, in an environment where monetary transfers are not pos-
sible. An example scenario is an operating system that needs to allocate CPU time
slots to different applications. The resource in this example is the CPU (we assume
that we are dealing with single-core CPUs) and the agents are the applications. An-
other example scenario, closer to daily life, is “who gets the TV remote control.”
Here the resource is the remote control and the agents are the members of the house-
hold. In both scenarios the resource is allocated repeatedly among the agents, and
monetary transfers are infeasible (or at least inconvenient). In this section, we in-
vestigate problems like the above. Our objective is to maximize social welfare, i.e.,
allocative efficiency.?

We first focus on the case of two agents. We introduce an artificial payment sys-
tem, which enables us to construct repeated allocation mechanisms without payments
based on one-shot allocation mechanisms with payments. Under certain restrictions
on the discount factor, we propose several repeated allocation mechanisms based on
artificial payments. For the simple model in which the agents’ valuations are either
high or low, the mechanism we propose is 0.94-competitive against the optimal allo-
cation mechanism with payments. For the general case of any prior distribution, the
mechanism we propose is 0.85-competitive. We generalize the mechanism to cases
of three or more agents. For any number of agents, the mechanism we obtain is at
least 0.75-competitive. The obtained competitive ratios imply that for repeated allo-
cation, artificial payments may be used to replace real monetary payments, without

incurring too much loss in social welfare.

2 In Chapter 2, social welfare and allocative efficiency were not identical because there were
payments that were not collected by any agent, but in this context there are no payments so the
two coincide.
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A paper that lays out many of the foundations for repeated games is due to Abreu
et al. [2], in which the authors investigate the problem of finding pure-strategy se-
quential equilibria of repeated games with imperfect monitoring. Their key contri-
bution is the state-based approach for solving repeated games, where in equilibrium,
the game is always in a state which specifies the players’ long-run utilities, and on
which the current period’s payoffs are based. There are many papers that rely on
the same or a similar state-based approach [100, 82, 66, 19, 70].

The following papers are the most related to our work: Fudenberg et al. [48]
give a folk theorem for repeated games with imperfect public information. Both [48]
and this section are built based on the (dynamic programming style) self-generating
technique in [2] (it is called self-decomposable in [48]). However, [48] considers self-
generating based on certain supporting hyper-plane, which is guaranteed to exist
only when the discount factor goes to 1.> Therefore, their technique does not apply
to our problem because we are dealing with non-limit discount factors.* Another
difference between [48] and this section is that we are designing specific mechanisms,
instead of trying to prove the existence of a certain class of mechanisms. With
non-limit discount factors, it is generally difficult to precisely characterize the set of
feasible utility vectors (optimal frontier) for the agents. Several papers have already
proposed different ways of approximation (for cases of non-limit discount factors).
Athey et al. [5] study approximation by requiring that the payoffs of the agents
must be symmetric. In what, from a technical perspective, appears to be the paper

closest to the work in this section, Athey and Bagwell [4] investigate collusion in a

3 In [48], it is shown that any feasible and individually rational equilibrium payoff vector v can
be achieved in a perfect public equilibrium (self-generated based on a particular supporting hyper-
planes), as long as the discount factor reaches a threshold 8. However, the threshold 8 depends on v.
If we consider all possible values of v, then we essentially require that the discount factor /threshold
approach 1, since any discount factor that is strictly less than 1 does not work (for some v).

4 In this section, we also require that the discount factor reaches a threshold, but here the threshold
is a constant that works for all possible priors.
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repeated game by approximating the optimal frontier by a line segment (the same
technique also appears in the work of Abdulkadiroglu and Bagwell [1]). One of their
main results is that if the discount factor reaches a certain threshold (still strictly
less than 1), then the approximation comes at no cost. That is, the optimal (first-
best) performance can be obtained. However, their technique only works for finite
type spaces, as it builds on uneven tie-breaking. In this section, we introduce a new
technique for approximating the optimal frontier for the repeated allocation problem.
Our technique works for non-limit discount factors and is not restricted to symmetric
payoffs or finite type spaces. The technique we propose is presented in the form
of an artificial payment system, which corresponds to approximating the optimal
frontier by triangles. The artificial payment system enables us to construct repeated
allocation mechanisms without payments based on one-shot allocation mechanisms
with payments.

The remainder of this section is organized as follows. In Subsection 3.1.1, we
describe the model that we study. In Subsection 3.1.2, we review the basic results
on the standard state-based approach introduced in Abreu et al. [2], specifically in
the context of repeated allocation. In Subsection 3.1.3, we describe a numerical solu-
tion technique based on the state-based approach. The proposed numerical solution
technique is very close to the direct AMD approach. In Subsection 3.1.4, we adopt
the CFAMD approach. We introduce an artificial payment system, based on which
we analytically characterize several competitive mechanisms without payments for
different settings. Finally, in Subsection 3.1.5, we generalize the results to cases of

three or more agents.
3.1.1 Formalization

We study the problem of allocating a single item repeatedly between two (and later

in the section, more than two) competing agents. We assume that the agents’ prefer-
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ences are independent and identically distributed, across agents as well as allocation
periods, according to a distribution F'. We assume that these valuations are non-
negative and have finite expectations. F' does not change over time. Before each
allocation period, the agents learn their (private) valuations for having the item in
that period (but not for any future periods). There are infinitely many periods, and
agents’ valuations are discounted according to a discount factor 5. Our objective is
to design a mechanism that maximizes expected social welfare under the following

constraints (we allow randomized mechanisms):

e (Bayes-Nash) Incentive Compatibility: Truthful reporting is a Bayes-Nash equi-
librium, that is, for agents who only care about their expected utilities, if an
agent reports truthfully, then the other agent’s best response is also to report

truthfully.?

e No Payments: No monetary transfers are ever made.

In the one-shot mechanism design setting, incentive compatibility is usually achieved
through payments. This ensures that agents have no incentive to overbid, because
they may have to make large payments. In the repeated allocation setting, there
are other ways to achieve incentive compatibility: for example, if an agent strongly
prefers to obtain the item in the current period, the mechanism can ensure that
she is less likely to obtain it in future periods. In a sense, this is an artificial form
of payment. Such payments introduce some new issues that do not always occur
with monetary payments, including that each agent effectively has a limited budget
(corresponding to a limited amount of future utility that can be given up); and if

one agent makes a payment to another agent by sacrificing some amount of future

5 In other parts of this dissertation, we study strategy-proof mechanisms. This section is the only
exception.
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utility, the corresponding increase in the latter agent’s utility may be different from

the decrease in the former agent’s utility.
3.1.2 State-Based Approach

Throughout the section, we adopt the state-based approach introduced in Abreu et
al. [2]. In their paper, the authors investigated the problem of finding pure-strategy
sequential equilibria of repeated games with imperfect monitoring. Their problem
can be rephrased as follows: Given a game, what are the possible pure-strategy se-
quential equilibria? Even though here we are considering a different problem (we are
designing the game), the underlying ideas still apply. In their paper, states corre-
spond to possible equilibria, while here, states correspond to feasible mechanisms. In
this subsection, we review a list of basic results and observations on the state-based
approach, specifically in the context of repeated allocation.

Let M be an incentive compatible mechanism without payments for a particular
(fixed) repeated allocation problem, defined by a particular type distribution and
a discount factor. If, under M, the expected long-term utilities of agents 1 and 2
(at the beginning) are z and y respectively, then we denote mechanism M by state
(x,y). All mechanisms that can be denoted by (z,y) are considered equivalent. If we
are about to apply mechanism M, then we say the agents are in state (z,y). In the
first period, based on the agents’ reported values, the mechanism specifies both how
to allocate the item in this period, and what to do in the future periods. The rule
for the future is itself a mechanism. Hence, a mechanism specifies how to allocate
the item within the first period, as well as the state (mechanism) that the agents
will be in in the second period. We have that (x,y) = E,, 4, [(r1(v1,v2), 2(v1,v2)) +
B(s1(v1,v2), s2(v1,v2))], where vy, ve are the first-period valuations, 7,79 are the
immediate rewards obtained from the first-period allocation rule, and (s1, s2) gives

the second-period state, representing the transition rule.

164



State (x,y) is called a feasible state if there is a feasible mechanism (that is, an
incentive compatible mechanism without payments) corresponding to it. We denote

the set of feasible states by S*. Let e be an agent’s expected valuation for the

e

3 is the maximal expected long-term utility an

item in a single period. E =
agent can receive (corresponding to the case where she receives the item in every
period). Let O be the set of states {(z,y)|0 < z < E,0 <y < E}. We have that
S*CO—-{(E,E)} CO.

S* is convex, for the following reason. If (xy,y;) and (z2,y2) are both feasible,
then (2422, %) is also feasible (it corresponds to the randomized mechanism where
we flip a coin to decide which of the two mechanisms to apply). S* is symmetric
with respect to the diagonal y = x: if (z,y) is feasible, then so is (y, ) (by switching
the roles of the two agents).

The approximate shape of S* is illustrated in Figure 3.1. There are three notice-
able extreme states: (0,0) (nobody ever gets anything), (£,0) (agent 1 always gets
the item), and (0, E') (agent 2 always gets the item). S* is confined by the x-axis
(from (0,0) to (£,0)), the y-axis (from (0,0) to (0, £)), and, most importantly, the
bold curve, which corresponds to the optimal frontier. The square specified by the
dotted lines represents O.

Our objective is to find the state (z*,y*) € S* that maximizes z* + y* (expected
social welfare). By convexity and symmetry, it does not hurt to consider only cases
where x* = y*.

We now define a notion of when one set of states is generated by another. Recall
that a mechanism specifies how to allocate the item within the first period, as well
as which state the agents transition to for the second period. Let S be any set of

states with S C O. Let us assume that, in the second period, exactly the states in .S

are feasible. That is, we assume that, if and only if (x,y) € S, starting at the second
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FIGURE 3.1: An illustration of the set of all feasible states (mechanisms) for repeated
allocation without payments.

period, there exists a feasible mechanism under which the expected utilities of agent 1
and 2 are x and y, respectively. Based on this assumption, we can construct incentive
compatible mechanisms starting at the first period, by specifying an allocation rule
for the first period, as well as a transition rule that specifies the states in .S to which
the agents will transition for the beginning of the second period. Now, we only need
to make sure that the first period is incentive compatible. That is, the allocation
rule in the first period, combined with the rule for selecting the state at the start of
the second period, must incentivize the agents to report their true valuations in the
first period. We say the set of resulting feasible states for the first period is generated
by S, and is denoted by Gen(S).

The following proposition provides a general guideline for designing feasible mech-
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anisms.

Proposition 50. For any S C O, if S C Gen(S5), then S C S*. That is, if S is

self-generating, then all the states in S are feasible.

Proof. Let (z,y) be any state in S. (z,y) is also in Gen(S). Let M(z,y) be the way
in which (z,y) is generated. That is, M (z,y) specifies an allocation rule within the
first period, as well as a transition rule that determines the state (z/,4y’) to which
agents will transition for the start of the second period. Because any such (z/,y') is
in S, it is also in Gen(S), so there exists some M (2',y") that generates it, which we
can then use in the next period—etc. This defines a complete mechanism; moreover,
this is incentive compatible because the combination of an allocation and a transition

rule in each period is incentive compatible. Hence, (z,y) is indeed in S*. O

It should be noted that in the proof of Proposition 50, we used the fact that
F (prior distribution) does not change over time. That is, if F' is not fixed, then
the above proposition may not hold. The above proof also provides a guideline for
constructing mechanisms that correspond to a given state. In general, there are many
mechanisms corresponding to a given state (for continuous F', any two mechanisms
that differ on a measure zero set of bid profiles correspond to the same state).

We now consider starting with the square O that contains S* and iteratively
generating sets. Let O = O and O'"! = Gen(O?) for all i. The following proposition,

together with Proposition 50, provide a general approach for computing S5*.
Proposition 51. S* = Gen(S*).

Proof. A state is feasible if and only if it can be generated from feasible states, and

S* consists exactly of all feasible states. m

Proposition 52. For any i, we have S* C O°.
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Proof. We know S* C 0% If S C 5’ then Gen(S) C Gen(S’). By Proposition 51,
Gen(S*) = S*, so if S* C O, then S* = Gen(S*) C Gen(0") = O""'. Hence, the

proposition follows by induction. O

Proposition 53. The O° form a sequence of (weakly) decreasing sets That is, O C
O' for all i.

Proof. We have O' C O, because even if we assume that all the states in O are
feasible starting in the second period, an agent’s expected utility is still between 0
and E. Moreover, if O C O then 0" = Gen(O™) C Gen(0?) = O™*'. Hence,

the proposition follows by induction. O

Proposition 54. If O' = O, then O' = S*. That is, the O' form a sequence that

converges to S* if it converges at all.

Proof. If O = O™, then by Proposition 50, O° C S*. By Proposition 52, S* C O
Therefore, we have O = S*. O

The above guideline leads to a numerical solution technique for finite type spaces.
With a properly chosen numerical discretization scheme, we are able to compute
an underestimation of O for all ¢, by solving a series of linear programs. The
underestimations of the O always converge to an underestimation of S* (a subset of
S*). That is, we end up with a set of feasible mechanisms. We are also able to show
that as the discretization step size goes to 0, the obtained feasible set approaches
S*. That is, the numerical solution technique produces an optimal mechanism in the
limit as the discretization becomes finer. Details of the numerical solution technique

are presented in the next subsection.
3.1.8  Numerical Solution

Here we provide more details of the numerical solution technique. The technique

can be applied to any finite type space. The technique solves for a mechanism that
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FIGURE 3.2: Discretization scheme for numerically solving for optimal repeated
allocation mechanisms without payments.

is very close to optimal. As the discretization step size goes to 0, the technique
produces an optimal mechanism in the limit.

The O as defined in Subsection 3.1.2 all have similar shapes to S*. They are all
convex (because any set Gen(S) is). They all contain (0,0), (F,0), and (0, E). The
areas are all confined by the x-axis (from (0,0) to (E,0)), the y-axis (from (0,0) to
(0, E)), and a curve from (0, F) to (F,0). Sets with the above shape are the only
sets that we will ever come across in this subsection. Let S be one such set. We
will use convex combinations of the following states to approximate S (illustrated in

Figure 3.2):

e Fori=0,1,..., N, we have state (z},y}), where x¥ = ih and y is the largest

value satisfying (x¥,y¥) € S.
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e Fori=0,1,..., N, we have state (z, y"), where y? = ih and z! is the largest

value satisfying (27, y?) € S.
e (0,0), (0, E), and (F,0).

Here, h is the step size; h = E/N. The x? and the y? are fixed. Thus in our
representation, S is characterized by the y? and the z!.

We denote the above k = 2N + 5 states by (x;,y;) for i = 1,2,..., k. (Some of
these states are identical.)

Let D(S) be the set of states that are convex combinations of the above k states.
We have D(S) C S, because S is convex, and all the above k states are in S. In
general, D(S) C S, because some states in S may be missing as a result of the
discretization (those that are not convex combinations of the above k states). As the
step size h gets smaller, fewer states are missing.

We denote the (finite) type space by {61,0s,...,6,}. Here, 6; represents one
allowable type in the finite type space €2, instead of agent i’s type (the usual definition
of ;). The prior distribution F' assigns probability p; to value 6;. > . p;, = 1.

Any mechanism that is generated by D(S) can be described by the following

variables:

° az-lj: The probability that the item is allocated to player 1 in the first period

when 1 reports 0; and 2 reports ;.

e a2: The probability that the item is allocated to player 2 in the first period

v

when 1 reports ¢; and 2 reports 0;.

o (z,5,v:;): The state the agents will go to at the beginning of the second period,

when 1 reports 6; and 2 reports ;.
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e c;j;: The coefficients of the convex combination to obtain that state. z;; =
Zle cijere and y;; = Zle cijtyr. Here, the k states (z;,y;) (i =1,2,...,k) are
the states that define (vertices of) D(S).

The above variables must satisfy the following constraints:

e The item should not be allocated more than once.

For all 7 and 7, a}j +a?j <1.

e The future state must be in D(S).

For all ¢ and j, z;; = Zle Cijexy and y;; = Zf:l CijtYt-
For all 4, j, and ¢, ¢;;; > 0.

For all 7 and 7, Zle ciji = 1.

e (Bayes-Nash) incentive compatibility must be satisfied.
For all 4 and ¢/, 0;(3°7_, pjaj;) + B(-, pjzij)
> 0;(3 "7, piai;) + BT, piTas)-
For all j and j', 0;(32, pia;) + B, pivig)
> 053" piaiy) + B pivigr)-
This gives the set S = Gen(D(S)) of states (x,y), satisfying:
r=30 pi(ei(Z}Ll pjailj) + B(Z?:l PjTij))
y =25 pi (0,3 piady) + B pivis))
where the variables in these equations must satisfy the above constraints.
To approximately represent S, we have the following k states, whose convex

~

combination is D(.S).

e For i =0,1,..., N, we have state (z},7}), where ¥ = ih and ¢ is the largest
value so that (z7,y}) € S. In other words, Y, is the solution of the following
linear program for ¢ =0,1,..., N:
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Variable: yq,
Maximize g,
Subject to:

a;; + a3 < 1, for all 7 and j.

Zt 1 CijtTe; Yij = Et 1 Cijeyy, for all ¢ and j.
Czyt 2 0, for all ¢, j and ¢.
S ciji =1, for all i and 7.
0; (Z? 1Dj 21]) + B(Z?:l PiTij) > HZ(Z;L 1p] al ) + 5(27:1 pjxij), for all 7 and 7.
0;(3 iy piay) + By piis) = 0; (300 piay 2 ) + B piyiyr), for all j and j'.
gh =3, pi(0 (Z] 1pjazlj) + 6(23:1 PjTij))-
Yy = Z] 00,300, pz‘a?j) + B Pivij)-

2
lj’ 1]7 Lijy Yijy Cigt

e Fori=0,1,..., N, we have state (2", ), where § = ih and 2! is the largest

value so that (2%, ¢97) € S. The linear programs for computing the a: are

similar to those given above for the 7.
e (0,0), (0,E), and (£,0).

For any S, the above linear programs solve for D(S) = D(Gen(D(S))). Let
0° = D(0) = O and let Ot = D(Gen(D(0"))) for all 7. If we start from O°, then
by solving the above linear programs iteratively, we get O' for all i.

It is straightforward to check that for any ¢, O't* C O, by a similar argument as
that in the proof of Proposition 53. For any i, O' is characterized by the y7 and the
al for j = 0,1,...,N. The y? and the 2/ are nonincreasing as i increases. Hence, the
Oi always converge, and the limit set is self-generating. According to Proposition 50,
states in the resulting set are all feasible. Among all the feasible states obtained,
we pick the state (z*,y*) that maximizes x* + y* as our final solution. The above

linear programs can also be used to compute the actual mechanisms corresponding
o (x*,y").

Proposition 55. As the step size h goes to 0, the above numerical solution technique

produces an optimal mechanism in the limit.
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Proof. Recall that according to the prior distribution F'; an agent’s valuation for the
item is 0; with probability p; for i = 1,2,...,n. Let uF' (u > 1) be the prior distri-
bution over magnified values in which an agent’s valuation is u#; with probability p;
for all i.

It is easy to see that the welfare achieved by the above technique under the modi-
fied prior distribution wF' is just v times the welfare achieved under the original prior
distribution F', if we keep the number of points in the discretization (corresponding
to V) fixed.

We know that S* C Gen(S*), and larger u corresponds to larger Gen(S*). How-
ever, D(Gen(S*)) drops some states from Gen(S*) as a result of the discretization.
For sufficiently large u, it will be the case that S* C D(Gen(S*)). Let u* be the
smallest value of u for which this is the case. As the step size h goes to 0, fewer
states are dropped as a result of the discretization, and as a result, the value of u*
goes to 1 as h goes to 0.

When we apply the technique under the modified prior distribution v*F’, all the
Oi contain S *, for the following reason. Certainly, we have S* C 0°. We know that
S* C D(Gen(S*)). Therefore, if S* C Of, then S* C D(Gen(S*)) € D(Gen(07)) =
D(Gen(D(0?))) = O™+, By induction, the Of all contain S*. This implies that the
optimal welfare under F' is less than or equal to the welfare achieved by the technique
under u* F. Hence, the welfare achieved by the technique under F'is at least ui times
the optimal welfare. As h goes to 0, u* goes to 1, which means that the technique

produces an optimal mechanism in the limit. O

One drawback of the numerical approach (and direct AMD approach in general)
is that the obtained mechanism does not have an elegant form. This makes it harder
to analyze. From the agents’ perspective, it is difficult to comprehend what the

mechanism is trying to do, which may lead to irrational behavior. Another drawback
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of the numerical approach is that it only applies to cases of finite type spaces. In
what follows, we take a more analytical approach. We aim to design mechanisms
that can be more simply and elegantly described, work for any type space, and are
(hopefully) close to optimality.

Later on, we will compare the performances of the mechanisms obtained numer-

ically and the mechanisms obtained by the analytical approach.
3.1.4  Competitive Analytical Mechanism

In this subsection, we propose the idea of an artificial payment system. Based on
this, we propose several mechanisms that can be elegantly described, and we can
prove that these mechanisms are close to optimality.

Let us recall the approximate shape of S* (Figure 3.3). The area covered by
S* consists of two parts. The lower left part is a triangle whose vertices are (0, 0),
(E,0), and (0, E). These three states are always feasible, and so are their convex
combinations. The upper right part is a bow shape confined by the straight line
and the bow curve from (0, F') to (E,0). To solve for S*, we are essentially solving
for the largest bow shape satisfying that the union of the bow shape and the lower-
left triangle is self-generating. Here, we consider an easier problem. Instead of
solving for the largest bow shape, we solve for the largest triangle (whose vertices are
(0, E),(E,0), and (z*,2*)) so that the union of the two triangles is self-generating
(illustrated in Figure 3.3). That is, we want to find the largest value of z* that
satisfies that the set of convex combinations of (0,0), (E,0), (0, E), and (z*, x*) is
self-generating.

Using the language of computationally feasible automated mechanism design,
what we are doing is essentially focusing on a parameterized subfamily of mecha-
nisms, where each mechanism within the subfamily corresponds to a certain value of

x*. Then, to optimize within the subfamily, we are essentially looking for the largest
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F1cure 3.3: Triangular approximation of the set of all feasible states (mechanisms)
for repeated allocation without payments.

x*, so that (x*,z*) is feasible.

The triangle approximation corresponds to an artificial payment system. Let
(x*,2*) be any feasible state satisfying =* > % Such a feasible state always exists
(e.g., (%, %)) We can implement an artificial payment system based on (x*,z*),
(E,0), and (0, E), as follows. At the beginning of a period, the agents are told that
the default option is that they move to state (z*,z*) at the beginning of the next
period. However, if agent 1 wishes to pay v; (v; < Sz*) units of artificial currency to
agent 2 (and agent 2 is not paying), then the agents will move to (:U*—%, x*—{—EI_—x%)
That is, the future state is moved % units to the left along the straight line connecting
(0, F) and (x*,z*). (This corresponds to going to each of these two states with a

certain probability.) By paying v; units of artificial currency, agent 1’s expected

utility is decreased by vy (the expected utility is decreased by % at the start of the
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next period). When agent 1 pays v; units of artificial currency, agent 2 receives

only £22y; (also as a result of future utility). In effect, a fraction of the payment
is lost in transmission. Similarly, if agent 2 wishes to pay vy (ve < fx*) units of

artificial currency to agent 1 (and agent 1 is not paying), then the agents will move

to (z* + E;x %, xr — %2) That is, the future state is moved “% units towards the

bottom along the straight line connecting (z*,2*) and (E,0). If both agents wish

to pay, then the agents will move to (z* — % + E;x %2, Tt — 2+ E;j‘* %), which is

a convex combination of (0,0), (0, E), (F,0), and (z*,x*). Effectively, both agents

have a budget of fx*, and when an agent pays the other agent, there is a gift tax

*

with rate 1 — E;‘” .

Based on the above artificial payment system, our approach is to design repeated
allocation mechanisms without payments, based on one-shot allocation mechanisms
with payments. In order for this to work, the one-shot allocation mechanisms need
to take the gift tax into account, and an agent’s payment should never exceed the
budget limit.

The budget constraint is difficult from a mechanism design perspective. We

circumvent this based on the following observation. An agent’s budget is at least

ﬁ% = Qfgﬁ, which goes to infinity as § goes to 1. As a result, for sufficiently
large discount factors, the budget constraint will not be binding. From now on, we
ignore the budget limit when we design the mechanisms. Then, for each obtained
mechanism, we specify how large the discount factor has to be for the mechanism to
be well defined (that is, for the budget constraint to not be violated). This allows
us to work around the budget constraint. The drawback is obvious: our proposed

mechanisms only work for discount factors reaching a (constant) threshold (though

it is not as restrictive as studying the limit case as 5 — 1).
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High/Low Types

We start with the simple model in which the agents’ valuations are either H (high)
with probability p or L (low) with probability 1 — p. Without loss of generality,
we assume that L = 1. We will construct a repeated allocation mechanism without
payments based on the following pay-only one-shot allocation mechanism:
Allocation: If the reported types are the same, we determine the winner by flip-
ping a (fair) coin. If one agent’s reported value is high and the other agent’s reported

value is low, then we allocate the item to the agent reporting high.

Payment: An agent pays 0 if its reported type is low. An agent pays % if its

reported type is high (whether she wins or not); this payment does not go to the

other agent.

Proposition 56. The mechanism defined above is (Bayes-Nash) incentive compati-

ble.

Proof. 1f an agent’s valuation is high and she reports high, she wins with probability

— £, and pays % Her utility is then H(1 — %) — % If an agent’s valuation is high

and she reports low, she wins with probability 5 — £, and pays 0. Her utility is then

1
2
H(3 — ), which is smaller than H(1 — 2) — 1. Therefore, it is optimal for an agent

to report high if her valuation is high.

If an agent’s valuation is low and she reports low, she wins with probability % -2,

and pays 0. Her utility is then % — £. If an agent’s valuation is low and she reports
high, she wins with probability 1—£%, and pays % Her utility is also %— 2. Therefore,

it is optimal for an agent to report low if her valuation is low. O

Now we return to repeated allocation settings. Suppose (z*, z*) is a feasible state.

E

—2~  'We apply

That is, we have an artificial payment system with gift tax rate 1 — =

the above one-shot mechanism, with the modifications that when an agent pays %,
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it is paying artificial currency instead of real currency, and the other agent receives

%E;*’”* . We note that the amount an agent receives is only based on the other agent’s

reported value. Therefore, the above modifications do not affect the incentives.

Under the modified mechanism, an agent’s expected utility equals %—P +P E;f* +

Bz*. In the above expression, T' = 2p(1—p)H +p?H + (1 —p)? is the expected value of

the higher reported value. % is then the ex ante expected utility received by an agent

as a result of the allocation. P = £ is the expected amount of artificial payment an
E—z*
1.*

agent pays. P is the expected amount of artificial payment an agent receives.

pBx* is the expected future utility by default (if no payments are made).
If both agents report low, then, at the beginning of the next period, the agents

go to (z*,z*) by default. If agent 1 reports high and agent 2 reports low, then

1

the agents go to (z* — 35

— * . . . .
x4+ gﬁ—f), which is a convex combination of (z*,x*)

and (0, F). If agent 1 reports low and agent 2 reports high, then the agents go to

(x* + gg; ,r* — %), which is a convex combination of (z*,z*) and (F,0). If both

agents report high, then the agents go to (z* — % + g/gf , T — % +£

_Z‘*
2Bx*

), which is a
convex combination of (z*, z*) and (0,0). Let S be the set of all convex combinations
of (0,0), (E,0), (0, E), and (z*, 2*). The future states given by the above mechanism
are always in S. If an agent’s expected utility under this mechanism is greater than

or equal to z*, then S is self-generating. That is, (z*, 2*) is feasible as long as z*

satisfies z* < % - P+ PE;E”* + Bx*.

We rewrite it as az*™® + bx* +¢ < 0, where a = 1 — 3, b = 2P — %, and ¢ =

—FEP. The largest x* satisfying the above inequality is simply the larger solution of

L _2P+4/(2P-T)2+4(1-B)EP

*2 * _ : :
ax** 4+ bx* 4+ ¢ = 0, which is 5=)

This leads to a feasible mechanism M* (corresponding to state (z*,z*)). The
expected social welfare under M* is 2x*, where z* equals the above solution.

Mechanism M* works as follows:
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We start at state (z*, z*) in the first period.

« _ T2Py\/2P-T)2+4(1-B)EP
o 2(1-8)

X

In the above expression, T' = 2p(1 — p)H + p*H + (1 — p)? is the expected
value of the higher reported value. P = £ is the expected amount of artificial

payment an agent pays.

If both agents report low, we flip a (fair) coin to determine the winner of this

period. The next period still starts at (z*, z*).

If agent 1 reports high and agent 2 reports low, we allocate the item to agent

1. The next period starts at (z* — %,

). That is, with probability

1—35 5 -, the next period starts at (z*, z*), and with probability 25%, the next

period starts at (0, ).

Similarly, if agent 1 reports low and agent 2 reports high, we allocate the item

to agent 2. The next period starts at (z* + ]‘gﬂ;* L TF — %) That is, with

probability 1 — the next period starts at (z*,z*), and with probability

26I* )

26 -, the next period starts at (E,0).

If both agents report high, we flip a (fair) coin to determine the winner of this

E-2’)  That is,

period. The next period starts at (z* — % - %7, ¥ — % + S5

with probability 1 — 251* + gﬁ_Tf;, the next period starts at (z*,2*), and with

probability the next period starts at (0, 0).

1
QBUU* 25$*2 )
If a period starts at (z*,z*), then we repeat the above process.

If a period starts at (£, 0), then we allocate all the items to agent 1 from this

period on.
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e If a period starts at (0, E), then we allocate all the items to agent 2 from this

period on.
e If a period starts at (0,0), then we end the mechanism.

So far, we have not considered the budget limit. For the above M* to be well-

defined (satisfying the budget constraint), we need fz* > % Since z* > % =55 3 >
ﬁ, we only need to make sure that % > 1. Therefore, if 8 > 3, then M* is

well-defined. For specific priors, M* could be well-defined even for smaller j3.

Next, we show that (whenever M* is well-defined) M* is very close to optimality.
Consider the first-best allocation mechanism: the mechanism that always successfully
identifies the agent with the higher valuation and allocates the item to this agent

(for free). This mechanism is not incentive compatible, and hence not feasible.

T

The expected social welfare achieved by the first-best allocation mechanism is = 35

which is an upper bound on the expected social welfare that can be achieved by any
mechanism with (or without) payments (it is a strict upper bound, as the dAGVA

mechanism [41] is efficient, incentive compatible, and budget balanced).

Definition 6. When the agents’ valuations are either high or low, the prior distri-
bution over the agents’ valuations is completely characterized by the values of H and
p. Let W be the expected social welfare under a feasible mechanism M. Let W be
the expected social welfare under the first-best allocation mechanism. If W > aW ¥

for all H and p, then we say M is a-competitive. We call o a competitive ratio of M.

Proposition 57. Whenever M* is well-defined for all H and p, (e.g., f > %), M*

18 0.94-competitive.

T_ T ,
Proof. The expected social welfare achieved by M* equals 22 2P+\/(2;1_2;;+4(1 PEP

We divide this expression by the expected social welfare achieved by the first-best

T T
. L . T oopt\/2P-T)214eP
mechanism, resulting in the ratio 2 (T ) .
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Table 3.1: Social welfare under different repeated allocation mechanisms that do not
rely on payments.

M* Optimal | First-best | Lottery
H=2p=02,6=05 | 2.6457 | 2.6725 2.7200 2.4000
H=4p=04,6=0.5 | 55162 | 5.7765 5.8400 4.4000
H=16,p=0.8,8=0.5{ 30.3421 | 30.8000 | 30.8000 | 26.0000
H=2p=02,=08 | 6.6143 | 6.7966 6.8000 6.0000
H=2p=08,=0.8 | 9.4329 | 9.8000 9.8000 9.0000
H=16,p=0.8,8=0.8 | 75.8552 | 77.0000 | 77.0000 | 65.0000

We know that P = £. Let x = p/T (here, 0 < 2 < 1). We may rewrite the

above ratio as § —z + \/(x - 32+ %. When z is close to 0 or close to 1, the
above ratio is close to 1. When p is close to 0 or close to 1, the above ratio is close
to 1 (when p is close to 0, z is also close to 0). After algebraic manipulation (with
the help of symbolic computation software), we find that the other critical points
(not on the boundary) simultaneously satisfy p* —8p+4 =0 and z = I#QPH. The
exact roots of p? —8p+4 = 0 (quartic equation) can be found using Ferrari’s formula.

From this, we obtain that the minimal value of the above ratio equals 0.94 (the exact

expression is too long to write down). O

As a comparison, the lottery mechanism that always chooses the winner by flip-
ping a fair coin has competitive ratio (exactly) 0.5 (if H is much larger than L and
unlikely to occur).

In Table 3.1, for different values of H, p, and 8, we compare M* to the near-
optimal feasible mechanism obtained with the numerical solution technique. The
table elements are the expected social welfare under M*, the near-optimal feasible

mechanism, the first-best allocation mechanism, and the lottery mechanism.
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General Valuation Space

Here, we generalize the earlier approach to general type spaces. We let f denote the
probability density function of the prior distribution. (A discrete prior distribution
can always be smoothed to a continuous distribution that is arbitrarily close.)

We will construct a repeated allocation mechanism without payments based on
the following pay-only one-shot allocation mechanism:

Allocation: The agent with the higher reported value wins the item.

Payment: An agent pays fov tf(t)dt if it reports v.

This mechanism is actually a® dAGVA mechanism [41], which is known to be
(Bayes-Nash) incentive compatible.

The process is similar to the process on the high/low type space. At the end, we

obtain a feasible mechanism M*. The expected social welfare under M* is 2z*, where

r_ _T — 0o oo .
x* equals 2 2P+\/(2;1f;)2+4(1 DEE. Here, T' = [° ;" max{t,v} f(t)f(v)dtdv is the
expected value of the higher valuation. P = fooo fov tf(t)dtf(v)dv is the expected
amount an agent pays.

Mechanism M* works as follows:

o We start at state (z*,z*) in the first period.

« _ T2Py\/2P-T)2+4(1-B)EP
o 2(1-8)

In the above expression, T' = [;* [o¥ max{t,v}f(t)f(v)dtdv is the expected
value of the higher valuation. P = [° [t f(t)dtf(v)dv is the expected amount

an agent pays.

6 “The” dAGVA mechanism often refers to a specific mechanism in a class of Bayes-Nash incentive
compatible mechanisms, namely one that satisfies budget balance. Here, we will use “dAGVA
mechanisms” to refer to the entire class, including ones that are not budget-balanced. Specifically,
we will only use dAGVA mechanisms in which payments are always nonnegative.
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The item is allocated to the agent with the higher reported value. The next

period starts at

(% = 3 [ tf()dt + E22 [P ef(O)dt, ot — 5 [0 f(dt + B2 [ tf(tdt),

where v; and vy are the reported types of the two agents. This state is a
convex combination of (0,0), (E£,0), (0, F), and (z*,z*), corresponding to a
randomization over these states that we explain below. We first consider the

case where vy > vs.

With probability J” tf Odt _ (E—z")(Jo tf W) the next period starts at (0,0).

ﬁx*Q

Joy f( )dt

With probability =3 , the next period starts at (0, E).

With probability 1 — Lo t(t)dt + (E=a")(o> t (t)dt), the next period starts at

5$* Bz*2
(x*, z%).

Next, we consider the case where v; < v,.

With probability I’ tf (£)dt (E_w*)(ég)*ztf W) the next period starts at (0,0).

Jol f()

With probability = , the next period starts at (£, 0).

With probability 1 — fOQ;ﬁt)dt + (E_x*)(ﬁﬁ):gtf(t)dt), the next period starts at

(x*, z%).
If a period starts at (z*,z*), then we repeat the above process.

If a period starts at (£, 0), then we allocate all the items to agent 1 from this

period on.

If a period starts at (0, E), then we allocate all the items to agent 2 from this

period on.

If a period starts at (0,0), then we end the mechanism.
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For the above M* to be well-defined, we need the budget Sx* to be greater

than or equal to [°¢f(t)dt = e (the largest possible amount an agent pays). Since

r* > % = ﬁ, we only need to make sure B;B > e. Therefore, if § > 2 , then M*
is well-defined. For specific priors, M* may be well-defined for smaller .

Next, we show that (whenever M* is well-defined) M* is competitive against the
first-best allocation mechanism for all prior distribution f. Naturally, the competitive

ratio is slightly worse than the one obtained previously for high /low valuations. We

first generalize the definition of competitiveness appropriately.

Definition 7. Let W be the expected social welfare under a feasible mechanism M.
Let W be the expected social welfare under the first-best allocation mechanism. If
W > aWT for all prior distributions, then we say that M is a-competitive. We call

a a competitive ratio of M.

Proposition 58. Whenever M* is well-defined for all prior distributions (e.g., 5 >

2), M* is 0.85-competitive.

Proof. First, we note that P (the expected payment made by an agent) equals B/2

(B is the expected value of the lower valuation).

2P—2f0 fo tf(t)dtf(v)dv
IS [Pt f@)dtf(v)do + [ [ vf (v)duf (t)dt =
J57 Jo min(t, v) £(£) f (v)dtdv.

The ratio between the expected social welfare under M* and the expected social

welfare under the first-best allocation mechanism equals

——B+¢ — )24 2B
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Since T'+ B = 2¢, we have T' = ue for 1 < u < 2. We may rewrite the ratio as

5 — (2e —ue) + /((2e — ue) — )% + 2¢(2¢ — ue)

s 2w+ (2-u) - 52 +2(2 - u)

u

Let t = % (here, % < t < 1). The above ratio can be rewritten in terms of ¢ as

follows:

3 3
——2t+\/(2t—§)2+4t2—2t

2
3 / 9
=—- -2t 8t2 — 8t + —
2 * +4

The minimal value of the above expression can occur only when ¢ is on the
boundary or the first derivative is 0.

The first derivative of the above expression is

8t —4

\/8t2 — 8t +2

After algebraic manipulation, we find that the above first derivative equals 0 only

—2 4

when 32t2 — 32t + 7 = 0, that is, when t = % + ‘/?E.

Thus, we compare the values of the above expression when t equals %, 1, and %—F‘/?i
(we recall that ¢ has to be at least 3). The minimal value equals 1 + ‘/Ti ~ 0.85 (for
t=142) O
3.1.5 Three or More Agents

We have focused on allocation problems with two agents. In this subsection, we

generalize our analytical approach to cases of three or more agents.
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Let n be the number of agents. We will continue with the state-based approach.
That is, a mechanism (state) is denoted by a vector of n nonnegative real values. For
example, if under mechanism M, agent ¢’s long-term expected utility equals x;, then
mechanism M is denoted by (z1,z,...,2,). If we are about to apply mechanism
M, then we say the agents are in state (z1,xa, ..., 2,).

For any n, it is easy to see that the set of feasible states is convex and symmetric
with respect to permutations of the agents. A state is called fair if all its elements
are equal. For example, (1,1,1) is a fair state (n = 3). When there is no ambiguity
about the number of agents, the fair state (z,z,...,x) is denoted simply by z.

An artificial payment system can be constructed in a way that is similar to the
case of two agents. Let u,_; be any feasible fair state for the case of n — 1 agents.

Then, the following n states are also feasible for the case of n agents:

(07:un—17 S 7/'671—1)7 (:U"fb—hoalu’n—h s Jlun—l)a ) (Mn—h S 7Mn—lao>‘
—_ —_ —_—

n—1 n—2 n—1

We denote the above n states by s; for i = 1,2,....,n. Let S be the set of all
feasible states with at least one element that equals 0. S is self-generating. Suppose
we have a fair state u, for the case of n agents. Let S be the smallest convex
set containing pu, and all the states in S. The s; are in both S and S. An artificial
payment system can be implemented as follows (for the case of n agents): The agents
will go to state u, by default. If for all 7, agent ¢ chooses to pay v; units of artificial

currency, then we move to a new state whose i element equals u,, — % +9> ki %”

Here v = “"*;—;””.7 The new state M is in S. (The reason is the following. If

only agent i is paying, and it is paying nv; instead of v;, then the new state M;
nv; nv nv; nv; nv;

18 (Mn+’7 ﬁ 77un+77l7,un_77,un+7 5 ,...,,U/n—i-’)/F),WhiChiS&COHVGX

-~ -~
n—

i—1

7 It should be noted that when one agent pays 1, then every other agent receives . In a sense,
v already incorporates the fact that the payment must be divided among multiple agents.
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combination of u, and s;. The average of the M; over all 7 is just M. Thus M is a
convex combination of y, and the s;, which implies M € S.8)

With the above artificial payment system, by allocating the item to the agent
with the highest reported value and charging the agents dAGVA payments, we get
an incentive compatible mechanism. We denote agent i’s reported value by v; for all
i. The dAGVA payment for agent ¢ equals E,_ {max{v_;}I(v; > max{v_;})}, where
I is the characteristic function (which evaluates to 1 on true and to 0 otherwise) and
v_; is the set of reported values from agents other than i.

We still use P to denote the expected amount of payment from an agent. We use
T to denote the expected value of the highest reported value. The expected utility
for an agent is then £ — P + (n — 1)“"*;—:‘"]3 + By

To show S is self-generating, we only need to show p, is in Gen(S). That is,
1y, is a feasible fair state as long as u, satisfies the following inequality: u, <

Lo Pt (n— 1B P gy,

Lr_n nP—L - n— n—
The largest solution of u, equals - PP gzifzgl An—Len-1F

The above expression increases when the value of pu,_; increases. The highest

value for p; is E (when there is only one agent, we can simply give the item to the
agent for free). A natural way of solving for a good fair state pu, is to start with
u1 = E, then apply the above technique to solve for o, then us, etc.

Next, we present a proposition that is similar to Proposition 58.

Proposition 59. Let n be the number of agents. Let M be the mechanism obtained
by the technique proposed in this subsection. Whenever 3 > 2 M* s well defined

2437 n
n+4

for all priors, and is o, -competitive, where aqy = 1, and forn > 1,

L —ppnu—uty/ (n—nutu— )2 +day, _y PEEL

a,= min n 5
{1<u< 23} “
n—1

8 The above argument assumes that the available budget is at least n times the maximum amount
an agent pays.
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For all v, a; > % holds.

Proof. 1t is straightforward that a; = 1.
Given the value of «,_1, we have that (n — 1)u,—1 > a1 1 ﬂ , where T,,_; is the
expected value of the largest valuation among n — 1 agents. We know that larger

fn—1 result in larger p,. That is, pu, is at least

nP+\/nP La)2 1 4(1 — B)ay_1 222 P
2(1—8)

Here, T,, is the expected value of the largest valuation among n agents. P is the
expected value of the dAGVA payment for the case of n agents.
The ratio between the expected social welfare under M, and the expected social

welfare under the first-best allocation mechanism is then at least

——nP+\/nP )2 4 da, 4T,y P
o7,

n

Through algebraic manipulation, we have that nT,_; = (n — 1)T,, + nP. That
is, we may rewrite P in terms of T,,_; and T,,. Because of this, on the one hand, we
have T,, > T,,_1. On the other hand, we have T, < T, 1. Werewrite T, as uT;,

for 1 <wu < 5. After simplification, the above ratio becomes

%—n—knu—u—ir \/(n—nu+u—%)2+4anilnﬂ:¢u+u
2u

n

The competitive ratio of M is at least the minimal value of the above expression.
We next prove that a; > % for all 4, by induction. We already have a; =1 > %.
Now we prove that for any i, if ;1 > %, then we also have «; > %.

For a;; with @ > 2, if o;_1 > %, we have

%—i+z’u—u+\/(i—iu+u_%)2+4ai_1¢7i?+u
2u

;= min 1
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%—H—z’u—u—i—\/(i—iu+u_%)2+3m?+u
>  min 1
{1<u<i} 2u

2—i+1 2 \/ 2 2 i 1 2 2 g
S el I 43— -
<2u 2 +2 2) + <4u2 4u+4u))

1 1 1 Jit 3
= min (5 — b4/ (ot — )2+ T 4 Z(2 — ¢
min ( 5 +\/<2 2) + 1 +4( )

{0<t<1} 2

> min (- it+\/(it Ly 3t 31
mim (- — = -t — = — 4+ —(—=
T {o<t<1} 2 2 2 2 4 4° 4

. (1 ) L 2t2 a9t 1 3it 3
= min (= — =
{o<t<1} 2 2 4 2 4 4 16

-t )

. (1 it+ i2t2+z‘t+ 1) 3
= min (= — = — t =+ =) ==
{o<t<1} 2 2 4 4 16 4

Therefore, by induction, we have proved that «; > % for all 7.

When there are n agents, for M to be well-defined, we need M; to be well-
defined for all i < n, because M ; is constructed based on M;. That is, we need
the budget Bu; to be greater than or equal to iT;_; for all © < n. Here, T;_; is the
largest possible amount an agent pays when there are ¢ agents, and the budget must

be at least ¢ times this amount (Footnote 8). Since pu; > (i_lz‘”*l > O‘i;j;‘%*l, we

need to make sure 2%=1 > . This is satisfied if 3 > = That is, as long as
i—i3 PPt 1

B8 > maX{ign}{ﬁ}, M is well-defined. Since a; > 2 for all i, we have that as

long as § > —n® M* is well-defined. (For specific priors, M} may be well-defined

n2+% ) n
for smaller 3.) O
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As a comparison, the lottery mechanism that always chooses the winner uniformly

at random has competitive ratio (exactly) %, which goes to 0 as n goes to infinity.
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3.2 Competitive Multi-Item Allocation Without Payments

In the previous section, we studied repeated allocation without payments. In this
section, we study single-round allocation without payments. In this context, if we try
to allocate a single item, there is little that can be done, because there is nothing that
an agent can give up in order to get the item. Therefore, in this section, we study
allocating multiple heterogeneous items. We investigate the problem of allocating
items (private goods) among competing agents in a setting that is both prior-free
and payment-free. That is, we do not assume that we have knowledge about the
distribution of the agents’ valuations. We also do not allow the mechanism to specify
any monetary payments. Specifically, we focus on allocating multiple heterogeneous
items between two agents. Our objective is to design strategy-proof mechanisms that
are competitive against the efficient (first-best) allocation.

It remains an open question to give an elegant characterization of mechanisms
that are strategy-proof, prior-free, and payment-free (for the problem that we study),
and we do not know how to solve for the most competitive such mechanism in general.
In our attempts to design competitive mechanisms, we introduce the family of linear
increasing-price (LIP) mechanisms, which are based on a certain artificial currency.
The LIP mechanisms are strategy-proof, prior-free, and payment-free. We show
how to solve for competitive mechanisms within the LIP family. For the case of
two items, we find a LIP mechanism whose competitive ratio is near optimal (the
achieved competitive ratio is 0.828, while any strategy-proof mechanism is at most
0.841-competitive). Thus, at least for the case of two items, it does not come at
much of a loss to focus only on LIP mechanisms. As the number of items goes to
infinity, we prove a negative result that any increasing-price mechanism (linear or
nonlinear) has a maximal competitive ratio of 0.5.

This section is organized as follows. In Subsection 3.2.1, we describe the model
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that we study. In Subsection 3.2.2, we prove an upper bound on the competitive
ratios of strategy-proof mechanisms. In Subsection 3.2.3, we introduce the family
of linear increasing-price mechanisms, and show they are the only increasing-price
mechanisms satisfying a strong responsiveness property. In Subsection 3.2.4, we solve
for competitive mechanisms within the LIP family. Finally, in Subsection 3.2.5, we
prove a negative result that as the number of items goes to infinity, any increasing-

price mechanism (linear or nonlinear) has a maximal competitive ratio of 0.5.
3.2.1 Formalization

We study the problem of allocating m (m > 1) heterogeneous items (referred to as
items 1 to m) between two agents (referred to as agents 1 and 2). We use —i to
denote the agent other than 7.7

We still use O to denote the set of all possible allocations (outcomes). For the
problem that we study here, a specific allocation o € O is denoted by a vector
(p1,p2,---pm) (0 < p; <1 for all j), where p; is the proportion'” of item j won by
agent 1 (so that 1 — p; is the proportion of item j won by agent 2).

We assume that the agents’ valuations for the items are additive. We use a vector
(v, v5,...,v;,) to denote agent i’s type, where v} is agent 4’s valuation for winning
item j (U; > 0). Additivity implies that under allocation (p1,ps,...,pm), agent 1’s
utility equals >~ p;v; and agent 2’s utility equals Y (1 — p;)v7.

Furthermore, we require that the agents’ valuations are normalized. That is,
the type space {2 consists of vectors (v, vs,...,v,) with Zj v; = 1. As a result,
an agent’s utility for an allocation can be thought of as her level of satisfaction;

if an agent wins all the items, then she is 100% satisfied. The reason that we

require this normalization is the following. When payments are available and utility

9 We usually use —i to denote the set of all agents other than i. Here, since there are only two
agents, we simply use —i¢ to denote the agent other than .

10 For indivisible items, p; is interpreted as the probability that agent 1 wins item j.
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is quasi-linear, payments provide a way of comparing valuations between agents.
However, because payments are unavailable in our context, it is no longer possible
to make such a comparison. Hence, the units in which valuations are expressed
become meaningless, so that the only meaning that can be derived from an agent’s
valuations is the relative valuations of the items (the ratio of the valuations). If we
(say) doubled one agent’s valuation for every item, in our payment-free context this
would double that agent’s utility for every outcome, and as a result her behavior
under any mechanism would remain completely unchanged. As a result, there can
be no hope of coming anywhere close to maximizing the social welfare without some
normalization assumption.

We define the first-best allocation mechanism M* to be the mechanism that al-
ways naively maximizes the social welfare (without considering incentives). We will
use the first-best mechanism M* (which is not strategy-proof) as our benchmark
when evaluating the performance of strategy-proof mechanisms. (When using M*
as a benchmark, we assume that agents report truthfully, even though they are not
incentivized to do so. Hence, M™* always produces the maximal social welfare among
all mechanisms, with or without priors, and with or without payments.)

Strategy-proof mechanism M is said to be (at least) a-competitive if the social
welfare under M is always greater than or equal to « times the social welfare under
M*. Here « is called M’s competitive ratio. The maximal possible value of « is called

M’s maximal competitive ratio.

Example 15. The mechanism that always divides every item evenly has maximal
competitive ratio 0.5. The mechanism that always gives every item to agent 1 also

has maximal competitive ratio 0.5.

Our objective is to design strategy-proof (payment-free) mechanisms with high

competitive ratios.
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3.2.2  Upper Bound on the Competitive Ratios

In this subsection, we derive an upper bound on the competitive ratios of strategy-
proof mechanisms. Given our objective, we only need to consider strategy-proof

mechanisms that are symmetric.!!

Definition 8. A mechanism M is symmetric if it satisfies

Symmetry over the agents: If we swap the reported type vectors of two of the
agents, then the items allocated to these agents are also swapped.

Symmetry over the items: If we swap agent 1’s valuations for any two items, and
we swap agent 2’s valuations for the same two items, then the allocation result for

these two items is also swapped.

Proposition 60. For any strategy-proof mechanism that is a-competitive, there is a

corresponding symmetric strategy-proof mechanism that is (at least) a-competitive.

Proof. Let M be any strategy-proof mechanism. Let MZ! be the mechanism that
is the same as M, except that the indices of the agents are permuted according to
an arbitrary permutation oy, and the indices of the items are permuted according to
an arbitrary permutation o,. Let M be the “average” of the mechanisms M o over
all permutations o; and o5. (That is, with equal probability, M is the mechanism
corresponding to a specific permutation of the agents and the items.) M is strategy-

proof, symmetric, and at least a-competitive. O

Proposition 61. For the case of two agents, any symmetric strategy-proof mecha-

nism is (at least) 0.5-competitive.

Proof. By symmetry over the agents, given an agent’s report, the other agent can

guarantee herself a utility of 0.5, by cloning the report of the first agent. Because

11 This is a frequently used technique in the literature on prior-free mechanism design.
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the mechanism is strategy-proof, it follows that if the agents report truthfully, then
each of them has utility at least 0.5. Hence, the social welfare under any symmet-
ric strategy-proof mechanism is at least 1. The social welfare under the first-best

mechanism is at most 2. O

Proposition 60 implies that for the purpose of deriving an upper bound on the
competitive ratios of strategy-proof mechanisms, we can safely ignore strategy-proof
mechanisms that are not symmetric.

Let us recall that a mechanism M is a-competitive if for all possible type vectors,
the social welfare under M is at least a times the social welfare under the first-best
mechanism M*. If we restrict the type space, then the maximal competitive ratio
of M can only stay the same or increase. That is, one way to compute an upper
bound on the competitive ratios of strategy-proof mechanisms is to restrict the type
space and then solve for the largest possible competitive ratio for any strategy-proof

mechanism.

Theorem 10. The competitive ratio of any strategy-proof mechanism is at most

0.841. This is true for any number of items and two agents.

Proof. We first focus on the case of two items. We consider the following restricted
type space: {(ih, (N—i)h)|i =0,1,..., N}, where N =50 and h = 1/N. Type vector
(th, (N —1i)h) can be denoted by the integer i. A mechanism for this restricted type
space can be denoted by the p;k fori = 1,2 and 0 < j,k < N, where pz-k is the
proportion of item ¢ won by agent 1 when agent 1’s report is j and agent 2’s report
is k.

Strategy-proofness for agent 1 can then be represented by the following set of

linear inequalities: V 0 < 5,5,k < N

JPi + (N = )0 = jpjue + (N — j)pi,
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Strategy-proofness for agent 2 can be represented by a similar set of linear in-
equalities involving the pl,.
The mechanism characterized by the p;'»k is a-competitive if the following linear

inequalities are satisfied: V0 < 5,k < N

iy + (N = §)p5 + k(1 = pji) + (N — k)(1 = p3) >
a(max{j, k} + max{N — j, N — k})

The largest possible competitive ratio for any mechanism and for the above re-
stricted type space can thus be computed by solving a linear program, which results
in 0.841.12 Any strategy-proof mechanism for the case of m > 2 items remains
strategy-proof when applied to the case of two items (when the agents do not care

about the other items). Hence, the upper bound 0.841 still applies. O
3.2.83  Linear Increasing-Price Mechanisms

As mentioned earlier, it remains an open question to solve for the most competitive
strategy-proof mechanism in general. There are two reasons for this: first, we lack an
elegant characterization of all strategy-proof mechanisms for our problem; second,
we lack a general approach for evaluating a given mechanism (computing its maximal
competitive ratio).

In our attempts to design competitive mechanisms, we start with the family of
all strategy-proof mechanisms (SP). We then move on to more and more restricted
families of mechanisms: the family of swap-dictatorial mechanisms (SD), the family

of increasing-price mechanisms (IP), and finally the family of linear increasing-price

12 We acknowledge that a computer-assisted proof is not as satisfactory as an easily human-verifiable
mathematical proof. Because this is a linear programming problem, in principle, we can give a
(nearly) optimal solution to the dual problem to show that it is impossible to better; we do not
give such a solution here because it does not seem to shed much light.
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mechanisms (LIP). These 4 families are nested as illustrated below:
LIPCIPCSDCSP13

As we move from SP to LIP, we get more and more elegant characterizations of the
mechanisms. Finally, the mechanisms in the LIP family can actually be characterized
by a single parameter, and we are able to evaluate (the competitiveness of) any given
LIP mechanism. That is, we are able to solve for competitive mechanisms within the
LIP family.

In a payment-free setting, if we fix agent —i’s report, then agent 7 essentially faces
a set of allowable outcomes that she can choose from (each outcome corresponds to
an allowable report of 7). A necessary condition for a mechanism to be strategy-proof
is that the mechanism should always choose i’s favorite outcome (among all allowable
outcomes). This condition is not sufficient for the mechanism to be strategy-proof
for both agents, because agent —i may have the power to change the set of allowable
outcomes that agent ¢ faces. That is, —i may want to submit a false report to get
agent ¢ to a decision —i prefers. However, if we require that the set of allowable
outcomes agent ¢ faces is fixed, then the mechanism that picks ¢’s favorite outcome
is strategy-proof for both agents. Essentially, in such a mechanism, agent 7 is the
dictator: she chooses her favorite outcome from a set of outcomes predetermined
by the mechanism, and agent —i has no choice but to accept this outcome (the
decision is solely made by 7). This leads to the following family of swap-dictatorial
mechanisms (by Proposition 60, we only need to consider symmetric mechanisms):

Swap-Dictatorial Mechanisms: With probability 0.5, agent ¢ is the dictator,
who chooses her favorite allocation from a predefined set of allowable allocations

Oi C O. The Oi satisfy the following (symmetry over the agents and the items):

13 If we define SP to be the family of all symmetric strategy-proof mechanisms, then we can only
say SD is a subset of SP. We do not know whether it is a strict subset or not.
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o If (p1,p2,--,Pm) € Of, then (I—p1,1—po,...;1—pp) € O~ for any i.

o If (p1,p2,...,Dm) € Oi, then (Po(1), Po(2)s - - - » Po(m)) € Oi for any permutation

o and i.

Swap-dictatorial mechanisms, as well as other dictatorial mechanisms, have been
studied extensively because of their simplicity (e.g., [17]). Many papers in the liter-
ature on mechanisms without payments suggest that strategy-proofness, combined
with various other properties, can only come down to mechanisms that are dictato-
rial in nature [89, 44, 112]. However, since we do not assume additional properties,
for our problem, there do exist strategy-proof mechanisms that are not dictatorial in

nature as shown below:

Example 16. Example fixed price mechanism [10] (strategy-proof, but not dicta-
torial): There are two items. Let r € [1,00) be a constant. The mechanism starts
by assigning both agents half of each item. Agent 1 has the right to propose the
following trade: sell % units of item 1 to agent 2 for % units of item 2. (Agent 1 does

not have to propose the trade.) Agent 2 then approves or vetoes the trade proposal.

First of all, it can be seen that this is not a deterministic dictatorial mechanism.
Under a deterministic dictatorial mechanism, the dictator and the set of outcomes
the dictator can choose from are both predetermined precisely. That is, under a
deterministic dictatorial mechanism, at most one agent can affect the allocation (it
could be that the dictator agent faces one choice only). On the other hand, under
the above fixed price mechanism, the allocation depends on both agents’ reports.
Next, we show that the above fixed price mechanism is not equivalent to a random-
ization over deterministic dictatorial mechanisms (two mechanisms are equivalent if
they always produce the same allocation). We assume that the above fixed price
mechanism is equivalent to a randomization over deterministic dictatorial mecha-
nism My, M, ..., M,. Without loss of generality, we assume under My, Ms, ..., M}
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(k < x), agent 1 is the dictator, and under My, My.o, ..., M,, agent 2 is the dicta-
tor. Essentially, we are assuming that the above fixed price mechanism is equivalent
to a randomization over two mechanisms M' and M?: under M?, agent i is the
dictator who is choosing from a randomized set of outcomes. When agent 1’s type
is (1,0), that is, when agent 1 is only interested in item 1, she will not propose
the trade under the fixed price mechanism. That is, the final allocation is fixed to
(0.5,0.5). When agent 1’s type is fixed to (1,0), the allocation under M" is fixed.
Therefore, when agent 1’s type is fixed to (1,0), the allocation under M? is also fixed
regardless of agent 2’s type. However, the allocation under M? does not depend on
agent 1’s type. That is, the allocation under M? is fixed regardless of both agents’
types. Similarly, given our assumption, we can see that the allocation under M?! is
also fixed regardless of both agents’ types. That is, the above fixed price mechanism
must produce the same allocation regardless of both agents’ types. However, this is
clearly not the case. By contradiction, the above fixed price mechanism is not equiv-
alent to a randomization over deterministic dictatorial mechanisms. In conclusion,
we proved that not all strategy-proof mechanisms are randomizations over dictato-
rial mechanisms. However, we do not know whether all symmetric strategy-proof
mechanisms are randomizations over dictatorial mechanisms or not.

For purpose of maximizing social welfare, ideally, we want the dictator agent to
take only items that she really values, and leave the remaining items to the other
agent. This leads to the following family of increasing-price (IP) mechanisms.

Increasing-Price (IP) Mechanisms: With probability 0.5, agent 7 is the dic-
tator, and is endowed with 1 unit of artificial currency. The dictator agent can
purchase (proportions of) items (from the mechanism, not from the other agent)
with her artificial currency. The (proportions of) items not purchased at the end go
to the other agent. Rather than having just a fixed price for each item, there is a price

schedule for each item, and the item becomes more expensive as the dictator agent
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buys more of it. The price schedules are characterized by functions f; :[0,1] — R*
fori=1,2and j=1,2,...,m. f;(ac) is the instantaneous price per unit charged to
agent ¢ (when 7 is the dictator) if she demands item j, at the point where z units of
her artificial currency have already been spent on item j. By Proposition 60, we can
simply assume f; = f for all < and 7. Function f is increasing and positive. We also
assume f is differentiable. If, at the end, agent i (when she is the dictator) spent
x units of artificial currency on item 7, then she is allocated a proportion fom ﬁdt
of item j. We will present an example IP mechanism later in this subsection (which
actually belongs to the more restricted class of LIP mechanisms).

The intuition for why increasing-price mechanisms might perform well is as fol-
lows. If the dictator agent demands a large proportion of an item, then she will be
paying at a high rate, which can only happen when she highly values the item. Be-
cause prices are increasing, the optimal strategy for the dictator agent is simply the
greedy strategy: purchase (an infinitesimally small amount each time) the best deal
(the item with the highest value/price ratio) until the artificial currency runs out.
That is, at some point, if the dictator agent’s valuation for item j is v;, and so far x;
units of artificial currency have been spent on item j, then the dictator agent should
purchase an infinitesimally small amount of item j*, where j* = arg maxj{#;j)}.
At the end, for items that have been partly purchased, the final prices must be

proportional to the dictator agent’s valuations:

Lemma 6. Under an IP mechanisms, if the dictator spends ki, ko(0 < k; < 1) units

of artificial currency on items 1,2, then the dictator’s valuations for these items must

be fi(k1) - C and fo(ks) - C for some C.

Any increasing and positive function f corresponds to an increasing-price mech-
anism. Actually, for the purpose of designing competitive mechanisms, we only need

to consider functions f that satisfy fol ﬁt)dt = 1. That is, we only need to consider
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increasing-price mechanisms in which the dictator agent gets the entirety of an item

if and only if she spends all her artificial currency on this item.

Proposition 62. For the purpose of designing competitive IP mechanisms, we only

need to consider increasing-price mechanisms with f satisfying fo f(lt) dt = 1.

Proof. If fo fl dt > 1, then there exists U (U < 1) that satisfies fOU ﬁdt = 1.

V0 < € < U, let f be the same as f for # < U, and let f(:l:) take some very high
values for U < # < 1 (in a way that makes f increasing), so that fol ﬁdt <l+e
Since the dictator agent will never spend more than U units of artificial currency on
any item (it is pointless for the dictator agent to continue purchasing an item when
she has already obtained the entirety of this item), on the region that matters to
the mechanism (0 <z < U), f and f are identical. Thus, we only need to consider

functions f satisfying fol ﬁdt < 1+ € for arbitrary small value e. That is, we only
need to consider cases where fo 0] <1
It fo fl dt = p < 1, then let f = pf, so that we have fo fl dt = 1. We denote

the proportion of item j won by agent ¢ under f when ¢ is the dictator by q; The
proportion of item j won by agent ¢ under f when ¢ is not the dictator is then

1— qj_’ The proportion of item j won by agent ¢ under f when ¢ is the dictator

i

is % (under f , a dictator gets Il? times as much item per unit of artificial currency

at every amount of currency spent), and the proportion of item j won by agent i

q;"

under f when 7 is not the dictator is 1 — The social welfare under f equals

Zi,y —q vyt mg The social welfare under f equals > . LA LA o , which is

2 i, 2

at least 1 (as in the proof of Proposition 61). It turns out that the social welfare

under f is always less than or equal to the social welfare under f , as proved below.

z

Z q;'.v;.Jr(lqu_i)v; _ Z q;v§+(77*q]~_i)v;+(1*p)v§ _ Z qjvj+(p q; )v; + E A-pv;
V) 2 (V] 2 V] V]
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> qjvj-+(p2—qji)v§- +(1=p) =p¥,, q; ]/p+1 q; " /p)vi H1-p) <X, q: ]/p+(12 q; /p)v

2

Hence, we only need to consider f satisfying fo fL =1. O]

Finally, the family of linear increasing-price mechanisms is described below:

Linear Increasing-Price (LIP) Mechanisms: Linear increasing-price mech-
anisms are increasing-price mechanisms characterized by a linear function f(x) =
ax + b, where a and b are positive constants. (a has to be positive for f to be in-

creasing. b has to be positive to avoid negative prices or division-by-zero.) Since we

only consider f satisfying fol ﬁdt =1, we have b = %

is characterized by a single parameter a. From now on, we use LI P(a) to denote the

Example 17. Let a = 2 (b = %) and m = 2. Let the agents’ type vectors be
(1,0) and (0.5,0.5), respectively. Under LIP(a), with 0.5 probability, agent 1 is the
dictator. Since agent 1’s type vector is (1, 0), she will spend all her artificial currency
on item 1. The resulting allocation is (1,0): agent 1 wins the entirety of item 1, while
agent 2 gets what is left (the entirety of item 2). With 0.5 probability, agent 2 is the
dictator. Since agent 2’s type vector is (0.5, 0.5), she will divide her artificial currency

dt, 1— [} Lodt) =

evenly on items 1 and 2. The resulting allocation is (1 — fo T

at+b

(0.283,0.283): agent 2 wins fOO ——dt = 0.717 proportion of both item 1 and 2,

t+b

while agent 1 gets what is left (1 — O ° Lt =0.283 proportion of both items). In

at+b
0.5
1 f 1 df, 1 _

total, the resulting allocation under LIP(a) is (1 -3 [i~ =55

2 O at+bdt)

(0.642,0.642).

Besides simplicity, the linear increasing-price mechanisms possess a nice property
that is not shared by other (non-linear) increasing-price mechanisms. Before defining
this property, we need the following definitions. Suppose we are considering an IP
mechanism characterized by function f.
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Definition 9. A type vector ¥ € Q is strictly full ranked for f if a dictator agent

with true type ¢ will purchase positive proportions of every item under f.

Every strictly full ranked type vector ¥ = (v, v, ..., vy,) corresponds to a vector
(t1,ta, .. tm) with 370 #; = 1, where ¢; (> 0) denotes the amount of artificial

currency that an agent with type vector ¢ will spend on item j (when she is the

Yj

f(t)

dictator). The final value/price ratio should be the same for all j (Lemma 6).

Definition 10. A type vector ¥ € Q is full ranked if v € W, where W is the closure

of the set of all strictly full ranked type vectors.

For a full ranked vector ¥, we also have that the final value/price ratio #g]) should
be the same for all j.

Not all type vectors are full ranked type vectors. If an agent has very low valua-
tions for some items, then she will not spend any artificial currency on those items
if £(0) is sufficiently high. For small f(0), most type vectors are full ranked. In the
rest of this subsection (when solving for the competitive ratios of LIP mechanisms),

we focus on full ranked type vectors, and treat vectors that are not full ranked as

exceptions.

Proposition 63. For cases of at least three items, LIP mechanisms are the only IP
mechanisms satisfying the following condition:

Strong responsiveness: For two agents with full ranked type vectors, if one agent
values an item more than the other agent, then she should win a greater proportion

of this item than the other agent.
We first prove the following lemma, which will be useful later.

Lemma 7. Let ¥ = (vq,vg,...,0y,) be a full ranked vector under LIP(a). Let U ’s

payment vector (t1,ta, ... tm) (352 t; = 1) be such that an agent with true type U
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will spend t; units of artificial currency on item j under LIP(a) (when she is the

atj+b

dictator). Then, the v; and the t; satisfy v; = P

for all j.

Proof. The final value/price ratio a:ﬂrb should be the same for all 7, by Lemma 6.

at; +b
a+mb

Since > v; = 1, we have v; = for all 7. O

Now we are ready to prove the above proposition.

Proof of Proposition 63. We first prove that LIP mechanisms satisfy the strong re-
sponsiveness condition.

Lemma 7 says that under a LIP mechanism, an agent’s value for an item is
linear in the amount of artificial currency this agent would spend on the item as a
dictator. Therefore, if one agent values an item more than the other agent, then, as
the dictator, she would spend more on this item than the other agent, which means
she wins more of the item at the end.

We now prove that LIP mechanisms are the only IP mechanisms satisfying the
strong responsiveness condition, for cases of at least three items.

Let us consider an IP mechanism characterized by an increasing positive function
f. If there exist nonnegative t,,,t,,t,, so that 0 < ¢, + ¢, =, +t, =t <1 and
f(ta) + f(ty) > f(t) + f(t,) are both satisfied, then we can construct the following

full ranked type vectors:

( - f(ta) 1)
FO=0F () + 1) Fm=3) 1) A0+ )+ ()T (m—3)7(0)? FA—0+F(ta) + (05 Fm—3)F(0)
/() /() ), and
FO=0F )+ @)+ m=3]0) 77 FO—0F () + )+ m—3)7 ) )’
( - 1) /)
FA=OF )+ F @)+ m—31(0) FA-DH @) +f ()T (m=3)70) FA-D+ ) +1 () +m=3)7 )
f(0) f(0) )
FA=OF [ G+ )+ m=3](0) "2 FA-D+ )+ ) m—3)70) )

The two vectors are constructed in such a way that agent 1 will spend 1 — ¢
units of artificial currency on item 1, £, units on item 2, t;, units on item 3, and 0

units on the other items, while agent 2 will spend 1 — ¢ units of artificial currency
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on item 1, ¢/, units on item 2, ¢, units on item 3, and 0 units on the other items.
Agent 1 values item 1 less than agent 2 (the denominator is larger), but they will
spend the same amount of artificial currency on item 1. So, they win the same
proportion of item 1 at the end. Now if we increase the value of agent 1 for item
1 by a tiny amount (still keeping it less than the value of agent 2), then we have
a situation where agent 1 values item 1 less, but wins a greater proportion of it
at the end (agent 1 now spends more on item 1). That is, to satisfy the strong
responsiveness condition, whenever 0 < ¢, +t, = t/, + ¢, = t < 1 for nonnegative
ta, ty, th, 1y, we must have f(t,) + f(ty) = f(t,) + f(t;). That is, VO < ¢ <t < 1, we
have f(t)+ f(0) = f(t —c) + f(c). Since we assume f is differentiable, by taking the
derivative over t on both sides of the equality, we have that f'(t) = f'(t — ¢). The

values of ¢ and ¢ can be arbitrary. That is, f’ is a constant. f must be linear. O

The above proposition provides another justification (other than simplicity) why,
among all IP mechanisms, we focus on LIP mechanisms. In what follows, we solve

for competitive mechanisms within the LIP family.
3.2.4  Competitive Linear Increasing-Price Mechanisms

Since a linear increasing-price mechanism is characterized by a single parameter, if,
for a given value of a, we are able to evaluate the competitiveness of LIP(a), then
the task of solving for competitive LIP mechanisms can be done simply by searching
for the optimal value of a.

In what follows, we discuss how to evaluate the competitiveness of LIP(a), for a

given value of a and a given number of items.
Two Items

We first focus on the case of two items.

We denote the type vectors of agent 1 and 2 by (z, 1—x) and (y, 1 —y), respectively
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(1> x>y >0). We abuse notation by using x to refer to both the value = and the

type vector whose first element is x. We do the same for y.

Proposition 64. Under LIP(a), with probability 0.5, agent 1 is the dictator, whose

optimal strategy (when she is the dictator) is as follows.

o [f

g 2 1_7”, then agent 1 will spend all her artificial currency on item 1.
At the end, agent 1 gets item 1 in its entirety while agent 2 gets what 1 does
not take (item 2 in its entirety). It should be noted that this is the resulting
allocation when agent 1 is the dictator. When agent 2 is the dictator, we may

get a different allocation.

o [f i_Ti > 7, then agent 1 will spend all her artificial currency on item 2. At the

end, agent 1 gets item 2 in its entirety while agent 2 gets item 1 in its entirety.

z(a+2b)—b

e Otherwise, agent 1 will spend t = ( units of artificial currency on item

1, and 1 —t = %j%)_b units of artificial currency on item 2. At the
end, the instantaneous prices of items 1 and 2 will be at +b = x(a + 2b)
and a(l —t) +b = (1 — x)(a + 2b), respectively. (We note that the prices
are proportional to agent 1’s type vector (x,1 — x), as they should be.) At

In(at+b)  In
a

the end, agent 1 gets a proportion % of item 1 and a proportion

M — @ of item 2, while agent 2 gets the remainder.

For j = 1,2, we use p;(x,y) to denote the proportion of item j won by agent 1 at
the end, when agent 1’s reported type vector is z and agent 2’s reported type vector
is y. (This proportion takes the randomization over who is the dictator into account.)
The value of p;(x,y) can be computed as shown above. p;(z,y) is increasing in x
and decreasing in y. pa(x,y) is decreasing in x and increasing in y. We use S(z,y)

to denote the social welfare under LIP(a). That is, S(x,y) = zpi(z,y) + (1 —
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x)p2(z,y) + y(1 — pi(x,y)) + (1 — y)(1 — pa(z,y)). The social welfare under the
first-best mechanism M™* equals x + 1 — .
By definition, the maximal competitive ratio of LIP(a) can be computed as
min Sy)
1>2>y>0 0 4+ 1 —y
We now show how to bound the above expression from both below and above.
Let N be a large positive integer. Let h = % be the step size. Let the x; be
defined as x; = th for i = 0,1,..., N. Similarly, let the y; be defined as y; = ¢h for
1=0,1,...,N.
We have that

S S
M 2 min { min <$7y)
122>y>0x + 1 —y = N>i>j>0 xi+h2x2xi$i+h+1_yj

yi+h>y>y;

}

rip1(@i, y; + h) + (1 — 2 — h)pe(xi + h, y;)
+y;(1 = pi(@; + h,y5))
. +(1 =y — h)(1 = pa(i,y; + 1))
>  min
N>i>j>0 ri+h+1—y;

We also have that

S(x,y) < min S(xi,y5)

min <
1>e>y>0 0 + 1 —y = N>i>j>0x; + 1 —y;

ip1 (i, y;) + (1 — z3)pe (x4, y;)
+y;(1 = pr(w3,95))
. (1 = ;) (1 = pa(s,y5))
= min
N>i>j>0 zi+1—y;

We note that the x; and the y; are constants. The values of the py(z;, y;) are also
constants (for fixed a). That is, based on the above two inequalities, we are able

to compute a constant upper bound and a constant lower bound on the maximal
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competitive ratio of LI P(a). When a = 2, the lower bound is 0.828. Since any lower
bound on the maximal competitive ratio is also a competitive ratio, LI P(2) is (at
least) 0.828-competitive. That is, the obtained LIP(2) mechanism is near optimal
for the case of two items (we recall that Theorem 10 says that any strategy-proof

mechanism is at most 0.841-competitive).

Theorem 11. For the case of two items and two agents, the competitive ratio of

LIP(2) is at least 0.828, and at most 0.829.
Three or More Items

With more than two items, we need a different technique to bound the maximal
competitive ratio of a given LIP mechanism.

Let a be the maximal competitive ratio of LIP(a) (for some given a and m).
Let W be the set of full ranked type vectors under LIP(a). Let a" be the maxi-
mal competitive ratio of LIP(a) if we restrict the type space to W. The following

proposition says that a lower bound on « can be obtained based on o".

Proposition 65. Let o be the mazimal competitive ratio of LIP(a). Let oV be the
mazximal competitive ratio of LIP(a) if we restrict the type space to the set of full

ranked type vectors W. We have

b
LQW <a
a+ 2mb

Before proving this proposition, let us introduce the following definition and

lemma.
Definition 11. Let ¢ = (v, vg,...,v,), which may or may not be full ranked.
Let ¢ ’s payment vector (tq,%s,...,t,) be such that an agent with true type ¢ will
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spend t; units of artificial currency on item j (when she is the dictator). We define

o(v) = (vi,vh,...,v), where v/, = atj+b

i = o5 for all j. That is, ¢(7) is the (unique) full

ranked type vector corresponding to the payment vector of .

If ¥ is already full ranked, then ¢(¢) = ¢. In any case, an agent with true type
¢(v) will act in the same way as an agent with true type v, since their corresponding

payment vectors are the same.

Lemma 8. VU = (vy,v2,...,0p),Y], let ¢(¥) = (vq,...,v,). Then, we have v; +

rm

b
a+mb

a+b
a+mb

> v} and v; < vj. That is, if we change U into ¢(¥), the value of an
b

element increases at most by ——,

and the value of an element decreases at most by

a factor of a(i_trIZb

Proof. Let (t1,ts,...,t,) be the payment vector of ¥ and ¢(¥). Let S = {j|t; >
0,7=12,....m}and T = {j|t; = 0,5 = 1,2,...,m}. We have that for all j € 5,

Ui
atj +b

We get ). v; = Cla+|S[b). Wealsoget >, vy < C(|T|b). Since ) ;g ,pvj =

%Y

(ltj+b - b

= (' for a common constant C. We also have that forall j € T', C' >

1, we have C'(a+mb) > 1. That is, for j € S, v; > ZE;Z =vj. ForjeT,v; = afmb.
Therefore, for any j, v; + ﬁ > vj.

Since Zj€SUij = 1 and v; > 0 for all j, we have Ejesvj < 1. That is,

Ca+0b) < C(a+|S[b) < 1. That is, C < a+rb Hence, for any j, v; < a{jj—fbb Let us

at; +b a-+b /
a+mb” <v u

recall that v} = atmb > Uj-

Therefore, for any j, v;
Now we are ready to prove Proposition 65.

Proof of Proposition 65. Let v1,v3 € €2 be any two type vectors.
Let S be the obtained social welfare (under LIP(a)) when the agents report v3
and v3, respectively. Let M be the first-best social welfare when the agents report v7

and vy, respectively. Let S? be the obtained social welfare (under LI P(a)) when the
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agents report ¢(v7) and ¢(v3), respectively. Let M? be the first-best social welfare
when the agents report ¢(v7) and ¢(v3), respectively.
We consider what happens when agents report ¢(v7) and ¢(v3) instead of v7 and

v3. The allocation does not change. Since there are m items and by Lemma 8 the

_b

valuation of an item goes up by at most - oyl

¢ _b ;
we have S? < mo— + S. Since

a+b
a+mb’

by Lemma 8 the valuation of an item goes down by at most a factor of we

S+m—t— . .
have M? > a‘j:ng. Therefore ﬁ > %. Since S > 1 (as in the proof of

L. S+m7a b_g ¢ . ¢
Fmb S S atb S a+b W
Proposition 61), we have = > £5. That is, & > -atb 55 > _atb W

Proposition 65 implies that if we can get a lower bound on oV, then by multiplying

it by ai;l;b, we get a lower bound on . So, we now focus on deriving a lower bound

on the maximal competitive ratio of LI P(a) considering only full ranked type vectors.
Let z,y be the agents’ valuations for item 1 (or any other item). Without loss of

generality, we assume x > y. Since we are only dealing with full ranked type vectors,

aty+b

we have ¢ = ey

for some 0 < t, < 1, where t, is the amount of artificial currency

agent 1 spends on item 1 when she is the dictator. Similar observations hold for y.

That is, y = Zifr:z for some 0 <t, <1, where ¢, is the amount of artificial currency

agent 2 spends on item 1 when she is the dictator. Let u = % We have a%b <u<l.

Under LIP(a), the proportion of item 1 won by agent 1 when 1 is the dictator

jg Inlatatt) @) = ppe proportion of item 1 won by agent 1 when 1 is not the
a a

dictator is 1 — M + @ In total, the proportion of item 1 won by agent 1 is

1y PR 1 B i)y 1 iy, th tion of item 1 won b

3 = 2 Sl = — 5. Similarly, the proportion of item 1 won by

agent 2 is h;(:) + %

We use R(z,y) to denote the sum of the agents’ utilities derived from item 1

when the agents’ valuations for item 1 are = and y, respectively (x > y). Let 6(a) be
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defined as the minimum ratio between R(x,y) and z over all z,y. That is, 0(a) is
the minimum ratio of achieved utility over optimal utility for item 1 under LIP(a),
when we only consider full ranked vectors. 6(a) only depends on a (not on m). We

call it the intrinsic value of a.

Proposition 66. The intrinsic value 0(a) is less than or equal to the maximal com-

petitive ratio of LIP(a) considering only full ranked type vectors.

Proof. By symmetry over the items, the achieved utility over optimal utility for any

item is at least 6(a). Hence, the maximal competitive ratio is at least 6(a). O
Let N be a large positive integer. Let h = m be the step size. Let the u; be

defined asui:a%l)—l—z'hforizo,l,...,]\f.

We observe that

0(a) = min 24
s SySe< A z
—1 1 |
_ n(w) 1 uln(u) LU
%Suﬁl 2a 2 2a 2
- 1)1 1
0<i<N u;<u<u;+h 2a 2 2

(u; +h —1)In(u; + h) N 1 L
~ 0<i<N 2a 2 2

Given a, the u; are constants. The above expression is the minimum of N con-

stants. It gives a lower bound on #(a). We denote it by #(a). The following expression

gives an upper bound on 6(a) (denoted by 0(a)).

0(a) = min —In(u) 1  wuln(u)

(%
ﬁgugl 2a 2 2a + 5
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< (ui+h—1)ln(ui+h)+1+ul+h
min -+ =4 -
T 0<i<N 2a 2 2 2

That is, the obtained lower bound (a) and upper bound 6(a) differ only by at

most %, which can be made arbitrarily small.

Since (a) < o, we have that « is bounded below by —42-0(a).!

Next, we prove that (a) serves as an upper bound on a.

Proposition 67. 0(a) > «

Proof. Let & be the maximal competitive ratio of LIP(a) when there are only two
items. We have @ > «. Hence we only need to show 0(a) > a.
For the case of two items, let us consider the case where agent 1’s type vector is

(-, -1, and agent 2’s type vector is (—— Here, -2 < u < 1. It is easy to

u+1’ u+1 ut1’ u-l—l)
see that these two type vectors are full ranked. The utility of agent 1 under LIP(a)

equals 5 (5+ IHQ(:) )—l—L(%—l—%(u)) The utility of agent 2 is the same. The first-best

u+1
1y w InGw, 1 —ln( 1 In(u) —In(u)
social welfare is ? So, a is at most 2 ERTES| ZCLUL“H 22— % +u—— + 5
Since u can take any value from 7 to 1, @ <min o 05 Loy ety Il
The expression on the right side of the inequality is exactly 6(a). O

Theorem 12 summarizes the development in this subsection.

Theorem 12. For the case of m items and two agents, LI P(a) is at least “*bbﬁ(a)—

competitive, and at most 0(a)-competitive.

We illustrate the results in this subsection with Figure 3.4. For three to one hun-

dred items, we searched for the LIP mechanism (from { LI P(a)|a = 0.01,0.02,0.03, ...,

14 When we compute this lower bound, we actually compute ai;rgle(a).

15 When we compute this upper bound, we actually compute 6(a).
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FI1GURE 3.4: LIP mechanisms’ competitive ratios

a+b
a+2mb

20}) that maximizes 6(a) (the corresponding upper bounds (a) are also pre-

sented).
3.2.5 Large numbers of items

We now show a negative result: as the number of items goes to infinity, any increasing-
price mechanism (whether it is linear or nonlinear) has maximal competitive ratio
0.5. That is, in the limit, they are no more competitive than the mechanism that

simply divides the items evenly.
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Theorem 13. For the case of two agents, as the number of items m goes to infinity,

the maximal competitive ratio of any increasing-price mechanism is 0.5.

Proof. Let M be any increasing-price mechanism, characterized by the price function

f(1) f(0) f(0) )
D+(m—=1)£(0)" f(1)+(m—=1)f(0)" """ f(1)+(m—1)f(0)

f. Let the type vectors of the agents be (f(

and (1,0, ...,0), respectively. Either agent, when she is the dictator, will choose to
spend all her artificial currency on item 1.

When agent 1 is the dictator, the social welfare under M equals m.

When agent 2 is the dictator, the social welfare under M equals 1 + %.

The social welfare under the first-best mechanism equals 1 + %. The

competitive ratio of M is then at most (mll o = f((ll));(&ill)f;?g
)

)
It -

).Asm%oo,

this ratio goes to 0.5. That is, the maximal competitive ratio of any increasing-price
mechanism is at most 0.5 as m — oco. On the other hand, 0.5 is a lower bound on

the competitive ratios of strategy-proof mechanisms by Proposition 61. O
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3.3 Summary

In this chapter, we applied CFAMD to the problem of designing resource allocation
mechanisms that do not rely on payments at all. This is useful in settings where no
currency has (yet) been established (as may be the case, for example, in a peer-to-
peer network, as well as in many other multiagent systems); or where payments are
prohibited by law; or where payments are otherwise inconvenient. In Section 3.1,
we studied the problem of allocating a single item repeatedly among multiple com-
peting agents. We introduced an artificial payment system, which enabled us to
construct repeated allocation mechanisms without payments based on one-shot allo-
cation mechanisms with payments. Under certain restrictions on the discount factor,
we proposed several (Bayes-Nash) incentive compatible repeated allocation mecha-
nisms based on artificial payments. We proved that our mechanisms are competitive
against the first-best allocation. In Section 3.2, we investigated the problem of al-
locating multiple items among two competing agents in a single-round prior-free
setting. We introduced the family of linear increasing-price (LIP) mechanisms. The
LIP mechanisms are strategy-proof and only rely on artificial payments. We showed
how to solve for mechanisms within the LIP family that are competitive against the
first-best allocation. In both scenarios discussed in this chapter, the first-best alloca-
tion can be obtained by mechanisms with payments. Our results imply that in some
cases, artificial payments may be used to replace real monetary payments, without

incurring too much loss in social welfare.
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4

False-name-proofness with Bid Withdrawal

With the rapid development of electronic commerce, Internet auctions have become
increasingly popular over the years [83, 107, 97]. Unlike traditional auctions, typical
Internet auctions pose no geographical constraint. That is, sellers and bidders from
all over the world can participate in an Internet auction remotely over the Internet,
without having to physically attend the auction event. For sellers, this reduces the
cost of running an auction. For bidders, this lowers the entry cost. Effectively, in an
individually rational auction mechanism (a mechanism that guarantees nonnegative
utilities for the agents), a bidder loses nothing (but time) by participating in an
auction. On the one hand, this encourages more bidders to join the auction, which
potentially leads to higher revenue for the seller, as well as a higher efficiency for
the bidders. On the other hand, it enables the bidders to manipulate by submitting
multiple bids via multiple fictitious identities (e.g., user accounts linked to different
e-mail addresses).

The line of research on preventing manipulation via multiple fictitious identities
in Internet auctions was explicitly framed by the groundbreaking work of Yokoo et

al. [111]. Extending strategy-proofness, the authors define an auction mechanism
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to be false-name-proof if the mechanism is not only strategy-proof, but also, under
this mechanism, an agent cannot benefit from submitting multiple bids under false
names (fictitious identities). The authors also extended the revelation principle to
incorporate false-name-proofness. That is (roughly stated), in settings where false-
name bids are possible, it is without loss of generality to focus only on false-name-
proof mechanisms.

Several false-name-proof mechanisms have been proposed for general combinato-
rial auction settings. These are the Set mechanism [108], the Minimal Bundle (MB)
mechanism [108], and the Leveled Division Set (LDS) mechanism [110].! Other work
on false-name-proofness includes the following. For general combinatorial auction
settings, Yokoo [108] and Todo et al. [102] characterized the payment rules and
the allocation rules of false-name-proof mechanisms, respectively. False-name proof-
ness has also been studied in the context of voting mechanisms [29, 106]. Finally,
Conitzer [28] proposed the idea of preventing false-name manipulation by verifying
the identities of certain limited subsets of agents.

Focusing primarily on combinatorial auctions, this chapter continues the line of
research on false-name-proofness by considering an even more powerful variant of
false-name manipulation: an agent can submit multiple false-name bids, but then,
once the allocation and payments have been decided, withdraw some of her false-
name identities (have some of her false-name identities refuse to pay). While these
withdrawn identities will not obtain the items they won, their initial presence may

have been beneficial to the agent’s other identities, as shown in the following example:

Example 18. There are three single-minded agents 1, 2, 3 and two items A, B. Agent
1 bids 4 on {A, B}. Agent 2 bids 2 on {B}. Let us analyze the strategic options for
agent 3, who is single-minded on { A}, with valuation 1. (That is, V.S C {A, B}, agent

L A very recent paper [69] introduces a new mechanism called the ARP mechanism. However, this
mechanism requires the additional restriction that agents are single-minded.
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3’s valuation for S is 1 if and only if {A} C S.) The mechanism under consideration
is the VCG mechanism.

If agent 3 reports truthfully, then she wins nothing and pays nothing. Her result-
ing utility equals 0.

If agent 3 attempts “traditional” false-name manipulation, that is, submitting
multiple false-name bids, and honoring all of them at the end, then her utility is still
at most 0: if 3 wins both items with one identity, then she has to pay at least 4
(while her valuation for the items is only 1); if 3 wins both items with two identities
(one item for each identity), then the identity winning { B} has to pay at least 2; if 3
wins only { B} or nothing, then her utility is at most 0; if 3 wins only {A} (in which
case { B} has to be won by agent 2), then 3’s winning identity’s payment equals the
other identities’ overall valuation for {A, B} (at least 4), minus 2’s valuation for { B}
(which equals 2). That is, in this case, 3 has to pay at least 2. So, overall, 3’s utility
is at most 0 if she honors all her bids.

However, agent 3 can actually benefit from submitting multiple false-name bids,
as long as she can withdraw some of them. For example, 3 can use two identities, 3a
and 3b. 3a bids 1 on {A}. 3b bids 4 on {B}. At the end, 3a wins {A} for free, and
3b wins { B} for 2. If 3 can withdraw identity 3b (e.g., by never checking that e-mail
account anymore), never making the payment and never collecting { B}, then, she

has obtained {A} for free, resulting in a utility of 1.

If we wish to guard against manipulations like the above, we need to extend
the false-name-proofness condition. We refer to the new condition as false-name-
proofness with withdrawal (FNPW). It requires that, regardless of what other agents
do, an agent’s optimal strategy is to report truthfully using a single identity, even if
she has the option to submit multiple false-name bids, and withdraw some of them

at the end of the auction.
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To our knowledge, this stronger version of false-name-proofness has not previously
been considered. Whether it is more or less reasonable than the original version
depends on the context. For example, in an auction, it may be possible to require
each participant to place the amount of her bid in escrow, which would prevent
manipulation based on withdrawal. However, in some auction contexts, such an
arrangement would be too unattractive to the bidders; it also reduces the anonymity
of bidding. Additionally, if we are in a setting where the payments are not monetary,
but rather are in terms of performance of future services, then it is not possible to
put the payments in escrow.

In any case, FNPW is a useful conceptual tool for analyzing false-name-proof
mechanisms. Indeed, this chapter also contributes to the research on false-name-
proofness in the traditional sense. Since FNPW is stronger than FNP, the mecha-
nisms we propose in this chapter, as well as the automated mechanism design tech-
nique, should be of interest in the FNP context as well.

The chapter is organized as follows. In Section 4.1, we formalize the problem we
study. In Section 4.2, we give a sufficient and necessary condition on the type space
for the VCG mechanism to be FNPW. In Section 4.3, we characterize both the pay-
ment rules and the allocation rules of FNPW mechanisms in general combinatorial
auctions. We also derive a sufficient condition that can be used to check whether a
mechanism is FNPW. In Section 4.4, we propose the mazimum marginal value item
pricing (MMVIP) mechanism, which we prove is FNPW. In Section 4.5, we propose
an automated mechanism design technique that transforms any feasible mechanism
into an FNPW mechanism. This technique builds on the sufficient condition in Sec-
tion 4.3. In Section 4.6, we show that, under a minor condition, the mechanism
that sells all the items as a single bundle has the highest worst-case efficiency ratio
among all FNPW mechanisms. Finally, in Section 4.7, we give a characterization of
FNP(W) social choice rules.
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4.1 Formalization
We will still use the following standard notation:

e [ ={1,2,...,n}: the set of agents

G ={1,2,...,m}: the set of items

O: the type space of each agent

0; € ©: agent i’s reported type (since we consider only strategy-proof mecha-

nisms, when there is no ambiguity, we also use 6; to denote i’s true type)
e —i: the set of agents other than agent ¢

0_, € ©" ! types reported by agents other than agent 4

We study combinatorial auction settings satisfying the following assumptions:

e V0 € ©, we have v(6,0) = 0.

e VB, C By C G, V0 € O, we have v(0, By) < v(f, By). That is, there is free

disposal.

e An agent can have any valuation function satisfying the above conditions. That
is, we are dealing with rich domains [13]. It should be noted that in Section 4.2,
we study how restrictive the type space has to be in order for the VCG mech-
anism to be FNPW. That is, we do not have the rich-domain assumption in

Section 4.2, which is an exception.

A mechanism consists of an allocation rule X : (6,0"1) — P(G) and a payment
rule P: (0,0"1) - R. X(6;,0_;) is the bundle agent 7 receives when reporting 6

(when the other agents report 6_;). P(6;,6_;) is the payment agent i has to make
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when reporting 0; (when the other agents report 6_;). When there is no ambiguity

about the other agents’ types, we simply use X (6;) and P(6;) in place of X (6;,0_;)

and P(6;,0_;).

Throughout the chapter, we only consider mechanisms satisfying the following

conditions:

Strategy-proofness: ¥0;,0.,0_;, we have v(6;, X(6;)) — P(6;) > v(6;, X(0})) —
P(#;). That is, if an agent uses only one identity, then truthful reporting is a

dominant strategy.
Pay-only: ¥6;,0_;, we have P(6;) > 0.

(Ex post) individual rationality: V6;,60_;, we have v(6;, X(0;)) — P(6;) > 0.
That is, if an agent reports truthfully, then her utility is guaranteed to be
nonnegative. This condition also implies that if an agent does not win any

items, or has valuation 0 for all the items, then her payment must be 0.

Consumer sovereignty: ¥0_;, VB C G, there exists 0; € © such that X (6;,0_;) 2
B. That is, no matter what the other agents bid, an agent can always win any

bundle (possibly at the cost of a large payment).

Determinism and symmetry: We only consider deterministic mechanisms that

are symmetric over both the agents and the items (except for ties).

Yokoo [108] showed that in our setting, the mechanisms satisfying the above con-

ditions coincide with the (anonymous) price-oriented, rationing-free (PORF') mech-

anisms. Similar price-based representations have also been presented by others,

including [75]. The PORF mechanisms work as follows:

The agents submit their reported types.
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e The mechanism is characterized by a price function y : P(G) x "1 — [0, c0).
For any agent ¢, for any multi-set _; of types reported by the other agents,
for any set of items S C G, x(S5,0_;) is the price of S offered to i by the
mechanism. That is, ¢ can purchase S at a price of x(S,60_;). V0_;, we have
x(0,0_;) = 0. That is, the price of nothing is always zero. V0_;, ¥S; C Sy C G,
we have x(S1,0_;) < x(Ss,0_;). That is, a larger bundle always has a higher

(or the same) price.

e The mechanism will select a bundle for agent ¢ that is optimal for her given

the prices, that is, the bundle chosen for 7 is in
arg rglgaéc{v(ei, S) —x(S,0-:)}

The agent then pays the price for this bundle.

e Naturally, the mechanism must ensure that no item is allocated to two different

agents. This involves setting prices carefully, as well as breaking ties.

Since all feasible mechanisms (mechanisms that satisfy the desirable conditions
in our setting) are PORF mechanisms, besides using X (the allocation rule) and P
(the payment rule) to refer to a mechanism, we can also use the price function x to
refer to a mechanism, namely, the PORF mechanism with price function y.2

In the remainder of this section, we formally define the traditional false-name-
proofness (FNP) condition, as well as our new false-name-proofness with withdrawal

(FNPW) condition.

Definition 12. FNP. A mechanism characterized by allocation rule X and payment

rule P is FNP if and only if it satisfies the following;:

2 Technically, there can be multiple PORF mechanisms with the same price function due to tie-
breaking, but this will generally not be an issue.

222



V0;, Y01, 05, . .., 0, VO_;, we have
U(QwX(eue—z)) - P(@l, 6_l> Z

k

v(0, U X (035,00 (U 0ir))) — X2 P(0i5,0- U (U 0ir))

j=1 t] =1 t]

That is, truthful reporting using a single identifier is always better than submit-

ting multiple false-name bids.

Definition 13. FNPW. A mechanism characterized by allocation rule X and pay-

ment rule P is FNPW if and only if it satisfies the following:

‘V’Qi, ‘v’@il, (9,‘2, ce 781‘]“ V@Z’-l, 0;27 0 \V/Q_i7 we have

) zq?
U(Q’L?X(&L?e*l)) - P(ela 9*1> >

k

v(0, U X (035,00 (U 0:) U(UB,))) — X2 P03z, 0 U (U i) U (U},))

=1 t#] i=1 t#]

That is, truthful reporting using a single identifier is always better than submitting

multiple false-name bids and then withdrawing some of them.
Actually, FNPW is exactly equivalent to FNP plus the following condition:

Definition 14. Others’ bids do not help (OBDNH). A mechanism character-
ized by allocation rule X and payment rule P satisfies the OBDNH condition if and

only if

Vo;, VO', VO_;, we have
’U(GZ',X(GZ', 971)) — P(Gl, 0971) > U(@i,X(ei, 9,1' U 9’)) — P(@l, 9,1' U 9/)

That is, an agent’s utility for reporting truthfully does not increase if we add

another agent.

Theorem 14. FNPW s equivalent to FNP plus OBDNH.
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Proof. We first prove that FNPW implies FNP and OBDNH.

It is straightforward that FNPW implies FNP. We only need to prove that FNPW
implies OBDNH. V0;, VO_;, V0’ let k =1, 0;; = 0;, ¢ = 1, and 60, = 0’. With these
assignments, the FNPW condition reduces to the OBDNH condition.

We now prove that FNP and OBDNH together imply FNPW. V0;, V0, 0}, . .., 0},
V0_;, according to OBDNH, we have v(6;, X (6;,0_;)) — P(6;,0_;) > v(6;, X(0;,0_; U
(UJée.,))) — P(6;,0_; U (IU0,)). Then, according to FNP, Vb;1,0;s, ..., 04, replac-
ing 6_; by 0_; U (J#,), we obtain v(6;, X (0;,0_; U (U¥}))) — P(0;,0_, U (U¥,)) >

v(6;, Q X(6;5,0_,U (tg‘ 0:)J(U0,))) — zi:l P(0;;,0_;U (tg 0;:) U (J#)). Combining

the inequalities, we obtain exactly the FNPW condition. O

According to Theorem 14, to check whether an FNP mechanism is FNPW, we

only need to check whether it satisfies OBDNH.

Proposition 68. The Leveled Division Set (LDS) mechanism [110] does not satisfy
OBDNH. That is, LDS is not FNPW in general.?

The general LDS mechanism is rather complicated. Instead of describing LDS
in its general form, we focus on a specific LDS mechanism for three items, which is

characterized by reserve price 1 and the following two levels:
{(A, B,C)}] and [{(A, B), (C)},{(A4), (B,C)}]

The mechanism works as follows. If there are at least two agents whose valuations
for {A, B,C} are at least 3, then we combine {A, B,C} into one bundle, and run
the Vickrey auction. If every agent’s valuation for {A, B, C'} is less than 3, then we
do the following. We first introduce a dummy agent into the system. The dummy

agent has an additive valuation function and values every item at 1. We only allow

3 We will show later that the other two known FNP mechanisms, that is, the Set mechanism [108]
and the Minimal Bundle mechanism [108], are both FNPW.
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five types of allocations: 1) The dummy agent wins everything. 2) The dummy
agent wins one of {4, B} and {C'}, and a non-dummy agent wins the other. 3) The
dummy agent wins one of {A} and {B,C}, and a non-dummy agent wins the other.
4) A non-dummy agent wins one of {A, B} and {C}, and another non-dummy agent
wins the other. 5) A non-dummy agent wins one of {A} and {B,C}, and another
non-dummy agent wins the other. We run the VCG mechanism on this restricted
set of possible allocations. Finally, if there is only one agent whose valuation for
{A, B,C} is at least 3, then this agent is the only winner. She has the option to
purchase all the items at price 3, or to obtain the result she would have obtained if
everyone (including the dummy agent) were to join in the above maximal-in-range

mechanism.

Proof. We only need to prove that the above specific LDS mechanism does not satisfy
OBDNH. We consider the following scenario. There are two agents. Agent 1 bids
2.2 on {A, B}. Agent 2 is single-minded, valuing {A} at 1.1. Under the above LDS
mechanism, if 2 reports truthfully, then { A, B} is allocated to 1, and {C} is allocated
to the dummy agent (thrown away). That is, if 2 reports truthfully, then her utility
equals 0. If, besides 2’s true identity, 2 also submits a false-name bid of 2.9 on
{B,C}, then {B,C} will be allocated to 2’s false-name identity (2 will withdraw
this identity, that is, refuse to pay for this bundle), and {A} will be allocated to 2’s
true identity at a price of 1. That is, 2 now has utility 0.1. We conclude that, in
general, LDS does not satisfy OBDNH, and hence is not FNPW. m

4.2 Restriction on the type space so that VCG is FNPW

The VCG mechanism [103, 25, 52] satisfies several nice properties, including effi-
ciency, strategy-proofness, individual rationality, and the non-deficit property. Un-

fortunately, as shown by Yokoo et al. [111], the VCG mechanism is not FNP for
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general type spaces. One sufficient condition on the type space for the VCG mecha-

nism to be FNP is as follows:

Definition 15. Submodularity [111]. For any set of bidders Y, whose types are
drawn from ©, V.S, 55 C G, we have U(S1,Y)+U(5,,Y) > U(S1US2,Y)+U(S1 N
S2,Y). Here, U(S,Y) is defined as the total utility of bidders in Y, if we allocate

items in S to these bidders efficiently.

That is, if the type space © satisfies the above condition, then the VCG mech-
anism is FNP. In this section, we aim to characterize type spaces for which VCG is
FNPW. We consider restricted type spaces (that make the VCG mechanism FNPW)
in this section. In other sections, unless specified, we assume that the rich-domain

condition holds.

Theorem 15. If the type space satisfies the submodularity condition, then the VCG
mechanism is FNPW. Conversely, if the mechanism is FNPW, and additionally the
type space contains the additive valuations, then the type space satisfies the submod-

ularity condition.

That is, submodularity does not only imply FNP, it actually implies FNPW.
Moreover, unlike for FNP, in the case of FNPW, the converse also holds—if we allow
the additive valuations (those valuations which value any set of items at the sum of

the values of its elements, with no complementarity and no substitutability).

Proof. We first prove that if the type space satisfies submodularity, then the VCG
mechanism is FNPW. We consider agent 7. Let K be the set of false-name identities 7
submits and keeps at the end. Let W be the set of false-name identities ¢ submits and
withdraws. We already know that submodularity is sufficient for the VCG mechanism
to be FNP. Hence, if K contains multiple identities, then ¢ might as well replace all
of them by one identity that reports i’s true type. We then show that the identities
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in W do not help ¢ (OBDNH). We use S to denote the set of items won by i at the
end. To win S, ¢ pays the VCG price U(G,{—i} UW) —-U(G — S, {—i} UW) ({—i}
is the set of other agents). We use S’ to denote the set of items won by identities
in W, when we allocate items in G — S to identities in {—i} U W efficiently. We
have that U(G,{—i} UW) -U(G — S, {—i} UW) =U(G,{—-i}UW)-U(G - S —
S' A{—=i})=U(S"\W) > U(G=S5",{—-i})+U(S" W)-U(G-S-5",{—i})-U(S", W) =
UG- 5" {-i}) —UG—-S— 5" {=i}). The submodularity condition implies that
UG-5.{-i})-U(G-S-5{-i}) >U(G,{-i}) —U(G — S,{—i}). But, the
expression on the right-hand side of the inequality is the price ¢ would be charged for
S when she uses a single identifier. That is, ¢ does not benefit from the false-name
identities in W. Therefore, the VCG mechanism is FNPW if the type space satisfies
submodularity.

Next, we prove that if the VCG mechanism is FNPW, then the type space must
satisfy submodularity (if it contains the additive valuations). Let S be an arbitrary
set of items. Let i be an agent that is interested in S. Since we allow additive
valuations, such i always exists (e.g., ¢ may have a very large valuation for every
item in S). If ¢ bids truthfully, then she can win S at a price of U(G,{—i}) —
U(G — S,{—i}). Let S’ be another arbitrary set of items that does not intersect
with S. For each item j in S’, we introduce a false-name identity that is only
interested in item j, with value ¢, where ¢ is set to a very large value (e.g., larger
than U(G,{—i})). These false-name identities are allowed since we assume the type
space contains the additive valuations. Let W be the set of identities introduced.
With W, i can win S at a price of U(G,{—i} UW) —U(G — S, {—i} UW). We have
that U(G, {—i}UW)—-U(G—-S,{—i}UW) =U(G-S",{—i})+U(S"W)-U(G—-S—
S'A=i})-UlS"W)=U(G-95",{-i})-U(G—-S—=5",{—i}). The new price should
never be smaller than the old price. Otherwise, there is an incentive for ¢ to submit
false-name bids and withdraw them. That is, we have U(G,{—i})—-U(G—-S,{—i}) <

227



UG-8 {—i})—U(G—S—5"{-i}). Let S, =G-8, So = G— 5, and Y = {—i}.
We have U(Sl N SQ,Y) — U(Sl,Y> S U(SQ,Y) — U(Sl U SQ,Y). Since Sl, SQ, and Y

are arbitrary, we have submodularity. ]
4.3 Characterization of FNPW mechanisms

Yokoo [108] and Todo et al. [102] characterized the payment rules (the price functions
in the PORF representation) and the allocation rules of FNP mechanisms, respec-
tively. In this section, we present similar results on the characterization of FNPW

mechanisms.
4.8.1 Characterizing FNPW payments

We recall that in our setting, a feasible mechanism corresponds to a PORF mecha-
nism, characterized by a price function y. Yokoo [108] gave the following sufficient

and necessary condition on x for the mechanism characterized by x to be FNP.

Definition 16. No superadditive price increase (NSA). Let O be an arbitrary

4 We run mechanism y (a PORF mechanism characterized by price

set of agents.
function x) for the agents in O. Let Y be an arbitrary subset of O. Let B; (i € Y)
be the set of items agent ¢ obtains. We must have

> x(Bi,0 —{i}) =2 x(U Bi,O -Y).

€Y €Y

By modifying the NSA condition, we get the following sufficient and necessary

condition on y for mechanism y to be FNPW.

Definition 17. No superadditive price increase with withdrawal (NSAW).

Let O be an arbitrary set of agents. We run mechanism x for the agents in O. Let

4 In a slight abuse of language, we also use “a set of agents” to refer to the types reported by this
set of agents.
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Y and Z be two arbitrary nonintersecting subsets of O. Let B; (i € Y') be the set of
items agent ¢ obtains. We must have

> X(Bi, O —{i}) = x(U B;,O-Y — Z).

ey i€Y
NSAW is equivalent to NSA plus the following condition.

Definition 18. Prices increase with agents (PIA). Let O be an arbitrary set

of agents. Let a be another agent not in O. VS C G, we must have
X(5,0 U{a}) = x(S,0).

That is, from the perspective of agent i, if another agent joins in, then the price

i faces for any set of items must (weakly) increase.
Proposition 69. NSAW is equivalent to NSA plus PIA.

Proof. We first prove that NSAW implies NSA and PIA. It is straightforward that
NSAW implies NSA, so we only need to show that NSAW implies PIA. Let R be an
arbitrary set of agents. Let a be another agent not in R. V.S C G, we can construct
an agent (denoted by y) that wins S if we run y on the agents in RU{a}U{y} (e.g.,
let y be single-minded on S, with a very large value). Let Y = {y}, Z = {a}, and
O = RUY UZ. NSAW implies that x(S,RU Z) = x(S,RU{a}) > x(S,R). That
is, NSAW implies PIA.

We now prove that NSA and PIA imply NSAW. PIA implies that x(|J B;, O —

5%

Y —-Z7)<x(U B;,O—Y). NSA implies that > x(B;,O0—{i}) > x( B;,O-Y).
i€y i€y =%

Combining the two inequalities, we obtain the NSAW condition. [

Theorem 16. Mechanism x is FNPW if and only if x satisfies the NSAW condition.
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Proof. We first prove that if y satisfies NSAW, then the mechanism is FNPW. Let
us consider a specific agent x. Let O —Y — Z be the set of agents other than herself.
Let Y be the set of false-name identities  submits and keeps at the end. Let Z be
the set of false-name identities x submits but withdraws at the end. So, O is the set

of all the identities. The set of items x receives at the end is |J B;, where B; is the
=%

bundle won by identity . The total price x pays is Y x(B;, O —{i}). According to
i€y

NSAW] this price is at least x(|J B;, O —Y — Z). That is, 2 would not be any worse
€Y

off if she just used a single identity to buy |J B;. When x uses only one identity, her
i€y

optimal strategy is to report truthfully. Therefore, if NSAW is satisfied, mechanism
x is FNPW.

Next, we prove that if mechanism x is FNPW, then x must satisfy NSAW.
Suppose not, that is, suppose there exists some y that corresponds to an FNPW
mechanism, and there exist three nonintersecting sets of agents Y, Z, and O—-Y — 7,

such that >~ x(B;, 0 — {i}) < x(U B;,O =Y — Z), where B; is the bundle agent i

i€y i€y
obtains (when we apply mechanism y to the agents in O). Let us consider a single-

minded agent x, who values |J B; at exactly x(|J B;, O —Y — Z). If the set of other
=% i€y

agents faced by x is O — Y — Z, then z has utility 0 if she reports truthfully using a
single identifier. However, if x instead submits multiple false-name identities Y + Z,
keeps those in Y and withdraws those in Z, then she will obtain her desired items
at a lower price and end up with positive utility, contradicting the assumption that

x is FNPW. That is, if NSAW is not satisfied, then y is not FNPW. m
4.3.2 A sufficient condition for FNPW

The NSAW condition in Subsection 4.3.1 leads to the following sufficient condition

for mechanism y to be FNPW.
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Definition 19. Sufficient condition for no superadditive price increase with
withdrawal (S-NSAW). Let O be an arbitrary set of agents. S-NSAW holds if we

have both of the following conditions:

e Discounts for larger bundles (DLB). VS;,5; C G with S NSy, = 0,
X(S1,0) + x(S2,0) > x(S1 U S3,0). That is, the sum of the prices of two

disjoint sets of items must be at least the price of the joint set.

e Prices increase with agents (PIA).” VS C G, for any agent a that is not
in O, x(5,0U{a}) = x(5,0).

Proposition 70. Mechanism x is FNPW if x satisfies S-NSAW.

Proof. We only need to show that S-NSAW is stronger than NSAW (by Theorem 16,
NSAW is sufficient (and necessary) for x to be FNPW). Let x satisfy S-NSAW. Let
O be an arbitrary set of agents. We run mechanism x on the agents in O. We divide
O into three subgroups, Y, Z, and O — Y — Z. For ¢ € Y, let B; be the bundle
agent 7 obtains. By PIA, we have } ., x(B;,0 — {i}) > > ..y x(B;,0 =Y — Z).

By DLB, we have ), ., x(B;,0 =Y = Z) > x(UJ B;;O —Y — Z). Combining these
i€y

inequalities, we can conclude that S-NSAW implies NSAW. n

S-NSAW is a cleaner, but more restrictive condition than NSAW. (To see why,
note that even if DLB does not hold, NSA may still hold: even if x(S1, O)+x(S2, 0) <
X(S1 U Sy, 0), it may be the case that by putting separate bids on S; and S5, each
of these bids makes the price for the other bundle go up, so that the result is still
more expensive than buying S; U Sy as a single bundle.) We find it easier to use
S-NSAW to prove that a mechanism is FNPW (rather than using the more complex

NSAW condition).® Let us recall the three existing FNP mechanisms (for general

5 This is the same PIA condition as the one in Subsection 4.3.1.

6 However, S-NSAW cannot be used to prove that a mechanism is not FNPW, because it is a more
restrictive condition.
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combinatorial auction settings): the Set mechanism, the MB Mechanism, and the
LDS mechanism. We have already shown that LDS is not FNPW. With the help of
S-NSAW, we can prove that both Set and MB are FNPW.

Proposition 71. Both the Set mechanism and the MB mechanism satisfy the S-
NSAW condition. Hence, they are FNPW.

The Set mechanism simply combines all the items into a grand bundle. The grand
bundle is then sold in a Vickrey auction. The MB (Minimal Bundle) mechanism
builds on the concept of minimal bundles. A set of items S () € S C G) is called a
minimal bundle for agent ¢ if and only if VS C S, v(i,S) > v(4,5"). Under the MB
mechanism, the price of a bundle S an agent faces is equal to the highest valuation
value of a bundle, which is minimal and conflicting with S. Generally, MB coincides
with Set, because usually the grand bundle is a minimal bundle for every agent (any
smaller bundle usually gives at least slightly lower utility). The proof of the above
proposition is straightforward.

We will also use S-NSAW to prove that the MMVIP mechanism that we propose
(Section 4.4) is FNPW. The automated mechanism design technique for generating
FNPW mechanisms (Section 4.5) is also based on S-NSAW.

4.3.8  Characterizing FNPW allocations

Todo et al. [102] gave the following characterization of the allocation rules of FNP
mechanisms. We recall that X (6;,60_;) is the set of items that agent ¢ wins if her
reported type is 6; and the reported types of the other agents are 6_;. To simplify

notation, we use X (#;) in place of X (6;,6_;) when there is no risk of ambiguity.

Definition 20. Weak-monotonicity [13]. X is weakly monotone if V0, 6., 0_;, we
have
v(0:, X (0:)) — v(6:, X(0;)) > v(6], X (0:)) — v(6], X(6;)).
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Definition 21. Sub-additivity [102]. V6;, V0!, V0,1, 0s, ..., 0, YO0, ... 0,

V60_;, we have the following:

X(8) = U Xy, 00
o6, X)) =

U(%l?X—Hfl(e;l)) = v(6y, X+Iﬁl(9iz))
Y

{00, X(6) < 32 0(¥ X 0, (00)

(Here, X (03) is short for X (6,600 ( U  6:i)).)

1<t<k,tl

X is said to be FNP-implementable if there exists a payment rule P so that X
combined with P constitutes a feasible FNP mechanism. Todo et al. [102] showed
that X is FNP-implementable if and only X satisfies both weak-monotonicity and
sub-additivity.

We define allocation rule X to be FNPW-implementable if there exists a payment
rule P so that X combined with P constitutes a feasible FNPW mechanism. We
introduce a third condition called withdrawal-monotonicity. We prove that X is
FNPW-implementable if and only X satisfies weak-monotonicity, sub-additivity, and

withdrawal-monotonicity.

Definition 22. Withdrawal-monotonicity. V0;, V0_;, V6%, V6, VOV, the follow-

ing holds:

v(0f, X(0F,0-;)) =0
X(0Y,0_;U60% = X(6;,0_;)
U
v(0F, X(0;,0_:)) < (67, X(6;,0-5))
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Theorem 17. An allocation rule X is FNPW-implementable if and only X satisfies

weak-monotonicity, sub-additivity, and withdrawal-monotonicity.

Proof. We first prove that if X is FNPW-implementable, then X satisfies weak-
monotonicity, sub-additivity, and withdrawal-monotonicity. If X is FNPW-

implementable, then X is also FNP-implementable. Hence, X satisfies both weak-
monotonicity and sub-additivity [102]; only withdrawal-monotonicity remains to be
shown. Let x be the (PORF) price function corresponding to an FNPW mechanism
that allocates according to X. We denote X (6;,0_;) by S. Since v(6F, X(6F,0_;)) =
0, we have v(0F,S) < x(S,0_;) (otherwise, an agent with true type 6% would
be better off purchasing S). Since X(0Y,0_; U 6%) = X(0;,0_;) = S, we have
v(0Y,S) > x(S,0_; U 6*) (because an agent with true type Y is best off buying
S when the other agents’ types are 6_; U60%). y is FNPW, hence it satisfies the PTA
condition, by Theorem 16 and Proposition 69. So, we have x(S,60_,U0%) > x(S,0_;).
Combining all the inequalities, we get v(6Y, X (6;,0_;)) > v(6F, X (0;,0_;)). That is,

withdrawal-monotonicity is satisfied.

Next, we prove that if X satisfies weak-monotonicity, sub-additivity, and withdrawal-
monotonicity, then X is FNPW-implementable. Since X satisfies both weak-

monotonicity and sub-additivity, X is FNP-implementable [102]. Let x be a (PORF)
price function that characterizes an FNP mechanism that allocates according to X.
We prove that xy must also be FNPW. We only need to prove that x satisfies PTA
(because, according to Proposition 69 and Theorem 16, if an FNP mechanism satis-
fies PTA, then it is FNPW). Suppose x does not satisfy PIA. Then, there exists a set
of agents O, an agent a not in O (where a’s type is denoted by 6%), and some S C G,
such that x(5,0) > x(S,0U{a}). Let x(S,0) — x(S,0U{a}) =8 > 0. Let _; be

the reported types of the agents in O. Let ¢ be an agent that is single-minded on S,
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with a very large valuation, so that X (6;,0_;) = S (we denote agent i’s type by 6;).

_B
5

We also construct an agent that is single-minded on S, with valuation x(S, O)
We denote the type of this agent by 6. We have X (0%,60_;) = 0 (she is not willing
to pay x(S,O) to purchase S). Hence, v(6F, X (0F,0_;)) = 0. We construct another
agent that is also single-minded on S, with valuation x (S, OU{a})+§. We denote the
type of this agent by Y. We have X (6Y,0_,U0%) = S = X (6;,0_;). By withdrawal-
monotonicity, we must have v(6F, X (0;,0_;)) < v(6Y, X(6;,0_;)). However, on the
other hand, v(6F, X (60;,0_;)) = x (S, O)—§ = x(S, OU{a})%—% > X(S,Ou{a})+§ -
v(0Y, X (6;,0_;)). We have reached a contradiction. We conclude that y has to satisfy
PIA, which implies that x is FNPW. Hence, X is FNPW-implementable. O]

4.4 Maximum Marginal Value Item Pricing Mechanism

In this section, we introduce a new FNPW mechanism.

Definition 23. Maximum marginal value item pricing mechanism (MMVIP).
Let O be an arbitrary set of agents. MMVIP is characterized by the following price

function Yy.

e VS C G, x(5,0) =3 ,csx({s},0). That is, x uses item pricing.

Vs € G 0) = .S U —v(4,8)}." That is, the pri
* Vs € G, x(5,0) =max max {v(j, SU{s}) ~v(j,$)}.7 That is, the price an

agent faces for an item is the maximum possible marginal value that any other
agent could have for that item, where the maximum is taken over all possible

allocations.

Proposition 72. MMVIP is feasible and FNPW.

" In this notation, we assume that the maximum over an empty set is 0 (for the purpose of
presentation). Such notation will also appear later in the chapter.
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Proof. We first prove that MMVIP is feasible. We need to show that, with appro-
priate tie-breaking, MMVIP will never allocate the same item to multiple agents.
Let us suppose that under MMVIP there is a scenario in which two agents, ¢ and 7,
both win item s. Let S; and S; be the sets of other items (items other than s) that
i and j win at the end, respectively. Let v; = v(7,5; U {s}) — v(4,.S;). That is, v; is
i’s marginal value for s. Let v; = v(j, S;U{s}) —v(j,5;). That is, v; is j’s marginal
value for s. If v; > v;, then j has to pay at least v; to win s, which is too high for
her; j is better off not winning s. Similarly, if v; < v;, then 7 is better off not winning
s. If v; = v;, then 7 and j both have to pay at least their marginal value for s to
win s. That is, they are either indifferent between winning s or not, or prefer not
to win. The only case that does not lead to a contradiction is where they are both
indifferent; any tie-breaking rule can resolve this conflict.

We then show that MMVIP is FNPW. By Proposition 70, we only need to prove
that the price function x that characterizes MMVIP satisfies S-NSAW. Let O be
an arbitrary set of agents. VS;, Sy C G with S; NSy = (), we have x(S1,0) +
X(52,0) =

X(S1 U Sz, 0), because MMVIP uses item pricing. Hence, DLB is sat-
isfied. VS C G, for any agent a that is not in O, x(S,0 U {a}) = > x(s,0U

seS
_ -l — (i SN > - Qr _
lah) =2, max max {00 SULsH =0l SF 2 2, max max {o(j, S'U{s})
v(7,5)} = > x(5,0) = x(S,0). That is, PIA is also satisfied. O
ses

Next, we prove two properties of the MMVIP mechanism.

Proposition 73. Suppose we restrict the domain to additive valuations. Then,

MMVIP coincides with the VCG mechanism.

Proof. When the agents’ valuations are additive, we have that MMVIP’s item price

function satisfies x(s,0) = max max {v(j,S U {s}) —v(j,9)} = maéxv(j, {s}).
j€

j€EO SCG—{s}
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Table 4.1: Performance comparison between MMVIP and Set for additive valuations.

MMVIP | Set
Revenue 98.02 56.19
Efficiency | 99.01 | 57.22

Thus, MMVIP is equivalent to m separate Vickrey auctions (one Vickrey auction
for each item), and hence to VCG (which also corresponds to m separate Vickrey

auctions when the valuations are additive).

]

The above proposition essentially says that, when the agents’ valuations are ad-
ditive, MMVIP is efficient. MMVIP is the only known FNP/FNPW mechanism with
the above property for general combinatorial auctions.

Before moving on to the other property that we prove about MMVIP, we first
experimentally compare the revenue and allocative efficiency of the MMVIP mecha-
nism and the Set mechanism, under the assumption that the agents’ valuations are
additive.® We assume that there are 100 items and 100 agents. An agent’s valuation
for an item is drawn i.i.d. from U(0, 1) (the uniform distribution from 0 to 1). The
results are presented in Table 4.1 (the numbers shown are averages over 10000 in-
stances). The experimental results show that MMVIP leads to both higher efficiency

and higher revenue.

Finally, we have the following proposition about MMVIP.

Proposition 74. Among all FNPW mechanisms that use item pricing, MMVIP
has minimal payments. That is, let x be the price function of MMVIP. Let X' be a

different price function corresponding to a different FNPW mechanism M that also

8 Under this assumption, the VCG mechanism coincides with the MMVIP mechanism. We also
have that the MB mechanism and the Set mechanism coincide. (In our experimental setup, the
grand bundle is always a minimal bundle for every agent.)
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uses item pricing. We have that there always exists a set of items S and a set of

agents O, so that X'(S,0) > x(S,0).

Proof. For the sake of contradiction, let us assume that the proposition is false.
That is, we assume that for every set of items S and every set of agents O, we
have x'(S,0) < x(S,0). Since x # X/, we have that there exists at least one set
of items S and one set of agents O such that x'(S,0) < x(5,0). Since x'(S,0) =
Y oees X'(5,0) and x(S,0) = > s Xx(s,0), it follows that there exists s € S such
that x'(s,0) < x(s,0). By the definition of MMVIP, x(s,O) corresponds to the
maximal marginal value of some agent j € O. That is, there exists S’ C G with
s ¢ S’ such that x(s,0) = v(j,5" U {s}) —v(4,5"). We construct an agent z,
whose valuation function is additive. Let z’s valuations of items not in S’ U {s}
be extremely high, so that x wins all these items under both mechanisms x and
X'. (We recall that we assume consumer sovereignty for FNPW mechanisms, so that
X, X' < oo everywhere.) Let x’s valuation on s be x(s, O) —e (where € is small enough
so that x(s,0) — e > x'(s,0)). Let z’s valuation of items in S’ be 0. When the
set of agents consists of z and the agents in O, we have that x wins all the items
except for those in S" under M. Since M is FNPW, we have x/(s,0) > x/'(s,{j})
(PIA). That is, when the set of agents consists of only z and j, x also wins all the
items except for those in S’ under M. Also, under M, j wins all of S’, because
for any ¢ € S’ we have \/(s',{z}) < x(s,{z}) = 0. However, we then have
that x/'(s,{z}) < x(s,{z}) = x(5,0) — € = v(j,5" U {s}) —v(j,5") — ¢, so that j
would choose to also win s when facing x under M. That is, under M, when the
set of agents consists of only x and j, s is won by both agents, contradicting the
assumption that M is feasible. Thus, assuming that the proposition is false leads to

a contradiction. O
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4.5 Automated FNPW Mechanism Design

In this section, we propose an automated mechanism design (AMD) technique that
transforms any feasible mechanism into an FNPW mechanism. In our setting, a
feasible mechanism is characterized by a price function y. We start with any y that
corresponds to a feasible mechanism (e.g., the price function of the VCG mechanism).
Our technique modifies y so that it satisfies S-NSAW, while maintaining feasibility.

We recall that for general combinatorial auction settings, there are three known
FNPW mechanisms (Set, MB, and MMVIP), and four known FNP mechanisms (the
aforementioned three mechanisms, plus LDS). Though computationally expensive
(like many other AMD techniques in other contexts), this technique has the po-
tential to enlarge the set of known FNPW (FNP) mechanisms. By designing tiny
instances of FNPW mechanisms via automated mechanism design, we may get a bet-
ter understanding of the structure of FNPW mechanisms, from which we can then
conjecture FNPW mechanisms in analytical form. Later in this section, we show
that in a specific setting, by starting with the VCG mechanism, the AMD technique
produces exactly the MMVIP mechanism. That is, had we not known the MMVIP
mechanism, the AMD technique could have helped us find it (though it just so hap-
pened that we discovered MMVIP before the AMD technique). It remains an open
question whether new, general FNPW mechanisms can be found in this way.

The AMD technique is described as follows:

Let H : ©F — [0, 00) be a function that maps any set of agents O (more precisely,
their reported types) to a nonnegative number H(O). For any feasible mechanism

X, we define x¥ as follows:
e For any set of agents O, V0 € S C G, x(S,0) = x(S,0) + H(O).

e For any set of agents O, x7(0,0) = x(0,0) = 0.
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That is, moving from y to x¥, if we fix the reported types of the other agents
O, then we are essentially increasing the price of every nonempty set of items by the

same amount, while keeping the price of () at 0.
Lemma 9. [109] V feasible x, VH, x* is feasible.

This lemma was first proved in [109].” An agent is allocated her favorite set
of items (the set that maximizes valuation minus payment) in (PORF) mechanism
Xx. From the perspective of agent i, the set of types reported by the other agents
0_; is fixed. That is, for 4, under x*!, the price of every nonempty set of items is
increased by the same amount H(6_;). Hence, agent i’s favorite set of items is either
unchanged, or has become ) (if H(0_;) is too large). It is thus easy to see that if x
never allocates the same item to more than one agent, then neither does y”. That

is, feasibility is not affected.!?

Theorem 18. V feasible x, we define the following H. For any set of agents O,

H(O) equals the maximum of the following two values:

* Sl,Szgrg%?fmsF@{X(Sl U Sy, 0) — x(51,0) — x(52,0)}

e max {x(S,0—-{j}H)+HO-{j})—x(S,0)}

0CSCG,je0

We have that X is FNPW.

9 The GM-SMA mechanism [109] relies on this property. However, it has been shown that GM-
SMA is not FNP [102].

10 Tf the agents are single-minded, then in a PORF mechanism, as long as the prices of larger
sets of items are more expensive, an agent’s favorite set of items is either the set on which she
is single-minded, or the empty set. Thus, we do not need to increase the price of every set by
the same amount. As long as we are increasing the prices, an agent’s favorite set either remains
unchanged, or becomes empty (if the price increase on the set on which she is single-minded is too
high). That is, for single-minded agents, we have more flexibility in the process of transforming a
feasible mechanism into an FNPW mechanism.

240



It should be noted that, for any O, the first expression in the theorem is at least
0 (setting S; = Sy = 0). That is, H never takes negative values. x' is feasible by

Lemma 9.

Proof. We prove that y satisfies S-NSAW. By Proposition 70, this suffices to show
that x? is FNPW.

Proof of DLB: Let O be an arbitrary set of agents. V.51, Sy C G with S;N Sy = 0,
we prove that x(S1,0) + x*(S2, 0) > x"(S1 U Ss, 0). If at least one of S; and S,
is empty, then w.l.o.g., we assume S; = . In this case, x(S;,0) + x%(S,0) =
X7 (Ss,0) = x(S1US,, 0). If neither Sy nor Sy is empty, then we have x7(S;,0)+
X7 (S2,0) —xH(S1USy, 0) = H(O) + x(S1,0) + x(S2,0) — x(S1US2,0) > H(O) —

S’%&E@{X(si U Sé; O) - X(Si70) - X(Sév O>} 2 0.

Proof of PIA: Let O be an arbitrary set of agents. Let a be an agent that is not
in 0. If S is empty, then we have x?(S,0 U {a}) = x#(5,0) =0. V) C S C G,
X(8,0U{a}) = H(OU{a}) + x(S,0U{a}) = (x(5,0) + H(S,0) = x(S,0 U
{a})) + x(S,0U{a}) = x"(5,0). O

This still leaves the question of how to compute the H described in the theorem;
we address this next. Given Yy, for any agent ¢ and any set of other types 6_;, we

compute H(0_;) using the following dynamic programming algorithm.

Fort=0,1,...,]0_
For any T'C 0_; with |T| =t
hl = max {X(SIU527T) _X<Sl7T) _X(527T)}

51,52CG,51NS2=0
hy = —max {H(T —{j})+x(5,T = {j}) = x(5,T)}

0CSCG,jeT

H(T) = max{hy, ha}.

It should be noted that the above dynamic programming algorithm does not scale
well. For example, the second “For” loop contains an exponential number of steps.
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Proposition 75. If we apply the AMD technique to a mechanism that already sat-

isfies S-NSAW, the mechanism remains unchanged.

We use the phrase “the AMD mechanism” to denote the mechanism generated by
the AMD technique starting from VCG (though the AMD technique is not restricted

to starting from VCG). Next, we prove a proposition that is similar to Proposition 73.

Proposition 76. When we restrict the preference domain to additive valuations, the

MMVIP, VCG, and AMD mechanism all coincide.

Proof. Proposition 73 already shows that MMVIP and VCG coincide. All that re-
mains to show is that VCG already satisfies S-NSAW, so that by Proposition 75,
AMD is also the same. When the agents’ valuations are additive, the VCG mecha-
nism’s price function y is defined as follows: for any set of items S C GG and any set
of additive agents O, x(5,0) = > ¢ ®°, where 2° is the highest valuation for item

s among the agents in O. It is easy to see that y satisfies S-NSAW. n

Moreover, the next proposition shows that in settings with exactly two substi-

tutable items, the AMD mechanism coincides with MMVIP (but not with VCG).

Proposition 77. In settings with exactly two substitutable items, the AMD mecha-
nism coincides with MMVIP.

Proof. The proof is by induction on the number of agents. When there is only one
agent, this agent faces price 0 for every bundle under the VCG mechanism. This
already satisfies S-NSAW| so by Proposition 75, we do not need to increase any price
in the AMD process. Therefore, when n = 1, the AMD mechanism allocates all the
items to the only agent for free. The MMVIP mechanism does the same. Hence,
when n = 1, the AMD mechanism coincides with MMVIP. For the induction step,

we assume that the two mechanisms coincide when n < k. When n = k41, the price
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function of the VCG mechanism is defined as: x({A},O0) = vz — vg, x{B},0) =
vip—vi, and x({AB}, O) = v’ 5. Here, A and B are the two items. v% is the highest
valuation for A by the agents in O. v} is the highest valuation for B by the agents
in O. v is the highest combined valuation for {A, B} by the agents in O (which
may be obtained by splitting the items across two different agents, or giving both
to the same agent). Since the items are substitutable, v% 5 < v’ + v}. Equivalently,
x({4},0) + x({B},0) < x({AB},O). Therefore, in the AMD technique, the price
of every bundle has to increase by at least x({A, B},0) — x({A4},0) — x({B}, O).
That is, under the AMD mechanism, the price of A is at least v%, the price of
B is at least v}, and the price of {A, B} is at least v’ + v};. These prices are
high enough to guarantee the PIA condition, because by the induction assumption,
the AMD mechanism coincides with MMVIP for n < k; so, it follows that the
AMD technique results in exactly these prices. They coincide with the prices under
the MMVIP mechanism. Therefore, by induction, the AMD mechanism coincides
with the MMVIP mechanism for any number of agents, when there are exactly two

substitutable items. O

It remains an open question whether there are more general settings in which the
AMD mechanism and the MMVIP mechanism coincide.

Finally, we compare the revenue and allocative efficiency of the VCG mecha-
nism, the Set mechanism!?, the MMVIP mechanism, and the AMD mechanism. It
should be noted that the VCG mechanism is not FNPW in general. We use it as a
benchmark.

We consider a combinatorial auction with two items {A, B} and five agents

{1,2,...,5}.12 We denote agent i’s valuation for set S C {4, B} by v¥. We consider

11 The MB mechanism and the Set mechanism coincide in our experimental setup (the whole bundle
is a minimal bundle for every agent).

12 We only focused on these tiny auctions because the AMD technique is computationally quite
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Table 4.2: Performance comparison between VCG, Set, AMD, and MMVIP for sub-
stitutable valuations.

VCG | Set | AMD | MMVIP
Revenue | 1.285 | 1.002 | 1.221 1.221
Efficiency | 1.668 | 1.236 | 1.550 1.550

Table 4.3: Performance comparison between VCG, Set, AMD, and MMVIP for com-
plementary valuations.

VCG | Set | AMD | MMVIP
Revenue | 1.864 | 1.849 | 1.288 0.594
Efficiency | 2.372 | 2.365 | 1.565 0.721

two scenarios, one with valuations displaying substitutability, and the other with
valuations displaying complementarity. We randomly generate 1000 instances for
each scenario.

Valuations with substitutability: The vi{A} and the vi{B} are drawn independently

from U(0,1) (the uniform distribution from 0 to 1). For all 4, v{*?) is drawn inde-

i

A4 1B 7"Ui{A} +vi{B}). In this scenario, AMD and MMVIP

pendently from U(max{v; ", v,
coincide. They perform better than the Set mechanism, both in terms of revenue
and allocative efficiency. The results are presented in Table 4.2.

Valuations with complementarity: The UZ»{A} and the Ui{B} are still drawn indepen-
dently from U(0,1). For all i, UZ{A’B} is set to be (UZT{A} + U;{B})(l + x;), where the x;
are also drawn independently from U(0, 1). It turns out that, in this scenario, Set
performs better than AMD and MMVIP, both in terms of revenue and allocative
efficiency. (MMVIP performs especially poorly when valuations exhibit complemen-
tarity, because every item can potentially have a very large marginal value to another

agent, leading to prices that are too high.) The results are presented in Table 4.3.

Thus, when there are two items and five agents, among these FNPW mechanisms,

expensive. Nevertheless, even the solutions to tiny auctions can be helpful in conjecturing more
general mechanisms.
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it seems that Set is most desirable if it likely that there is significant complementarity,
and AMD is most desirable if it is likely that there is substitutability. (We cannot
safely use the VCG mechanism unless we are certain that the type space makes VCG

FNPW.)

4.6 Worst-Case Efficiency Ratio of FNPW Mechanisms

Yokoo et al. [111] proved that in general combinatorial auction settings, there exists
no efficient FNP mechanisms. Iwasaki et al. [69] further showed that, under a minor
condition called IIG (described below), the worst-case efficiency ratio of any feasible
13

FNP mechanism is at most m%q

Definition 24. Independence of irrelevant good (IIG) [69]. Suppose agent i
is winning all the items. If we add an additional item that is only wanted by ¢, then

7 still wins all the items.

Given the agents’ reported types, the efficiency ratio of a mechanism is defined
as the ratio between the achieved allocative efficiency and the optimal allocative
efficiency (payments are not taken into consideration). The worst-case efficiency

ratio of this mechanism is the minimal such ratio over all possible type profiles.

Example 19. The worst-case efficiency ratio of the Set mechanism is at least % [69].
Let v be the winning agent’s valuation for the grand bundle. The allocative efficiency
of the Set mechanism is v. The optimal allocative efficiency is at most muv, since
there are at most m winners in the optimal allocation, and a winner’s valuation (for

the items she won) is at most v.

Our next theorem is that % is a strict upper bound on the efficiency ratios of

feasible FNPW mechanisms. That is, the Set mechanism is worst-case optimal in

13 Twasaki et al. [69] also introduced the ARP mechanism, whose worst-case efficiency ratio is
exactly miﬂ However, the ARP mechanism is only FNP for single-minded agents. Our next result
implies that ARP is not FNPW, even with single-minded bidders.
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terms of efficiency ratio. Of course, this is only a worst-case analysis, which does not

preclude FNPW mechanisms from performing well most of the time.

Theorem 19. The worst-case efficiency ratio of any feasible FNPW mechanism is

at most # if IIG holds, even with single-minded bidders.

Proof. Let x be the price function that corresponds to an FNPW mechanism with
optimal worst-case ratio. Since the Set mechanism is FNPW, x’s worst-case efficiency
ratio is at least % We denote item i by s;. We consider the following types:

0. the type of an agent that is single-minded on the grand bundle, with value 1.

0; (i=1,2,...,m): the type of an agent that is single-minded on s;, with value
1 — €. Here, € is a small positive number.

Scenario 1: There are two agents. Agent a has type 0,. Agent 1 has type 6.

Scenario 2: There are two agents. Both agents have type 6;.

Scenario 3: There are m + 1 agents. Agent a has type 6,. Agent i has type 6;
fori=1,2,...,m.

We first prove that in scenario 1, agent a wins. We start with the special case
of m=1. If x({s1},{61}) > 1 — ¢, then we consider scenario 2. In scenario 2, both
agents cannot afford the only item. That is, the efficiency ratio is 0. Hence, we must
have x({s1},{61}) < 1—e. That is, in scenario 1, in the case of m = 1, agent a must
win. The IIG condition implies that this is also true for cases with m > 1.

Since agent a is the only winner in scenario 1, we have x({s1},{0.}) > 1 —¢
(otherwise, agent 1 would win in scenario 1). € can be made arbitrarily close to 0;
hence, x({s1},{0.}) > 1.

Finally, we consider scenario 3. The price agent 1 faces for sy is x({s1}, {0} U

(UA{0;})). According to PIA, this price is at least x({s1},{0.}) = 1. That is, agent
J#1

1 does not win in scenario 3. By symmetry over the items, agent ¢ does not win for
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all7=1,2,...,m. The efficiency ratio in this scenario is then at most m, which

goes to % as € goes to 0. O
4.7 Characterizing FNP(W) in Social Choice Settings

Throughout the chapter, we have only discussed combinatorial auctions. In this
section, we focus on FNP(W)! in social choice settings (without payments). Specif-
ically, we present a characterization of FNP(W) social choice functions (without
payments). A social choice function f is defined as f : {0} UO U OG> U ... — Q,
where © is the space of all possible types of an agent, and {§} U© U O U... is the
space of all possible profiles (since we do not know how many agents there are). The
definitions of €2, 0;, and 0_; are as usual. 7’s valuation for outcome w € €2 is denoted
by v;(6;,w).

First, we present the following straightforward characterization of strategy-proof

social choice functions.

Proposition 78. A social choice function f is strategy-proof if and only if it satisfies
the following condition: Vi, 0;,0_;, we have f(0;,0_;) € argmaxy v;(0;, f(0;,0,)).

Proof. If the above condition is satisfied, then Vi, 6;,6.,6_;, we have
vi(0;, f(0;,0_;)) > v;(0;, f(0:,0_;)). That is, reporting truthfully is a dominant strat-
egy.

If reporting truthfully is a dominant strategy, then Vi, 6;, 6., 0_;, we have

Ui(eia f(917 072>) > Ui(e’h f(9;7 9*1» That iS, VZ, 91'7 671'7 we have Ui(eia f(ela 9*1)) >
maxg v;(0;, f(0;,0-)), which is equivalent to f(6;,0_;) € argmaxy v;(0;, f(0;,0_;)).

]

That is, an agent always receives her most-preferred choice among outcomes that

4 Tn these settings, it does not matter whether withdrawal is allowed or not.
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she can attain with some type report. We are now ready to present the characteri-

zation of FNP(W) social choice functions.

Proposition 79. Suppose that for every outcome o € §2, there exists some type
0; € O such that {o} = argmaxyco ug,(0') (each o is the unique most-preferred
outcome for some type). Then, a strateqy-proof and individually rational social choice
function f is FNP(W) if and only if it satisfies the following condition: i, 0_;, 0y,
we have {f(0;,0-;)|0; € ©} D {f(0:,0_;U{6})|0; € O}. That is, with an additional

other agent, the set of outcomes that an agent can choose decreases or stays the same.

Proof. We first show that if f is FNP(W), then the condition must be satisfied.
Suppose not, that is, for some 7,60_;, 6y, there exists some o € {f(6;,0_; U{6x})|0; €
O} \ {f(0;,0_;)|0; € ©}. Then, by assumption, there exists some 6; € © such that
{0} = argmax,coup,(0'). It follows that an agent facing type profile #_; cannot
obtain o with a single report, but can obtain it by reporting both 6, and some other
type (such as, by strategy-proofness, 6;). Because o is her unique most-preferred
outcome, she prefers to engage in this manipulation, contradicting FNP(W).
Conversely, we show that if the condition is satisfied, then f is FNP(W). By
assumption, f is strategy-proof and individually rational, so we only need to check
that an agent has no incentive to use multiple identifiers. Suppose that o is an
outcome that ¢ can obtain when facing 6_; by submitting multiple identities. Because
the set of choices is nonincreasing in the number of identifiers used according to the
condition, it must be that o € {f(0;,0_;)|0; € ©}. Hence, there is no reason for her

to use more than one identity. O]

The above proposition basically says that under FNP(W) social choice functions,
with the introduction of a new agent, an existing agent’s set of possible choices de-

creases (it potentially hurts the existing agent’s utility) or stays the same (essentially,
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it is equivalent to ignoring the new agent’s preference). That is, with a large number

of agents, generally, FNP(W) social choice functions perform poorly.
4.8 Summary

In this chapter, we studied a more powerful variant of false-name manipulation:
an agent can submit multiple false-name bids, but then, once the allocation and
payments have been decided, withdraw some of her false-name identities. While
these withdrawn identities will not obtain the items they won, their initial presence
may have been beneficial to the agent’s other identities. A mechanism is false-name-
proof with withdrawal (FNPW) if the aforementioned manipulation is never beneficial
under it. We first gave a necessary and sufficient condition on the type space for
the VCG mechanism to be FNPW. We then characterized both the payment rules
and the allocation rules of FNPW mechanisms in general combinatorial auctions.
Based on the characterization of the payment rules, we derived a condition that is
sufficient for a mechanism to be FNPW. We also proposed the mazimum marginal
value item pricing (MMVIP) mechanism. We showed that MMVIP is FNPW and
exhibit some of its desirable properties. We then proposed an automated mechanism
design technique that transforms any feasible mechanism into an FNPW mechanism,
and proved some basic properties about this technique. Toward the end, we proved
a strict upper bound on the worst-case efficiency ratio of FNPW mechanisms. We
concluded with a characterization of FNP(W) social choice rules. Since FNPW
is stronger than FNP, this chapter also contributes to the research on false-name-

proofness in the traditional sense.
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5

Conclusion

In this dissertation, we formalized an approach to automated mechanism design that
is computationally feasible. Instead of optimizing over all feasible mechanisms, we
carefully choose a parameterized subfamily of mechanisms. Then we optimize over
mechanisms within this family. Finally, we analyze whether and to what extent the
resulting mechanism is suboptimal outside the subfamily. We applied (computation-
ally feasible) automated mechanism design to three resource allocation mechanism

design problems:

e In Chapter 2, we applied CFAMD to the problem of designing resource alloca-

tion mechanisms that redistribute their revenue back to the agents.

— In Section 2.1, we focused on designing VCG redistribution mechanisms
that redistribute the most in the worst case. For auctions with multi-
ple indistinguishable units in which marginal values are nonincreasing, we
derived a mechanism that is optimal in this sense. We also showed that
if marginal values are not required to be nonincreasing, then the origi-

nal VCG mechanism is worst-case optimal. For future research, we could
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consider designing worst-case optimal redistribution mechanisms for other
problem settings. Example work in this direction includes the following:
Gujar and Yadati [53] conjectured that for auctions with multiple hetero-
geneous objects in which each agent is only interested in one object, the
worst-case optimal mechanism has the same worst-case performance as the
WCO mechanism. Chorppath et al. [24] studied worst-case redistribution

for auctions with divisible goods.

In Section 2.2, we studied the problem of designing VCG redistribution
mechanisms that redistribute the most in expectation when prior distri-
butions over the agents’ valuations are available. For auctions with mul-
tiple indistinguishable units in which each agent is only interested in one
unit, we analytically derived the OEL mechanism that is optimal among
linear redistribution mechanisms. For this setting, we also proposed an
automated mechanism design technique based on type discretization. We
then generalized our setting to auctions with multiple indistinguishable
units in which marginal values are nonincreasing. We extended the no-
tion of linear redistribution mechanisms to this more general setting. In
the more general setting, optimization within the family of linear redistri-
bution mechanisms becomes more difficult, because we need to consider a
type of ordering information. If we completely ignore the ordering infor-
mation, then the resulting mechanisms generally do not perform well. It
remains to see whether we can identify a subfamily of linear redistribution
mechanisms that is easy to optimize over, and still captures some of the

ordering information.

In Section 2.3, we studied the problem of designing mechanisms whose

redistribution functions are undominated in the sense that no other mech-
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anisms can always perform as well, and sometimes better. We introduced
two measures (individual and collective dominance) for comparing two
VCG redistribution mechanisms with respect to how well off they make
the agents, and studied the question of finding maximal elements in the
space of non-deficit redistribution mechanisms, with respect to the partial
orders induced by both measures. Most of our positive results only apply
to auctions with multiple indistinguishable units, where each agent is only
interested in a single copy of the unit. For example, in this setting, we
characterized the (individually and collectively) undominated redistribu-
tion mechanisms that are linear and anonymous. It remains to see whether
we can characterize more undominated mechanisms in other settings. In
this section, we also gave two techniques for transforming existing indi-
vidually dominated mechanisms into mechanisms that are individually
undominated. It remains to see whether we can derive similar techniques

for generating collectively undominated mechanisms.

— In Section 2.4, we studied the problem of designing the allocation rule
together with the redistribution scheme, allowing for the allocation to be
inefficient. We proposed several specific mechanisms that are based on
burning items, excluding agents, and (most generally) partitioning the
items and agents into groups. The mechanisms we proposed are not guar-
anteed to be optimal. de Clippel et al. [42] studied deterministic mecha-
nisms that are based on burning items in more detail, and obtained mech-
anisms that achieve higher competitive ratios. It is still an open question

to derive optimal mechanisms that are based on inefficient allocation.

e In Chapter 3, we applied CFAMD to the problem of designing resource alloca-

tion mechanisms that do not rely on payments at all.
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— In Section 3.1, we studied the problem of allocating a single item repeat-
edly among multiple competing agents, in an environment where monetary
transfers are not possible. We introduced an artificial payment system,
which enabled us to construct repeated allocation mechanisms without
payments based on one-shot allocation mechanisms with payments. Un-
der certain restrictions on the discount factor, we proposed several (Bayes-
Nash) incentive compatible repeated allocation mechanisms based on arti-
ficial payments. We proved that our mechanisms are competitive against
the first-best allocation. The artificial payment system we proposed is
based on a triangular approximation of the optimal frontier. It would be
interesting to study artificial payment systems based on other forms of
approximation. With other artificial payment systems, we may be able to

construct mechanisms with higher competitive ratios.

— In Section 3.2, we investigated the problem of allocating multiple items
among two competing agents in a (single-round) setting that is both prior-
free and payment-free. We introduced the family of linear increasing-price
(LIP) mechanisms. The LIP mechanisms are strategy-proof and only rely
on artificial payments. We showed how to solve for mechanisms within the
LIP family that are competitive against the first-best allocation. For very
small numbers of items, we are able to find LIP mechanisms that perform
well. However, as the number of items increases, the competitive ratio of
the optimal LIP mechanism goes to % (the competitive ratio of the naive
lottery mechanism). It is still an open problem to design mechanisms with

high competitive ratios for large numbers of items.

e In Chapter 4, we studied a more powerful variant of false-name manipulation:

an agent can submit multiple false-name bids, but then, once the allocation
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and payments have been decided, withdraw some of her false-name identities.
While these withdrawn identities will not obtain the items they won, their
initial presence may have been beneficial to the agent’s other identities. A
mechanism is false-name-proof with withdrawal (FNPW) if the aforementioned
manipulation is never beneficial under it. We first gave a necessary and suffi-
cient condition on the type space for the VCG mechanism to be FNPW. We
then characterized both the payment rules and the allocation rules of FNPW
mechanisms in general combinatorial auctions. Based on the characterization
of the payment rules, we derived a condition that is sufficient for a mechanism
to be FNPW. We also proposed the mazimum marginal value item pricing
(MMVIP) mechanism. We showed that MMVIP is FNPW and exhibited some
of its desirable properties. We then proposed an automated mechanism design
technique that transforms any feasible mechanism into an FNPW mechanism,
and proved some basic properties about this technique. Toward the end, we
proved a strict upper bound on the worst-case efficiency ratio of FNPW mech-
anisms. We concluded with a characterization of FNP(W) social choice rules.
Since FNPW is stronger than FNP, this chapter also contributes to the research
on false-name-proofness in the traditional sense. For future research, we could
try to improve the AMD technique, so that we are able to design new FNP(W)

mechanisms based on AMD.

Finally, on a higher level, we believe that the computationally feasible automated

mechanism design approach, where the analytical capabilities of a human mechanism

designer work in concert with algorithms that search through restricted families of

possible mechanisms, is currently the most promising avenue for techniques from

artificial intelligence to contribute to the theory of mechanism design and (perhaps)

microeconomic theory in general. The human mechanism designer plays an essential
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role at several points in this process. For future research on CFAMD, it would be
desirable to find ways to reduce the burden that is placed on the human designer. For
example, can we design algorithms that automatically conjecture natural families of
mechanisms? Can we design algorithms that generalize the solutions to particular in-
stances into a general analytical form? Can we design algorithms that automatically
analyze how suboptimal a given mechanism is relative to the space of all feasible
mechanisms? These are challenging, but not unimaginable ways in which Al can

take on an even greater role in proving results in mechanism design and beyond.
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