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Editor’s Introduction

ARIEL D. PROCACCIA

Carnegie Mellon University

Issue 13.1 of SIGecom Exchanges includes a letter from the PC chairs of EC’14,
a survey, and six research letters.
Shuchi Chawla and Balasubramanian Sivan wrote this issue’s survey, “Bayesian

Algorithmic Mechanism Design”. Classic algorithmic mechanism design, narrowly
construed (in the sense introduced by Nisan and Ronen in 1999), studies the design
of truthful, worst-case approximation algorithms for game-theoretic optimization
problems. In contrast, in the Bayesian version, the designer is given stochastic
information about possible inputs. This novel twist on the classic setting has gen-
erated significant excitement in the last few years. The survey covers the basics as
well as the state of the art, and (as Shuchi and Balu note) is therefore aimed at
both novices and experts.
With the publication of issue 13.1, I am passing the editor’s torch to Shaddin

Dughmi, who is an Assistant Professor in the Department of Computer Science
at the University of Southern California. I am grateful to the many authors who
contributed to the most recent four issues of Exchanges (11.2, 12.1, 12.2, and 13.1).
Special thanks go to the authors of the four longer surveys and position papers
— Eric Budish, Mallesh Pai, Aaron Roth, Alex Slivkins, Jenn Wortman Vaughan,
Shuchi Chawla, and Balu Sivan — for dedicating much of their time to making
this new section of Exchanges (what I believe to be) an important resource for the
community. And many, many thanks to Felix Fischer for his invaluable help as the
SIG’s information director!

Author’s address: arielpro@cs.cmu.edu.
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Notes from the EC’14 Program Chairs

VINCENT CONITZER

Duke University

and

DAVID EASLEY

Cornell University

This short document describes the process used to create the EC’14 program,
as well some comments on our experience. This year the conference, which had
been called the ACM Conference on Electronic Commerce, was renamed the ACM
Conference on Economics and Computation to better reflect the actual makeup of
the papers to be presented at the conference. The acronym EC was retained and
EC’14 is the fifteenth iteration of the conference.
Since 1999 the ACM Special Interest Group on Electronic Commerce (SIGecom)

has sponsored the leading scientific conference on advances in theory, systems, and
applications at the interface of economics and computation, including applications
to electronic commerce. EC’14 kept the three-track system that was used in previ-
ous years. These three tracks are:

—TF: Theory and Foundations

—AI: Artificial Intelligence and Applied Game Theory

—EA: Experimental, Empirical, and Applications

On the Senior Program Committee, we had 15 members for the TF track, 8 mem-
bers for the AI track, and 8 members for the EA track. This makeup of the SPC
in terms of track assignments was the same as last year. Of course, the actual
membership of the SPC varied from last year and we made an effort to keep the
number of SPC members who had served on the committee for several years to a
minimum. SPC members were asked to make suggestions for the PC and we ended
up with 130 PC members.
Authors were invited to submit papers and to designate one or two of the tracks

for their paper. The call for papers attracted 290 distinct submissions that were
deemed to satisfy the formatting requirements. Of these submissions, 212, 73, and
63 chose the labels TF, AI and EA respectively, with 58 papers choosing dual tracks.
One issue to note is that several papers, particularly from authors unfamiliar with
the process of submitting to computer science conferences, initially contained errors
in formatting or in length. Where possible, we helped authors fix these errors,
but some thought should be given to how to reduce the initial errors and to the
potential inequities of allowing authors to revise the formatting (but generally not
the content) of their paper after the submission deadline.
We then asked SPC and PC members to indicate papers that they wanted to

review, papers that they were willing to review, papers that they did not want

Authors’ addresses: conitzer@cs.duke.edu, dae3@cornell.edu
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3 · V. Conitzer and D. Easley

to review, and papers with which they had a conflict. We then obtained an initial
assignment of (S)PC members to submitted papers using a linear program, based on
a compatibility score between each (S)PC member and paper. This compatibility
score was based on bids and keywords. We then further refined this assignment by
hand.

Each PC member was asked to review a maximum of 8 papers. The number of
papers assigned to SPC members varied significantly, but none of them were asked
to handle more than 24 papers. Each submitted paper was reviewed by at least
three PC members and at least two SPC members on the basis of scientific novelty,
technical quality, and importance to the field.

We followed essentially the same review process that was used last year for EC’13.
PC members were given just over three weeks to review their assigned papers.
Their reviews consisted of written comments and numerical ratings. This was
followed by initial discussion that focused on getting the most useful reviews to
the authors for the feedback phase. Then, there was a period of two days for
authors to provide feedback on the reviews, with this feedback limited to 500 words.
Then, the PC members, SPC members, and program chairs engaged in ten days of
earnest discussion of the papers, reviews, and feedback. Most papers had extensive
discussions, although papers for which the decision seemed obvious after the initial
reviews and feedback tended to have less discussion. Overall, both the quality of
the reviews and the level of the discussion were very high.

At the end of this process, SPC members made recommendations about which
papers to accept. They also wrote meta-reviews for most papers, summarizing
the discussion that took place. Finally, the program chairs made final decisions,
taking into account SPC members’ recommendations, the discussion on each paper,
the reviews and numerical scores for papers, and the overall balance of the final
program.

At the end of this process 80 papers were selected for presentation at the confer-
ence. This is an expansion from the 72 papers accepted last year. However, due to
the large increase in the number of submissions, the acceptance rate fell from about
30% to about 28%. We feel that each of the 80 accepted papers is a strong paper
and, in fact, several of the papers that we could not accept were also very good
papers. If the number of high quality submissions continues to rise, the community
will need to consider whether to allow even more high quality papers to be rejected,
or to revise the structure of the conference.

Papers will be presented in a mix of plenary and parallel sessions, with more
parallel sessions than in past years because of the greater number of papers on the
program. To emphasize commonalities among the problems studied at EC, and
to facilitate interchange at the conference, sessions were organized by topic rather
than by focus area, and no indication of a paper’s focus area(s) appears in the
proceedings or will be given at the conference. We obtained an initial clustering
of papers into sessions by solving an integer program, based on a compatibility
score between each pair of papers. This compatibility score was based on (S)PC
bids that the papers had in common, as well as keywords. We then further refined
the sessions by hand. (This process was previously used by one of the program
chairs for scheduling the AAMAS’12 program; in both cases, Dave Shield provided
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Notes from the EC’14 Program Chairs · 4

valuable assistance.) Papers with high quality and broad appeal were selected
for the plenary session talks. Some of the conference’s technically strongest work
addresses smaller cross-sections of the community, and so will appear in parallel
sessions.
Of the 80 selected papers, 60, 19, and 17 have labels TF, AI, and EA, respectively.

56 of the accepted papers will be published in the conference proceedings. For
the remaining 24, at the authors’ request, only abstracts are included along with
pointers to full working papers that the authors guarantee to be reliable for at least
two years. This option accommodates the practices of fields outside of computer
science in which conference publishing can preclude journal publishing. We expect
that many of the papers will appear in a more polished and complete form in
scientific journals in the future.
In addition to the main technical program, EC’14 will feature three workshops

and four tutorials, joint sessions with the co-located NBER and Decentralization
conferences, a poster session, a talk by ACM SIGecom Doctoral Dissertation Award
winner Balasubramanian Sivan, and keynote talks by:

—Matthew Jackson: Centrality, Gossip, and Diffusion of Information in Networks

—Kevin Leyton-Brown: Pragmatic Algorithmic Game Theory

Finally, following the guidelines for the ACM EC paper awards, we nominated six
papers for the best paper award, with two of these also being eligible for the best
student paper award. We selected a best paper award committee consisting of Felix
Brandt (chair), Itai Ashlagi, and Mohammad Mahdian. The best paper and best
student paper awards will be announced at the conference.
We want to thank EC’14 general chair Moshe Babaioff and the rest of the orga-

nizing and program committees; SIGecom (especially David Parkes); the organiz-
ing committees of the co-located NBER and Decentralization conferences; Preston
McAfee and Eva Tardos, program co-chairs for EC’13, for the notes [McAfee and
Tardos 2013] and advice that they provided to us; Dave Shield for much help with
running Confmaster; and Ann Marie King for help with the website. We look
forward to seeing most of the community in Palo Alto for a very exciting program!

REFERENCES

McAfee, R. P. and Tardos, É. 2013. Notes from the EC’13 program chairs. SIGecom Ex-

changes 12, 1, 2–7.
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Bayesian Algorithmic Mechanism Design

SHUCHI CHAWLA

University of Wisconsin - Madison

and

BALASUBRAMANIAN SIVAN

Microsoft Research

This article surveys recent work with an algorithmic flavor in Bayesian mechanism design. Bayesian
mechanism design involves optimization in economic settings where the designer possesses some
stochastic information about the input. Recent years have witnessed huge advances in our knowl-
edge and understanding of algorithmic techniques for Bayesian mechanism design problems. These
include, for example, revenue maximization in settings where buyers have multi-dimensional pref-

erences, optimization of non-linear objectives such as makespan, and generic reductions from
mechanism design to algorithm design. However, a number of tantalizing questions remain un-

solved.
This article is meant to serve as an introduction to Bayesian mechanism design for a novice, as

well as a starting point for a broader literature search for an experienced researcher.

Categories and Subject Descriptors: J.4 [Social and Behavioral Sciences]: Economics

General Terms: Algorithms; Economics; Theory

Additional Key Words and Phrases: mechanism design, auctions, optimization, approximation,
Bayes-Nash equilibrium

1. INTRODUCTION

Mechanism design deals with optimization in strategic settings. The mechanism
designer’s task is to design a system involving strategic participants, a.k.a. agents,
who act in their own self-interest. The system should be designed in a way that
agents’ selfish behavior leads, at equilibrium, to optimization of a global objective.
Any system involving sharing of scarce resources among multiple parties falls within
the purview of mechanism design—routing traffic on the Internet, task scheduling
in a cloud computing environment, electronic marketplaces involving millions of
buyers and thousands of sellers, assigning ad-slots to merchants on a website, are
a few examples. Indeed with the growth of commerce on the Internet, mechanism
design problems have become nearly as ubiquitous as algorithm design problems.
In the last decade and a half there has been an explosion of work on algorith-

mic mechanism design1, in other words, mechanism design with an eye towards
computational efficiency. Following the convention in computer science, the early
part of this work focused predominantly on worst-case analysis and guarantees.
A primary challenge that the mechanism designer faces is his lack of information
regarding the agents’ preferences, which govern their behavior and consequently af-

1This term was coined by Nisan and Ronen (2001), who introduced this area to computer scientists.

The first author is supported in part by NSF grants CCF-1101429 and CCF-1320854. Authors’
addresses: shuchi@cs.wisc.edu, bsivan@microsoft.com
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6 · S. Chawla and B. Sivan

fect the system performance. In the worst-case or prior-free paradigm, the designer
makes no assumptions whatsoever about the agents’ preferences, and the system
is required to work in all circumstances. Unfortunately, it is often impossible to
achieve any interesting guarantees in such a setup. This shortcoming, coupled with
emerging applications in data intensive settings2, motivated the study of Bayesian
algorithmic mechanism design (henceforth, BAMD).
In the Bayesian setting, the mechanism designer has a stochastic model of the

market for which the system is to be designed. He can use this model to inform the
design of the system. Once the system has been designed, agents’ preferences are
instantiated from the stochastic model, and the system is run over these inputs. We
study the system’s performance at equilibrium: where every agent’s actions, given
the rules of the system, are in best response to others’ actions. Bayesian mechanism
design has a rich and large body of literature in economics. Over the last few
years, computational and algorithmic approaches have added a new dimension to
this literature and have led to solutions for many settings previously considered
intractable. These form the topic of this survey article.
We can summarize the central themes in algorithmic mechanism design from

several different perspectives:

—The practical computer scientist’s perspective: what computational tools can we
design and use to efficiently solve a given mechanism design problem?

—The practical economist’s perspective: what are the properties of optimal mech-
anisms? What explains their prevalence or non-prevalence in practice? What
kinds of mechanisms arise in practice?

—The theoretician’s perspective: does strategizing on part of the agents hurt sys-
tem performance? To what extent? We can further refine this question. The the-
oretical economist’s perspective: what performance can we obtain under strategic
considerations versus the overall optimum? The theoretical computer scientist’s
perspective: what performance can we obtain efficiently in strategic versus non-
strategic settings?

We will touch upon all of these themes in this survey. The answers, not sur-
prisingly, depend on several features of the problem, e.g.,: (1) The strength of the
equilibrium concept, e.g., dominant strategy equilibrium or Bayes-Nash equilibrium
(see Section 2 for definitions);(2) The designer’s objective, e.g., linear versus non-
linear; (3) The complexity of the agents’ preferences, e.g. single-parameter versus
multi-parameter, or, linear versus non-linear.
This article focuses on two lines of work. The first deals with the objective of

revenue maximization, and is one of the biggest successes of BAMD. Revenue max-
imization is among the most natural and practically relevant objectives in mecha-
nism design. It is also unique in that it depends on the monetary transfers between
the agents, rather than directly on their preferences. While revenue maximization
is generally computationally intractable even in the simplest settings (e.g. a single
buyer with independent additive values over a set of items), several techniques have
been developed for approximating it in a broad class of problems. Another theme

2In applications such as ad allocation millions of economic transactions happen every day, and it
is possible for the system to collect information about the environment and the market.
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Bayesian Algorithmic Mechanism Design · 7

has been to understand the power of simple and robust mechanisms, the kinds of
mechanisms that we often see in practice, e.g. reserve pricing. We discuss this work
in Sections 3 and 4.
In the second part of the article we focus on the gap between strategic and non-

strategic optimization by asking: are there generic methods that convert algorithms
into mechanisms? By generic, we mean approaches that do not try to understand
the inner workings of the algorithm and rely only on its input-output behavior to
determine how to make it compatible with agents’ preferences. In many settings
this is impossible without suffering a large loss in performance. However, surpris-
ingly, there are settings where such black box reductions suffer almost no loss in
performance. We discuss these results in Section 5.
We briefly survey other directions in BAMD in Section 6 and list some open

problems in Section 7.

Other related articles. Krishna (2009) gives an excellent introduction to auc-
tion theory. We refer the reader to Hartline (2013a) for a more extensive and nu-
anced treatment of revenue maximization in Bayesian mechanism design, and Hart-
line (2013b) for a detailed discussion of approximations in Bayesian and prior-free
mechanism design. Nisan (2014) surveys social welfare maximization in prior-free
mechanism design.

2. THE BASICS OF BAYESIAN MECHANISM DESIGN

Preferences and mechanisms. The following is a generic setup for a Bayesian
mechanism design problem. We have n buyers, a.k.a. agents, and one seller. The
seller has different items, resources, or services to offer to the buyers at a price;
Henceforth we will refer to these as items. We use the term allocation to refer to
the set of items that an agent gets. Each agent has a private type that specifies
the value that the agent derives from an allocation. Agent i’s type, denoted ti,
is drawn from a known set Ti. We use ti(xi) to denote the value that an agent
with type ti gets from being allocated a (potentially random or fractional) set xi of
items. Agents’ types t are drawn from a publicly known (joint) distribution F. For
most of this survey, we will assume that agents’ types are drawn from independent
distributions, i.e. F is a product distribution F1 × F2 × · · · × Fn.
We will focus on the class of direct-revelation mechanisms3 that ask the agents to

reveal their types and then return an outcome that consists of allocations of items
to the agents and payments to be made by the agents to the seller. Formally, a
direct-revelation mechanism M is defined by functions (x,p). x maps the agents’
revealed types to allocations; p maps the types to payments made by the agents
to the mechanism. We use xi(t) and pi(t) to denote the allocation and payment
respectively for agent i. Recall that the agent derives a value ti(xi(t)) from this
allocation. We assume that the agent has quasi-linear utility, so that his net utility
from the outcome (xi(t), pi(t)) is ti(xi(t))− pi(t).

Ex ante, interim, and ex post functions. The time-line of events in a mech-
anism design setting proceeds as follows: First, the designer learns of the mech-

3This is without loss of generality; See the revelation principle in Krishna (2009).
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8 · S. Chawla and B. Sivan

anism design problem, which includes the distributions from which agents’ types
are drawn; Based on these inputs the designer designs a mechanism; Then, agents’
actual types are instantiated from the respective distributions; Finally, the mecha-
nism is run on the types and an outcome is generated. When we refer to a quantity
ex ante, we are referring to its expected value before the agents’ types have been
instantiated, where the expectation is taken over the distribution from which types
are drawn. Interim refers to the time after the agents’ types have been instantiated,
but before the mechanism has been run; In particular, at this time, agents know
their own types but not each others’ instantiated types, and so the final outcome
of the mechanism is as yet unknown to them. Ex post refers to the final realized
value after the mechanism has been run.
We will often be interested in the mechanism’s interim outcome for an agent

i, i.e., the expected outcome for the agent before others’ types have been re-
vealed. For convenience, we overload the notation4 and use xi(ti) and pi(ti) to
denote the agent’s interim allocation and payment, respectively. Let t−i denote
the vector of types of all agents other than i, and let F−i denote the joint distri-
bution from which this vector is drawn. Then, xi(ti) = Et−i∼F−i

[xi(ti, t−i)] and
pi(ti) = Et−i∼F−i

[pi(ti, t−i)].

Truthfulness. For the most part in this survey we will assume that agents are risk
neutral and maximize their expected utility, where the expectation is taken over
any randomness in the mechanism, as well as, in some cases, over the randomness in
other agents’ types. We focus on the class of truthful mechanisms that incentivize
agents to reveal their true types. Informally, a mechanism is truthful if every agent
is no worse off revealing his type truthfully rather than by lying about it (and is
sometimes better off). There are several ways of formalizing this notion, that differ
in the amount of information the agent uses in making his decision.

—A mechanism is Bayesian incentive compatible (BIC) if truth-telling is in an
agent’s best interest before the agent observes others’ types. Formally, for all i,
all ti ∈ Ti, and all si ∈ Ti, the agent’s expected utility from reporting his true
type ti is no less than his expected utility from reporting a different type si when
others’ report their true types:

Et−i∼F−i
[ti(xi(ti, t−i))− pi(ti, t−i)] ≥ Et−i∼F−i

[ti(xi(si, t−i))− pi(si, t−i)]
(1)

—A mechanism is dominant strategy incentive compatible (DSIC) if truth-telling is
in an agent’s best interest even after the agent observes others’ types. Formally,
for all i, all ti ∈ Ti, all si ∈ Ti, and all types t−i of the other agents:

ti(xi(ti, t−i))− pi(ti, t−i) ≥ ti(xi(si, t−i))− pi(si, t−i) (2)

For mechanisms that are randomized, we can make a finer distinction here be-
tween whether the agent remains truthful after knowing the mechanism’s coin
flips or not. A mechanism is called truthful in expectation if the above inequality
holds in expectation over the randomness in the mechanism, and is called ex

4The argument to the allocation or payment function will usually indicate which of the following
three cases we refer to—ex ante, interim, or ex post.
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post truthful or ex post IC if the inequality continues to hold for every possible
instantiation of the mechanism’s randomness.

—Sometimes we will need to relax the notion of incentive compatibility to a weaker
notion called ǫ-Bayesian incentive compatibility (ǫ-BIC). A mechanism is ǫ-BIC
if, informally, for every agent and for all possible true types of the agent, the
increase in expected utility that the agent gets from misreporting his type is at
most a factor of ǫ times the expected utility he gets from truth-telling.

We also require the mechanism to satisfy individual rationality (IR): each agent
always receives non-negative utility. As with incentive compatibility, IR may be
satisfied ex post, i.e. after all agent types have been revealed, or interim, i.e. in
expectation over other agents’ types.

Single and multi-parameter types. A special case for agent preferences is
when an agent is interested in just one kind of item. In this case, the agent’s type
is merely his value for obtaining the item, denoted vi. The allocation function in
this case maps the agent’s type to the probability with which the item is provided
to the agent, and his value for an allocation probability xi is given by ti(xi) = vixi.
We call such an agent a single-parameter agent.
For a single-parameter agent it is sometimes convenient to express the agent’s

allocation and payment as functions of the quantile of his value with respect to
its distribution. The quantile of an agent is the probability with which a random
value drawn from F exceeds the agent’s value: q = 1 − F (v); as the agent’s value
increases his quantile decreases. Since once we specify the distribution F there is a
unique mapping from values to quantiles and vice versa, we will use these quantities
interchangeably as arguments to the allocation and payment functions.
Multi-parameter agents, in contrast, are interested not just in whether they are

served or not but also in what kind of service they receive. For example, a multi-
parameter agent may be interested in buying several different items and derive
different values from different sets of items. In the most general case, the type of
such an agent would specify his value for each possible outcome of the mechanism;
often, however, it is possible to express the type more succinctly.

Objectives and constraints. The mechanism designer’s goal is to optimize his
objective subject to the mechanism being incentive compatible, as well as poten-
tially subject to a feasibility constraint on the allocations. We use F to denote
the feasibility constraint, and require that x(t) ∈ F for all possible tuples t of
types.5 In single-parameter settings where the allocation specifies the probability
with which each agent is served, F is simply a subset of [0, 1]n. For example, if
the seller has a supply constraint that prevents him from allocating to more than
k bidders at a time, F is the set of all vectors x in [0, 1]n with

∑

i xi ≤ k.
Some of the single-parameter results we survey will require the feasibility con-

straint to be downwards closed, that is, for any vector x ∈ F and y that is
component-wise smaller than x, we have y ∈ F .
The following are some natural objectives in mechanism design that we will

consider in this survey.

5In the case of randomized mechanisms, x(t) is a random vector lying in F .
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—Surplus or social welfare or economic efficiency. This measures the total utility
achieved by all participants in a system; Since payments are internal to the system
(passing from the buyers to the seller), the payments cancel and social welfare
is equal to the net value created by the allocation: SW = E[

∑

i ti(xi)]. Social
welfare can be maximized using the Vickrey Clarke Groves (VCG) mechanism,
which maximizes social surplus point-wise for every value vector, i.e. x(t) ∈
argmaxz∈F

∑

i ti(zi). The VCG mechanism is ex post IC. The manifestation
of the VCG mechanism in single-parameter settings where the seller has k ≥ 1
identical items to sell is called the Vickrey auction. The Vickrey auction sells
the items to the k highest value agents, charging each the value of the (k + 1)th
highest value agent.

—Seller’s revenue. This measures the total amount of money the seller makes:
Rev = E[

∑

i pi]. Among the objectives we consider in this survey, revenue is
unique in that it depends on the agents’ payments, rather than on the allocation.

—Fairness or load balance. These objectives capture a notion of fairness among
agents: we may want to maximize the share of the agent that is worst off,
mini ti(xi), or minimize the share of the agent that is best off, maxi ti(xi).

Characterization of truthful mechanisms. The mechanism design problem for
an objective O can now be stated as follows. Find a mechanism M = (x,p) that
maximizes or minimizes Et∼F[O(x(t),p(t))] subject to feasibility and incentive
compatibility. We will mostly be interested in optimizing over the class of BIC
mechanisms; in many cases it will turn out that a DSIC mechanism is optimal or
near-optimal.
What makes mechanism design more challenging compared to traditional algo-

rithm design is that the incentive constraints tie together the mechanism’s output
at different input type vectors. Fortunately, often times it is possible to greatly
simplify the incentive constraints. To get some intuition, let us consider the in-
terim incentive constraints (1) for an agent with a discrete type space Ti. Fixing
the agent’s allocation rule, the constraints (1) place an upper and lower bound on
the difference in the interim payments of the agent at any two types si and ti:

Et−i∼F−i
[si(xi(ti, t−i))− si(xi(si, t−i))] ≤ pi(ti)− pi(si)

≤ Et−i∼F−i
[ti(xi(ti, t−i))− ti(xi(si, t−i))]

Consider a complete directed graph over types where the length of any arc (si, ti)
is given by the upper bound (RHS) above. If we fix the agent’s payment at any one
type, we can determine BIC payments at other types by computing shortest paths
in this graph. However, in order for shortest paths to exist, the graph must not
contain any negative length cycles. In many settings (including continuous type
spaces), the absence of negative cycles is sufficient to characterize BIC and can be
checked efficiently.

For settings with single-parameter agents with independent types, this approach
leads to the following theorem that is referred to in literature as Myerson’s lemma.
Recall that in this setting, each agent i’s type is a single value vi; the interim
allocation xi for each agent maps his value vi to a probability xi(vi) with which
the agent gets the item.

ACM SIGecom Exchanges, Vol. 13, No. 1, June 2014, Pages 5–49
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Theorem 2.1 ((Myerson, 1981)). In a mechanism design setting with single-
parameter agents and independent value distributions, a mechanism M = (x,p)
is Bayesian incentive compatible if and only if for all i,

(1 ) (monotonicity) xi(vi) is monotone non-decreasing, and,

(2 ) (payment identity) pi(vi) = vixi(vi)−
∫ vi

0
xi(z) dz + pi(0).

There are several nice implications of this characterization. First, every weakly
monotone allocation function xi defines a payment function that satisfies condition
(2) and is unique up to the additive term pi(0); pi(0) is usually 0, and we will omit
it hereafter. Second, as an implication, in order to check whether an allocation
function can be implemented via a BIC mechanism, it is sufficient to check whether
the interim allocation is weakly monotone (condition (1)) for every agent. Third,
we remark that we can write the agent’s interim utility at value vi as a function of
the allocation rule:

∫ vi

0
xi(z) dz. Consequently, another equivalent characterization

of BIC mechanisms is that every agent’s interim utility is a convex function of her
value. Finally, the same characterization holds for DSIC mechanisms as well, with
the interim allocation, payment, and utility replaced by the ex post allocation,
payment, and utility respectively.
In general multi-parameter settings, a different characterization of BIC mech-

anisms can be obtained which, once again, amounts to checking a certain mono-
tonicity condition for the allocation function, and a payment identity (see Rochet
(1987) for details). Unfortunately, this condition is generally harder to check algo-
rithmically than the weak monotonicity condition (1) in Theorem 2.1.

Some representative examples. We will repeatedly refer to the following four
representative settings to illustrate mechanism design techniques. The first two
examples involve single-parameter agents, and the last two involve multi-parameter
agents.

Example 1. (Single-item auction.) Here the seller has one item to sell. Each
agent has a value for the item. The mechanism asks the agents to report their
values, determines who to allocate the item to and what price to charge.

Example 2. (Multi-unit auction.) Here the seller has k identical copies of an
item to sell. Each agent has a value for the item. The mechanism asks the agents
to report their values, determines a subset of at most k agents, each of which get
one copy of the item, and also determines the price to charge to each agent.

Example 3. (Multi-item unit-demand setting.) Here the seller has multiple
copies of m different items to sell. Each agent has different values for different
items, but wishes to buy at most one of the items. The mechanism asks the agents
to report their values, determines which item to allocate to whom (if at all, and
satisfying the supply constraint), and what prices to charge.

Example 4. (Multi-item additive setting.) Here the seller has multiple copies
of m different items to sell. Each agent has different values for different items. An
agent’s value for obtaining a bundle (i.e. subset) of items is the sum of values of
the items in that bundle. The mechanism asks the agents to report their values,
determines which items to allocate to whom (if at all, and satisfying the supply
constraint), and what prices to charge.
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3. REVENUE MAXIMIZATION FOR SINGLE-PARAMETER AGENTS

In this section we will focus on the objective of revenue for the seller, in other
words the optimal mechanism design problem. We will assume that the seller is
risk neutral, so that his goal is to maximize his revenue (i.e. the payments made
by the buyers to the mechanism) in expectation over the buyers’ types as well as
any randomness in the mechanism. We will optimize for expected revenue over the
class of all BIC mechanisms; in some cases it will turn out that the optimal BIC
mechanism is actually DSIC.
In this section, we consider settings where all of the agents are single-parameter,

that is, they only care about the probability with which they get allocated or served,
but don’t distinguish between how they are served. In the following section we will
consider settings where agents have different values for different allocations, i.e. the
multi-parameter setting.

3.1 One singe-parameter agent

We begin with the simplest case of a single buyer interested in a single item. This
buyer’s type is given simply by his value v for the item, drawn from a known
distribution F . As we mentioned earlier, in this setting, there is a unique mapping
between the agent’s value v and the quantile q = 1−F (v) of this value with respect
to the distribution F . We will, accordingly, write allocation and payment rules
for mechanisms interchangeably as functions of quantile or value. A deterministic
mechanism for this setting either allocates the item to the agent or not, that is,
x(q) ∈ {0, 1}. Recall that in order for this mechanism to satisfy BIC, the allocation
rule should be weakly increasing in v, or equivalently, weakly decreasing in q. In
other words, there is some threshold quantile above which x(q) is 0 and below
which it is 1. We can thus refer to deterministic mechanisms in this setting by
their threshold quantile. Let τq denote the mechanism (and allocation rule) with
a threshold q. Note that this mechanism will allocate the item to the agent if his
value exceeds F−1(1 − q), and will charge the agent F−1(1 − q). The expected
revenue obtained by τq is therefore qF−1(1− q).
Let us now talk about randomized mechanisms. The allocation rule of a ran-

domized mechanism maps the quantile of an agent to the probability with which
the agent gets the item, that is, x(q) ∈ [0, 1]. For BIC, we require x(q) to be a
weakly decreasing function of q. Can randomized mechanisms obtain more rev-
enue than deterministic mechanisms in this setting? Myerson (1981) and Riley
and Zeckhauser (1983) were the first to show that they do not: in this simple set-
ting, deterministic mechanisms are in fact optimal for revenue. We now present an
elementary proof of this.
First, for intuition, consider the example where x(q) is a function with two steps:

x(q) = 1 for q ≤ 0.3, x(q) = 0.5 for 0.3 < q ≤ 0.6, and x(q) = 0 for q > 0.6.
Then, we can equivalently write x as the average of two threshold allocation rules:
τ0.3 and τ0.6. That is, x(q) = 1

2τ0.3(q) +
1
2τ0.6 for all q ∈ [0, 1]. More generally,

any weakly monotone allocation function x(q) can be written as a distribution over
deterministic allocation rules:

x(q) =

∫ z=1

z=0

(−x′(z))τz(q) dz,
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where x′(·) is the derivative of the allocation function with respect to the quantile

and
∫ z=1

z=0
−x′(z) dz = 1.

What does this imply about the expected revenue obtained by x? Since the
agent’s payment is linearly related to his allocation probability via the payment
identity ((2) in Theorem 2.1), the expected revenue generated by x is likewise a
weighted average of the revenues generated by deterministic allocation rules:

Rev(x) =

∫ z=1

z=0

(−x′(z))Rev(τz) dz.

Henceforth, we will use R(q) as shorthand for Rev(τq); the function R(q) is called
the revenue curve corresponding to the distribution F . Then, the revenue of any
mechanism in this setting is a convex combination of points on the revenue curve.
This immediately implies that the mechanism maximizing revenue is the determin-
istic mechanism τq corresponding to the quantile q that maximizes R(q). We call
the threshold price corresponding to this quantile the monopoly reserve price for
the distribution F .

3.2 Many single-parameter agents

Next we consider a setting with n > 1 buyers, each of whom is interested in a single
item. Buyer i’s type is given by his value vi drawn from independent distribution
Fi. The seller faces a feasibility constraint specified by a set system F ⊆ 2[n]; the
(randomized) allocation made by the seller at any value vector must lie in F (with
probability 1). Once again the seller’s goal is to maximize his expected revenue, or
the expected total payment of all buyers.
As mentioned earlier, a challenge in mechanism design is that the incentive

constraints bind together the mechanism’s outcomes at different input value vec-
tors. Myerson (1981) presented a solution to the revenue maximization problem
for single-parameter agents that decomposes the overall optimization problem into
many smaller optimization problems, one for each value vector v; Each of these
problems can then be solved without taking incentive constraints into account. We
will now describe Myerson’s approach.
Consider any BIC mechanism (x,p). Note that for any agent i, the interim

allocation and payment rules (xi, pi) define a BIC single-agent mechanism for i.
As described above, we can write the revenue of this single agent mechanism as
Eq[−xi

′(q)Ri(q)], where Ri(q) is the revenue curve corresponding to agent i’s value
distribution Fi. This is precisely agent i’s contribution to the revenue of the mech-
anism (x,p).
Myerson’s insight was that we can express this term as a linear function of the

allocation xi by integrating by parts:

∫ 1

0

(−xi
′(q))Ri(q) dq = xi(0)Ri(0)− xi(1)Ri(1) +

∫ 1

0

xi(q)R
′
i(q) dq

= Eq[xi(q)R
′
i(q)]

where R′
i(q) denotes the derivative of the revenue curve. The last equality follows

by the convention Ri(0) = Ri(1) = 0, and by noting that the quantile of any agent
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is distributed uniformly at random between 0 and 1.6

Let us denote R′
i(·) by φi(·), and note that this function depends only on agent i’s

distribution Fi and not on others’ values or distributions. By convention, we express
φi as a function of the agent’s value (although it is equal to the derivative of the
revenue curve with respect to the quantile). We can then sum up the contributions
of all of the agents and write the revenue of a mechanism x as:

Rev(x) = Ev[
∑

i xi(v)φi(vi)] (3)

The function φi(vi) is called the virtual value function, and is given by the fol-
lowing expression, where fi is the probability density function associated with the
distribution Fi.

φi(vi) = vi −
1− Fi(vi)

fi(vi)

Correspondingly, the quantity
∑

i xi(v)φi(vi) is called the virtual surplus of the
allocation x at vector v. Note that virtual values are always smaller than the corre-
sponding values; furthermore they can some times be negative. Bulow and Roberts
(1989) argue that the difference vi − φi(vi) can be interpreted as an informational
rent that a mechanism has to pay the agent in order to induce truth-telling.

Now let us get back to the problem of finding the mechanism x that maxi-
mizes the expression (3) subject to being BIC. A natural approach for doing so is
to choose the allocation rule x that maximizes the virtual surplus

∑

i xi(v)φi(vi)
pointwise, i.e. for each valuation vector v, subject to feasibility. Ignoring incentive
constraints, this clearly maximizes the overall expected revenue Rev(x). When the
virtual value functions φi are weakly increasing functions of vi, this also produces a
weakly monotone allocation rule and is therefore BIC. In other words, the optimal
mechanism for this special case is a virtual surplus maximizer.

Regularity. Distributions Fi that generate a weakly increasing virtual value func-
tion are called regular. Several common distributions, e.g., the uniform, expo-
nential, and normal distributions, as well as several other unimodal distributions,
are regular. Since φi(·) is the derivative of the revenue curve Ri(·), regularity is
equivalent to the revenue curve being concave as a function of the quantile.

Ironing. In nonregular settings, maximizing the virtual surplus pointwise may lead
to a non-BIC allocation rule. To form further intuition about this setting, let us go
back to the case of a single-agent. Recall that in a single-agent setting, the revenue
of any mechanism is a convex combination of points on the revenue curve. When
the agent’s value distribution is regular, the revenue curve R(q) is concave, and so
the revenue of any randomized mechanism lies below the curve. When the agent’s
distribution is nonregular, the curve is not concave everywhere, and there are some
randomized mechanisms with revenue that lies above the curve. Informally, we can
capture the revenues of all optimal single-agent randomized mechanisms by taking
the concave upper envelope of R(q); denote this R̄(q). (See Figure 1.) We call this
the ironed revenue curve. Just as the derivative of the revenue curve is the virtual

6By the definition of the term “quantile”, every quantile is equally likely.
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Fig. 1. An example of ironing: the ironed revenue curve is the concave upper envelope of the
revenue curve. Notice that over any contiguous interval of quantiles where R(q) and R̄(q) are not
equal, R̄(q) is linear, and so, φ̄(q) is constant.

value of the agent, we call the derivative of the ironed revenue curve his ironed
virtual value, denoted φ̄.
Now, let us get back to the multi-agent setting and consider the following thought

experiment. Pretend that agent i’s revenue curve is R̄i(q) rather than Ri(q), and
let us choose the allocation rule that pointwise maximizes the agents’ ironed vir-
tual surplus rather than their virtual surplus, subject to feasibility. Then, since the
ironed revenue curves are concave, the ironed virtual values are weakly increasing
functions and the resulting mechanism is BIC. What about the expected revenue
it achieves? Since R̄i(q) is always larger than Ri(q), the expected ironed virtual
surplus of the mechanism is no smaller than the optimal achievable revenue, but
its expected virtual surplus may be smaller. We need to account for each agent i
for the difference E

[

(−xi
′(q))(R̄i(q)−Ri(q))

]

. Now comes a sleight of hand. With
Figure 1 in mind, note that over any contiguous interval where R̄i(q) and Ri(q)
differ, the agent’s ironed virtual value is constant. In other words, our proposed
mechanism treats different values in this interval the same, and the interim alloca-
tion function stays constant over this “ironed” interval7. In other words, xi

′ = 0
over such an interval. Consequently, the contribution of this interval to the above
difference is 0: the true revenue of x is the same as its ironed revenue. We therefore
obtain the following description of the optimal mechanism: pick an allocation to
maximize ironed virtual surplus, breaking ties consistently. We call this Myerson’s

7We need to be a little careful in situations where it is necessary to break ties between two agents
with the same ironed virtual value. As long as the tie breaking is also independent of the actual

values of the agents, the statement that the allocation function is constant over the ironed interval
holds true.
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mechanism.

Theorem 3.1 (Myerson (1981)). The optimal BIC mechanism for single-parameter
agents computes the ironed virtual value for each agent and allocates to a subset of
agents that maximizes the ironed virtual surplus subject to feasibility, breaking ties
consistently and charging each agent her threshold value for getting served.

An important point to notice about Myerson’s mechanism is that it is determinis-
tic and dominant strategy incentive compatible. In other words, in single-parameter
settings, the optimal BIC mechanism is in fact DSIC! As we will see later, this prop-
erty does not hold generally for multi-parameter settings.

Let us apply this theorem to Examples 1 and 2 from Section 2. First, consider
a single-item auction setting, and assume that the agents’ values for the item are
drawn independently from identical regular distributions. Then the virtual value
functions φi for all of the agents are identical. The optimal mechanism allocates
the item to the agent with the highest virtual value as long as his virtual value
is non-negative. Observe: (1) The agent with the highest virtual value is also the
agent with the highest value; (2) The condition that an agent’s virtual value is
non-negative is equivalent to his value being above the monopoly reserve price for
his value distribution that we defined in Section 3—the value at which the revenue
curve attains its maximum. In other words, the optimal mechanism is a Vickrey
auction with a reserve price. For example, if the agents’ values are drawn uniformly
from the interval [0, 1], then the optimal auction serves the highest value agent if
his value is at least 1/2. Likewise, in a multi-unit auction setting with k items
and i.i.d. regular agent values, the optimal mechanism is a k-unit Vickrey auction
with a reserve price. On the other hand, the optimal mechanism for the single-
item setting with i.i.d. nonregular values is not necessarily a Vickrey auction with
a reserve price. This is because when two agents are tied for the highest ironed
virtual value, the Vickrey auction breaks ties in favor of the higher value agent,
whereas the optimal auction breaks ties independently of the agents’ values.

What happens when the agents’ values are not identically distributed? Suppose
we have two agents with v1 drawn from Unif[0, 1] and v2 drawn from Unif[0.5, 1.5].
Then, the reader can verify that the optimal single-item mechanism serves the
second agent if his value is at least max{0.75, v1+0.25} and serves the first agent if
his value is at least max{0.5, v2−0.25}. The two agents face different reserve prices,
and moreover, sometimes the lower value agent is served. In settings with a more
general feasibility constraint, even when agents’ values are identically distributed,
the optimal mechanism can be similarly complex.

Assigning payments. In our discussion so far, we have focused on the form of the
allocation function and ignored how to assign payments to agents. For Myerson’s
mechanism this turns out to be simple, because the mechanism is deterministic: for
every fixed value vector of other agents, the allocation rule for an agent is a step
function; We assign the agent a payment corresponding to the threshold for that
step function.
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3.3 Simple near-optimal mechanisms for single-parameter agents.

While in the regular i.i.d. single-item auction setting (as in the example above)
the optimal mechanism is the Vickrey auction with a reserve price, in general the
optimal mechanism can be quite complex to understand and implement. Hartline
and Roughgarden (2009) initiated an investigation into whether simple mechanisms
can approximate the performance of the optimal mechanism. There are several
approaches for designing simple approximately-optimal mechanisms.

VCG based mechanisms. Recall that the VCG mechanism chooses at any type
vector the feasible allocation maximizing surplus, whereas Myerson’s optimal mech-
anism chooses the feasible allocation maximizing virtual surplus. Chawla et al.
(2007) first observed that in single-item regular settings, if we first remove all
agents with values below their respective monopoly reserve prices r∗i and run the
VCG mechanism over the remaining, we obtain an expected revenue that is at least
half of the optimal expected revenue. The intuition behind this is simple: if VCG
allocates the item to an agent i who is different from the agent, say j, with the
highest virtual value, then agent i needs to pay at least agent j’s value which is at
least j’s virtual value. In other words, either VCG gets a high virtual surplus (by
allocating to the highest virtual value agent), or it gets a high revenue (by charging
at least the highest virtual value). Setting reserve prices for each agent ensures
that VCG never serves an agent with negative virtual value. This analysis is tight.
In particular, consider the following one-item two-agent example due to Hartline
and Roughgarden (2009). One of the agents has a fixed value of 1, whereas the
other has a value drawn from the c.d.f.8 F (v) = 1− 1/v for v ≥ 1, then the VCG
mechanism with any reserve price gets a revenue of at most 1. On the other hand,
the optimal mechanism obtains a revenue close to 2, by first offering the item to
the second agent at a very high price (say 1/ǫ for some ǫ > 0), and if he refuses,
offering the item to the first agent at a price of 1.
Hartline and Roughgarden showed that this VCG with monopoly reserves mech-

anism provides a 2-approximation to the optimal revenue in fairly general settings:
in regular settings when the feasibility constraint is a matroid9 and for arbitrary
downwards closed feasibility constraints when the value distributions have a mono-
tone hazard rate10. The approximation factor of 2 is tight in both cases. On the
other hand, no constant factor approximation holds in nonregular settings even
with a single item, or in general downwards closed settings even with regular distri-
butions. They further showed that in single-item regular settings, an even simpler

8This distribution, known as the equal revenue distribution has the special property that its
revenue curve is a constant function. In other words, for a single-agent setting with the agent’s
value drawn from this distribution, all threshold mechanisms get the same expected revenue. This
distribution is particularly handy in constructing bad examples for revenue maximization.
9A matroid is a set system with the nice property that a greedy algorithm can optimize over it:
selecting elements greedily in order of decreasing value produces a maximum value feasible set.
Matroid environments include as special cases single-item and multi-item settings. We refer the
reader to Brualdi (1969) for further details.
10The hazard rate of a distribution with c.d.f. F and density function f is the function f(v)/(1−

F (v)). Roughly speaking, distributions with monotone non-decreasing hazard rate (a.k.a. MHR)
have tails no heavier than that of an exponential distribution. MHR distributions are regular.
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mechanism gives a 4-approximation: VCG with anonymous reserves, namely where
the same reserve price is used for each of the agents even when their value distribu-
tions differ. This result does not extend beyond single-item settings, however: even
in k-item regular settings, the gap between the optimal revenue and the revenue of
VCG with an anonymous reserve can be as large as Ω(log k).

Lookahead auctions. As mentioned earlier, VCG with monopoly reserve prices
can perform very poorly when the value distributions are nonregular. Consider,
for example, a single-item auction setting where every agent has a value of 1 with
probability 1−1/H andH/2 with probability 1/H, whereH > 0 is sufficiently large.
The monopoly reserve price for this distribution is 1. The Vickrey auction with a
monopoly reserve price therefore gets a revenue of roughly 1 + (H/2)

(

n
2

)

(1/H)2 =
1 + O(n2/H). The optimal auction on the other hand sets a reserve price of H/2,
and gets a revenue of (H/2)(n)(1/H) = n/2. With H = n2, we get a gap of Ω(n)
between the revenues of the two auctions. In this case, if only we set the reserve
price for the Vickrey auction correctly, we would be able to obtain all of the optimal
revenue. Ronen (2001) introduced a VCG-type auction for single-item settings that
he called the Lookahead auction. This auction serves the item to the highest value
agent, but charges the agent the monopoly reserve price for his value distribution
conditioned on being the highest value. When the agent’s value distribution is
regular, this conditioning simply sets a price for the agent that is the maximum
of the second highest value and the monopoly reserve price for his original value
distribution. When the value distribution is nonregular, as in the example above,
the conditional reserve price can be different. Ronen showed that this mechanism
achieves a 2-approximation for arbitrary single-item settings (in fact, even when the
agents’ values are correlated). Chawla et al. (2014) generalized Ronen’s argument
to general single-parameter matroid settings with correlated agent values, again
obtaining a 2-approximation.

Posted pricing. The third approach for simple near-optimal mechanisms does
away with auctions altogether and just uses posted prices. In several settings,
auctions are not an option and posted pricing is the only available method for
sale. Furthermore, posted-price mechanisms reduce the strategic burden on the
bidder by not requiring him to reveal his private value and instead requiring only
to accept or reject a posted price. We will see in Section 4 that they also give
an approach for approximation in certain multi-parameter settings. Chawla et al.
(2010) defined the notion of a sequential posted price mechanism: the mechanism
fixes reserve prices for serving each of the agents, and serves any feasible subset
of the agents willing to pay their corresponding reserve price. They showed that
these posted price mechanisms achieve constant factor approximations in many
environments, such as uniform or partition matroid environments, for regular and
nonregular value distributions. Furthermore, a constant factor approximation can
be obtained for general matroid as well as matroid-intersection environments if
the mechanism is allowed to serve the best feasible subset over agents willing to
pay their reserve: the subset that maximizes the sum of reserves. Yan (2011)
explained the reason behind these results by relating the performance of posted price
mechanisms to the concept of correlation gap, and also presented tighter analyses
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of these mechanisms. Chakraborty et al. (2010) developed a PTAS for computing
the optimal posted price mechanism in certain multi-unit auction environments.

Single sample mechanisms. Another kind of simple mechanisms do away en-
tirely with dependence on the agents’ value distributions. This line of work began
with Bulow and Klemperer (1996) who proved that in a single-item setting when all
of the agents have identically distributed regular values, the VCG mechanism over
n + 1 agents obtains a higher expected revenue than the optimal mechanism over
n agents. In other words, recruiting an extra bidder is more beneficial than setting
the right reserve price. Inspired by this, Dhangwatnotai et al. (2010) showed that
in regular i.i.d. settings with a matroid feasibility constraint, the following single
sample mechanism obtains a 2-approximation: pick a random agent and use his
value as a reserve price; run the VCG mechanism with that reserve price over the
remaining agents11. This mechanism also gives a 4-approximation in downwards
closed MHR settings. Note that the single sample mechanism does not need to
know about the agents’ value distributions at all; all it needs to obtain a good
approximation is that the agents have identically distributed values. A variant of
the mechanism obtains a good approximation even in non-i.i.d. settings as long as
for every agent there is at least one other with an identically distributed value.
Sivan and Syrgkanis (2013) show that these results extend also to a large class of
nonregular value distributions.

Other mechanisms. Another kind of mechanisms inspired by Bulow and Klem-
perer (1996) are supply limiting mechanisms. These work in multi-item (and some
times multi-parameter) settings, and obtain a good approximation by artifically
limiting the number of items available to be sold. The reader is referred to Rough-
garden et al. (2012); Devanur et al. (2011) for details. Finally, Azar et al. (2013)
present approximately-optimal mechanisms that rely only on a few statistics such
as the means of the value distributions.

4. REVENUE MAXIMIZATION FOR MULTI-PARAMETER AGENTS

We now consider the revenue maximization problem in settings with multi-parameter
agents. The optimal mechanism design problem becomes more complex when buy-
ers do not just care about whether or not they are served, but have different prefer-
ences over different outcomes. Revenue maximization in single-parameter contexts
is very well understood as we describe in Section 3: We understand properties
of the optimal mechanism (it is a virtual value maximizer, and is deterministic,
DSIC); We can find the optimal mechanism efficiently (as long as we can optimize
for virtual surplus); We understand the power of simple and robust mechanisms.
Unfortunately, many of these properties fail to extend to multi-parameter domains.

11The intuition behind why this works is as follows. Consider a single agent with a regular value
distribution, in other words, a concave revenue curve, and consider picking a random quantile q and
running the threshold mechanism τq for this agent. The revenue of this randomized mechanism
is Eq [R(q)]. Since the revenue curve is concave, this expectation turns out to be at least half of
maxq R(q). But running τq with a random q is the same as setting a reserve price for the agent

drawn from his own value distribution. With some work, this argument can be made to extend
to arbitrary matroid i.i.d. settings.
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Optimal multi-dimensional mechanisms are not always deterministic, and do not
seem to permit succinct descriptions (Rochet and Chone, 1998; Manelli and Vin-
cent, 2007).
Our focus in this section will primarily be computational: how do we efficiently

find optimal or near optimal mechanisms? As a side effect, we will be able to prove
interesting properties of optimal or near-optimal mechanisms in some settings. For
example, we will show that the optimal mechanism can always be written as a
convex combination of polynomially12 many virtual value maximizers. Further-
more, in some settings, posted pricing based mechanisms obtain constant factor
approximations.
We will focus on settings where the seller has many different items to offer,

and the buyers have different values for different bundles of items. A natural
assumption for the buyers’ value functions is that they are monotone increasing in
the item bundles: allocating an extra item to an agent weakly increases his value.
However, we will need further assumptions in order to be able to approximate the
optimal mechanism. Note that with m items under sale, the agent’s value function
is a 2m-dimensional vector. At a minimum the buyer should be able to efficiently
communicate this vector to the seller. Two approaches have been considered in the
literature to address this13: (1) Each agent’s type space is small and known to the
seller, so that the agent merely needs to communicate his type to the seller, and
not necessarily explicitly specify his value for each possible outcome. Here we will
design mechanisms in time polynomial in the sizes of the type spaces,

∑

i |Ti|; (2)
Each agent’s type is succinctly representable, e.g. the agent is only interested in
buying singleton items, or his value is additive over items in which case it suffices
to specify the per-item values. Here we will design mechanisms in time polynomial
in the size of the representation.

Randomized versus deterministic mechanisms. An important difference be-
tween the single-parameter and multi-parameter mechanism design problems is that
in the latter case mechanisms can benefit from using a new kind of randomization,
namely selling random allocations. Let us consider the mechanism design problem
with a single agent. A deterministic mechanism for a single agent prices each out-
come14 at a certain price, and lets the buyer choose which outcome he prefers. A
utility maximizing buyer chooses the outcome that maximizes his value for the out-
come minus the corresponding price. A randomized mechanism can set a random
price for each possible outcome. But, interestingly, in addition it can also price ran-
dom allocations or lotteries. A lottery is a distribution over outcomes. For example,

12We mean polynomial in the natural parameters of the problem: the number of agents, the
number of items, the sizes of the type spaces, and the description complexity of the types.
13In prior-free welfare maximization literature, a third approach has been studied, which uses
demand or value queries to elicit relevant parts of the agents’ value functions; we refer the reader
to Blumrosen and Nisan (2009).
14Here an outcome is a bundle of items allocated to the buyer. A deterministic mechanism
assigns an outcome and a price to each type of the agent. For incentive compatibility, different
types mapped to the same outcome must pay the same price. Furthermore, no type should prefer
the (outcome, price) pair at another type to its own. Therefore, we can interpret the mechanism

as creating a menu of all the (outcome, price) pairs that it wants to allocate at some type, and
letting the agent choose which one he prefers most at his given type.
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for a buyer interested in obtaining one of two different items, a (1/2, 1/2) lottery
would allocate to the buyer the first item with probability 1/2 and the second item
with probability 1/2. When a buyer buys a lottery, we assume that the outcome
of the lottery is determined after the sale is completed. In particular, his value
for a lottery is his expected value for an outcome drawn from the corresponding
distribution (assuming that the buyer is risk neutral). A randomized mechanism is
a menu of lotteries along with a price for each; The buyer is offered the menu and
can choose which lottery he wants to buy.
We emphasize that mechanisms that sell lotteries cannot necessarily be expressed

as distributions over deterministic mechanisms15. Lotteries are therefore to be
thought of as new outcomes that are distinct from (albeit derived from) the origi-
nal set of deterministic outcomes. This is in contrast to single-parameter settings
where all randomized BNE mechanisms are distributions over deterministic BNE
mechanisms. A consequence is that selling lotteries can improve the seller’s ex-
pected revenue. Pavlov (2011a) gives a simple example exhibiting this. Consider
a setting with two items for sale; The unit-demand buyer has three equally likely
types with values (1, 0), (0, 1), or (1/2, 1/2) for the two items. In other words, the
buyer either values only one of the items at 1, or is indifferent between the two items
at 1/2. Then, an optimal item pricing for this setting is to price both items at 1. A
buyer with the first or the second type buys an item; A buyer with the third type
does not. So, the expected revenue of the item pricing is 2/3. Now consider adding
a lottery to this menu that allocates one of the two items with equal probability,
and is priced at 1/2. A buyer with the first or the second type will not want to
switch to such a lottery, because it does not bring him any benefit. A buyer with
the third type, however, will now be willing to buy this lottery, as opposed to not
buying anything at all. So, the new mechanism obtains a revenue of 5/6, which
is 25% higher than that of the item pricing. Such a gap between deterministic
and randomized revenue exists also when the buyer’s values for the two items are
independently distributed (Thanassoulis (2004) presents an example).

From the revenue maximization viewpoint, there are three questions of interest:

(1) What do optimal randomized mechanisms look like and how do we optimize
for revenue over this class?

(2) How do we optimize for revenue over the class of deterministic mechanisms?

(3) What is the power of randomization, i.e., how much better are randomized
mechanisms over deterministic mechanisms with respect to revenue?

15One “proof” of this statement is as follows. Consider any deterministic mechanism for selling
one of two items to a single unit-demand buyer. This mechanism sets a price for each item and
lets the agent buy his favorite item. Note that fixing the item prices, if the buyer’s value for item
1 decreases, he is equally or more likely to buy item 2. Now consider selling a (1/2, 1/2) lottery
over the items at some fixed price. Suppose the buyer has a high value for item 1 and low value
for item 2, so that he is willing to pay the price for the lottery. As the buyer’s value for item 1
decreases, at some point, he stops buying the lottery and no longer receives item 2. In other words,
decreasing the buyer’s value for item 1 decreases his allocation for item 2, and we cannot express
the outcome of the lottery mechanism as a distribution over outcomes of the pricing mechanisms.
Mathematically, the lottery mechanism charges a single price for a distribution over the items;

It is not possible to distribute this price across the individual items in a way that preserves the
purchasing behavior for all possible types of buyers.
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We begin by discussing these questions for agents with succinctly represented
type spaces.

4.1 Multi-parameter agents with succinctly representable types

Two kinds of settings with succinctly representable types are known to be tractable
for revenue maximization: unit-demand agents, and agents with additive values. A
unit-demand agent is only interested in buying a single item: his value for a set
of items is equal to the value for the most desirable item in that set; This is the
setting in Example 3. An additive value agent is interested in buying as many items
as he can: his value for a set of items is the sum of the values of items in that set;
This is the setting in Example 4. In both cases, the agent’s type can be described
succinctly using m numbers, one per item, where m is the number of items. Both
of these settings are quite natural. Unit-demand preferences apply, for example,
when the seller is selling houses or cars or a luxury item. Additive preferences
may apply when the items for sale have very different uses from each other, for
example, a buyer may buy a pair of shoes or a box of cereal or both and buying one
does not increase or decrease her value for the other. As we will see, the revenue
maximization problem for a unit-demand buyer can be quite different from that for
an additive buyer, although similar approximations are known in either case.

One unit-demand agent with correlated item values. We have previously
seen from Pavlov’s example that randomized mechanisms can be more powerful
than item pricings in this setting. What is the worst-case ratio between the max-
imum expected revenue of a randomized mechanism and that of an item pricing?
Recall that a randomized mechanism is a menu of lotteries, each associated with a
price; once again, the agent is free to select any lottery from the menu at the given
prices. It is easy to see that the gap between lottery pricings and item pricings can
be no larger than the number of distinct types of the buyer. In fact, it is no larger
than the number of distinct lotteries sold by the optimal mechanism, the so-called
menu size complexity of the optimal mechanism16. In settings with an unbounded
type space, can we bound it in terms of the number of items? Surprisingly, the an-
swer is no: this gap can be unbounded even when there are just two distinct items
(Briest et al., 2014; Hart and Nisan, 2013); In particular, there is a setting with
just two items where a lottery pricing obtains infinite expected revenue, whereas
the revenue of any item pricing is bounded by a constant. Briest (2008) showed that
the optimal deterministic mechanism a.k.a. item pricing cannot be approximated
to within any subpolynomial factor.

One unit-demand agent with independent item values. These results moti-
vate considering special cases where the item pricing and lottery pricing problems
are tractable. One such setting was considered by Chawla, Hartline, and Kleinberg
(2007) and Chawla, Malec, and Sivan (2012). Recall that the unit-demand agent’s

16To see this, note that for a mechanism selling k distinct lotteries, there is another mechanism
selling just one lottery with at least a 1/k fraction of the former’s revenue. But we can obtain
the revenue of a single lottery by selling each item individually at the same price as that of the

lottery; A unit-demand buyer that wants to buy the lottery would want to buy at least one item
at the same price.
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type is given by a value for each different item. These papers assume that the
agent’s values for different items are independent. Under this assumption, the first
paper presented an algorithm to compute an item pricing that obtains at least half
the revenue of the optimal item pricing. The second showed that the same pricing is
a 4-approximation to the optimal lottery pricing, and as a consequence the revenue
of the optimal lottery pricing is no more than a factor of 4 times the revenue of the
optimal item pricing, regardless of the number of items.
We will first describe Chawla, Hartline, and Kleinberg (2007)’s approach for

designing an approximately optimal item pricing for a single unit-demand agent.
The key element in this approach is to interpret the unit-demand item pricing
problem as a single-parameter mechanism design problem with colluding agents. In
particular, let I denote an instance of the unit-demand pricing problem where the
agent’s value vi for item i is drawn from independent distribution Fi. On the other
hand, let Î denote an instance of the single-item auction problem (i.e. Example 1)
withm agents, where agent i has a value vi drawn from independent distribution Fi.
Note that the two instances are quite similar in the type vectors they take as input.
What makes them different is how the agents in the two settings react to the rules
of the mechanism. Let us suppose, as a thought experiment, that the unit-demand
agent in the instance I has m representatives that he sends to participate on his
behalf in a mechanism for the instance Î. Representative i wants to buy item i on
behalf of the unit-demand agent, and is not interested in any other item. However,
in order to represent the unit-demand agent faithfully, the representatives collude so
as to maximize their collective utility rather than their individual utilities. Then it
holds that any mechanism for the instance Î with colluding agents can be converted
to a mechanism for the instance I with the same equilibrium outcome. In other
words, we can think of deterministic mechanisms for the unit-demand instance I as
collusion-robust mechanisms for the single-parameter instance Î and vice versa17.
On the other hand, the optimal mechanism (namely, Myerson’s mechanism) for Î is
not collusion robust (in the sense that collusion among agents can hurt its revenue
guarantee), and gets more expected revenue. To summarize, the optimal revenue
achievable by an item pricing for I is: (1) no more than the revenue of Myerson’s
mechanism for Î, and, (2) no less than the revenue of a collusion robust mechanism
for Î. This motivates designing a collusion robust mechanism for Î that gets nearly
as much revenue as Myerson’s mechanism for the same setting.

Before we describe such a mechanism, we will take a detour to describe a related
problem from optimal stopping theory called the gambler’s problem): a gambler is
presented with m boxes, each of which has a reward in it. The reward in box i
is drawn from a known distribution. The gambler opens the boxes in succession.
Upon opening box i, the gambler either decides to keep it, in which case the game
ends and no more boxes are opened, or he decides to leave it, in which case he can
never reclaim that reward. The gambler competes against a prophet who knows
the instantiations of all of the rewards in advance and can therefore obtain the

17This correspondence does not work with randomized mechanisms, because, for example, if a
randomized mechanism for I allocates a lottery over some set of items to the buyer at some price,

there is no good way to distribute this price across the representatives corresponding to the set of
items.
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largest one. The gambler’s problem is to determine a strategy that obtains nearly
as much reward as the prophet. A priori it is not clear whether any approximation
to the prophet’s expected reward is achievable. Samuel-Cahn (1984) presented a
very simple threshold strategy for this problem that obtains half of the prophet’s
expected reward in expectation: the gambler picks a threshold r such that the
probability that at least one of the rewards exceeds this threshold is exactly 1/2;18

He then accepts the first reward that exceeds this threshold, if any. This result is
called a prophet inequality. At first it is a little strange that the gambler achieves
a 2-approximation to the prophet’s reward given that with 1/2 probability he does
not accept anything at all. This is because when the gambler fails to obtain any
reward, the prophet’s reward is also low; On the other hand, when the gambler
does win the reward, with a good probability, this is the only reward that exceeds r
and is therefore equal to the reward that the prophet obtains. A very nice property
of this threshold strategy that is especially useful for us in the mechanism design
context is that the solution does not depend upon the ordering of the rewards;
Indeed the gambler does not even need to know the ordering in advance. In fact
we may as well assume that the gambler obtains the smallest reward that exceeds
the threshold, and the 2-approximation continues to hold.
Let us now get back to the problem of designing a collusion robust mechanism for

the single-item auction problem. Recall from Section 3.2 (Equation (3)) that the
expected revenue of any BIC mechanism is equal to its expected virtual surplus, or
in the single-item setting, the expected virtual value of the agent that wins the item.
Consider an instance of the gambler’s problem described above with the rewards
being the virtual values corresponding to the agents in the single-item auction. The
optimal mechanism for the single-item auction behaves like the prophet: it collects
the maximum virtual value as long as it is nonnegative. We argue, on the other
hand, that we can convert the threshold strategy of Samuel-Cahn into a collusion
robust mechanism that obtains as much revenue as that strategy. Let r denote
the gambler’s threshold. Precisely, we allocate the item to the agent corresponding
to the reward picked by the gambler. We charge the agent the value at which
his virtual value equals the threshold r. Note that this mechanism is BIC: the
higher that the virtual value of an agent, the higher is his probability of getting
the item. It obtains as much expected revenue as the gambler’s expected reward.
Since the threshold r depends only on the reward distributions, and not the actual
rewards, the price paid by an agent is also independent of others’ reported values.
Finally, by colluding, the agents can merely affect which agent with a virtual value
above the threshold gets the item but cannot affect the price that this agent pays.
As noted earlier, the gambler’s reward, equivalently the mechanism’s revenue, is
robust to such a collusion. Therefore, the mechanism corresponding to Samuel-
Cahn’s threshold strategy is a collusion-robust 2-approximation to Î. What does
this mechanism look like? It picks a threshold on virtual values; This threshold
corresponds to a price pi, one for each agent i. Of the agents that have values
exceeding their corresponding prices, the agents can collude and decide who wins

18We assume the reward distributions are continuous so that r always exists. Other thresholds

work when this assumption does not hold. In fact there is a continuum of thresholds that gives
the same approximation.
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the item. In the unit demand setting I, this corresponds to an item pricing p offered
to the unit-demand agent; The agent can then pick whichever item he desires. We
therefore obtain a 2-approximation to the unit-demand item pricing problem19.

While this approach leads to a 2-approximation for item pricing in the unit-
demand setting, it does not immediately give an approximation to the optimal
lottery pricing. The problem is that the expected revenue of a lottery pricing for I
can exceed that of the optimal mechanism for Î. Chawla, Malec, and Sivan (2012)
show, however, that the difference between the two can be charged to the expected
revenue of the Vickrey auction over representatives in Î. This leads to a bound
of 4 on the gap between the revenue of the optimal randomized and the optimal
deterministic mechanism in this setting.

Cai and Daskalakis (2011) consider the same unit-demand pricing problem and
design a PTAS to the optimal pricing scheme when the distributions are inde-
pendent and satisfy the monotone hazard rate (MHR) condition, and obtain a
quasi-PTAS when the distributions are independent and regular.

New prophet inequalities. The connection between collusion robust mechanism
design and the gambler’s problem extends to more general feasibility constraints,
and has spurred an interest in prophet inequalities and led to new results for the
gambler’s problem. See, e.g., Chawla et al. (2010); Alaei (2014); Kleinberg and
Weinberg (2012); Azar et al. (2014).

Many unit-demand agents with independent item values. Chawla, Hart-
line, Malec, and Sivan (2010) generalize the approach of Chawla et al. (2007) to
multi-agent settings where agents are unit-demand and their values for different
items are independent. In this setting, they assume that the seller faces a general
downwards closed feasibility constraint on the allocations that he can make. As in
the single-agent setting, they upper bound the revenue of the optimal determin-
istic mechanism in the multi-parameter unit-demand setting by the revenue in a
related single-parameter setting where every multi-parameter agent is replaced by
several single-parameter representatives. The representatives corresponding to a
single multi-parameter agent collude among themselves. Any mechanism that is
collusion-robust can then be ported back into the original multi-parameter setting
without loss in performance. It remains then to design collusion robust mechanisms
for the corresponding single-parameter setting. They introduce sequential posted
price mechanisms, that we previously discussed in Section 3.3, and show that these
mechanisms are both collusion robust and provide constant factor approximations
to the optimal expected revenue for many kinds of feasibility constraints. As for
the single-agent unit-demand setting, Chawla, Malec, and Sivan (2012) extend the
reach of posted-price mechanisms and show that they also approximate the optimal
randomized mechanism’s revenue.
A different approach for extending the single-agent unit-demand result to multi-

agent settings is given by Alaei (2014). He considers the following generalized
single-agent problem: given a vector y of probabilities, find the revenue optimal

19While the item pricing that we describe is due to Chawla et al. (2007), that paper only proved

that it achieves a 3-approximation; The connection to the gambler’s problem and the improved
approximation factor of 2 is due to Chawla et al. (2010).
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mechanism for a single unit-demand agent such that for all items j, the ex ante
probability with which the mechanism allocates item j to the agent is no more
than the probability yj . He argues that if it is possible to solve the above single-
agent problem efficiently, then under a large class of downwards closed feasibility
constraints, it is possible to approximate the multi-agent problem. Let Ri(yi)
denote the optimal revenue that can be obtained from agent i given the ex ante
constraint yi. Now we can proceed as follows: (1) We find ex ante allocations
to each agent that maximize the sum of the corresponding revenues. In other
words, Alaei shows how to solve the program: maximize

∑

i Ri(yi) subject to
∑

j yij ≤ 1 for all items j;20 (2) Given the solution to this program, we solve the
per-agent mechanism design problem for the optimal ex ante allocations, that is,
for each agent i, given yi find single-agent mechanisms Mi that obtain revenue
Ri(yi) subject to the constraint of selling an item j with ex ante probability at
most yij ; (3) Finally, we convert the per agent mechanisms to an overall multi-
agent mechanism satisfying supply constraints. That is, if at some type vector, the
mechanisms {Mi} collectively allocate more than one copy of some item, then we
need to deallocate some items without losing too much revenue. Alaei shows that
this approach leads to improved constant factor approximations in some settings.

One additive agent. Next we consider the case of an additive buyer and assume
as before that the buyer’s values for different items are independent. As in the
unit-demand case, a deterministic mechanism for an additive buyer may set prices,
one for each individual item, and allow the agent to buy the set he desires. Since
the agent’s value for sets of items is additive over the items, his buying decisions
and therefore also the mechanism’s pricing is independent across items. One may
suspect that the optimal deterministic mechanism is of this format. Surprisingly,
this is not true. Suppose, for example, that the buyer’s value for each item is
distributed uniformly between 0 and 1. Then an item pricing prices each item at
0.5 and obtains on average 0.25 per item. On the other hand, when the number of
items m is large enough, selling the entire set of items at a price of m/2− ǫ obtains
a revenue of nearly 0.5 per item, doubling the seller’s revenue. Selling the items
together as a set reduces the uncertainty in the buyer’s value, leading to better
revenue extraction.
The optimal deterministic mechanism may in fact specify a price for each possible

bundle of items, allowing the agent to select his favorite bundle. Consequently, it
may not permit a succinct representation. We therefore further ask: is there a
succinctly representable mechanism that approximates the optimal deterministic
or the optimal randomized mechanism?
Early work on this problem (e.g., Manelli and Vincent, 2006, 2007; Pavlov,

2011a,b) focused on specific value distributions. Daskalakis et al. (2013) and Wang
and Tang (2014) studied the special case of only two items. The first general ap-
proximation to the optimal mechanism was provided by Hart and Nisan (2012).
They showed that selling all items separately yields an O(log2 m) approximation to
the optimal randomized revenue, where m is the number of items. Further improve-
ments were obtained by Li and Yao (2013) and Babaioff et al. (2014) culminating in

20Here we assume, for simplicity of exposition that we have one copy of each item available.
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a constant factor approximation to the optimal revenue. Babaioff et al. essentially
showed that the only reason that pricing each item independently may not be a
good idea is when the sum of values for all the items is concentrated. In particular,
one of the following two simple mechanisms obtains a constant factor approxima-
tion: (1) price each item separately, and, (2) price just the “grand bundle” of all
items.

To summarize, in both unit-demand and additive settings, when the agent’s val-
ues for individual items are independent, a simple item pricing or bundling approach
gives a constant factor approximation to the optimal randomized revenue. Does
this property extend to other linear value functions with independent item values,
e.g. values that are additive up to bundles of size k? We believe the answer should
be yes, but no results are known for such settings.

Many additive agents and beyond. Extending the work of Babaioff et al.
(2014) to more than one agent or to more general value functions (e.g. additive
up to k items) remains open. Cai and Huang (2013) tackle a special case of many
additive agents: i.i.d. agents and all value distributions are MHR. Using properties
of MHR distributions along the lines of Cai and Daskalakis (2011), they design a
PTAS for this problem using second-price and VCG allocation rules.

4.2 Multi-parameter agents with small type spaces

Next we consider settings where the agents’ type spaces are discrete and small in
size. The key to optimal mechanism design in this case is to express the problem in
the form of a compact linear or convex program. For concreteness, we will consider
a seller with m items. A buyer’s type will then consist of 2m different values,
one for each bundle of items. We will make the simplifying assumption that each
buyer’s type is linear over the items. We address the setting of non-linear types
towards the end of this section. Formally, an agent i’s type as well as allocation
will be m-dimensional vectors, vi and xi respectively, with the jth component vij
specifying the value that the agent derives from item j alone, and the jth component
xij specifying the probability with which item j is allocated to the agent. For
allocations that are feasible according to a given feasibility constraint, xi ∈ F , the
agent’s value will be given by vi(xi) = vi ·xi =

∑

j vijxij . The feasibility constraint
allows us to encode agents of different kinds, e.g. unit-demand agents that only
desire one item (F includes all vectors with ℓ1 norm at most 1), and agents that
desire up to k items but have additive values over them (F includes all vectors with
ℓ1 norm at most k).

Recall that we use Ti to denote the set of types for agent i. Our goal will be to
find a (near-)optimal mechanism in time polynomial in

∑

i |Ti|.

The special case of a single agent. For a single agent, the optimal mechanism
design problem can be expressed as a linear program. The variables in the program
are the allocations x(v) and prices p(v) at each type v. The revenue objective can
be written as:

∑

v∈T Pr[v]p(v). The following constraints encode Bayesian IC and
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IR respectively.

v · x(v)− p(v) ≥ v · x(v′)− p(v′) for all types v,v′ ∈ T (4)

v · x(v)− p(v) ≥ 0 for all types v ∈ T (5)

x(v) ∈ F for all types v ∈ T

Here we are implicitly assuming that the feasibility constraint F can be expressed
via (a few) linear constraints. The optimal mechanism can therefore be found in
time polynomial in the size of the type space. We remark that the linear program
optimizes over randomized BIC mechanisms. An implication is that the size of the
menu of the optimal mechanism is no larger than the number of distinct types of
the buyer.

Multiple agents: reduced forms. In principle, we can write a linear program
for revenue maximization with multiple agents just as we did for a single agent. The
problem is that we now need to select outcomes for each possible tuple of values
of all agents, the number of which is

∏

i |Ti|, and not
∑

i |Ti|. To get around this
issue, we will write the linear program in terms of agents’ interim allocations and
payments, rather than their ex post allocations and payments. For BIC it suffices
to express the constraints (4) and (5) in terms of the interim quantities. We call
these interim functions the reduced form of the mechanism.

Going from ex post allocations to interim allocations necessarily involves some
loss in information about the mechanism. Given an interim allocation function,
what is the (distribution over) ex post allocation rule(s) that implements it? Can
every interim allocation rule be expressed as a convex combination over ex post
rules? In other words, given some interim allocation rule x(·), can we find ex post
allocations y(v) at every tuple of values v that have the right “marginal sums”
xij(vi) = Ev−i

[yij(v)] for all i, j?

The answer to this question is no, even in single-item settings. Consider for
example a single-item auction setting with two agents, and suppose that both agents
have two equally likely values v1 and v2. We want to implement the following
interim allocation function: x1(v1) = 0.8, x1(v2) = 0.4, x2(v1) = 0.6, and, x2(v2) =
0.3. Our only constraint is that at any vector of values, the ex post probabilities
with which we allocate the item to the two agents sum up to no more than 1. The
reader can verify through trial and error (or by setting up linear equations over 8
variables, each corresponding to the ex post allocation for one of the two agents for
one of the four possible value vectors) that this is not possible. An easy way to see
why is that the ex ante probability of allocation to agent 1 is (0.8 + 0.4)/2 = 0.6,
and the ex ante probability of allocation to agent 2 is (0.6+0.3)/2 = 0.45, and these
two probabilities sum up to more than 1. That is, we are trying to allocate more
than one item on average, and so any ex post allocation matching these marginals
must become infeasible at some value vector.
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We can now summarize our reduced form program (RF-LP) as follows.

maximize Ev

[

∑

i

pi(vi)

]

subject to (RF-LP)

vi · xi(vi)− pi(vi) ≥ vi · xi(vi
′)− pi(vi

′) ∀i,vi,vi
′ ∈ Ti

vi · xi(vi)− pi(vi) ≥ 0 ∀i,vi ∈ Ti

∃ feasible rule y such that, xij(vi) = Ev−i
[yij(v)] ∀i, j,vi ∈ Ti (6)

Letting P be the set of all interim allocation rules21 that are both feasible with
respect to F and expressible using feasible ex post allocation rules, we can write
constraint (6) more succinctly as:

x(·) ∈ P (7)

The challenge now is to solve the above program with the constraint (7). A priori
it is not clear whether the above program is a linear or even convex program. We
describe two approaches for checking constraint (7) for a given interim allocation
rule x. The first approach is combinatorial but has limited applicability. The
second argues that P is a convex polytope and uses the ellipsoid method to solve
the program. We briefly mention a third approach for solving (RF-LP) directly
towards the end of this section.

Border’s approach for reduced form feasibility in a single-item auction.
As mentioned above, in a single item auction setting, at a minimum, the interim
allocation rule x should satisfy the property that the ex ante allocation probabilities
for all of the agents sum up to no more than 1. More generally, consider a set of
values Si ⊆ Ti for agent i. The probability that the agent has a value that belongs
to Si and is allocated the item is

∑

vi∈Si
Pr[vi]xi(vi). The probability that the item

goes to some agent i with a value in Si is the sum of these quantities over all agents:
∑

i

∑

vi∈Si
Pr[vi]xi(vi). It must be true, trivially, that this sum is no more than

the total probability that some agent i has a value in Si. The latter probability is
just 1−

∏

i Pr[vi 6∈ Si] = 1−
∏

i(1−
∑

vi∈Si
Pr[vi]). Border (2007) and Che et al.

(2013) independently proved that checking this condition for all possible choices of
the sets Si is, in fact, sufficient to guarantee the feasibility of an interim allocation
rule in the single-item setting22:

∑

i

∑

vi∈Si

Pr[vi]xi(vi) ≤ 1−
∏

i

(

1−
∑

vi∈Si

Pr[vi]

)

These conditions reduce the feasibility checking for a reduced form from solv-
ing a set of equations on n

∏

i |Ti| variables to checking merely
∑

i 2
|Ti| equations.

For large type spaces, this is still undesirable. Cai et al. (2012a) and Alaei et al.

21We remark that this set depends on any feasibility constraints the designer faces, such as a
supply constraint on the items, and also on the distribution over values. As such it should be
written as a function of those two arguments. For simplicity of exposition, we do not specify the
arguments.
22Necessary and sufficient conditions for agents with i.i.d. values were previously given by Border
(1991)
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(2012) further showed that it is sufficient to check these conditions for only poly-
nomially many different tuples of sets {Si}. They also gave efficient approaches for
decomposing a feasible reduced form into a convex combination over ex post allo-
cation rules. However, beyond single-item settings, it is not clear whether Border’s
approach can lead to efficient verification of feasibility constraints.

Feasibility checking beyond a single item. The second approach to check-
ing the feasibility of a reduced form was developed in a series of papers by Cai,
Daskalakis, and Weinberg (2012b; 2013a; 2013b). Recall that given a reduced form
x, our goal is to determine whether x ∈ P (constraint (7)). Observe that the set P
is a convex set: if two reduced forms are feasible, any convex combination of them
is also feasible. In particular, P is just the convex hull of the reduced forms of all
feasible ex post allocation rules.
Cai et al. essentially show that if we can efficiently (approximately) maximize

social welfare over P, then we can use the social welfare maximization algorithm as
a subroutine to (approximately) check for the membership of x in P. This allows
us to use the ellipsoid algorithm to solve (RF-LP).
We stress that this approach gives a reduction from revenue maximization to

social welfare maximization that is black-box (as defined in Section 5) in the sense
that the reduction is “generic” and does not need to understand the inner func-
tioning of the algorithm for social welfare. The approach also has similarities with
Myerson’s approach for single-parameter revenue maximization in that it queries
the social welfare algorithm at value vectors that are not the agents’ real values,
but are functions of the real values; these “fake” values can be thought of as virtual
values.
We will now describe this approach in detail.

Checking for membership in P using a virtual welfare maximizing algo-
rithm. Henceforth we will assume access to an efficient algorithm for maximizing
social welfare over feasible ex post allocation rules, equivalently over the set P. The
algorithm takes as input a distribution over agents’ values and returns a feasible ex
post allocation rule that maximizes social welfare in expectation over the values. In

other words, it solves a problem of the form: maximize Ev

[

∑

i,j wijxij(vi)
]

subject

to x ∈ P. Succinctly, we can write this as: maximize w ·x subject to x ∈ P. We can
interpret the quantities wij as “virtual values”, so that, the algorithm maximizes
expected virtual surplus subject to feasibility.
Having a virtual surplus maximizing algorithm as above allows us to maximize

any linear function over the polytope P. We can relate this to checking for the
feasibility of a reduced form x in P by noting that a reduced form x is feasible if
and only if for all vectors w, we have w · x ≤ maxy∈P w · y.
In particular, given a reduced form x, we can determine whether or not it is

feasible (and find a violating constraint w, if not) by solving the following program.
Here x is fixed and w are the variables we are optimizing over.

maximize w · x−W subject to (Separation-LP)

W ≥ w · y for all y ∈ P

(Separation-LP) can again be solved using the ellipsoid algorithm as follows: given
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a vector w we can find W = maxy∈P w · y using the virtual surplus maximizing
algorithm given to us; This gives us a separation oracle for (Separation-LP) which
we can use to solve the program.
To summarize, given a reduced form x, we first solve (Separation-LP) using the

virtual welfare maximization algorithm as a black-box. The solution to the program
either tells us that x ∈ P, or gives us a violating constraint w. In other words, we
get a separation oracle for P.

Solving the linear program (RF-LP). We described how to implement a sep-
aration oracle for the constraint (7). Armed with this, we can run the ellipsoid
algorithm over (RF-LP) to find an optimal feasible reduced form. Next we need
to figure out how to decompose this reduced form into a convex combination over
ex post allocation rules. What if the reduced form does not have a succinct de-
composition? Fortunately, since reduced forms are (m

∑

i |Ti|)-dimensional vectors
(specifying the interim allocation probability for each item at each possible value of
each agent), Caratheodory’s theorem implies that they can be written as a convex
combination over at most m

∑

i |Ti| extreme points of P. Each extreme point, on
the other hand, is the solution to a virtual welfare maximization problem, and can
therefore be succinctly represented by simply specifying the corresponding virtual
values. This implies that every feasible reduced form has a succinct decomposition,
and can also be used to find one.
We omitted a couple of details in the above description that we now address:

—In some settings we only have an approximate virtual welfare maximizing algo-
rithm, and not an exact one. Cai et al. (2013a) show that this is in fact sufficient
to obtain an approximate separation oracle for (7) satisfying some nice proper-
ties, that further lead to an approximate solution to the linear program. The
separation oracle they construct can also be used to decompose feasible points
into convex combinations of the extreme points of P.

—In order to solve (Separation-LP), we don’t just need access to an algorithm
that produces a virtual welfare maximizing allocation function, but also need to
know the expected virtual welfare that the allocation achieves, in other words,
the quantity maxy∈P w · y in addition to the allocation y that maximizes it.
Estimating this quantity requires sampling from the agents’ value spaces and
leads to both a small loss in our overall expected revenue and a mechanism that
is ǫ-BIC instead of BIC.

Beyond linear types. Recall that in order to be able to express the BIC con-
straints as linear constraints in (RF-LP), we made the assumption that agents’
values are linear (additive) over the items. Cai et al. (2013b) show how to move
beyond this assumption. Their key insight is to expand the reduced form of a
mechanism to specify in addition to the interim allocation function the following
two quantities: (1) the value that the agent receives at a particular type from the
interim allocation at that type; (2) the value that the agent receives at a particular
type by misreporting a different type and obtaining the interim allocation corre-
sponding to the latter type. These quantities are sufficient to encode BIC. The rest
of the approach can then be modified to work with the expanded reduced form.

ACM SIGecom Exchanges, Vol. 13, No. 1, June 2014, Pages 5–49



32 · S. Chawla and B. Sivan

An alternate approach to solving (RF-LP). Bhalgat et al. (2013) give an
alternative approach for solving the program (RF-LP) by including in the program
the exponentially many ex post allocation and payment variables, and expanding
the constraint (7) into exponentially many constraints. They then use the mul-
tiplicative weights update framework to solve this program in pseudo polynomial
time. The advantage of this approach is that it is relatively easy to incorporate
variations such as ex post budget constraints and risk aversion for the buyers and
the seller. The disadvantage (other than the running time) is that it does not
generalize beyond linear value functions and objectives.

4.3 Multi-parameter agents with a single-parameter feasibility constraint

Alaei et al. (2013) consider settings where agents have multi-parameter preferences,
i.e. they have different values for different kinds of items or services, but the
externality they impose on other agents depends only on the probability with which
they get served at all. As a representative example, consider a buyer buying a car
at a dealership. The dealership offers to paint the car in one of a variety of different
colors. The buyer likes some colors more than others, and as such the dealership
can charge different amounts for cars of different colors. However, in terms of how
this affects the inventory of cars at the dealership, all that matters is whether or
not the buyer buys the car, but not which color he ends up selecting. In other
words, the feasibility constraint that the dealership faces depends on the total
number of cars they sell, but not the total number for each color. In this example,
the buyer has multi-parameter preferences but the feasibility constraint essentially
treats him like a single-parameter agent. Alaei et al. show that for such a setting
many of the salient features of Myerson (1981)’s approach for single-parameter
settings continue to hold. In particular, it is possible to define a revenue curve for
each agent specifying the maximum revenue that can be obtained from the agent
given an ex ante probability of sale23. Then, the optimal mechanism turns out to
be a marginal revenue maximizer as in Myerson’s setting.

5. BLACK-BOX REDUCTIONS FROM MECHANISM TO ALGORITHM DESIGN

We now turn to a central theme in algorithmic mechanism design, namely whether
incentives make mechanism design harder than algorithm design and to what ex-
tent. In the best case scenario, we would be able to “add on” incentive constraints
to algorithms in an oblivious manner – without understanding or modifying the
underlying algorithm – and without much loss in performance., From a theoretical
viewpoint this would imply that truthfulness is cheap in a computational sense.
From a practical viewpoint, this would allow us to design a mechanism as a layer
around a previously optimized algorithm. Imagine, for instance, that a practitioner
designs an algorithm for a certain setting and optimizes it to over time to suit his
specific application. If this practitioner later wants to port his algorithm to a strate-
gic setting, having a generic tool to convert algorithms into incentive compatible
mechanisms allows him to avoid re-doing all of the design and optimization work
again. In fact, the generic tool would also allow a different practitioner to convert

23In this respect, this approach has similarities with Alaei (2014)’s approach for unit-demand
agents discussed previously.
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the algorithm into a mechanism without having to understand all of the implicit
constraints that the algorithm satisfies. Can such a generic tool exist? Although
it seems too good to be true, we will show that it is indeed possible in certain
Bayesian settings24.
Before we elaborate, let us formalize what we mean by an oblivious or black-box

reduction from mechanism design to algorithm design. As an example, suppose
the given algorithm’s output satisfies monotonicity (Theorem 2.1 and its multi-
parameter generalization in Rochet (1987)). Then to convert it into a BIC mech-
anism we simply need to use the payment identity to define BIC payments. Note
that the payment identity needs to know the algorithm’s output at various differ-
ent inputs (type vectors), but it does not need to understand how the algorithm
generates the output or what constraints it satisfies. It can generate the right pay-
ments25 to accompany the algorithm’s output by simply querying the algorithm at
multiple inputs. This is what we mean by a black-box reduction.
Using this example as a guide, we will say that a strong black-box reduction from

mechanism design to algorithm design for a given setting is a transformation proce-
dure that uses black-box access to an algorithm for the same setting, and produces
an output that is incentive compatible, with performance that is comparable to
that of the given algorithm. There are several points worth noting about this defi-
nition: (1) We have intentionally left the definitions of incentive compatibility and
performance ambiguous; We will strive to obtain the strongest possible guarantees
in both cases. (2) We want the transformation to be “generic” in the sense that it
does not need to understand the constraints that the underlying algorithm satisfies;
It will satisfy these constraints automatically by returning an output it has seen
the algorithm generate (at a potentially different input). (3) This is a “strong”
reduction in the sense that it reduces the mechanism design problem in a certain
domain to the algorithm design problem in the same domain. The second and third
points, in particular, address the practical motivation for a generic tool described
at the beginning of this section.
Taking cue from the last point, we define a weak black-box reduction from mecha-

nism design to algorithm design as a reduction that employs black-box access to an
algorithm for (potentially) a different objective and under an additional set of con-
straints. The objective and new constraints for the underlying algorithm typically
would make this problem harder than the non-strategic version of the original prob-
lem. The reduction can nevertheless be quite fruitful: the new algorithmic problem
may be much simpler than one with a complete set of incentive constraints; as in
the case of strong black-box reductions, here the transformation procedure does

24There is an extensive literature on the separation between algorithm design and mechanism
design in non-Bayesian settings. See Dobzinski and Vondrak (2012) and references there in for
the welfare objective, and Nisan and Ronen (2001) and Ashlagi et al. (2009) for the makespan
objective. See Dughmi and Roughgarden (2010) and Huang et al. (2011) for black-box reductions
for welfare in certain non-Bayesian settings.
25We are ignoring the issue that the payment identity requires computing an integral. From
a computational viewpoint, this would necessitate discretizing the type space and we may not
obtain an exact answer, although a really good approximation would suffice to give an ǫ-BIC

mechanism for some small ǫ > 0 (see, e.g., Hartline and Lucier (2010), and the definition of ǫ-BIC
in Section 2).
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not need to understand or even know the underlying feasibility constraints that the
given algorithm handles. While this approach does not quite result in the sort of
generic tool described at the beginning of this section, it gives us an approach for
using the vast theory of algorithm design “as-is” in designing mechanisms. From a
theoretical viewpoint it also lets us relate and therefore understand the approxima-
bility of a mechanism design problem in terms of the approximability of a related
algorithm design problem.
Hartline and Lucier (2010) first showed that strong black-box reductions are

possible in Bayesian settings. In particular, they considered the social welfare
maximization objective for single-parameter agents and designed a transformation
that is BIC and suffers a small additive loss in expected social welfare relative
to the algorithm.Hartline, Kleinberg, and Malekian (2011) and Bei and Huang
(2011) extended this result to social welfare maximization in an arbitrary multi-
parameter setting with samplable types. Chawla et al. (2012) showed that these
approaches for social welfare do not extend to non-linear objectives. In particular,
for the objective of minimizing makespan (which is similar to the load balancing
objective; see Section 2) no strong black-box reduction can preserve the average-
case performance of the underlying algorithm to within a subpolynomial factor
(in the number of agents). Fortunately, weak reductions provide an avenue for
obtaining positive results for nonlinear objectives. Cai et al. (2013b) provide one
such approach that is an extension of their work on revenue maximization described
in Section 4.
In the remainder of this section we elaborate on the results and techniques of

Hartline et al. (2011), Chawla et al. (2012), and Cai et al. (2013b).

5.1 Black-box reductions for social welfare

We now focus on the social welfare maximization problem and describe the approach
of Hartline and Lucier (2010), Bei and Huang (2011) and Hartline et al. (2011) at a
high level. Recall that we are given an algorithm A that maps type vectors of agents
to feasible allocations for the agents. We are also given access to the distribution
on agents’ types; in particular, we can obtain samples from this distribution. Our
goal is to design a transformation procedure that queries the algorithm and the
distribution, and produces a mechanism mapping type vectors to feasible allocations
and payments; The mechanism should be ǫ-BIC, and obtain expected social welfare
close to that of the algorithm A. We will focus on the problem of generating a
monotone allocation function and ignore the supporting payments. We will ensure
the feasibility of the allocation function produced by the transformation by requiring
that at any input type vector t the transformation returns an allocation that it has
seen the algorithm output at some (potentially different) type vector s. In doing so,
the transformation will not need to understand the underlying feasibility constraint
at all, and will satisfy it trivially. As such we will interpret the behavior of the
transformation as mapping input type vectors t to other (potentially random) type
vectors s; We call the latter the surrogate types.

Let us now focus on this mapping from types to surrogate types. Call this
mapping σ. Then, at a type vector t, the mechanism returned by the transformation
will generate the allocation x(t) = A(σ(t)). Formally, we want to find a (potentially
random) mapping σ, such that the function A(σ(t)) satisfies the monotonicity
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condition from Theorem 2.1 or its generalization from Rochet (1987), as applicable.
Furthermore, the expected social welfare of the new allocation function A(σ(t))
should be close to or better than that of the original allocation function A(t).
Finally, finding such a mapping σ should be computationally efficient.

The key to computational efficiency is that we will construct σ from agent-specific
mappings σi, that is, we will find a mapping from types to surrogate types for each
agent individually based solely on the interim allocations that the algorithm makes
to these agents, and ignoring the actual types of other agents. Two things enable
this: (1) in order to obtain BIC, it suffices to look at an agent’s interim allocation,
rather than their ex post allocation; (2) the social welfare objective is separable
across agents, so that if the individual contribution of every agent to the expected
social welfare is preserved by the transformation, then the overall performance is
also preserved. There is one potential challenge, however. We will construct a
mapping σi from types to types for an agent i by looking at his interim allocation
function, assuming that all other agents’ types stay the same. However, when we
likewise apply the mapping for other agents’ types, this could alter agent i’s interim
allocation, potentially undoing our work in improving i’s allocation. In order to
ensure that this does not happen, we need one other property from the mapping
σi: for every agent i, the distribution of types σi(ti) should be identical to the
original distribution over types ti. This would imply that the mapping for any
agent preserves the interim allocation function of any other agent.

Let us now restate our new goal for an individual agent i. Let Ai(ti) denote
the interim allocation that the algorithm makes to agent i at type ti when other
agents’ types are distributed according to their underlying distribution. We want
to construct a mapping σi from i’s type space to itself with the following properties:
(1) Ai(σi(ti)) satisfies the monotonicity condition from Theorem 2.1 or its gener-
alization from Rochet (1987), as applicable; (2) The expected value that agent i
obtains from the new interim allocation Ai(σi(ti)) is (nearly) as large as the ex-
pected value that the agent obtains from the old interim allocation Ai(ti); (3) The
mapping preserves the agent’s type distribution, that is, σi(ti) is distributed identi-
cally to ti. Because the first two properties are properties of the interim allocation,
Ai(σi(ti)), resulting from the mapping, we can equivalently think of σ as mapping
types to interim allocations (that we will simply call the algorithm’s output), while
preserving the distribution of the output (i.e. property (3)).

Why does such a mapping exist? In short, the answer is that social welfare
maximization is highly compatible with monotonicity. To understand this, let us
consider the simple case of a single-parameter agent with a uniform distribution over
k different values v1 ≥ v2 ≥ · · · ≥ vk. Let aj = A(vj) denote the algorithm’s interim
allocation to the agent at value vj . Suppose that this interim allocation function
does not satisfy weak monotonicity, that is, there are indices j1 < j2 with aj1 < aj2 .
We want to find a mapping from values to outputs satisfying the three properties
above. Since the distribution over types and outputs is the uniform distribution
by assumption, the mapping is going to be a matching between the vjs and the
ajs. Now let us consider the first two properties of the mapping separately. First,
which matching between the vjs and the ajs achieves monotonicity? The answer is:
the matching that matches vj to the jth highest allocation in the set {a1, · · · , ak}.
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Second, which matching between the vjs and the ajs maximizes expected social
welfare? Note that the expected social welfare of the agent is 1/k times the total
weight of the matching where the weight of a single matched pair (vj , aj′) is the
product vjaj′ . So the answer is again: the matching that matches vj to the jth
highest allocation in the set {a1, · · · , ak}. The two answers are identical. In other
words, monotonizing an interim allocation rule automatically (weakly) improves
the social welfare. The reader can convince herself that this property continues
to hold in any single-parameter setting, and not just for the uniform distribution
over a discrete type space. In fact it turns out that this property holds also in arbi-
trary multi-parameter settings because the multi-parameter monotonicity condition
of Rochet (1987) can be expressed in terms of maximum weight matchings. This
interpretation of the mapping for an agent in terms of maximum weight matchings
also gives us a computationally efficient procedure for finding the mapping.
Our discussion ignores many crucial details: the type space of each agent may be

prohibitively large, or even unbounded; computing the interim allocations of agents
and the corresponding expected values may be challenging. These can be overcome
via sampling and by allowing the final mechanism (in some cases) to satisfy ǫ-BIC
rather than exact BIC.

5.2 Strong black-box reductions for nonlinear objectives

Can the approach of Hartline and Lucier be applied to objectives other than social
welfare? In other words, is there a mapping σ from type vectors to type vectors
such that A(σ(t)) satisfies monotonicity and preserves the algorithm’s performance
in expectation with respect to some nonlinear objective? At a minimum, in order to
be able to construct the mapping on a per-agent basis, the objective function would
have to be additively separable across agents. Suppose that is indeed the case, can
we solve the per-agent mapping problem as described in the previous section but
with respect to some arbitrary nonlinear objective? Chawla et al. (2012) show
that this is not possible: for every nonlinear objective, there is an example with
one single-parameter agent where any mapping from the agent’s type space to
itself that satisfies monotonicity and preserves the distribution over types suffers
an unbounded loss in the objective. They further show that for certain nonlinear
objectives, no approaches can lead to a strong black-box reduction with small loss
in performance.
We first note that not all nonlinear objectives can be aligned with incentive

compatibility. Consider, for example, the fairness objective in a single-parameter
setting. We have n agents with values vi and a single item that can be distributed
fractionally among the agents. Our objective is to maximize the minimum value:
mini(vixi) subject to

∑

i xi ≤ 1. Then it is easy to see that optimal or near optimal
allocation rules are highly non-monotone: if an agent raises his value, the objective
forces us to reduce his allocation in order to balance the distribution of welfare
across all agents; Conversely, no monotone allocation rule can obtain a good ap-
proximation. This motivates the definition of monotone objectives: objectives for
which exact optimization leads to a monotone allocation function. Social welfare is
one example. For monotone objectives, the black-box reduction question is essen-
tially about computational efficiency: if we could exactly optimize the objective,
then we would have a monotone allocation rule, but we cannot necessarily do so in
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a computationally efficient manner.
Chawla et al.’s negative result concerns the makespan minimization problem.

Informally, this is the min-max variant of the fairness objective. The setup is that
of n selfish machines, with private speeds v. The mechanism’s goal is to allocate
work to the machines, with xi(v) being the total amount of work allocated to
machine i. The mechanism’s makespan is then the time at which the last machine
finishes its work: maxi(xi(v)/vi); we want to minimize this quantity. Note that
machines get paid to do work, so this a “reverse auction” setting; the reader can
check that BIC in this setting is equivalent to the interim allocation to each machine
being monotone weakly increasing in the machine’s speed or value vi. Chawla et al.
showed that there is no strong black-box reduction for this problem where the
expected makespan of the mechanism is at most subpolynomially (in n) worse than
that of the underlying algorithm. We will now describe the high-level intuition
behind this result.
Recall that a black-box reduction is a transformation procedure that queries the

algorithm at multiple inputs and then creates a new allocation function; this new
allocation function should have the property that the output (allocation) at any
type vector is an output that the transformation procedure obtained by querying
the algorithm at some input. In the case of the makespan minimization problem,
the transformation procedure upon querying the algorithm may determine that it
needs to change the output at a certain type vector, for example, it may want to
lower the allocation to some low speed machines or increase the allocation to some
high speed machines. In doing so it must avoid with reasonable probability outputs
that lead to a makespan much higher than that of the algorithm. Here is where the
problem arises. Since the makespan objective is highly nonlinear (it is the maximum
over n agent-specific makespans), there are many ways to generate a bad output
with a high makespan, and few ways to generate a good one. The transformation
procedure therefore faces an uphill task: it needs to find an input at which the
algorithm produces an output with the desired changes to allocations while avoiding
the many ways of increasing the makespan. In fact, there exists an example where
in order to do so the transformation would need to make exponentially many queries
to the algorithm.

5.3 Weak black-box reductions for nonlinear objectives

Cai, Daskalakis, and Weinberg (2013b) consider arbitrary concave objectives26 in
settings with small type spaces (as in Section 4.2) and provide a weak black-box
reduction that runs in time polynomial in

∑

i |Ti|. Specifically, they reduce the
mechanism design problem for an objective O in such settings to an algorithm
design problem for a different objective O′. Given access to such an algorithm, their
transformation produces a mechanism that is ǫ-BIC, and obtains an approximation
factor for O related to the algorithm’s approximation factor for O′. Here we define
the approximation factor for the mechanism as well as the algorithm with respect
to their objective function value in expectation over the type distribution.

26Concave objectives are not always monotone in the sense of the definition in Section 5.2; That

is, exact optimization of these objectives does not always lead to monotonicity of the allocation
function.
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There is an important distinction between the weak reduction of Cai et al. for
makespan minimization and the strong reduction of Hartline and Lucier (2010) for
welfare maximization. In the latter work, the mechanism produced by the trans-
formation achieves nearly the same absolute performance as the underlying algo-
rithm. In the former work, the mechanism achieves nearly the same approximation
ratio as the underlying algorithm, where the mechanism’s approximation ratio is
measured against the performance of the optimal BIC mechanism, while the algo-
rithm’s approximation ratio is measured against the performance of the optimal
(non-strategic) algorithm. In particular, the mechanism’s absolute performance
may be far worse than that of the algorithm.

Cai et al.’s approach is similar to and inspired by their solution to the revenue
maximization problem in settings with small type spaces that we described in Sec-
tion 4.2. Recall that for the revenue maximization problem the idea is to set up
a compact linear program over the agents’ interim allocation and payment rules.
While the BIC and IR constraints as well as the revenue objective can be expressed
linearly over these interim quantities, the key challenge is to encode and enforce
the constraint that the interim allocations are feasible in that they arise from (a
distribution over) feasible ex post allocations (see (RF-LP) and constraint (7) in
Section 4.2). For non-linear objectives another challenge is that the objective can-
not necessarily be expressed as a function of the interim allocations and payments.
We will now outline the changes that need to be made to this approach to make it
work for arbitrary concave objectives.

Cai et al.’s main insight is to expand the reduced form of the mechanism (which
previously included only the interim allocation rule) to include the expected objec-
tive function value that the mechanism achieves. Armed with this extra variable,
call it o, we can once again express the BIC and IR constraints, and the objective
function in the form of a compact linear program. It remains to verify that the
reduced form (x, o) is feasible in that there is a distribution over feasible ex post
allocations that implements this reduced form. As in the revenue setting, they show
that as long as O is a concave objective, the set of all feasible reduced forms (x, o) is
a convex polytope. Linear functions over this polytope now have a component cor-
responding to the objective function, in addition to a virtual welfare component.
Optimizing over the polytope therefore is equivalent to optimizing the objective
O′ = O plus virtual welfare. Given an algorithm for this generalized objective,
they show how to adapt the machinery described in Section 4.2 to obtain an ǫ-BIC
mechanism for the objective O.

An important point is worth mentioning here. The new objective O′ = (O +
virtual welfare) may be much harder to approximate than the original objective O
(in a non-strategic setting). This is especially so because the virtual values corre-
sponding to the welfare component can be positive or negative. In follow-up work,
Daskalakis and Weinberg (2014) apply this framework to the makespan minimiza-
tion problem and observe that the resulting algorithmic problem of minimizing
the makespan plus virtual welfare is hard to approximate to within any finite fac-
tor. Nevertheless, they show that it is possible to leverage the convex optimization
approach via a slightly different approximation. In particular, they show that if
the algorithm produces a solution for the objective O′ such that for some β > 1,
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(βO + virtual welfare) is an α-approximation to the maximum value for O′, then
the machinery of Cai et al. (2013b) can be used to obtain an αβ-approximation
mechanism for O. They instantiate this approach for the makespan minimization
objective, obtaining an approximation factor of 2, which, remarkably, matches the
best known approximation for the same objective in non-strategic settings.

6. FURTHER DIRECTIONS

We will now briefly survey some other directions of interest in BAMD. The refer-
ences provided are not meant to be exhaustive; interested readers should use these
as a starting point for a literature search into the topic.

Other objectives. We have previously discussed work on social welfare and
revenue maximization. Tradeoffs among these objectives have also been studied:
Daskalakis and Pierrakos (2011) study the design of mechanisms that simultane-
ously approximate both objectives; Hartline and Roughgarden (2008) consider a
residual surplus objective with the goal of obtaining high social surplus with low
monetary transfers. Another objective related to revenue is the so-called maximum
payment objective that arises in the context of contest design and crowdsourcing
(see, e.g., Chawla, Hartline, and Sivan (2012); Ghosh and Kleinberg (2014)). As
mentioned earlier, in a series of works Cai et al. develop general techniques for
designing approximation mechanisms for concave objectives. This bounds the ap-
proximability of these objectives in strategic settings. A related question is whether
the performance of the optimal mechanism for these objectives is close to that of
the optimal (non-strategic) algorithm. Chawla, Hartline, Malec, and Sivan (2013)
study this question for the makespan objective and present mechanisms that ap-
proximate the non-strategic optimum. Finally, new applications in private data
analysis have motivated the use of mechanisms for buying private information with
the designer’s objective being the accuracy of the estimate based on the bought
information (see, e.g., Ghosh and Roth (2011)).

Correlated or interdependent agents. Throughout this article we have as-
sumed that agents’ types are distributed independently of each other. In the real
world this is usually not true. Oftentimes agents’ values are informed by a com-
mon source or derive from a resale market, as is the case with houses or art. When
agents’ values are correlated, the revenue maximization problem is computationally
intractable even with just 3 agents (Papadimitriou and Pierrakos, 2011). However,
good approximations can be obtained in many settings (Ronen, 2001; Ronen and
Saberi, 2002; Dobzinski et al., 2011; Chen et al., 2011; Babaioff et al., 2012; Minooei
and Swamy, 2013; Fu et al., 2014; Chawla et al., 2014).
A more interesting situation arises when the agents do not know their values

precisely. Milgrom and Weber (1982) introduced the following model, which is now
standard for this setting: Agents’ information about their own value is captured by
a signal that they receive from the environment. Agents’ signals may be correlated.
Further, their true values may depend not only on their own signal, but also on
others’ signals. Since signals are private, agents may not know their values pre-
cisely, and base their actions on the stochastic information they have about others’
signals. During the course of a mechanism, agents may learn others’ signals, update
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their own estimates of their values, and act according to these updated estimates.
A classic example of this setting is an auction for the right to drill for oil in a
certain location Wilson (1969). The value of an oil lease depends on how much oil
there actually is, and the different bidders may have access to different assessments
about this. Consequently, a bidder might change her own estimate of the value
of the oil lease given access to the information another bidder has. An interest-
ing consequence of this is the breakdown of the revelation principle: mechanisms
that don’t reveal the agents’ signals to each other cannot necessarily implement the
same outcome as those that reveal all of the information. Work in this model has
consequently focused on ex post equilibria, rather than Bayes-Nash equilibria.

A series of papers (e.g., Chung and Ely, 2006; Vohra, 2011; Csapó and Müller,
2013; Roughgarden and Talgam-Cohen, 2013) characterize optimal ex post IC mech-
anisms, obtaining in some cases a “revenue equals virtual surplus” type of char-
acterization. Syrgkanis et al. (2013) and Abraham et al. (2013) study the special
case of common value settings, that is, where all of the agents have the same
(unknown) value. Roughgarden and Talgam-Cohen (2013) and Li (2013) provide
prior-independent approximations in certain agent-symmetric settings. Chawla,
Fu, and Karlin (2014) provide approximately-optimal mechanisms in quite general
settings: they show, in particular, that a simple variant of the VCG mechanism
with reserve prices and random admission provides constant factor approximations
in matroid environments with few assumptions.

Budgeted agents. The mechanism design problem changes considerably when
agents have budgets. Budgets play a role distinct from the value an agent has for an
item or service. For example, an agent may value a piece of art greatly but not have
the means to pay for it. How a mechanism deals with budget constraints depends on
how it handles individual rationality. For mechanisms that are interim individually
rational, it suffices to satisfy the budget constraints also in an interim sense, because
the agent’s payment at a particular type can be redistributed as a function of others’
types in order to satisfy the budget constraint ex post. Consequently, optimal
budget-feasible interim-IR mechanisms are typically all-pay mechanisms, where an
agent makes a payment based on his type to the mechanism regardless of whether
or not (or what) he gets allocated. Bhattacharya et al. (2010) and Alaei (2014)
present approximation mechanisms for this setting. The linear programming based
framework of Cai et al. (2012b) can also easily handle budgets with interim-IR.
Mechanisms that are ex post individually rational are far weaker and necessitate
different design techniques. Chawla et al. (2011) present simple approximations in
this context for succinct types, while Bhalgat et al. (2013) present near-optimal
pseudo-polynomial time mechanisms for small type spaces.

Risk aversion. Most work in BAMD assumes that both the agents and the de-
signer are risk neutral, that is, they care about their objective in expectation, and
not about how it is distributed. On the other hand, individuals or entities in the
real world are often risk averse and would, e.g., prefer a certain reward to a lottery
that gives twice the reward with 50% probability, and no reward otherwise. Many
of the mechanisms we design use the randomness in the agents’ types as well as their
own randomness to their advantage. These mechanisms would potentially perform

ACM SIGecom Exchanges, Vol. 13, No. 1, June 2014, Pages 5–49



Bayesian Algorithmic Mechanism Design · 41

quite poorly if one or more of the participants is risk averse. Fu et al. (2013) de-
velop a theory of mechanism design with risk-averse agents. Sundararajan and Yan
(2010) and Bhalgat et al. (2012) consider the mechanism design problem faced by
a risk-averse seller.

Hardness and inapproximability results. Hardness results for algorithm de-
sign in a particular setting immediately carry over to mechanism design in the same
setting, as mechanisms face extra constraints. Can mechanisms be hard to approx-
imate in settings where the algorithmic problem is easy? This is indeed the case for
revenue maximization in multi-parameter settings. Briest (2008) shows that com-
puting revenue optimal prices for a single-agent unit-demand setting with m items
is hard to approximate within O(mǫ) when the agent’s values for different items
are correlated and the distribution is explicitly specified. When the distribution
is samplable but not described explicitly, Briest shows hardness of approximation
within log(|T |ǫ) where |T | is the size of the type space. Daskalakis et al. (2012) show
that this problem remains hard when the agent’s values for different items are in-
dependent, and the distributions are succinctly described. Chen et al. (2014) settle
the complexity of this setting by proving that it is NP-hard to compute the revenue
optimal pricing even when the values are independent and every value distribution
has a support of size 3.
Moving to additive settings, Daskalakis et al. (2014) show that computing the

optimal randomized auction is hard in the single-agent m-item setting with inde-
pendently distributed values, even when each item has just two possible values.
Papadimitriou and Pierrakos (2011) show that the optimal auction is NP-hard
to compute or approximate in single item auctions with 3 agents and correlated
distributions. Cole and Roughgarden (2014) study the sample complexity of com-
puting a (1 − ǫ) approximation for the revenue optimal single item auction and
show that poly (n, 1/ǫ) samples are necessary and sufficient for MHR distributions;
The sample complexity degrades as we move away from MHR distributions to reg-
ular distributions. The necessity of a polynomial dependence on n is remarkable
considering that there is no such dependence when the agents’ valuations are i.i.d.
regular (Dhangwatnotai et al., 2010), or when only a constant factor approximation
is sought (Hartline and Roughgarden, 2009).

Prior independence. A criticism of the Bayesian assumption in mechanism de-
sign is that it places a large informational burden on the designer. This designer
must somehow obtain an accurate Bayesian prior in order to carry out the opti-
mization. Dhangwatnotai et al. (2010) observed that in many settings the Bayesian
prior is not needed to obtain a good approximation, although performance is still
measured in expectation with respect to the underlying (unknown) prior. Further
techniques in this direction have been developed by Devanur et al. (2011), Rough-
garden et al. (2012), and Sivan and Syrgkanis (2013).

Information as a tool. In some settings, the seller or designer may possess more
information than the agents, and can wield this knowledge as a tool to further his
objective. Miltersen and Sheffet (2012); Emek et al. (2012); Dughmi et al. (2014)
develop approaches for sharing information selectively with the agents so as to
maximize social welfare or revenue.
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Non-truthful mechanisms. We have focused exclusively on direct revelation
incentive compatible mechanisms. There is an extensive literature on optimization
via non-truthful mechanisms, that studies the performance of these mechanisms in
Bayes-Nash equilibria (via the Bayesian prices of anarchy and stability). We refer
the reader to Syrgkanis and Tardos (2013) for a brief survey of this literature.

Dynamic auctions. Finally, many of the applications of BAMD are in dynamic
online settings where auctions are run repeatedly, and agents arrive and leave over
time. The buyer typically has a deadline beyond which he is not interested in
buying, and the seller has a fixed supply of items which expires over time. This
includes, for example, ad auctions, airline ticket sales, hotel accommodation sales,
task scheduling in a cloud computing environment, etc. For a concrete example,
consider a seller with k identical items available over T time periods. Each buyer is
interested in one item and either wants it in the same time period he arrives in, or
can wait till the end of the process. If the seller knows the joint distribution over
the agents’ values and deadlines, what selling mechanism should he use to maximize
revenue? Deb and Pai (2013) analyze this simple setting and characterize revenue
optimal mechanisms. Several aspects of dynamic settings make them especially
challenging: both the buyers and the seller can strategize by reasoning about future
events; some of the seller’s decisions must be made online, that is without full
knowledge of what is to come; buyers may enter or leave as they please; buyers
may lie about their deadlines. We refer the reader to Parkes and Duong (2007);
Constantin and Parkes (2009); Parkes (2009); Deb and Pai (2013) for a preliminary
treatment of this subject.

7. A FEW OPEN PROBLEMS

Below we list a few major open directions in BAMD.

Revenue maximization with succinct type spaces. Designing approximately
revenue optimal mechanisms for large but succinctly representable type spaces is an
area of active research with several open questions. As discussed in Section 4.1, the
“easy” cases are the extreme cases where the agent valuations are unit-demand or
additive. Even here, for additive valuations, extending the result of Babaioff et al.
(2014) to multiple agents is open. Moving beyond the two extremes, e.g., to additive
valuations up to k items is also open, even in a single-agent setting. On a different
dimension, moving beyond independence across items for large type spaces has
received little attention so far. Coming up with natural models of correlation that
can be succinctly represented is the first step here. However, we can’t proceed too
far in this direction: Cai et al. (2013b) show that unless NP=RP, even with a single
agent and submodular valuations, the optimal revenue cannot be approximated to
any polynomial factor in time polynomial in the size of type spaces.

Revenue maximization with oracle access to valuations. A challenge for
mechanism design in multi-parameter settings is efficiently extracting information
from the agents about their (exponentially large) value functions. As we discussed in
Section 4, BAMD literature has so far focused on settings with succinct descriptions
of value functions or small type spaces. An alternate approach is to have oracle
access to the value function via, e.g., value or demand queries; Several positive
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results are known for prior-free welfare maximization in such models (see, e.g.,
Blumrosen and Nisan (2009)). Are there similar models for the Bayesian setting
that enable positive results for revenue maximization?

Simple mechanisms for settings with explicit type spaces. Even when
type spaces are explicitly given (i.e., the small type spaces setting), developing
mechanisms that are simple to understand and implement is still open for several
objectives. The framework of Cai, Daskalakis, and Weinberg (2012a,b, 2013a,b)
provides a generic solution for arbitrary concave objectives, however, this framework
is quite complex and may result in algorithmic problems that are hard to solve.
Specific objectives may permit simpler and faster solutions.

Interdependent valuations. As mentioned earlier, most work on settings involv-
ing interdependence among agents’ types deals with ex post IC mechanisms. BIC
mechanisms can in some settings perform much better than EPIC mechanisms (see,
e.g., Cremer and McLean (1988); McAfee and Reny (1992)). Can we approximate
over this class of mechanisms? Approximation over ex post IC mechanisms is also
open for settings beyond matroid constraints for both the social welfare and rev-
enue objectives. Interdependent or correlated settings with multi-parameter agents
have not been explored much. While Jehiel et al. (2006) show strong impossibility
results for ex-post implementation in generic multi-parameter settings, reasonable
restrictions on value functions may give room for positive results.

Dynamic mechanism design. As mentioned earlier, many of the applications of
BAMD are in dynamic or online settings. Characterizing optimal mechanisms in
simple dynamic auction settings is a wide open area for research.
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Prior to 2006, the United States Military Academy (USMA) matched cadets to military specialties
(branches) using a single category ranking system to determine priority. Since 2006, priority for
the last 25 percent of the slots at each branch has been given to cadets who sign a branch-of-choice
contract committing to serve in the Army for three additional years. Building on theoretical work

of Hatfield and Milgrom (2005) and Hatfield and Kojima (2010), Sönmez and Switzer (2013) show
that the resulting new matching problem not only has practical importance but also it fills a gap in

the market design literature. Even though the new branch priorities designed by the Department
of the Army fail a substitutes condition, the cumulative offer algorithm of Hatfield-Milgrom gives a
cadet-optimal stable outcome in this environment. The resulting mechanism restores a number of
important properties to the current USMA mechanism including stability, strategy-proofness and
fairness which not only increase cadet welfare consistent with OCSP goals but also provides the
Army with very accurate estimates of the effect of a change in the parameters of the mechanism on
number of man-year gains by the branch-of-choice incentive program. This new application also
shows that matching with contracts model have great potential to prescribe solutions to real-life
resource allocation problems beyond domains that satisfy the substitutes condition.

Categories and Subject Descriptors: J.4 [Social and Behavioral Science]: Economics

General Terms: Economics; Theory

Additional Key Words and Phrases: Market design

1. INTRODUCTION

The matching with contracts model (Hatfield and Milgrom 2005) is widely consid-
ered as one of the most important advances of the last two decades in matching
theory. This powerful model embeds Gale and Shapley (1962) two-sided matching
model and Crawford and Knoer (1981) - Kelso and Crawford (1982) labor mar-
ket model , and it has given impetus to a flurry of theoretical research as well as
new applications of market design such as matching with regional caps by Kojima
and Kamada (2013), school choice with soft-caps by Hafalir, Yenmez and Yildirim
(2013), matching with slot-specific priorities by Kominers and Sönmez (2013), and
cadet-branch matching by Sönmez and Switzer (2013), Sönmez (2013). In this letter
we focus on the USMA cadet-branch matching application by Sönmez and Switzer
(2013).

2. THE MODEL

A cadet-branch matching problem consists of a finite set of cadets, denoted
I = {i1, i2, . . . , in}, a finite set of branches B = {b1, b2, . . . , bm}, a vector of branch
capacities q = (qb)b∈B , a set of “terms” or “prices” T = {t1, . . . , tk} ∈ R

k
+, a list of

cadet preferences �= (�i)i∈I over (B×T )∪{∅}, and a list of base priority rankings

Author’s address: Department of Economics, Boston College, Chestnut Hill, MA 02467. Phone:
(617) 552-3690. Fax: (617) 552-2308. E-mail: sonmezt@bc.edu.
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π = (πb)b∈B .
Here the function πb : I → {1, . . . , n} represents the base priority ranking at

each branch b ∈ B and πb(i) < πb(j) means that cadet i has higher claims to a slot
at branch b than cadet j, other things being equal. Often the base priority ranking
will be the same across all branches. In those cases we will refer to this uniform
priority ranking as the order-of-merit list and denote it by πOML. We assume
that the terms of a match increase in its index. That is, t1 < · · · < tk. A cadet who
is assigned the pair (b, t) commits to serving in the military for at least t years.
Cadet preferences over branch-price pairs are strict, and separable in B:

∀i ∈ I, ∀b, b′ ∈ B, ∀t, t′ ∈ T, (b, t) ≻i (b
′, t) ⇐⇒ (b, t′) ≻i (b

′, t′).

That is, each cadet has well-defined preferences over branches alone independent
of the price. We also assume that remaining unmatched is the last choice for each
cadet. Let P and Q denote the set of all strict preferences over (B × T )∪ {∅}, and
B respectively.
A contract x = (i, b, t) ∈ I×B×T specifies a cadet i, a branch b, and the terms

of their match. Let X ≡ I ×B × T denote the set of all contracts. An allocation

X ′ ⊂ X is a set of contracts such that each cadet appears in at most one contract
and no branch appears in more contracts than its capacity. Let X denote the set
of all allocations. For any allocation X ′ ∈ X and cadet i ∈ I, let X ′

i denote the
assignment of cadet i under X ′. Here X ′

i = (b, t) if (i, b, t) ∈ X ′, and X ′

i = ∅ if
cadet i has no contract in X ′.

An allocation X ′ is fair if

∀i, j ∈ I, X ′

j
︸︷︷︸

=(b,t)

≻i X
′

i ⇒ πb(j) < πb(i).

That is, a higher-priority cadet can never envy the full assignment of a lower-priority
cadet under a fair allocation.

A mechanism is a strategy space Si for each cadet i along with an out-

come function ϕ :
∏

i∈I Si → X that selects an allocation for each strategy vector
(s1, s2, . . . , sn) ∈

∏

i∈I Si. A direct mechanism is a mechanism where the strat-
egy space is simply the set of preferences over outcomes for each cadet i. A direct
mechanism is fair if it always selects a fair allocation. A direct mechanism ϕ is
strategy-proof if truthful preference revelation is dominant strategy.
Given two lists of base priority rankings π1, π2, we will say that π1 is an unam-

biguous improvement for cadet i over π2 if (1) the standing of cadet i is at least
as good under π1

b as π2
b for any branch b, (2) the standing of cadet i strictly better

under π1
b than π2

b for some branch b, and (3) the relative priority between all other
cadets remain the same between π1

b and π2
b for any branch b. A direct mechanism

respects improvements if a cadet never receives a strictly worse assignment as
a result of an unambiguous improvement.

3. THE USMA MECHANISM

For the case of USMA,
∑

b∈B ≥ |I|. That is, the total number of slots across
all branches is no less than the number of cadets. All cadets receive their branch
assignment through this mechanism and they are not allowed to declare any brach
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unacceptable. There are only two terms for USMA; T = {t1, t2} with t1 < t2.
We refer t1 as the base price, t2 as the increased price, and any contract with
increased price t2 as a branch-of-choice contract.

The (post-2006) USMA mechanism is not a direct mechanism and the space
is Si = Q× 2B for each cadet i under this mechanism. That is, each cadet is asked
to choose (1) a ranking of branches alone, and (2) a number of branches (possibly
none) under the USMA mechanism.
Fix a problem and let (Qi, Bi) be the strategy choice of cadet i under the USMA

mechanism. USMA interprets Qi as the preferences of the cadet i over branches
alone. The interpretation of the second element is somewhat more delicate. For
each branch b ∈ Bi, cadet i indicates a willingness to pay the increased price t2
in exchange for favorable treatment for the last 25 percent of slots in this branch.
Cadet i will need to pay the increased price only if he receives one of the last 25
percent of the slots for which he is favored.
For each branch b ∈ Bi, we will say that cadet i signs a branch-of-choice

contract. The following construction simplifies the description of the outcome
function. Given a strategy profile s = (Qi, Bi)i∈I , uniquely construct the adjusted
priority ranking π+

b : I → {1, . . . , n} for each branch b as follows: For any pair
of cadets i, j ∈ I,

π+
b (i) < π+

b (j) if b ∈ Bi and b 6∈ Bj ,

π+
b (i) > π+

b (j) if b 6∈ Bi and b ∈ Bj , and
π+
b (i) < π+

b (j) ⇐⇒ πb(i) < πb(j) otherwise.

That is, the adjusted priority ranking π+
b is consistent with the base priority ranking

πb, unless one of the cadets signs a branch of choice contract for branch b whereas
the other one does not. In that case the cadet who signs the branch-of-choice
contract is favored under the adjusted priority ranking.
The algorithm that determines the outcome of the USMA mechanism is remi-

niscent of the celebrated agent-proposing deferred acceptance algorithm (Gale and
Shapley 1962) with one important difference. While each branch b relies on the
base priority ranking πb to evaluate proposing cadets for the first 75 percent of the
slots, it uses the adjusted priority ranking π+

b for the remaining slots. In other
words cadets receive favorable treatment for the last quarter of slots for branches
they have signed a branch-of-choice contract. We are ready to formally define the
outcome function ψWP for the USMA mechanism.
Let λ ∈ [0, 1]. For a given strategy profile (Qi, Bi)i∈I , the USMA mechanism

determines its outcome with the following USMA algorithm:
Step 1 : Each cadet i “applies” to his top-choice under Qi.
Each branch b holds the top (1 − λ)qb candidates based on the base priority

ranking πb. Among the remaining applicants it holds the top λqb candidates based
on the adjusted priority ranking π+

b . Any remaining applicants are rejected.

In general, at

Step k : Each cadet i who is rejected at Step (k-1) “applies” to his next-choice
under Qi.
Each branch b reviews the new applicants along with those held from Step (k-1),

and holds the top (1−λ)qb based on the base priority ranking πb. For the remaining
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slots, branch b considers all remaining applicants and holds the top λqb of them
based on the adjusted priority ranking π+

b . Any remaining applicants are rejected.

The algorithm terminates when no applicant is rejected. All tentative assign-
ments are finalized at that point. For any branch b,

(1) any cadet who is assigned one of the top (1 − λ)qb slots is charged the base
price t1,

(2) any cadet who is assigned one of the last λqb slots is charged

(a) the increased price t2 if he has signed a branch-of-choice contract for branch
b, and

(b) the base price t1 if he has not signed a branch-of-choice contract for branch
b.

Let ψWP(s) denote the outcome of USMA mechanism under s = (≻′

i, Bi)i∈I .
Observe that when λ = 0, the second part of the strategy space becomes re-

dundant and the USMA algorithm reduces to agent-proposing deferred acceptance
algorithm. Hence the USMAmechanism is equivalent to agent-optimal stable mech-
anism for this special case. Indeed, since all base priorities are identical for the case
of USMA, the USMA mechanism further reduces to simple serial dictatorship in-
duced by order-of-merit list πOML. Both of these mechanisms are very well-behaved:
Not only do they always result in a fair allocation, but they also respect unambigu-
ous improvements and they are strategy-proof.
For the case of USMA, λ = 0.25, and for positive λ the analysis of the USMA

mechanism is somewhat more delicate. That is because not only may truthful
branch preference revelation be suboptimal under the USMA mechanism, but also
the optimal choice of branch-of-choice contracts is a challenging task. So why is a
mechanism that is clearly based on strategy-proof agent-optimal stable mechanism
distorting incentives? The reason for this failure is somewhat subtle, but the key
observation is the following. Under the USMA algorithm, each cadet is considered
for one of the “expensive” slots at a branch immediately after its slots at base
price, and more importantly before given an opportunity to propose to the cheaper
slots of a less desirable branch. This may cause an issue if a cadet prefers the less
preferred branch at base price to the more desirable brach at the increased price.
Loosely speaking the USMA mechanism tries to infer cadet preferences over branch-
price pairs from their submitted preferences over branches alone along with signed
branch-of-choice contracts, and essentially it assumes that the price consideration
is always secondary to the branch assignment for every cadet. To the extent that
this assumption fails, the USMA mechanism distorts incentives. The following
proposition summarizes the key shortcomings of the USMA mechanism.

Theorem 1. (Sönmez and Switzer 2013) Truth-telling may not be an optimal
strategy under the USMA mechanism. Furthermore, a Nash equilibrium outcome of
the USMA mechanism can be unfair, Pareto inferior to a fair allocation, and may
penalize cadets for unambiguous improvements.
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4. MATCHING WITH CONTRACTS

Fortunately it is possible fix the deficiencies of the USMA mechanism. This re-
quires relating cadet-branch matching to a recent model which has received a lot
of attention.

4.1 Choice Sets

The cadet-branch matching problem can be modeled as a special case of thematch-

ing with contracts model (Hatfield and Milgrom 2005) that subsumes and unifies
the Gale and Shapley (1962) college admissions model and the Kelso and Crawford
(1982) labor market model, among others. The original matching with contracts
models is a two-sided matching model, and as such, each branch (hospitals in Hat-
field and Milgrom 2005) has preferences over sets of agent-term pairs. These hospi-
tal preferences induce a choice set from each set of contracts, and it is this choice
set (rather than hospital preferences) that relevant for cadet-branch matching.

In the present framework, branches are not agents and they do not have prefer-
ences. However, branches have priorities over cadet-price pairs, and these priorities
can also be represented via choice sets. This is the sense in which the cadet-branch
matching problem is a special case of matching with contracts.
In general, the choice set of branch b from a set of contacts X ′ depends on the

policy on who has higher claims for slots in branch b. We can represent the USMA
priorities, or any other priority structure by adequate construction of choice sets.
For a given priority structure for branch b, let Cb(X

′) denote the set of contracts
chosen from X ′ ⊆ X whereas Rb(X

′) ≡ X ′ \Cb(X
′) denote the rejected set from

X ′ ⊆ X. Given a set of contracts X ′ ⊆ X, we can formally define USMA choice
set as follows.

USMA Choice Set

Phase 0 : Remove all contracts that involve another branch b′ and add them
all to the rejected set Rb(X

′). Hence each contract that survives Phase 0 involves
branch b.

Phase 1 : For the first 0.75qb potential elements of Cb(X
′), choose the contracts

with highest-OML cadets one at a time. When two contracts of the same cadet
are available, choose the contract with the base price t1 and reject the other one.
Continue until either all contracts are considered or 0.75qb elements are chosen for
Cb(X

′). If the former happens, terminate the procedure and if the latter happens
proceed with Phase 2.1.

Phase 2.1 : For the last 0.25qb potential elements of Cb(X
′), give priority to

contracts with increased price t2. Hence in this phase only consider branch-of-
choice contracts and among them include in Cb(X

′) the contracts with highest-
OML cadets. If any cadet covered in Phase 2.1 has two contracts in X ′ reject the
contract with the base price t1. Continue until either all branch-of-choice contracts
are considered in X ′ or Cb(X

′) fills all qb elements. For the latter case, reject all
remaining contracts, and terminate the procedure. For the former case, terminate
the procedure if all contracts in X ′ are considered and proceed with the Phase 2.2
otherwise.

Phase 2.2 : By construction, all remaining contracts in X ′ have the base price
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t1. Include in Cb(X
′) the contracts with highest-priority cadets one at a time until

either all contracts in X ′ are considered or Cb(X
′) fills all qb elements. Reject any

remaining contracts.

4.2 Stable Cadet-Branch Matching

Since the seminal paper of Gale and Shapley (1962), the stability condition has
been central to the analysis of two-sided matching markets. In the context of
cadet-branch matching, an allocation X ′ is stable if (1) no cadet or branch is
imposed an unacceptable contract, and (2) there exists no cadet i, branch b, and
contract x = (i, b, t) ∈ X \X ′ such that (b, t) Pi X

′(i) and x ∈ Cb

(
X ′ ∪ {x}.

Three properties of choice sets, or equivalently branch priorities in our context,
have played an important role in the analysis of matching with contracts.
Priorities satisfy the irrelevance of rejected contracts (IRC) condition if

∀Y ⊂ X, ∀z ∈ X \ Y z 6∈ C(Y ∪ {z}) =⇒ C(Y ) = C(Y ∪ {z}).

That is, the removal of rejected contracts shall not affect the choice set under the
IRC condition.

Priorities satisfy the law of aggregate demand (LAD) condition for branch b
if

X ′ ⊂ X ′′ ⇒ |Cb(X
′)| ≤ |Cb(X

′′)|

That is, the size of the chosen set never shrinks as the set of contracts grows under
the LAD condition.

Lemma 1. The USMA priorities satisfy both IRC and LAD conditions.

Of the three conditions, the third one plays an especially important role in the
two-sided matching literature. Priorities satisfy the substitutes condition for
branch b if for all X ′ ⊂ X ′′ ⊆ X we have Rb(X

′) ⊆ Rb(X
′′). That is, under

the substitutes condition any contract that is rejected from a set X ′ is also rejected
from any set X ′′ that contains X ′. Substitutes together with IRC imply that the set
of stable allocations is non-empty (Hatfield and Milgrom 2005, Aygün and Sönmez
2013).
The substitutes condition along with IRC condition have been very “handy” in

the analysis of matching with contracts: Fixed-point techniques in lattice theory has
strong implications under these conditions. In particular these conditions together
assure the existence of a stable allocation, and that the set of stable outcomes is
a lattice. Hatfield and Milgrom (2005) build their highly influential model around
these conditions. A recent paper by Echenique (2012) questions the value added of
the matching with contracts model.

Theorem 2. (Echenique 2012) The matching with contracts model can be em-
bedded within the Kelso and Crawford (1982) labor market model under the substi-
tutes condition.

Kominers (2012) extends this isomorphism to a many-to-many matching provided
that the two sides of the market can sign at most one contract.
The substitutes condition is key for both the above isomorphism to hold. Indeed

Echenique (2012) emphasizes that a recent theory paper by Hatfield and Kojima
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(2010) analyzes matching with contracts under weaker conditions, and his embed-
ding does not work under their conditions. One of the conditions offered in Hatfield
and Kojima (2010) is the following:
Elements of X are unilateral substitutes for branch b if, whenever a contract

x = (i, b, t) is rejected from a smaller set X ′ even though x is the only contract in X ′

that includes cadet i, contract x is also rejected from a larger set X ′′ that includes
X ′. While the lattice structure of the set of stable allocations no longer persists
under the unilateral substitutes condition, Hatfield and Kojima (2010) shows that
a number of important results survives this weakening of the substitutes condition.

It turns out that, the unilateral substitutes condition plays a key role in cadet-
branch matching:

Lemma 2. While USMA priorities do not satisfy the substitutes condition, they
satisfy the unilateral substitutes condition.

4.3 Cumulative Offer Algorithm and COSM

We refer the agent-optimal stable mechanism as cadet-optimal stable mechanism
(COSM) in the present context. The strategy space of each cadet is P under the
COSM, and hence it is a direct mechanism.

Fix branch priorities (and thus the choices sets). Given a preference profile
P ∈ P, the following cumulative offer algorithm (COA) (Hatfield and Milgrom
2005) can be used to find the outcome of COSM.

Step 1 : Start the offer process with the highest-merit-score cadet π(1) = i(1).
Cadet i(1) offers his first-choice contract x1 = (i(1), b(1), t) to branch b(1) that is
involved in this contract. Branch b(1) holds the contract if x1 ∈ Cb(1)({x1}) and
rejects it otherwise. Let Ab(1)(1) = {x1} and Ab(1) = ∅ for all b ∈ B \ {b(1)}.

In general, at

Step k : Let i(k) be the highest-merit-score cadet for whom no contract is cur-
rently held by any branch. Cadet i(k) offers his most-preferred contract xk =
(i(k), b(k), t) that has not been rejected in previous steps to branch b(k). Branch
b(k) holds the contract if xk ∈ Cb(k)(Ab(k)(k − 1) ∪ {xk}) and rejects it otherwise.
Let Ab(k)(k) = Ab(k)(k− 1)∪{xk} and Ab(k) = Ab(k− 1) for all b ∈ B \ {b(k− 1)}.

The algorithm terminates when all cadets have an offer that is on hold by a
branch. Since there are a finite number of contracts, the algorithm terminates after
a finite number T of steps. All contracts held at this final Step T are finalized and
the final allocation is

⋃

b∈B Cb(AT ).

Sönmez and Switzer (2013) build on the following result to fix the deficiencies of
the USMA mechanism.

Theorem 3. (Hatfield and Kojima 2010): Suppose the priorities satisfy the uni-
lateral substitutes condition along with IRC. Then the COA produces a stable allo-
cation that is weakly preferred by any cadet to any stable allocation. Moreover, if
priorities also satisfy the LAD condition then the induced COSM is strategy-proof.
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Remark 1. The IRC condition is implicit in Hatfield and Kojima (2010) and it
is not explicitly stated. The above interpretation, which is necessary in our frame-
work with branch priorities, is due to Aygün and Sönmez (2012).

Remark 2. The Echenique (2012) embedding does not work in our framework.
Hence, the cadet-branch matching problem is an application of matching with con-
tracts that is beyond the scope of Kelso and Crawford (1982) labor market model.

Let ϕUSMA denote COSM induced by USMA priorities. This mechanism, which is
a very modest deviation from the USMA mechanism, fixes all previously mentioned
deficiencies of the USMA mechanism.

Theorem 4. (Sönmez and Switzer 2013) The outcome of ϕUSMA is stable under
USMA priorities and it is weakly preferred by any cadet to any stable allocation.
Moreover ϕUSMA is strategy-proof, fair, and respects improvements.
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1. INTRODUCTION

The cloud computing marketplace has evolved into a highly complex economic
system. Cloud providers are not homogeneous, and a vertical market structure has
emerged where Infrastructure-as-a-Service (IaaS) and Provider-as-a-Service (PaaS)
cloud providers rent out the use of (physical or virtual) platforms, servers, storage,
networks, etc. While Software-as-a-Service (SaaS) deliver applications for users,
and often run on top of an IaaS or PaaS. For example, Dropbox is an SaaS running
on top of Amazon EC2, which is an IaaS.
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This letter summarizes our recent work, [Anselmi et al. 2014], which looks at the
consequences of this vertical market structure. In particular, we introduce a new
model of the cloud marketplace where providers at each layer of the vertical struc-
ture are profit maximizing. The key features included by the model are (i) users
strategically determine which SaaS provider to use depending on a combination of
performance and price; (ii) SaaS providers compete by strategically determining
their price and the IaaS/PaaS provider they use in order to maximize profit, which
depends on the number of users they attract; (iii) IaaS/PaaS providers compete by
strategically determining their price to maximize their profit; (iv) the performance
experienced by the users is affected by the congestion of the resources procured
at the IaaS/PaaS chosen by the SaaS, and that this congestion is a result of the
combination of congestion at dedicated resources, where congestion depends only
on traffic from the SaaS, and shared resources, where congestion depends on the
total traffic to the IaaS/PaaS.
Using this model, the goal of our work is to provide insights into fundamental

questions such as “How profitable are SaaS providers as compared to PaaS/IaaS
providers?” and “Is the market structure such that increased competition among
cloud providers yields efficient resource allocation?”
Our analysis highlights a number of qualitative insights with respect to these

questions. For example, our results highlight that SaaSs extract profits only as a
result of dedicated latency; while IaaS/PaaS providers extract profits from both
shared and dedicated latencies. However, the profit of IaaS/PaaS providers reduces
significantly as competition grows, and converges to zero in the limit, while services
remain profitable even when there are a continuum of services. This highlights that
SaaS providers maintain market power over IaaS/PaaS providers even when services
are highly competitive, and that one should not expect the cloud marketplace to
support a large number of IaaS/PaaS providers.
This observation is similar to the relationship of content providers to ISPs in the

internet ([Musacchio et al. 2009; Economides and T̊ag 2012]). However, because
IaaS/PaaS providers can extract profits from both shared and dedicated latencies
they remain reasonably profitable relative to services as long as competition is
not extreme. This highlights that the cloud market structure seems not to be as
susceptible as the internet to a lack of incentives for infrastructure investment.
But, our analysis highlights an issue with the current market structure: the in-

teraction of SaaS providers and IaaS/PaaS providers serves to protect inefficient
IaaS/PaaSs. That is, even if one IaaS/PaaS provider is extremely inefficient com-
pared to another, the inefficient provider still obtains significant profit. Given the
suggestion from the results discussed above that the profitability of IaaS/PaaS
providers will limit the market to a small level of competition, this “protection” of
inefficient providers is a dangerous phenomenon.

2. MODEL OVERVIEW

We begin by briefly summarizing the model introduced in [Anselmi et al. 2014],
which focuses on the interaction among three parties in the cloud marketplace:
users, SaaS providers (services for short) and IaaS/PaaS providers (providers for
short).
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Providers: We consider P providers who sell resources to services, as done by
Amazon EC2 and Google Cloud. The resources sold can represent virtual machines,
in the case of an IaaS, or platforms provided for development, in the case of a PaaS.
Each provider p charges a price βp per unit of data flow for services that use its
infrastructure. This charge-per-flow model is very common, e.g., it is used by
Google App Engine. We let yp denote the total flow of provider p and model the
profit of provider p by

Provider-Profit(p) = βpyp. (1)

Services: We consider S ≥ 2 services interacting both with users and providers.
Again according to the charge-per-flow model, each service pays the provider that
it has chosen to join for infrastructure and charge users for usage. We assume
that each service s chooses only one provider, denoted by fs. So, f : {1, . . . , S} →
{1, . . . , P} is the service-to-provider mapping. Further, each service s charges a unit
price αs to users each time they access to s. Let xs denote the flow (users/time) of
service s, which implies yp =

∑
s:fs=p xs. Then, the profit of service s is

Service-Profit(s) = (αs − βfs)xs. (2)

Users: The customer base of cloud services is typically quite large, and so we
use a nonatomic model in order to capture their aggregate behavior. We model the
total user flow to the services as inelastic, and denote it by λ. Thus, we have

λ =
∑

p

∑
s:fs=p

xp =
∑

p
yp.

In the cloud, the latency experienced by users is determined by the combination of
both the amount of flow at the service chosen, xfs , and the amount of flow using the
provider chosen by the service yfs . Thus, we break down the latency experienced
into two types of congestion costs: 1) the dedicated cost (latency) from the service

ℓ̃fs(xfs) and 2) the shared cost (latency) from the provider ℓ̂fs(yfs). Combining
these latencies with the service price yields the “effective cost” that users seek to
minimize. In particular, for a user who chooses service s, it is modeled by

User-Effective-Cost(s) = αs + ℓ̃fs(xfs) + ℓ̂fs(yfs). (3)

3. EQUILIBRIUM CONCEPTS

To complete the model, we must define the equilibrium concepts used for each level
of the model. We give only a high-level overview here, and refer the reader to
[Anselmi et al. 2014] for the details.
The key assumption in what follows is that the users act at the fastest time scale,

responding to fixed prices of the services and providers, and a fixed mapping of the
services to the providers. The next fastest time scale that we consider is pricing,
with providers setting prices first and services responding optimally to them. Fi-
nally, how services choose the providers to join is modeled as the slowest time scale.
This ordering is motivated by the behavior observed in practice: users move quickly
between cloud services depending on price, service and provider prices also change
quickly (hourly or faster), while the migration of services across providers happens
infrequently.

ACM SIGecom Exchanges, Vol. 13, No. 1, June 2014, Pages 58–63



61 · J. Anselmi et al.

In this context, we first fix how services distribute themselves among providers,
and then consider the equilibria of service and provider prices according to a Stack-
elberg model where providers first set their prices and then services observe these
prices and determine the prices they charge to end users. The user flow is then dis-
tributed according to a Wardrop equilibrium (cf. the latency cost defined in (3)).
The last component to incorporate into our framework is the equilibrium mapping
of services to providers, i.e., the distribution equilibrium, which fully characterizes
the strategic interaction among the three market participants. At a distribution
equilibrium, we have: (i) service and provider prices form a price equilibrium given
the particular mapping from services to providers; and (ii) no service has an incen-
tive to change its provider because all providers yield services the same profit.

4. MARKET EFFICIENCY

Given the model described above, one goal of our analysis is to study the market
efficiency, as measured through the price of anarchy of user performance. In partic-
ular, in [Anselmi et al. 2014] we study the effect of price competition in the cloud
on the performance experienced by users using the aggregate user latency resulting
from a distribution equilibrium.
Further, to explore the efficiency loss when the number of providers is large,

we consider a “replica economy” scaling of providers where there are P types of
providers and the number of providers of each type scales with n as n increases
to infinity. In this context, as n increases to infinity, we show that there exists an
ǫ-equilibrium (among all providers) with ǫ decreasing to zero. We show in [Anselmi
et al. 2014] that the price of anarchy of a distribution equilibrium cannot exceed
k + 1, if the latencies are polynomials with degree k.

This result highlights that the price of anarchy will be small in settings when there
are a large number of providers. For example, the price of anarchy is bounded by 2 in
the case of linear latencies. Interestingly, this is essentially the same price of anarchy
as when no market structure exists, i.e., users directly choose providers based on
congestion costs [Roughgarden and Tardos 2002]. Since the price of anarchy of the
two-tier model (users and SaaSs) converges to one in the limit as the number of
services grows [Anselmi et al. 2011], this result reveals that the addition of providers
into the marketplace “undoes” the efficiency created by competition among services.
Thus, the vertical market structure creates inefficiency that does not exist if SaaSs
and PaaSs own their own infrastructure. However, on the positive side, it is this
inefficiency that allows the IaaSs to extract profits and avoid the falling prey to the
same market failure that doomed ISPs.

5. RELATED WORK

Note that our work in [Anselmi et al. 2014] is a small part of a broader field that
focuses on strategic behavior and pricing in cloud systems and, more generally, in
the internet.
In the context of cloud systems specifically, an increasing variety of network

games have been investigated and three main areas of attention in this literature
are resource allocation ([Teng and Magoules 2010; Hong et al. 2011]), load balancing
([Altman et al. 2008; Chen et al. 2009; Anselmi et al. 2011; Anselmi and Gaujal
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2011]), and pricing ([Yolken and Bambos 2008; Ardagna et al. 2012; Acemoglu and
Ozdaglar 2007; Feng et al. 2013]). It is this last line of work that is most related
to the current paper. Within this pricing literature, the most related papers to our
work are [Acemoglu and Ozdaglar 2007; Yolken and Bambos 2008; Anselmi et al.
2011; Ardagna et al. 2012; Song et al. 2012; Feng et al. 2013].
Each of these papers focuses on deriving the existence and efficiency (as mea-

sured by the price of anarchy) of pricing mechanisms in the cloud. For example,
[Ardagna et al. 2012] considers a two-tier model capturing the interaction between
SaaSs and a single IaaS, and studies the existence and efficiency of equilibria allo-
cations. Similarly, [Acemoglu and Ozdaglar 2007; Anselmi et al. 2011; Feng et al.
2013] consider two-tier models capturing the interaction between users and SaaSs
or between SaaSs and PaaSs/IaaSs, and study the existence and efficiency of equi-
librium allocations.
Thus, the questions asked in these (and other) papers are similar to those in our

work. However, the model considered in our work is the first to capture the three-
tier competing dynamics between users, SaaSs, and IaaSs/PaaSs simultaneously.
Further, we model the distinction between congestion from shared and dedicated
resources. Neither of these factors was studied in the previous work; and both lead
to novel qualitative insights about the cloud marketplace (while simultaneously
presenting significant technical challenges to overcome).

REFERENCES

Acemoglu, D. and Ozdaglar, A. 2007. Competition and efficiency in congested markets. Math.
Oper. Res. 32, 1, 1–31.

Altman, E., Ayesta, U., and Prabhu, B. 2008. Load balancing in processor sharing systems.
In Proc. of ValueTools. 1–10.

Anselmi, J., Ardagna, D., Liu, J., Wierman, A., Xu, Y., and Yang, Z. 2014. The economics
of the cloud: price competition and congestion. Under submission.

Anselmi, J., Ayesta, U., and Wierman, A. 2011. Competition yields efficiency in load balancing
games. Perform. Eval. 68, 986–1001.

Anselmi, J. and Gaujal, B. 2011. The price of forgetting in parallel and non-observable queues.
Perform. Eval. 68, 12 (Dec.), 1291–1311.

Ardagna, D., Panicucci, B., and Passacantando, M. 2012. Generalized nash equilibria for the
service provisioning problem in cloud systems. IEEE Trans. on Services Computing (Preprint).

Chen, H. L., Marden, J. R., and Wierman, A. 2009. On the impact of heterogeneity and
back-end scheduling in load-balancing designs. In Proc. of IEEE INFOCOM.
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We consider the one-sided matching problem, where agents must be matched to indivisible ob-

jects. Our first result is a novel characterization of strategyproof mechanisms by three intuitive
axioms. Furthermore, we introduce partial strategyproofness, a new relaxation of strategyproof-
ness that bridges the gap between full and weak strategyproofness. Partial strategyproofness finds
application in the incentive analysis of non-strategyproof mechanisms, such as Probabilistic Serial,
different variants of the Boston mechanism, and hybrid mechanisms. In this letter, we summarize
the main results from [Mennle and Seuken 2014a] and demonstrate how they can be used for the
design and analysis of matching mechanisms.1
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1. INTRODUCTION

The (probabilistic) one-sided matching problem is concerned with the allocation
of indivisible goods to self-interested agents with privately known preferences in
domains where monetary transfers are not permitted. Such problems often arise
in situations that are of great importance to peoples’ lives. For example, students
must be matched to schools, teachers to training programs, or tenants to houses.
Strategyproof mechanisms, such as Random Serial Dictatorship (RSD), are ap-

pealing because they make truthful reporting a dominant strategy for all agents.
Participation in the mechanism becomes an easy task as there is no need for delib-
eration about the best response, thus reducing cognitive costs for the agents and
(likely) endowing the mechanism with correct information about agents’ preferences.

While strategyproofness is certainly a desirable property, it also imposes severe
restrictions. In particular, it is incompatible with ordinal efficiency and symmetry
[Bogomolnaia and Moulin 2001], and it is also incompatible with rank efficiency
[Featherstone 2011]. Therefore, recent research has sought to develop new methods
for describing the incentive properties of non-strategyproof mechanisms. Azevedo
and Budish [2013] introduced strategyproofness in the large, which formalizes the
intuition that as markets get large, the incentives for agents to misreport their
preferences vanish in the limit. While this is an interesting new concept, it does
not provide any guarantees for finite settings. Pathak and Sönmez [2013] presented
a concept to compare mechanisms by their vulnerability to manipulation. While
this comparison is generally quite appealing, it yields inconclusive results in some
important applications, e.g., when comparing different variants of the Boston

1[Mennle and Seuken 2014a] is available at: http://www.ifi.uzh.ch/ce/publications/PSP.pdf.
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mechanism [Mennle and Seuken 2014c]. This highlights that the “toolbox” for the
incentive analysis of non-strategyproof mechanisms is still insufficiently developed,
and new concepts are needed.
In Section 2, we explain our first main result from [Mennle and Seuken 2014a],

a new characterization of strategyproof mechanisms. In Section 3 we introduce
partial strategyproofness, a novel concept for relaxing strategyproofness, which
provides a single-parameter measure for “how strategyproofness” a non-strategyproof
mechanism is. We apply the partial strategyproofness concept to various known
and new mechanisms in Section 4, and conclude in Section 5.

2. AN AXIOMATIC CHARACTERIZATION OF STRATEGYPROOF MECHANISMS

Our first main result is that strategyproof mechanisms are characterized by three
intuitive axioms. To explain the axioms, suppose an agent swaps the position of
two adjacent objects in its reported preference order, say from a ≻ b to b ≻ a. Our
axioms limit the way in which a mechanism can change the allocation under this
basic kind of manipulation.
The first axiom, swap monotonicity, requires the mechanism to be direct and

responsive: if the allocation changes at all, then the allocation of a and b must
change (directness), and in this case, the allocation for a must strictly decrease, and
the allocation for b must strictly increase (responsiveness). To illustrate the axiom’s
significance, consider a mechanism that gives you chocolate ice cream if you ask for
vanilla, and gives you vanilla if you ask for chocolate. This mechanism is obviously
manipulable, and swap monotonicity prevents this kind of “defect.”
The second axiom, upper invariance, requires that an agent cannot influence

the allocation of one of its better choices by swapping two less preferred objects.
Hashimoto et al. [2014] introduced this axiom as one of the central axioms to charac-
terize the Probabilistic Serial mechanism.2 For individually rational mechanisms and
with a null object present, upper invariance is equivalent to truncation robustness,
i.e., agents cannot benefit by declaring some objects as unacceptable.
The third axiom, lower invariance, requires that an agent cannot influence the

allocation for less preferred objects by swapping two more preferred objects. This
is a natural complement to upper invariance.
In combination, the three axioms characterize strategyproof mechanisms.

Theorem 1 [Mennle and Seuken 2014a]. A mechanism is strategyproof if
and only if it is swap monotonic, upper invariant, and lower invariant.

This result yields a new way of establishing (or falsifying) strategyproofness. In
particular, it highlights the severity of the restriction that strategyproofness imposes
on the mechanism design space: if an agent swaps two objects in its reported
preference order (from a ≻ b to b ≻ a), all that a strategyproof mechanism can do
is to (weakly) increase the probability for b and to reduce the probability for a by
the same amount, while the allocation for all other objects must remain unchanged.

2Hashimoto et al. [2014] call this axiom weak invariance, but in the context of our characterization,
upper invariance is the more appropriate name as it complements lower invariance.
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3. PARTIAL STRATEGYPROOFNESS

Arguably, lower invariance is the least intuitive axiom. By dropping this axiom,
a new class of mechanisms emerges, which we call partially strategyproof. These
mechanisms remain strategyproof, but only on a particular domain restriction,
where the agent’s underlying utility functions are bounded away from indifference.
Formally, a utility function u satisfies uniformly relatively bounded indifference with
respect to r ∈ [0, 1] (URBI(r)) if for all objects a, b with u(a) ≥ u(b) we have

r · (u(a)−minu) ≥ u(b)−minu. (1)

We say that a mechanism is r-partially strategyproof if it is strategyproof in the
domain constrained by URBI(r). If a mechanism is r-partially strategyproof for
some non-trivial r > 0, then we sometimes simply say that it is partially strategyproof.
Our second main result is a characterization of partially strategyproof mechanisms
for any fixed setting (i.e., number of objects, number of agents, vector of capacities).

Theorem 2 [Mennle and Seuken 2014a]. In any setting, a mechanism is
partially strategyproof if and only if it is swap monotonic and upper invariant.

Theorems 1 and 2 show that requiring full strategyproofness beyond partial
strategyproofness ”buys” lower invariance. Interestingly, this insight also leads to
a better understanding of what lower invariance actually contributes in terms of
incentives. Recall that an r-partially strategyproof mechanism is strategyproof for
agents with utilities inside URBI(r). However, an agent who is close to indifferent
between two objects a and b may benefit from sacrificing some probability for a to
gain more probability for the less preferred object b. Under partially strategyproof
mechanisms, any beneficial manipulation must involve such a trade-off decision.
Thus, lower invariance adds that this trade-off is never beneficial, independent of
the relative utility differences, even for agents with utilities outside URBI(r).
We have also shown that the URBI(r) domain restriction is maximal, i.e., there

is no larger domain on which all r-partially strategyproof mechanisms are also
strategyproof (Theorem 3 in [Mennle and Seuken 2014a]). Thus, for any partially
strategyproof mechanism and in any fixed setting, we can consider the largest
admissible indifference bound as a single-parameter measure for “how strategyproof”
the mechanism is. We call this value the degree of strategyproofness and show that
it is computable and consistent with the vulnerability to manipulation concept.

4. APPLICATION OF PARTIAL STRATEGYPROOFNESS

Our partial strategyproofness concept finds numerous applications in the design
and analysis of non-strategyproof mechanisms. First, we show that the Probabilistic
Serial mechanism (PS) [Bogomolnaia and Moulin 2001] is swap monotonic and
upper invariant, and hence partially strategyproof. Moreover, numerical evidence
suggests the following conjecture: as the setting becomes large, i.e., the capacities
of the objects increases, the degree of strategyproofness of PS converges to 1.

Second, we consider the traditional “näıve” Boston mechanism (NBM) [Abdulka-
diroğlu and Sönmez 2003] in a setting with no priorities. This mechanism has often
been criticized for its manipulability, but it is nevertheless in frequent use in school
choice settings in practice. In [Mennle and Seuken 2014c] we have introduced an
adaptive variant of the Boston mechanism (ABM): instead of applying to their kth
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choice in the kth round, ABM lets agents apply to their best available choice in
each round. This removes obvious opportunities for manipulation, yet a comparison
between NBM and ABM by vulnerability to manipulation remains inconclusive,
except in the most basic case. However, we have shown that ABM is in fact partially
strategyproof, while NBM is not (Prop. 1 & Cor. 1 in [Mennle and Seuken 2014c]).
Thus, partial strategyproofness makes the different incentive properties explicit.

Third, in [Mennle and Seuken 2014b] we have demonstrated how hybrid mecha-
nisms can be used to trade off between strategyproofness and efficiency. The main
idea is to consider convex combinations of two component mechanisms, one of which
brings “good incentives” while the other brings “good efficiency.” We have shown
that, under certain technical assumptions, these hybrid mechanisms are partially
strategyproof, while also being more efficient than the less efficient component.
Furthermore, this trade-off is scalable in the sense that the mechanism designer can
accept a lower degree of strategyproofness in exchange for more efficiency. Prior to
the introduction of partial strategyproofness, no measure existed to evaluate the
incentive properties of such non-strategyproof hybrid mechanisms.

5. CONCLUSION

Strategyproofness is the most attractive incentive property in mechanism design,
but it also severely restricts the mechanism design space. Our new characterization
by swap monotonicity, upper invariance, and lower invariance provides an easy way
of establishing (or falsifying) strategyproofness. Furthermore, our partial strate-
gyproofness concept enables a new kind of incentive analysis of non-strategyproof
mechanisms and applies not only in the limit, but in settings of any size. It bridges
the gap between weak and full strategyproofness and yields a parametric and com-
putable measure for the degree of strategyproofness. We believe that our results
will lead to new insights in the analysis of existing non-strategyproof matching
mechanisms and facilitate the design of new ones.
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Abdulkadiroğlu, A. and Sönmez, T. 2003. School Choice: A Mechanism Design Approach.
American Economic Review 93(3), 729–747.

Azevedo, E. M. and Budish, E. 2013. Strategyproofness in the Large as a Desideratum for

Market Design. Working Paper.

Bogomolnaia, A. and Moulin, H. 2001. A New Solution to the Random Assignment Problem.

Journal of Economic Theory 100, 2 (Oct.), 295–328.

Featherstone, C. R. 2011. A Rank-based Refinement of Ordinal Efficiency and a new (but

Familiar) Class of Ordinal Assignment Mechanisms. Working Paper.

Hashimoto, T., Hirata, D., Kesten, O., Kurino, M., and Ünver, U. 2014. Two Axiomatic
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Mennle, T. and Seuken, S. 2014c. The Näıve versus the Adaptive Boston Mechanism. Working

Paper.

Pathak, P. and Sönmez, T. 2013. School Admissions Reform in Chicago and England: Comparing
Mechanisms by Their Vulnerability to Manipulation. American Economic Review 103(1),

80–106.

ACM SIGecom Exchanges, Vol. 13, No. 1, June 2014, Pages 64–67



Incentive Compatible Allocation Without Money

RUGGIERO CAVALLO

Yahoo Research

Mechanism design typically involves the use of monetary payments to incentivize truthful reporting
of private information. But what if payments are impossible? This letter summarizes recent work
on how lotteries and the threat of non-allocation can be leveraged to similar ends in single-item
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1. INTRODUCTION

Let’s start with a couple stories.

Story 1: Imagine you work at a large tech firm and you’re tasked with designing an
internal allocation policy for the company’s vast internal computational resources.
Imagine, further, that these resources take the following form: there is a virtually
unlimited amount of “standard issue” computational capacity available, and then
there is an elite high-performance computing cluster that is to be made available to
only one job at a time. All potential users (researchers, product groups, etc.) have
approximately the same value for the standard resource, but values vary widely (and
privately) for the elite resource. And, users are selfish. Your task is to determine
which user gets access to the high-performance cluster at any given time.

Story 2: Imagine you’re at this year’s iteration of the Economics and Compu-
tation conference, and after one of the sessions, on your way out of the room you
notice that one of your colleagues has lost his wedding ring, which you pick up.
You want to return it to its rightful owner, but you don’t know who that is. And,
wary that this crowd may take their standard models of behavior a little too much
to heart, you fear that if you were to simply make an announcement asking whose
it is, many “self-interested agents” would come forward as claimants.

These two very different scenarios have some important common features: an
allocation decision must be made; the decision-maker would like to choose the
allocation that maximizes “welfare” (if that can be suitably defined), but faces
the challenge of privately held values; and finally, common allocation approaches
like auctions seem untenable, since monetary payments would likely be deemed
inappropriate. I doubt there are any perfect solutions to this type of problem, but
in this letter I’ll describe some recent work [Cavallo 2014] that at least suggests
possible approaches to allocation problems where social welfare is the goal and
payments are disallowed or highly restricted, either for normative reasons or due
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ACM SIGecom Exchanges, Vol. 13, No. 1, June 2014, Pages 68–71



69 · Ruggiero Cavallo

to constraints on agents’ capacity to pay.1

1.1 The roles of money in mechanism design

If mechanism design is the study of how to engineer outcomes in settings with
selfish actors and private information, the usual engineering lever is money. E.g.,
scenarios with competing interests are transformed into ones with common interests
via specific payments. This is one important role of money.
But more fundamentally, money often plays an important role as a measure of

utility, i.e., as numéraire. If everyone can assign a dollar-equivalent value for, say,
obtaining a particular good, then there is a metric for comparison; and if dollars
can be transferred from one person to another and utility functions are quasilinear,
seeking Pareto efficiency entails a very specific policy: allocate the good to the
person with highest value for it. But what if there’s no money with which to
transfer utility? While in some settings we can stipulate a sensible optimization
criterion that still differentiates the space of possible outcomes,2 when allocating a
single item any allocation is Pareto efficient. There may well be real differences in
“value” across the population (e.g., a wedding ring is uniquely important to its true
owner), but we lack a way of measuring them. If we want to discriminate among
different possible allocations of a single good, the presence of an additional feature
in the outcome description—be it money or something else—seems unavoidable.

2. INCENTIVE COMPATIBLE ALLOCATION

2.1 Measuring utility

In [Cavallo 2014], I consider a setting that maps directly to Story 1, in which there
is a singular high-value good (which we’ll call type-A) and an unlimited number
of identical lower-value goods (which we’ll call type-B). Agents have need for only
one good, so allocating a type-B good to an agent who receives the type-A good
yields no additional value.3 An agent i’s value vi for the type-A good is defined in
terms of how much he prefers it over the lower-value type-B good. In other words,
the type-B good is used as numéraire, and i’s utility is: vi if he receives the type-A

good, 1 if he instead receives a type-B good, and 0 otherwise. Given this set-up,
utilitarian social welfare—denominated by type-B good value—can be measured as
vi (for the agent i that receives the type-A good, if anyone does) plus m, where m
is the number of agents allocated a type-B good. This is what we seek to maximize.

To allocate the type-A good optimally, we need agents to reveal their values.
There is a trivial non-monetary mechanism wherein misreporting types can never
be beneficial: randomly choose an agent i, give him the type-A good, and give
all others a type-B good. The truthfulness of this mechanism is wasted—reports

1On the normative side, Alvin Roth [2007] describes three types of concerns about monetary
transactions: the objectification of goods or services, the exploitation of involved parties, and
contribution to a slippery slope of over-monetization. The approach I suggest may mitigate some
of these issues, but will not be completely immune to related critiques.
2Examples include: optimizing matches in an exchange network [Ashlagi and Roth 2013], choosing
where to build a public facility [Procaccia and Tennenholtz 2013], fairly splitting up divisible items

[Cole et al. 2013], and scheduling jobs to minimize makespan [Koutsoupias 2011].
3In Story 1 terms, any given user only needs to run a single job.
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are ignored. The question is: can we do anything else while maintaining incentive
compatibility? Can we do anything better? The short answers are: yes, we can do
something else; and in some cases that “something” is better, but in many cases
random allocation cannot be beat.

2.2 Lottery-based incentive mechanisms

In the standard single-item setting with money, the Vickrey auction achieves an
optimal allocation by, in essence, making a proposition to each agent: you can have
the item if you pay $x. The trick is to define the x’s in a way such that only
the highest-value agent will want to accept. In the non-monetary setting described
above, something similar is possible: we can specify a proposition for each agent
of the form “you can have either a type-B good or a lottery for the type-A good”,
where the lottery odds are defined such that only the agent with highest value for
the type-A good will want to take it (now, besides serving as numéraire, the type-B
good is playing the incentive-shaping role of money). Specifically, we give the agent
reporting the highest value a 1/x chance of receiving the type-A good, where x is
the second-highest reported value. This mechanism is dominant strategy incentive
compatible (DSIC). It may leave the type-A good unallocated with high probability;
however, somewhat surprisingly, ideas from work on strategyproof revenue redis-
tribution [Bailey 1997; Cavallo 2006] can be adapted here to yield variant lottery
mechanisms that go a large way towards remedying this.
Do these mechanisms help overall? That is, given a prior over agents’ values for

the type-A good, do they yield greater expected utilitarian social welfare than ran-
dom allocation? The answer is mixed: building off results of Hartline and Rough-
garden [2008] derived in a very different context, I show that for any i.i.d. value
distribution that has monotonically increasing hazard rate, no DSIC mechanism

can beat random allocation. However, in other cases these mechanisms can in fact
do far better. This connects back to Story 2 from the introduction: it is easy
to imagine scenarios where it is likely that one agent (e.g., the true owner of a
lost wedding ring) will have a far higher value than all others for the good to be
allocated—perhaps because the value distribution is heavy-tailed, or values are not
i.i.d.—and it is exactly in such cases that the proposed lottery-based DSIC mech-
anisms yield major gains over random allocation.4

2.3 Relation to settings with restricted monetary payments

In the work described above, the plentiful type-B good is used to measure utility
and create incentives for truthful value reporting, two key roles traditionally played
by money. So, one might ask, how are type-B goods any different from money? Are
we in fact just doing a kind of money-based mechanism design by another name?
No, in fact what we’re doing is more general: the type-B good could be dollar

bills or anything else. But something useful may be gleaned by the connection this
question suggests. Money has properties that make it flexible in ways that the

4In the lost wedding ring story, there was no type-B good described, but one can conjure many
possibilities. For instance, each conference attendee may be given a banquet ticket; then the

“bidding” can be defined in these terms: what are the minimum odds for receiving the ring you’d
be willing to trade your ticket for?
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type-B good of scenarios like Story 1 will not be. If the type-B good were money,
to fit snugly into the model we would have to impose restrictions that are highly
unnatural in the case of an actual currency. For one, we would have to assume
that agents can receive (very limited) payments but are unable to make any. The
negative results are neutered when these restrictions do not apply.
However, the positive dimension of [Cavallo 2014] continues to apply, and may

be a useful starting point for money-based mechanism design in a setting with
highly budget-constrained agents, where the center has a modest budget he can
put towards inducing truthful value reporting. It would not surprise me if further
progress on the types of problems discussed here closely tracks breakthroughs in
efficient mechanism design with budget constraints.

3. CONCLUSION

On the one hand, the negative side of this analysis may be the most remarkable: in a
setting with a good that can stand in for money as numéraire, we can’t beat random
allocation when values are i.i.d. and the distribution has monotonically increasing
hazard rate. But on the other hand, it is interesting that we can ever do better
than random allocation without money. And moreover, it is perhaps in settings that
defy the monetary approach that we should be most skeptical about the relevance
of any specific quantitative model of utility, especially one characterized by pure
self-interest. Thus it would be prudent to take an extra grain of salt with negative
results in this domain. Maybe people just don’t go around claiming other people’s
rings. I’d be happy if that’s the least far-fetched premise considered in this letter.
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Sponsored search advertising attracts hundreds of thousands of advertisers, many with dozens
or even thousands of campaigns, leading to tens of millions of distinct keyword bids. Advertiser
objectives are heterogeneous. Some advertisers primarily focus on making immediate sales that
are referred by clicks, while others want to promote their brand with a top-position placement.
In this letter we demonstrate how one can use the empirical bidding data to recover the values
of bidders in a sponsored search marketplace when the type of bidder preferences is known (i.e.
whether a given bidder values clicks). We also show how one can use the history of bid changes

for a given bidder to recover both the type of preferences for this bidder and the value at once.
This methodology has direct implications for mechanism design making the case for combining

the empirical work and auction design to avoid the optimization of the auction mechanism for the
wrong preference type of the bidders.

Categories and Subject Descriptors: J.4 [Social and Behavioral Sciences]: Economics

General Terms: Economics, Market Design, Econometrics

Additional KeyWords and Phrases: Sponsored search advertising, auctions, identification, Baysian
inference

1. INTRODUCTION

Sponsored links that appear beside Internet search results on the major search
engines are sold using real-time auctions. Advertisers place standing bids that are
stored in a database, where bids are associated with search phrases that form part
or all of a user’s search query. Each time a user enters a search query, applicable
bids from the database are entered in an auction. The ranking of advertisements
and the prices paid depend on advertiser bids as well as “quality scores” that are
assigned for each advertisement and user query. These quality scores vary over time,
as the statistical algorithms incorporate the most recent data about user clicking
behavior on this and related advertisements and search queries.
[Edelman and Schwarz 2007] and [Varian 2009] assume that biders value user

clicks and bids are customized for a single user query and the associated quality
scores. However, in practice quality scores do vary from query to query, queries
arrive more quickly than advertisers can change their bids,1 and advertisers cannot
perfectly predict changes in quality scores. In this letter we consider the frame-
work (first studied in [Athey and Nekipelov 2010]) where bids apply to many user
queries, while the quality scores and the set of competing advertisements may vary

1Although bids can be changed in real time, the system that runs the real-time auction is updated

only periodically based on the state at the time of the update, so that if bids are adjusted in rapid
succession, some values of the bids might never be applied.
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from query to query. We further notice a significant heterogenity in the bidder
behavior as indicated by the data coming from the actual sponsored search mar-
ketplace. Bidders differ by their presence in the markeplace, their approaches to
bid adjustment and bid change frequency. We argue that we can account for such a
heterogeneity by introducing different types of bidder preferences and demonstrate
how one can use the bidding history for each bidder to recover both the preference
type and the value for this bidder.

2. INFERENCE WITH VALUES PER CLICK

Consider the model where I bidders are competing for J advertising positions,
where bidder scores si for i = 1, . . . , I and position effects αj for j = 1, . . . , J
determine the probability of click cij = αj si on the advertisement of bidder i
placed in position j. We assume that the score of a particular bidder i for a user
query is a random variable, denoted si, which is equal to si = siεi, where εi is a
shock to the score induced by random variation in the estimates that come from an
algorithm the platform uses to infer the click-through rate of a particular bidder.

The ad platform conducts a click-weighted GSP auction. Each advertisement i
is assigned score si, and bids are ranked in order of the product bi si. The per-click
price pij that bidder ij in position j pays is determined as the minimum price such
that the bidder remains in her position

pij = min{bij : sij bij ≥ sij+1
bij+1

} =
sij+1

bij+1

skj

. (1)

Note that advertiser kj does not directly influence the price that she pays, except
when it causes her to change positions, so in effect an advertiser’s choice of bid
determines which position she attains, where the price per click for each position
is exogenous to the bidder and rises with position.
Per click values of bidders vi i = 1, . . . , I are commonly observable, and fixed

across user queries.The payoff of the bidder in a query where this bidder receives a
click is the surplus vi − pi, where pi is bidder i’s price per click defined by (1).
Suppose that the bidder does not observe the set of competitors in a given query

and does not observe neither her own nor her competitors’ score shocks. We assume
that the bidder forms beliefs regarding the distribution of all the score shocks of
all bidders who are eligible for a given query and beliefs regarding the distribution
of realizations of the set of her competitors in a use query. We also assume that
the bidder can observe the actual bids of her competitors. We assume that each
bidder i maximizes the expected payoff (with per click value) with the expectation
taken with respect to the bidder’s beliefs regarding the distribution of uncertainty
of scores and sets of competitors.
Consider observing a large number of queries for a given set of potential bidders,

and consider the question of whether the valuations of the bidders can be identified.
For each query, we assume that we observe bids, the set of entrants, and the scores.
In this case we can define function Qi(·) equal to the probability of click on the

ad of bidder i in a search query as a function of the profile of bids. We also define
function TEi(·) equal to the expected expenditure of bidder i in a search query as a
function of the profile of bids. [Athey and Nekipelov 2010] demonstrate that with a
sufficient smoothness and support size of the distribution of scores, functions Qi(·)
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and TEi(·) are strictly increasing and differentiable in bi, and we can recover the
valuation of each bid using the necessary condition for the optimality of a bid

vi =
∂TEi(bi, b−i)/∂bi
∂Qi(bi, b−i)/∂bi

, (2)

given that all of the distributions required to evaluate functions Qi(·) and TEi(·)
are assumed to be observable. Equation (2) provides a simple practical method for
estimating values per click: for each bidder we change her bid by a small amout
and then compute the change in the outcome of the auctions where the original bid
of the bidder was applied. The evaluated change in the expenditure will serve as
an estimator for the derivative of TEi(·) function and the evaluated change in the
number of clicks will serve as an estimator for the derivative of Qi(·) function.

3. INFERENCE WITH HETEROGENEOUS OBJECTIVES

The model in the previous section is based on the assumption that bidders value
clicks. In reality, sponsored search advertisers can observe several parameters in
addition to clicks that include their average rank, the number of user impressions,
and the average cost per click. These facts resonate with empirical observations in
[Athey and Nekipelov 2014] where it was noted that that advertisers significantly
differ in the patterns and the speed of their bid changes in response to the changes
in the auction platform. In addition, bidders in the sponsored search auctions have
access to the automated bidding tools which explicitly allow the bidders to specify
objectives which are different from clicks (such as user impressions). Moreover, the
bidders can set explicit budget constraints and specify such budget constraint for
time intervals of different length. Provided that the auction platform is constantly
changing (e.g., due to the fluctuations in the user traffic or the changes in the
platform settings) optimizing bidders will be be adjusting their bids to respond to
the changes. [Athey and Nekipelov 2014] provide an econometric framework that
allows them to estimate both the objective function that each bidder is optimizing
and the parameters of this objective function using the dynamic bidding data. To
explain the idea of [Athey and Nekipelov 2014] consider a very simplified version
of their setup and assume that the bidders can have preferences over two mutually
exclusive characteristics: clicks and user impressions. We use the previous notation
vi for the value per click of bidder i and the notation ṽi for the value per impression
of bidder i. Let Ii(·) denote the probability that bidder i appears in the user query
(and thus gets a user impression). We assume that bidders have limited attention
and adjust their bids in response to large changes in the performance of their ads.
Suppose that bidder i changes the bid at time t1 to the value bt1i . This bid is
optimal for the objective function that this bidder is maximizing (corresponding
to either clicks or impressions). Since the type of objective function of the bidder
is not known a priori, we can recover implied value per click and the value per
impression from the respective first-order conditions:

vt1i =
∂TEt1

i (bt1i , bt1
−i)/∂bi

∂Qt1
i (bt1i , bt1

−i)/∂bi
, ṽt1i =

∂TEt1
i (bt1i , bt1

−i)/∂bi

∂It1i (bt1i , bt1
−i)/∂bi

.

Suppose that at time t2 bidder i adjusts the bid to bt2i . Using the same principle,
we can again recover the implied value per click vt2i and the implied value per
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impression ṽt2i . Then we can recover the type of the bidder in the following way:
if vt1i = vt2i , we say that bidder i values clicks and estimate this bidder’s value
per click as vi = vt1i = vt2i . Otherwise, if ṽt1i = ṽt2i we say that bidder i values
impressions.2 [Athey and Nekipelov 2014] extend this framework to the case where
the values are estimated with an error and use the Bayesian framework to select
the type for each bidder. They apply their methodology to a subsample of high-
revenue search phrases on Bing.com covering a year-long history of bid changes.
They consider three types of objective functions including the objective function
where bidders value clicks, the objective function where the bidders value clicks
and the impressions in the top positions, and the objective function where the
bidders value impressions with a possible premium on the top position impressions.
Their findings show the dominance of the first and the third type of preferences.
Moreover, they demonstrate that bidders which are “exact matched” to the search
phrase (i.e. the bidder bids on a single search phrase) are more likely to value
impressions, while the bidders which are “broad matched” to the search phrase
(i.e. their bid can be applied to multiple search prases) are more likely to value
clicks.

4. CONCLUSION

We have considered a framework that allows the researcher to use bidding data to
infer the values of bidders in sponsored search auctions. Moreover, when a bidding
history is available for a given bidder, it becomes possible to also identify the type of
preferences for that bidder. Unlike most theoretical literature on sponsored search
advertising auctions, this allows the preferences of bidders to be defined over objects
like impressions and rank in the auction rather than clicks. Our empirical analysis
shows that such new preference types are consistent with observed bidding in some
segments of the sponsored search marketplace. The econometric inference may be
the important missing link in the automation of the mechanism design, e.g. as in
[Conitzer and Sandholm 2002]. First of all, given that the values of the bidders
can be directly estimated from the data, these values can be used as inputs into
the auction settings thus allowing the auction mechanism to adjust to the data.
Second, they demonstrate that empirical analysis is crucial for the auction design.
For instance, if the auction mechanism is optimized assuming a specific type of
bidder preferences, one needs to validate the consistency of this assumption with
the actual behavior of the bidders to avoid significant revenue and welfare loss.
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The output-agreement method has been successfully used to reward agents in a variety of crowd-
sourcing settings. This method consists of a simple payment function that randomly matches two

agents’ reported information and rewards agreement. In this letter, we discuss how the output-
agreement method might induce honest behavior when there exists social projection, i.e., when

each agent believes that his private information is the most popular one amongst his peers.
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1. INTRODUCTION

Recent years have seen an increased interest in crowdsourcing as a way of obtaining
information from a large group of agents at a reduced cost. A simple payment struc-
ture that compares agents’ reported information and rewards agreements, known
as the output-agreement method, has been successfully used to reward agents in
many different crowdsourcing scenarios [von Ahn and Dabbish 2008]. In this let-
ter, we discuss how social projection, which is a judgmental heuristic where agents
assume that others will behave as they themselves do, may be the reason why the
output-agreement method has been successfully used in practice.
Our argument is that when an agent believes that his private information is

the most popular one, then honest reporting maximizes the chance of a random
agreement. Formally, we show that when risk-neutral agents independently answer
a multiple-choice question, the output-agreement method induces honest behavior
when there exists social projection. The output-agreement method, as we consider
in this letter, rewards a fixed amount of payoff units vmax ∈ ℜ if two reported
answers agree with each other, and vmin ∈ ℜ otherwise, where vmax > vmin.

Waggoner and Chen [2013] argued that the output-agreement method does not
elicit honest answers. Instead, it elicits the correct answer according to the common
knowledge among agents. We obtain a different result because, in contrast to Wag-
goner and Chen’s work, we make assumptions on the nature of agents’ information
structure so as to model social projection.

2. RELATED WORK

An attractive feature of the output-agreement method is that it does not require a
ground truth to score an agent’s report. Two well-known methods to induce honest
reporting without assuming a ground truth are the Bayesian truth serum (BTS)
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method [Prelec 2004] and the peer-prediction method [Miller et al. 2005].
Similar to our setting, the BTS method works on a single multiple-choice question

with a finite number of answers. Each agent endorses the answer most likely to be
correct and predicts the empirical distribution of the endorsed answers. Agents are
evaluated by the accuracy of their predictions as well as based on how surprisingly
common their reported answers are. Under the BTS scoring method, collective
honest reporting is a Bayes-Nash equilibrium.
The BTS method has two major drawbacks. First, it requires the population of

agents to be large. Second, besides reporting their answers, agents must also make
predictions about how their peers will report their answers. While the artificial
intelligence community has recently addressed the former issue [Witkowski and
Parkes 2012], the latter issue is still an intrinsic requirement for using the BTS.
The peer-prediction method [Miller et al. 2005] does not share the drawbacks of

the BTS method. In the setting of the peer-prediction method, a number of agents
experience a product and rate its quality. A mechanism then collects the ratings
and makes payments based on those ratings. The peer-prediction method makes
use of the stochastic correlation between the signals the agents observe from the
product to achieve a Bayes-Nash equilibrium where every agent reports honestly.

In spirit, the output-agreement method is a peer-prediction method. Radanovic
and Faltings [2013] showed that a simpler version of the output-agreement method
that rewards one payoff unit if two reported answers agree with each other, and zero
otherwise, induces honest reporting under the so called self-dominant assumption1.
Such an assumption means that an agent believes that his answer is the most pop-
ular answer. We note in this letter that the self-dominant assumption is consistent
with the well-established social-psychological phenomenon of social projection.

There is evidence that social projection exists intra-groups and, to a less de-
gree, inter-groups [Robbins and Krueger 2005]. Some formal models have been pro-
posed to model social projection, e.g., Brenner and Bilgin [2011] proposed a social
projection model based on support theory, whereas Busemeyer and Pothos [2012]
discussed a quantum model of social projection.
In this letter, we discuss a flexible social projection model that allows one to

model the strength of the projection within the Bayesian learning framework. This
modeling choice is desirable because it has been shown that the strength of the
projection is context dependent, e.g., intra-group social projection seems to be
stronger in groups that are artificially created in the laboratory than in groups
that exist in the social world [Robbins and Krueger 2005].
Given our social projection model, we generalize the results by Radanovic and

Faltings [2013] regarding the output-agreement method, i.e., we show that a func-
tion that rewards a fixed amount of payoff units vmax if two reported answers agree
with each other, and vmin otherwise, for vmax > vmin, induces honest reporting in
the presence of social projection.

3. THE MODEL

We consider a multiple-choice question with a total of n ≥ 2 exhaustive and
mutually exclusive answers A1, . . . , An. We assume that the population’s knowl-

1We thank an anonymous reviewer for pointing out this result.
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edge is represented by an unknown categorical distribution Ω with parameter ω =
(ω1, . . . , ωn), where 0 ≤ ωk ≤ 1 and

∑n

k=1 ωk = 1. A possible interpretation of ωk

is that it is the probability that an agent selected at random from the population
of agents has Ak as the answer to the multiple-choice question.
Each agent possesses a privately observed draw (signal) from Ω. We refer to

observed signals as honest answers. We denote the honest answer of an agent i by
ti ∼ Ω, where ti ∈ {A1, . . . , An}. Honest answers are independent, i.e., P (ti|tj) =
P (ti). We say that agent i is reporting honestly when his reported answer ri ∈
{A1, . . . , An} is equal to his honest answer, i.e., ri = ti.
A trusted entity is responsible for eliciting the answers and for rewarding the

agents. Let si be agent i’s reward after he reports ri. We discuss how to compute
si in the next section. We make four major assumptions in our model:

(1) Autonomy : agents cannot influence other agents’ answers, i.e., they do not
know each other’s identity and they are not allowed to communicate with each
other during the elicitation process.

(2) Risk Neutrality : agents behave so as to maximize their expected rewards.

(3) Uninformative Dirichlet Priors: each agent i has a prior distribution over ω.
We assume that this prior is an uninformative Dirichlet distribution with hy-
perparameter αi = (αi,1, . . . , αi,n), i.e., P (ω|αi).

(4) Social Projection: after observing ti, every agent i updates his belief by applying
Bayes’ rule to his prior, i.e., P (ω|αi, ti).

The first assumption means that agents work individually on the multiple-choice
question. It describes how, for example, crowd workers traditionally solve tasks
on the crowdsourcing platform Amazon Mechanical Turk. The second assumption
means that agents are self-interested and no external incentives exist for each agent.
The third assumption means that all the elements of the hyperparameter αi have

the same value, i.e., αi,1 = · · · = αi,n > 0. In practice, this assumption implies
that before an agent sees the underlying multiple-choice question and knowing
only the number of possible answers n, the agent’s response to the query “what
is the probability that one of your peers will report the answer Ak?” is 1

n
, for all

k ∈ {1, . . . , n}. That is, all the answers are equally likely a priori. Formally:

P (rj = Ak|αi) = E[ωk|αi] =
αi,k

∑n

x=1 αi,x

=
1

n

for j 6= i. The fourth assumption means that the posterior distributions are consis-
tent with Bayesian updating. Moreover, this assumption implies that after solving
the multiple-choice question, an agent’s response to the query “what is the proba-

bility that one of your peers will report the answer Ak?” is:

P (rj = Ak|αi, ti) = E[ωk|αi, ti] =







αi,k+1

1+
∑

n
x=1

αi,x
if ti = Ak,

αi,k

1+
∑

n
x=1

αi,x
otherwise.

We can write the above posterior as follows:

P (rj = Ak|αi, ti) = E[ωk|αi, ti] =

{

1
n
+ yi if ti = Ak,

1
n
− yi

n−1
otherwise.

(1)
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for 0 < yi = n−1
n+αi,k×n2 < 1. The above equation models social projection, which

is the tendency to expect similarities between oneself and others [Robbins and
Krueger 2005]. In other words, an agent believes that his honest answer is the
most popular answer amongst his peers. With this perspective, the value of yi and,
consequently, the elements αi,1, . . . , αi,n of the hyperparameter αi, determine the
strength of the social projection, where a small (respectively, high) value for yi
implies a weak (respectively, strong) social projection. It is important to note that
we make no assumptions regarding the value of yi, which means that the magnitude
of the social projection can be different for different agents.

4. THE OUTPUT-AGREEMENT METHOD

Recall that si is the reward agent i receives after he reports ri. Consider that si is
determined according to the output-agreement method, which is defined as follows:

si = τ(ri, rj) =

{

vmax if ri = rj ,

vmin otherwise

where vmax > vmin and j 6= i. That is, agent i receives the maximum payment vmax

if and only if he reports an answer equal to the answer reported by another agent j
randomly selected from the population of agents. Given the autonomy assumption,
agent j cannot influence agent i’s reported answer, and vice versa. Further, given
the assumption that agents are risk neutral, agent i behaves so as to maximize his
expected reward, which is equal to:

E [τ(ri, rj)] = vmax × P (rj = ri|αi, ti) +
∑

Ax 6=ri

vmin × P (rj = Ax|αi, ti)

Given that vmax and vmin are fixed, agent i maximizes the above equation by mov-
ing as much probability mass towards vmax as possible. The posterior in (1) implies
that P (rj = ti|αi, ti) > P (rj = Ax|αi, ti), for all answers Ax 6= ti. Consequently,
agent i strictly maximizes his expected reward if and only if he is honest, i.e., when
he reports ri = ti. The above result means that each agent determines, according to
his posterior belief, the answer most likely to be reported by a random peer. This
answer turns out to be the agent’s honest answer in the presence of social projection.
As the literature on psychological projection has shown, social projection serves

as an egocentric heuristic for inductive reasoning [Robbins and Krueger 2005]. Con-
sequently, social projection might explain why the output-agreement method has
been so effective in crowdsourcing settings. It would be exciting to validate or in-
validate this hypothesis by determining the extent to which social projection exists
in crowdsourcing settings.
To conclude, we expect the connection between social projection and honest

reporting under the output-agreement method to be of empirical and theoretical
value, and to open new research directions. Some relevant questions include:

—How can one induce social projection and, consequently, incentivize honest re-
porting under the output-agreement method?

—How to effectively measure and model social projection?

—Which variables affect the strength of social projection?

—Is there a correlation between the strength of social projection and expertise?
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