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Chapter 1

Introduction

Traditional optimization deals with the efficient selection of an optimal solution
to a minimization or maximization problem. It is usually assumed that a central
planner has full access to the model and all the involved data. For example, he has
to schedule a number of tasks on several machines in a production process such that
the time needed to finish all the tasks is minimized. Or he has to determine the best
way to transport a number of goods from different locations to different destinations
along a road network. In contrast, in distributed settings, there are several agents,
possibly equipped with private information that is not publicly known, and these
agents need to interact in order to derive a solution to the problem. This happens
e.g. on the internet, where various selfish users send their data packages along the
different communication links in the network. Or in daily traffic, when each driver
tries to find the fastest route for himself and does not care about the other drivers.
In such settings, the agents have incentives for strategic behavior, possibly leading to
sub-optimal system performance. The analysis of such distributed settings requires
techniques from classical optimization as well as techniques from game theory and
economic theory.

Motivated by this insight, more and more researchers from the “classical opti-
mization communities” as computer science and operations research have recently
become interested in game theory and economic theory. In fact, numerous confer-
ences and publications are devoted to the intersection of the mentioned disciplines.
Contributions are in both directions. While the consideration of strategic behavior
of selfishly behaving agents has been introduced into classical optimization prob-
lems, notions as efficient computation or the price of anarchy have found their way
into game theory.

For illustration, consider the task scheduling model regarded in Nisan and Ronen
(2001). In the classical optimization setting, there are a number of machines that
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INTRODUCTION

have to process a set of tasks. The processing time of each of those tasks may differ
among the machines. The goal is to assign the tasks to the machines in order to
minimize the makespan, i.e., the completion time of the last task. A typical result
from computer science says that the problem is computationally hard, i.e., finding
an optimal schedule for the problem may cost a huge amount of computation time.
A traditional computer science answer to this challenge would be an approximation
algorithm, that is, an algorithm that efficiently finds a solution that is not too
far away from the optimum. In a distributed setting, machines might be selfish
agents who are privately informed about the processing time they need for each
task and they might be interested to get as few workload as possible. This gives rise
to incentives and strategic behavior, since machines can manipulate the resulting
schedule in their favor by misreporting about their private information. Mechanism
design deals with this kind of problems. Usually, strategic payments are introduced
that make it beneficial for the machines to truthfully report about their private
information. A question that comes up in the new research field at the border
between computer science and mechanism design is how close one can come to the
optimal makespan under the additional constraint that machines must not have
incentives to misreport about their private information. An answer given in Nisan
and Ronen (2001) is that there is no such truthful mechanism that can guarantee a
makespan that is at most twice the optimal makespan.

Another illustrative example can be found in the selfish routing model considered
in Koutsoupias and Papadimitriou (1999). Selfish agents have to route a particular
amount of traffic along parallel links in a congested network. The encountered delay
depends on the congestion of the used network links. In classical optimization, a
central planner would assign the traffic to the links, therefore obtaining the solution
with the least maximum delay. In game theory, however, selfish agents are often
assumed to behave according to a Nash equilibrium. In such a Nash equilibrium, the
resulting traffic might have a maximum delay that is larger than the one that the
central planner would have derived. A question that arises is how much one looses
due to the absence of central coordination. Koutsoupias and Papadimitriou (1999)
answer this question by introducing the price of anarchy, i.e., the ratio of the selfish
solution in the worst Nash equilibrium over the centrally coordinated optimum so-
lution. For the simplest model with two identical links, the price of anarchy can be
quantified as 3/2. The price of anarchy parallels e.g. the approximation ratio from
optimization: here the comparison is between the solution obtained by a certain
efficient algorithm to the optimal solution to the optimization problem.

This thesis contributes to the intersection of optimization and game theory/
economic theory in several ways. We address classical questions in mechanism design
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INTRODUCTION

by means of graphs in Part I. Chapter 2 contains a new characterization of revenue
equivalence. In order to understand what revenue equivalence means, consider an
auction setting, where a single good has to be sold to one of several bidders. Each
bidder has private knowledge about how much the good is worth to him, but he
is uncertain about the other bidders’ valuations. Suppose, the goal was to allocate
the good to the bidder who values it most and at the same time to charge a price
that gives no bidder an incentive to bid anything else than his true valuation. In
such a setting, the expected revenue of the seller will always be the same, no matter
how the actual auction format looks like (Myerson 1981). This fact is referred to
as revenue equivalence. Revenue equivalence results can be considered for much
more general settings than auctions. We regard such a general setting and prove a
characterization of revenue equivalence via elementary graph theory. Our theorem
applies in settings where all previous revenue equivalence results fail to apply and
has the additional advantage of being simple and elementary.

In the next chapter, Chapter 3, we regard optimal mechanisms for a scheduling
setting. Let us again employ the auction example to get an idea of what an optimal
mechanism could be. In the single good auction described above, an optimal auction
mechanism is one that maximizes the revenue to the seller. According to the famous
result in Myerson (1981), the optimal auction does not always give the good to the
bidder who values it most, but the seller might e.g. keep the item if all bids are
below a certain reserve price. Again, optimal mechanisms are not only interesting
in auction settings, but in any game with payments. We regard a simple scheduling
application and derive optimal mechanisms. We also see that even the simplest of
all scheduling models is substantially more complicated with respect to determining
an optimal mechanism than the auction setting.

Part II of the thesis is devoted to the application of mechanism design and
game theoretic frameworks to multiple machine scheduling applications. In multiple
machine settings, many different models and questions can arise in the context of
game theoretic settings. Therefore, Chapter 4 contains an overview about the most
interesting and most recent topics in this field. It includes the price of anarchy as
well as approximation algorithms for optimization problems in distributed settings.

In the last chapter, Chapter 5, we regard an online scheduling model from a
mechanism design point of view. The additional complication in the online situa-
tion is that the tasks that have to be scheduled on machines become only known over
time. Decisions have to be made already before the entire set of tasks is known.
Additionally, we require a decentralized setting, i.e., we want the tasks to have
the power to select their machine themselves. We suggest a new equilibrium con-
cept appropriate for this situation and provide a mechanism for decentralized online
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INTRODUCTION

scheduling. Moreover, our mechanism behaves well with respect to the approxima-
tion of a certain objective function.

In order to give a more precise description about the individual chapters of this
thesis, we have to define some of the necessary terms used throughout the thesis.
In the following two sections, we sketch the most important concepts in mechanism
design and machine scheduling, respectively. Thereafter, we give a more detailed
overview over the topics covered in the individual chapters of the thesis.

1.1 Mechanism Design

We start with the definition of mechanism design from Sandholm (2003).

Mechanism design is the art of designing the rules of the game so that
the desirable outcome is reached despite the fact that each agent acts in
his own self-interest.

Thus, mechanism design is about games, i.e., situations in which several agents
interact to obtain a common outcome. Agents have preferences over outcomes, which
are expressed by an agent’s valuation function. Agents can influence the outcome
by choosing one of several actions. A mechanism defines the rules of the game
and consists of two parts: an allocation rule and a payment scheme. Depending on
the chosen actions of all agents, the allocation rule chooses an outcome, while the
payment scheme determines a payment to or from every agent. The overall utility
of an agent depends on his valuation for the chosen outcome and the payment.
Throughout the thesis, we will assume quasi-linear utilities, meaning that the utility
of an agent is computed as his valuation minus the payment he has to make. Usually
in mechanism design, each agent has some piece of private information only known
to the agent himself. We refer to this information as the agent’s type. The valuation
of an agent depends on his type as well, therefore being a function of outcome and
type. We assume that agents are rational, i.e., that they strive to maximize their
utility.

A well-studied kind of mechanisms are direct revelation mechanisms. Here, the
only action of an agent is to announce his type. In many situations one can restrict
oneself to analyzing direct revelation mechanisms without loss of generality. The
justification for that is the revelation principle by Myerson (1981). However, in
Chapter 5, we regard a setting where the revelation principle is not applicable and
where we therefore model agents’ actions explicitly.

Given type reports of all agents, the efficient allocation rule chooses an outcome
that maximizes the total valuation of all agents. We also say that it maximizes the
social welfare.

12



INTRODUCTION

A strategy of an agent is a mapping that assigns an action to every possible type
of an agent. A dominant strategy is one that maximizes the utility of the agent for
every combination of actions of the other agents. We say that a direct revelation
mechanism is dominant strategy incentive compatible or truthful, if reporting the
true type is a dominant strategy for every agent. An allocation rule that can be
complemented by a payment scheme to a truthful mechanism is also called (dominant
strategy) implementable. The concept of dominant strategy incentive compatibility
is predominantly used in Chapters 2, 4 and 5. In Chapter 3 we regard a Bayes-
Nash setting, i.e., uncertainties with respect to other agents’ types are represented
by commonly known probability distributions. Here, agents aim to maximize their
expected utilities and a mechanism is called Bayes-Nash incentive compatible, if
truthful reporting maximizes the expected utility of every agent, given that all
other agents report truthfully.

Besides (dominant strategy or Bayes-Nash) incentive compatibility, we usually
require a mechanism to satisfy individual rationality. That is, a truth-telling agent
must not receive a negative (expected) utility. This makes sense in settings, where
agents have the choice not to participate in the mechanism and hence have an outside
option which gives them utility zero. On the other hand, there are settings, in which
such an outside option does not exist (see Chapter 5).

We conclude this section by sketching the probably most famous mechanism
design setting, the single item auction. Here, one indivisible good is for sale and
agents have a certain valuation for possessing the good. Their valuation is zero if
they do not get the good. In the direct revelation version, the sealed-bid auction,
agents submit their bids for the good e.g. in a sealed envelope. The highest bidder
receives the good. In a first price auction, the winner has to pay his own bid,
whereas he pays the second highest bid in the second price auction. The latter is
also known as the famous Vickrey auction.

The idea of the Vickrey auction can be generalized to other than auction settings.
Observe that the payment for the winner x in the second price auction is essentially
the “disutility imposed on the other agents”, i.e., the total welfare loss for the other
agents due to the presence of x. The generalized Vickrey-Clarke-Groves (VCG)
mechanism adopts this idea. The allocation rule in the VCG mechanism is the
efficient one and every agent pays the disutility he imposes on the other agents. In
Chapter 4, we restate the proof that the VCG mechanism is indeed truthful in more
general settings.

For a more extensive introduction to mechanism design, see Mas-Colell, Whin-
ston, and Green (1995).

13



INTRODUCTION

1.2 Machine Scheduling

Although we give a more detailed description of scheduling models in the introduc-
tion to Chapter 4, we sketch the most important concepts already at this point.
In the machine scheduling models considered in this thesis, a set of jobs has to be
processed on a set of machines. Each machine can handle one job at a time and
for the main part of the thesis, jobs may not be interrupted once started, i.e., we
regard non-preemptive scheduling. Jobs are characterized by a processing time and
a weight. The latter can be seen as the waiting cost per time unit incurred by the
job-owner.

A schedule is a plan that specifies which job is processed on what machine and
at which time. While in Chapter 3 a schedule on a single machine can be simply
identified with the permutation of jobs corresponding to the order in which they
are processed, a schedule in Chapters 4 and 5 refers to a specification of a time slot
and a machine for every job. The length of the time slot should equal the job’s
(reported) processing time. Each job has a start time and a completion time in a
specific schedule. The most important objective functions that we aim to minimize
in models considered in this thesis are

1. the weighted total completion time or start time of all jobs,
2. the makespan, i.e., the maximum completion time of any job.

Given a set of jobs with weights and processing times, the difference between the
weighted total completion time and the weighted total start time is constant over all
schedules. Therefore any schedule that minimizes one, also minimizes the other ob-
jective function. The difference becomes important, when we regard approximation
algorithms. Therefore we stick to the more standard objective to minimize the total
weighted completion time in Chapter 5, where we regard approximations, while it is
more convenient to use the total weighted start time as an objective in Chapter 3.

Most scheduling problems that we address in Part II of this thesis are NP-hard.
Generally speaking, that means that the regarded objective function cannot be op-
timized by an algorithm whose running time is polynomial in the input length of the
problem if P = N P - an assumption that among researchers is widely believed to be
true. One way to deal with this problem is the design of approzimation algorithms.
An approximation algorithm with approximation factor g for a minimization prob-
lem is a polynomial time algorithm that guarantees the ratio of the obtained solution
and the optimal solution to be at most p. For a more comprehensive treatment of
complexity theory and approximation algorithms we refer to Garey and Johnson
(1979) and Papadimitriou (1994).

14



INTRODUCTION

In Chapter 5 and a part of Chapter 4, we regard online scheduling problems.
Here, jobs arrive over time, each job at his release date. An online algorithm has
to make decisions, before the entire set of jobs to be scheduled is known. In the
regarded settings, no online algorithm can guarantee to find an optimal solution to
the problem due to the online nature of the situation, i.e., regardless of the P = NP
question. An online algorithm for a minimization problem is said to be g-competitive
if the ratio of a solution obtained by the algorithm and the optimal solution is at
most ¢. For an overview about online scheduling problems, see Pruhs, Sgall, and
Torng (2004).

The wealth of different scheduling models can certainly not be covered in this
thesis. We briefly reflect on other scheduling models in the introduction to Chapter 4
and refer to Leung (2004) for further reading.

1.3 Outline of the Thesis

The chapters of this thesis are to a large extent self-contained. Necessary notation
and background are given in the respective introductions.

Part I deals with typical mechanism design questions. Important tools used in
this part are the type graph and the allocation graph of an allocation rule. Basic
theorems from graph theory enable us to view payment schemes implementing an
allocation rule as node potentials in the mentioned graphs.

In Chapter 2, we give a new characterization of revenue equivalence. Revenue
equivalence is the property of an allocation rule to be implementable by a uniquely
defined payment scheme. Via the analogy to node potentials in the graphs mentioned
above, we obtain our characterization in a simple and elementary way. In contrast
to most previous work about revenue equivalence, we do not have to assume any
differentiability conditions of the allocation rule or the valuation functions. Our
characterization implies many of the existing results and we demonstrate by means
of an economic application that it can be used to identify revenue equivalence where
known results fail to apply.

In Chapter 3, we regard optimal mechanism design for a scheduling setting on
a single machine. Our mechanisms are optimal in the sense that they minimize the
total payment made to job-agents in order to reimburse them for their waiting time.
The results are comparable to those in Myerson (1981) and Malakhov and Vohra
(2007) for auction settings. We derive optimal mechanisms for the one-dimensional
case, i.e., when only the weight of a job is private information. In contrast to
Myerson (1981), we regard discrete type spaces as well. The type graph mentioned
above is used to derive the optimal payment scheme for a given allocation rule. For
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INTRODUCTION

the two-dimensional setting, i.e., when additionally the processing time is private,
we show that classical approaches must fail and that optimal mechanism design for
the scheduling setting must be more difficult than for the classical auction settings.

In Part II, we study applications of mechanism design to multiple machine
scheduling problems.

Chapter 4 contains a survey of recent literature about applications of mechanism
design on the one hand and the analysis of full information games arising in machine
scheduling problems on the other. The purpose of this chapter is to give an overview
and to illustrate techniques by giving alternative proofs for known results, rather
than obtaining new ones.

In Chapter 5, we study mechanism design for a decentralized online scheduling
model on parallel machines. Here, the type of each job agent consists of his weight,
processing time and release date. We define the concept of a decentralized online
scheduling mechanism, which accounts for the requirement that job-agents select a
machine themselves rather than being assigned by a central coordination authority.
Furthermore, we introduce the concept of a myopic best response equilibrium that
we find appropriate for online situations. The main contribution of this chapter
is a 3.28-competitive decentralized online scheduling mechanism, where truthful
reporting about private information is a myopic best response equilibrium.

1.4 Publications Underlying this Thesis

e B.Heydenreich, R.Miiller, M.Uetz and R.Vohra, “Characterization of Revenue
Equivalence”, Econometrica 77(1), p.307-316, 2009

e B.Heydenreich, D.Mishra, R.Miiller and M.Uetz, “Optimal Mechanisms for
Single Machine Scheduling”, in Internet and Network Economics - WINE
2008, C. Papadimitriou and S. Zhang (eds.), Lecture Notes in Computer Sci-
ence 5385, p.414-425, 2008, Springer

e B.Heydenreich, R.Miiller and M.Uetz, “Games and Mechanism Design in Ma-
chine Scheduling - An Introduction”, Production and Operations Management
16(4), p.437-454, 2007

e B.Heydenreich, R.Miiller and M.Uetz, “Mechanism Design for Decentralized
Online Machine Scheduling”, Operations Research, to appear
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Chapter 2

Characterization of Revenue
Equivalence

The property of an allocation rule to be implementable in dominant strategies by
a unique payment scheme is called revenue equivalence. In this chapter we give a
characterization of revenue equivalence based on a graph theoretic interpretation of
the incentive compatibility constraints. The characterization holds for any (possibly
infinite) outcome space and many of the known results are immediate consequences.
Moreover, revenue equivalence can be identified in cases where existing theorems
are silent.!

2.1 Introduction

One of the most important results of auction theory is the Revenue Equivalence
Theorem. Subject to certain reasonable assumptions, it concludes that a variety
of different auctions generate the same expected revenue for the seller. Klemperer
(1999) writes that “much of auction theory can be understood in terms of this the-
orem.....”. Hence the long line of papers that have attempted to relax the sufficient
conditions under which revenue equivalence holds. In this chapter, we provide nec-
essary and sufficient conditions on the underlying primitives for revenue equivalence
to hold.

We consider direct revelation mechanisms for agents with multidimensional types.
Such mechanisms consist of an allocation rule and a payment scheme. The alloca-
tion rule selects an outcome depending on the agents’ reported types, whereas the

'Part of the results of this chapter were published in Heydenreich, Miiller, Uetz, and Vohra
(2009).
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CHARACTERIZATION OF REVENUE EQUIVALENCE

payment scheme assigns a payment to every agent. We focus attention on alloca-
tion rules that are implementable in dominant strategies. Hereafter we refer to such
rules as implementable. In this environment we characterize the uniqueness of the
relevant payment scheme in terms of conditions that are easily verified in potential
applications. The property of an allocation rule to be implementable in dominant
strategies by a unique payment scheme is called revenue equivalence. Our charac-
terization of revenue equivalence is based on a graph theoretic interpretation of the
incentive compatibility constraints. This interpretation has been used before by Ro-
chet (1987), Gui, Miiller, and Vohra (2004), as well as Saks and Yu (2005) to identify
allocation rules that are implementable in dominant strategies. Miiller, Perea, and
Wolf (2007) used it to identify Bayes-Nash implementable allocation rules. With this
graph theoretic interpretation, our characterizing condition for revenue equivalence
is almost self-evident and the proof writes itself. The characterization holds for any
(possibly infinite) outcome space. Many of the known results about revenue equiva-
lence are immediate consequences of our characterization. More importantly, with
this characterization revenue equivalence can be identified in cases where existing
theorems are silent.

Related Work. The bulk of prior work on revenue equivalence has been de-
voted to identifying sufficient conditions on the type space that ensure all allocation
rules from a given class satisfy revenue equivalence. The papers by Green and
Laffont (1977) and Holmstrom (1979) restrict attention to allocation rules called
‘utilitarian maximizers’, that is, allocation rules that maximize the sum of the valu-
ations of all agents. Holmstrom (1979), generalizing the paper by Green and Laffont
(1977), shows that when the type space is smoothly path connected then utilitarian
maximizers satisfy revenue equivalence.

Myerson (1981) shows that revenue equivalence holds for every implementable
rule in a single item auction setting where the type space is an interval of the real
line and an agents valuation for an outcome is linear in his type.

Krishna and Maenner (2001) derive revenue equivalence under two different hy-
potheses. In the first, agents’ type spaces must be convex and the valuation function
of an agent is a convex function of the type of the agent. Under these conditions
they show that every implementable rule satisfies revenue equivalence. The second
hypothesis requires the allocation rule to satisfy certain differentiability and con-
tinuity conditions and the outcome space to be a subset of the Euclidean space.
Furthermore, the valuation functions must be regular Lipschitzian and monotoni-
cally increasing in all arguments.

Milgrom and Segal (2002) show that revenue equivalence is a consequence of a
particular envelope theorem in a setting where the type spaces are one-dimensional
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2.1. INTRODUCTION

and the outcome space is arbitrary. An agent’s valuation function is assumed differ-
entiable and absolutely continuous in the type of the agent and the partial derivative
of the valuation function with respect to the type must satisfy a certain integrability
condition. Their result can be applied to multi-dimensional type spaces as well. In
this case the type spaces must be smoothly connected and the valuation functions
must be differentiable with bounded gradient.

We know of only two papers that identify necessary as well as sufficient con-
ditions — i.e. characterizing conditions — for revenue equivalence to hold. If the
outcome space is finite, Suijs (1996) characterizes type spaces and valuation func-
tions for which utilitarian maximizers satisfy revenue equivalence. Chung and Ol-
szewski (2007) characterize type spaces and valuation functions for which every
implementable allocation rule satisfies revenue equivalence, again under the assump-
tion of a finite outcome space. Furthermore, they derive sufficient conditions on the
type spaces and valuation functions that generalize known results when the out-
come space is countable or a probability distribution over a finite set of outcomes.
In particular, they can show that some of the previously known conditions can be
weakened for countable outcome spaces.

Our Contribution. Our characterization differs from prior work in an impor-
tant way. We identify a condition on the type spaces, the valuation functions and
the implementable allocation rule together that characterize revenue equivalence. In
other words, we prove that a particular allocation rule satisfies revenue equivalence
if and only if this condition is satisfied. Our characterization differs from the one by
Chung and Olszewski (2007) in three ways. First, ours holds for general outcome
spaces. Second, our result implies revenue equivalence in cases where their result
does not apply. In fact, given agents’ type spaces and valuation functions, several
allocation rules may be implementable in dominant strategies, some of which sat-
isfy revenue equivalence and some do not. In this case, the conditions on the type
space and valuation functions from their paper obviously cannot hold. However, our
characterization can be used to determine which of the allocation rules do satisfy
revenue equivalence. We give an example in Section 2.5.4. Third, the characteriza-
tion in Chung and Olszewski (2007) can be seen as a corollary of our result, in the
sense that their necessary and sufficient condition is naturally related to our graph
theoretic interpretation of revenue equivalence. We refer to Section 2.5.3 for details.
Moreover, our characterization yields elementary and direct alternative proofs for
their sufficient conditions for countable infinite outcome spaces.

As in Chung and Olszewski (2007), a sufficient condition derived from the char-
acterization yields a number of the earlier results as immediate consequences We
list some of them below.
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CHARACTERIZATION OF REVENUE EQUIVALENCE

1. By restricting attention to countable outcome spaces we can relax the smooth
connectedness condition on the type space invoked in Holmstréom (1979) to
(topological) connectedness. In addition, our sufficient condition applies to
any allocation that can be implemented in dominant strategies rather than
just utilitarian maximizers.

2. The sufficient condition that Suijs (1996) derives from his characterization
follows as a special case.

3. The sufficient condition of Krishna and Maenner (2001) under their first hy-
pothesis when the outcome space is countable follows as a special case.

4. The sufficient condition of Milgrom and Segal (2002) when the outcome space
is countable follows as a special case.

Organization. The remainder of the chapter is organized as follows. In Section 2.2
we introduce notation and basic definitions. In Section 2.3, we prove some graph
theoretic results. In Section 2.4, we derive our graph-theoretic characterization of
revenue equivalence. In Section 2.5 we give four applications of the new charac-
terization. The first two are simple and elementary proofs for sufficient conditions
for revenue equivalence in settings with finite and countable outcome spaces, re-
spectively. Third, we show how the characterization from Chung and Olszewski
(2007) can be obtained as a consequence of ours. Finally, we give an example of an
economic setting where our characterization can be used to identify revenue equiv-
alence, whereas all known previous results are not applicable. We conclude with
extensions to other notions of incentive compatibility in Section 2.6.

2.2 Setting and Basic Concepts

Denote by {1,...,n} the set of agents and let A be the set of possible outcomes.
Outcome space A is allowed to have infinitely many, even uncountably many, ele-
ments. Denote the type of agent ¢ € {1,...,n} by t;. Let T; be the type space of
agent i. Type spaces T; can be arbitrary sets. Agent ¢’s preferences over outcomes
are modeled by the valuation function v;: AxT; — R, where v;(a,t;) is the valuation
of agent ¢ for outcome a when he has type t;.

A mechanism (f, ) consists of an allocation rule f and a payment scheme .
In a direct revelation mechanism, the allocation rule f: II"" ;T; — A chooses for a
vector t of aggregate type reports of all agents an outcome f(t), whereas the payment
scheme 7: II" ;7; — R™ assigns a payment m;(t) to each agent i. Let the vector
(t;,t—;) denote the aggregate type report vector when i reports t; and the other
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2.3. UNIQUE NODE POTENTIALS IN DIRECTED GRAPHS

agents’ reports are represented by t_;. We assume quasi-linear utilities, that is, the
utility of agent ¢ when the aggregate report vector is (t;,t—;) is v;(f(ti,t—i),t;) —
Ty (ti, t_i) .

Definition 2.1. A direct revelation mechanism (f,m) is called dominant strategy
incentive compatible if for every agent i, every type t; € T;, all aggregate type
vectors t_; that the other agents could report and every type s; € T; that i could

report instead of t;:
vi(f (tiy t—i), ti) — milti, t—i) = vi(f(si,t—i), ti) — mi(si, t—i).

If for allocation rule f there exists a payment scheme w such that (f,7) is a dom-
inant strategy incentive compatible mechanism, then f is called implementable in

dominant strategies, in short implementable.

In this chapter we assume that the allocation rule is implementable in dominant
strategies and study the uniqueness of the corresponding payment scheme. We refer

to the latter as revenue equivalence.?

Definition 2.2. An allocation rule f implementable in dominant strategies satisfies
the revenue equivalence property if for any two dominant strategy incentive compat-
ible mechanisms (f,7) and (f,7') and any agent i there exists a function h; that

only depends on the reported types of the other agents t_; such that

Vi, € Ty :mits, t—;) = ﬂ'g(ti,t_z‘) + hi<t_i).

2.3 Unique Node Potentials in Directed Graphs

In this section, we prove two theorems about node potentials in directed graphs. The
first theorem yields a necessary and sufficient condition for a graph to have a node
potential that is uniquely defined up to a constant. The second theorem provides
another sufficient condition for uniqueness of the node potential up to a constant.
In the following sections we will make use of these results to obtain necessary and
sufficient conditions for revenue equivalence to hold.

*We choose the term revenue equivalence in accordance with Krishna (2002). In our setting it
is equivalent to payoff equivalence as used in Krishna and Maenner (2001). See Milgrom (2004),
Section 4.3.1. for settings where it is not equivalent.
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CHARACTERIZATION OF REVENUE EQUIVALENCE

Let G = (V, E) be a directed graph with node set V' and arc set E. V is allowed
to be infinite. By /4, we denote the (finite) length of the arc (a,b) from node a
to node b. A path from node a to node b in G, or short (a,b)-path, is defined as
p = (a = ap,a1,...,a; = b) such that (a;—1,a;) € F for i = 1,..., k. Denote by
length(p) the length of this path. A cycle is a path with a = b. For any a, we
regard the path from a to a without any arcs as (a,a)-path as well and define its
length as 0. We assume that G is strongly connected, that is, between any two nodes
a,b € V, there exists an (a,b)-path and a (b,a)-path. Define P(a,b) to be the set
of all (a,b)-paths.

If G does not contain a negative cycle, we say that it satisfies the nonnegative cy-
cle property. In the following assume that G satisfies the nonnegative cycle property.
Let

distg(a,b) = pegl(fz,b) length(p).
If V is a finite set, then distg(a,b) simply equals the length of a shortest path
from a to b in G. For infinite V', such a shortest path may not exist. Nevertheless,
distg(a,b) is finite, since we assume that G' does not have any negative cycle. In fact,
fix some (b, a)-path py,, then length(p) > —length(py,) holds for every (a,b)-path p
and the infimum is finite.

Definition 2.3. A node potential p is a function p: V — R such that for all arcs
(z,y) € E, p(y) < p(x) + Loy

Lemma 2.4. A graph G has a node potential if and only if it has no cycle of negative
length.

Proof.  Proofs can be found e.g. in Schrijver (2003) for finite V' and in Rochet
(1987) for infinite V. For completeness, we give a simple proof. If G has no negative
cycle, then for any a € V, distg(a,-) is well-defined, i.e. takes only finite values. The
distances distg(a,-) define a node potential, because distg(a,x) < distg(a,y) + lys
for all z,y € V. On the other hand, given a node potential p, add up the inequalities
p(y) —p(x) < Ly for all arcs (x,y) on a cycle to prove that the cycle has nonnegative
length. (|

The next theorem is concerned with the uniqueness of a node potential in a
graph without negative cycles.

Theorem 2.5. Let G = (V, E) be a strongly connected directed graph that satisfies

the nonnegative cycle property. Then the following statements are equivalent.
1. Any two node potentials in G differ only by a constant.
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2.3. UNIQUE NODE POTENTIALS IN DIRECTED GRAPHS

2. Distances are anti-symmetric, i.e., distg(a,b) = —distg(b,a) for all a,b e V.

Proof. [1 = 2] As observed earlier, distg(a,-) is a node potential in G. Similarly,
distg (b, -) is a node potential. As any two node potentials differ only by a constant,
we have that distg(a,-) —distg(b, -) is a constant function. Especially, for a and b we
get that distg(a,a) — distg(b,a) = distg(a,b) — distg(b,b). Clearly, distg(a,a) =
disti(b,b) = 0 and hence distg(a,b) = —distg(b, a).

[2= 1] Let a,b € V. Let py be an (a,b)-path with nodes a = ag, a1, ...,a = b.
For any node potential p we have that

IA

Eaal

p(a1) — p(a)
p(az) - p(al) < ga1a2

VAN

p(b) —plak—1) < Loy b
and consequently p(b) — p(a) < length(pap). Therefore,

p(b) —p(a) < inf length(p) = distg(a,b).
peP(a,b)

Similarly, p(a) — p(b) < distg(b,a). Therefore, —distg(b,a) < p(b) — p(a) <
distg(a,b). Since distg(a,b) = —distg(b,a), p(b) — p(a) = distg(a,b) for any node
potential p. Hence, any potential is completely defined, once p(a) has been chosen
for some outcome a. Thus, any two node potentials can only differ by a constant.
O

Next, we define a property of the graph G that is sufficient (though not necessary)
for uniqueness of node potentials up to a constant.

Definition 2.6. A graph with node set V and arc lengths £ is called two-cycle
connected if for every partition Vi U Vo =V, ViNVy = 0, Vi,Va # 0, there are
a1 € V1 and ag € Vo with £y, 4, + Yase, = 0.

Theorem 2.7. Let G be a directed graph that satisfies the nonnegative cycle prop-
erty. If G is two-cycle connected then its node potential is uniquely defined up to a

constant.

Proof. First, we show that if G is two-cycle connected, then any two nodes a,b € V
are connected in G by a finite path with nodes a = ag,a1,...,ar = b such that
laair tlazia; = 0 for i =0,...,k — 1. Call such a path a zero-path. Suppose to
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the contrary, that there is a node a € V that is not connected to all nodes in G by
a zero-path. Define V; to be the set containing all nodes b that can be reached from
a by a zero-path. Let V5 = V '\ V;. By assumption V5 # (). Then, as G is two-cycle
connected, there is an a; € V; and ag € Va with 44,4, + 4,0, = 0 contradicting the
assumption that ag € V5.

Consider a,b € V and a zero-path ps, = (ag,a1,...,ax). Then py, together
with the (b,a)-path pp, = (ak,...,a1,a0) form a cycle of length 0. Note, that
between any two nodes c¢,d on a cycle of length 0, the path from ¢ to d on the
cycle must be a shortest path, as otherwise, we could construct a negative cycle
by substituting this path by a shorter one. Therefore, distg(a,b) + distg(b,a) =
length(pap) + length(pp,) = 0. Hence, any two node potentials in G differ only by a
constant due to Theorem 2.5. [l

To see that two-cycle connectedness is not necessary for the uniqueness of the
node potential, consider the following example.

Example 2.8. Consider graph G in Figure 2.1. The graph satisfies the nonnega-
tive cycle property, and for every two nodes u,v € V, distg(u,v) + distg(v,u) = 0.
Hence, the node potential is uniquely defined up to a constant according to The-
orem 2.5. Notice, however, that G is not two-cycle connected, as the partition
({a,c}, {b}) violates the condition of Definition 2.6.

Figure 2.1: Graph G satisfies anti-symmetric distances but not two-cycle connec-
tedness

2.4 Characterization of Revenue Equivalence

We give a necessary and sufficient condition for revenue equivalence with the aid of
a graph theoretic interpretation used to characterize implementable allocation rules
by Rochet (1987), Gui, Miiller, and Vohra (2004) and Saks and Yu (2005). We also
adopt some of their notation.
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2.4. CHARACTERIZATION OF REVENUE EQUIVALENCE

Fix agent ¢ and the reports, t_;, of the other agents. For simplicity of notation
we write T' and v instead of T; and v;. Similarly, for any mechanism (f, 7), we regard
f and 7 as functions of i’s type alone, i.e. f: T — Aand 7: T — R. If (f,7) is
dominant strategy incentive compatible, it is easy to see that for any pair of types
s,t € T such that f(t) = f(s) = a for some a € A, the payments must be equal,
ie. m(t) = m(s) =: mgq. Hence, the payment of agent i is completely defined if the
numbers 7, are defined for all outcomes a € A such that f~!(a) is nonempty. For
ease of notation, we let A denote the set of “achievable” outcomes, i.e., the set of
outcomes a such that there exists some type ¢t € T of agent i such that f(t) = a. For
an allocation rule f, let us define two different kinds of graphs. The type graph T’
has node set T and contains an arc from any node s to any other node t of length?

Here, /4 represents the gain in valuation for agent ¢ truthfully reporting type t
instead of lying type s. This could be positive or negative. The allocation graph
G has node set A. Between any two nodes a,b € A, there is a directed arc with
length?
lop = te}{lf(b)(v(b, t) —v(a,t)).

The arc lengths £, in the allocation graph represent the least gain in valuation for
agent i with any type t € f~1(b) for reporting truthfully, instead of misreporting
so as to get outcome a (instead of b). The type graphs and allocation graphs are
complete, directed, and possibly infinite graphs?. Note that type and allocation
graphs are strongly connected, since they are complete graphs. We introduce our
main results in terms of allocation graphs. Analogous results hold for type graphs
as well.

Observation 2.9. Let f be an allocation rule. Payment schemes m such that (f, )
1s a dominant strategy incentive compatible mechanism, exactly correspond to node
potentials in each of the allocation graphs Gy that are obtained from a combination

of an agent and a report vector of the other agents.

Proof. Assume f is implementable. Fix agent ¢ and the reports t_; of the other

3We assume that arc lengths are strictly larger than —oo. For allocation rules implementable in
dominant strategies this is no restriction, as the incentive compatibility constraints imply finiteness
of the arc lengths.

4Clearly, type and allocation graph depend on the agent i and reports ¢_; of the other agents.
In order to keep notation simple, we suppress the dependence on ¢ and ¢_; and will simply write
Ty and Gy.
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agents. Consider the corresponding allocation graph Gy. For any pair of types
s,t € T such that f(t) = f(s) = a for some a € A, the payments must be equal, i.e.
m(t) = m(s) = ma. Therefore, 7 assigns a real number to every node in the graph.
Incentive compatibility implies for any two outcomes a,b € A and all t € f~1(b)
that v(b,t) — mp, > v(a,t) — 7, hence, m, < my + Lgp.

For the other direction, define the payment 7w for agent ¢ as follows. For any
report vector of the other agents ¢_;, consider the corresponding allocation graph
G and fix a node potential p. At aggregate report vector (t;,t—;) with outcome
a = f(ti,t—;), let the payment be 7, := p(a). Incentive compatibility now follows
from the fact that p is a node potential in Gy, similarly to the above. U

Clearly, the allocation graphs can be defined for any allocation rule such that
all arc lengths are finite. Observation 2.9 together with Lemma 2.4 therefore yields
a characterization of allocation rules that are implementable in dominant strategies
(see also e.g. Rochet (1987)).

Observation 2.10. The allocation rule f is implementable in dominant strategies
if and only if all allocation graphs Gy obtained from a combination of an agent and

a report vector of the other agents satisfy the nonnegative cycle property.

From Lemma 2.4 and Observations 2.9 and 2.10 it follows that for any allocation
rule f implementable in dominant strategies, there exist node potentials in all allo-
cation graphs G'y. The allocation rule f satisfies revenue equivalence if and only if
in each allocation graph G's, the node potential is uniquely defined up to a constant.
Combining this with Theorem 2.5 yields our main result.

Theorem 2.11. Let f be an allocation rule that is implementable in dominant
strategies. Then f satisfies revenue equivalence if and only if in all allocation graphs
G obtained from a combination of an agent and a report vector of the other agents,

distances are anti-symmetric, i.e., distg,(a,b) = —distg,(b,a) for all a,b € A.

An analogous characterization holds for type graphs as well. One can check that
all previous arguments still apply when using type graphs. On the other hand, note
the following relation of node potentials in Gy and node potentials in T;. Given
a node potential p& in G f, we can define a node potential p! in Ty by letting
pT(t) :==pY(f(t)) for any ¢t € T. In fact, let £< and ¢ denote the arc lengths in G
and T} respectively and observe that (&, = inf{¢Z, | s € f~*(a), t € f~1(b)}. Then,
for any s,t € T,

pr(t) = p%(F(1) < PO(f(5) + gy pe) < 07 () + Loy
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and p’ is a node potential. On the other hand, given a node potential p? in T ', let
p%(a) := pT(s) for any s € f~(a). Note that p& is well-defined as f(s) = f(t) = a
implies ¢7, = 0 and hence p’(s) = p’(t). Furthermore, for any a,b € A and any

se f~(a),t e f71(b),
pC(a) = p"(s) < p"(t) + €}, = p°(b) + €.

Hence, p%(a) < p%(b) + Kfa and p© is a node potential in G. Consequently, there
is a one-to-one relationship between node potentials in Gy and node potentials in
Ty. This insight yields the following corollary.

Corollary 2.12. Let f be an allocation rule that is implementable in dominant
strategies. Then f satisfies revenue equivalence if and only if in all type graphs Ty
obtained from a combination of an agent and a report vector of the other agents,

distances are anti-symmetric, i.e., distr,(s,t) = —distr,(t,s) for all s,t € T.

2.5 Applications

In this section we give four applications of our main result. The first two results
show how Theorem 2.11 yields simple, transparent proofs that all implementable f
satisfy revenue equivalence in settings where the outcome space is finite or count-
ably infinite, respectively. The third shows that the characterization by Chung and
Olszewski (2007) can be derived from Theorem 2.11. The fourth describes an eco-
nomic environment with uncountable outcome space where Theorem 2.11 can be
used to identify revenue equivalence, but where the existing theorems are silent.

2.5.1 Finite Outcome Spaces

In this section, we prove revenue equivalence for finite outcome spaces when type
spaces and valuation functions satisfy very weak assumptions. From now on, we
assume that agents’ type spaces are (arbitrary) topological spaces. Recall that a
subset T" of a topological space is connected if it cannot be covered non-trivially by
the disjoint union of two open sets. That is, there exist no open sets 17,75 with
TCThUT,, T'NTy, =0, TNTy # 0 and T NT, # 0. We prove the following.

Theorem 2.13. Let A be a finite outcome space. Let each agenti € {1,...,n} have
types from the (topologically) connected type space T;. Let each agent’s valuation

function vi(a,-) be a continuous function in the type of the agent for every a € A.
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Then, every allocation rule f: 117, T; — A that is implementable in dominant strate-

gies satisfies revenue equivalence.

For the proof, we need the following fact from topology that can be found e.g.
in Munkres (2000).

Fact 2.14. Let T be a connected subset of a topological space. Then any partition
of T into subsets T\, To 0, Y UTy =T, Ty N Ty = O satisfies T1 NTy # 0, where
T; is the closure of Ty in T.

Now, we are able to prove the theorem.

Proof (Theorem 2.13). Consider a single agent with type space T and valuation
function v. Regard f as a function on T' as before. Let A; U Ay = A, A1 N Ay =0,
A1, Az # () be a partition of A. Then, T' = f~1(A)Uf 1 (Ag), FHAN)NF1(A2) =
0 is a partition of 7" and f~1(Ay), f~1(A2) # 0, since f is onto. According to
the fact above, there exists t € f~1(A1) N f~1(Az). Hence, there are sequences
(t") C fH(Ay) and (t5) C f1(A2) with lim, o t7 = lim, 0o th = t. As A is
finite, there must be a; € A; and as € Ay and subsequences (t{*) C (¢}) and
(th™) C (t4) with f(¢1*) = a; for all k and f(t5™) = ag for all m. Since v is
continuous in the type,

0 = wv(ag,t) —v(ai,t)+v(a,t) —v(ag,t)
= lim (v(ag, t5™) — v(ai, ty™) + v(ay, t7%) — v(az, t1*)).
n—oo

According to the definition of the arc length in G, the latter can be bounded from
below as follows.

nlLII;o(U(GQ,tgm) - U(ala tgm) + U(alvt?k) - U(aQ’t?k)) > Eamz + Za2a1 > 0.

The last inequality is true, since Gy has no negative cycles. Hence, all inequalities
are equalities and £4,4, + faya; = 0. Consequently, G is two-cycle connected. The
claim follows from Theorem 2.7 and Observation 2.9. [J

Notice that we cannot omit the continuity assumption, as the following example
demonstrates.

Example 2.15. Let there be one agent with type t € [0,1] and two outcomes A =
{a,b}. Let the agent’s valuation be v(a,t) =1, ift < 1/2 and v(a,t) =0, ift > 1/2.
Let v(b,t) = 1/2 for all t. That is, v(a,-) is discontinuous at t = 1/2. Let the
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allocation rule be the efficient one, i.e., f(t) = a fort < 1/2 and f(t) = b otherwise.
Then dominant strategy incentive compatibility is equivalent to 1 — mq > 1/2 —
and 1/2 — my, > —m,, which is satisfied whenever |mg — my| < 1/2. For instance,
T =m =0 orm, =1/2, m, =0 are two payment schemes that make f truthful,

but m and 7' do not differ by a constant.

If the type space is not connected, there are examples of the same flavor as
Example 2.15, where the payment scheme is not unique. However, even if the
valuation function is not continuous everywhere, sufficient conditions for revenue
equivalence can be proven using Theorem 2.7. Indeed, if the valuation functions are
continuous at particular type vectors as they are constructed in the proof, two-cycle
connectedness of the graphs Gy follows. Also, if T"is path connected and between
any two types there exists a path such that the valuation functions are continuous
along this path, we can make use of Theorem 2.7.

2.5.2 Countable Outcome Spaces

We investigate the case of countably infinite outcome spaces in this section. Theorem
2.11 yields an elementary proof for revenue equivalence under weak assumptions.
One of these assumptions is equicontinuity of the valuation functions.

Definition 2.16. The family of functions {v(a,-)}eea is equicontinuous if for all
e>0andt e T CRF there is 6 > 0 such that for all outcomes a € A and all s € T
with ||t — s|| < & it holds that |v(a,t) — v(a,s)| < e. Especially, 6 must not depend

on a. Here, || -|| denotes the Buclidean norm on RF.

Theorem 2.17. Let A be a countable outcome space. Let each agenti € {1,...,n}
have types from the (topologically) connected type space® T; C RFi. Let the family
of valuation functions {v;(a,-)}eea be equicontinuous for every agent i. Then, ev-
ery allocation rule f: II} | T; — A implementable in dominant strategies satisfies

revenue equivalence.

Note that Theorem 2.17 generalizes Theorem 2.13 if type spaces are subsets
of the Euclidian space, since equicontinuity of {v(a,-)}.e4 for finite A is equiva-
lent to the requirement that v;(a,-) be continuous for all a € A. While the proof
of Theorem 2.13 follows easily from Theorem 2.7, this approach fails in the infinite

°It is not possible to formulate the theorem for general topological type spaces any more due to
the equicontinuity assumption. However, any metric space rather than the Euclidean space used
here would have been sufficient.
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case, and in fact, our proof of Theorem 2.17 is based on Theorem 2.5 rather than 2.7.

Proof.  Assume an allocation rule f implementable in dominant strategies that
does not satisfy revenue equivalence. We show this implies that there is an agent ¢
whose type space is not connected. According to Theorem 2.11, there is an agent
1 and a report vector of the other agents ¢_; with corresponding allocation graph
Gy and a*,b* € A such that distg,(a*,b*) + distg,(b*,a") > 0. Let T be the type
space of i and regard f as a function on T as before. As A is countable, the set
{distg,(a*,z) + distg,(x,a") |z € A} contains only countably many values. Hence,
there exists a z > 0 such that the sets Ay = {z|distg,(a*, x) + distg,(v,a") < z}
and Ay = {z|distg,(a*,x) + distg,(x,a*) > 2} are both non-empty and together
yield a partition of A. Clearly, a* € A;. Then, the sets Ty = f~1(A;) and Ty =
f~1(A2) are non-empty and yield a partition of the type space T. T} is a proper
subset of T. We show that T} is open and closed, implying that 7" is not connected.

Ty is open: Let t € T1. Let f(t) = v € Ay. Then, distg,(a”,z) + distg,(z,a") =
z — ¢ for some ¢ = g(x) > 0. As the v(a,-), a € A, are equicontinuous, there is a
dz/2 such that |v(a,t) —v(a,s)| < e/2 for alla € A and s € T with ||s —t|| < d,/s.
Let s € T such that |[s — t|| < d./o and let y = f(s). Then the following is true:

distg,(a*,y) + distg,(y,a") distg,(a*,x) + by + by, + distg, (v, a”)
z—e+ |U(y73) - U(yat)‘ + "U(x,t) - U($78)|

z

IN

N

Hence distg,(a*,y) + distg,(y,a*) < z. Thus y € Ay and s € Ty for any s in the
dzj2-ball around t. Consequently, T} is open.

T) is closed: Let (t"),cn be a sequence in T} that converges to t € T'. Suppose for
contradiction that t € Ty. Let x = f(t). Then distg,(a*, r)+distg,(v,a*) = z+¢ for
some € = () > 0. By equicontinuity, there is a ./, such that |v(a,t)—v(a, s)| < /2
for all a € A and s € T with [[s — || < d./2. Choose ng such that [[t"° — ]| < &, .
Let y = f(t"). As t" € T1, distg,(a*,y) + distg,(y,a*) < z. Then the following

32



2.5. APPLICATIONS

holds:
z+e = distg,(a",x)+ distg,(v,a")
< distg,(a",y) + lyz + lzy + distg,(y,a")
< 2 lyg gy
S z+\v(:r,t)—v(x,t”o)\—l—]v(y,t”o)—v(y,t)]
< z++E,
a contradiction. O

An example in Section 2.5.4 demonstrates that Theorem 2.17 cannot be gener-
alized to uncountable outcome spaces.

A different way of modeling valuations for countable outcome spaces is to identify
types with vectors in R4, such that vi(a,t) = tg. On RA we can define the sup-
topology by defining for ¢ > 0, and t € R4 the e-ball around ¢ as B.(t) = {s €
RA | supyea|ta — 84| < €}. Using almost the same proof as for Theorem 2.17, one
can show the following theorem, which can also be found in Chung and Olszewski
(2007).

Theorem 2.18. Let A be a countable outcome space. Let the type space T; C RA
for every agent i be (topologically) connected with respect to the sup-topology on
RA. Then, every allocation rule f: I\ T; — A that is implementable also satisfies

revenue equivalence.

Note that if for every agent i there are no two different types that have the
same valuation for all outcomes a € A, then Theorem 2.17 follows easily from The-
orem 2.18. That is because the function v;: T; — RA with vi(t) == (tay,tagy---),
where A = (ay,aq9,...), is one-to-one. Then an implementable allocation rule f
in the sense of Theorem 2.17 canonically translates into an implementable alloca-
tion rule f in the sense of Theorem 2.18 by setting f(v(t1),...,v(tn)) = f(t1,- .. tn).
Moreover, the v;(T;) are connected for connected T; and equicontinuous {v;(a, -) }ee.a-
Revenue equivalence of f then implies revenue equivalence of f.

On the other hand, if there are types s,t € T; for some agent i with v;(a,s) =
vi(a,t) for all a € A, it is not clear, how to derive Theorem 2.17 from Theorem 2.18.

2.5.3 The Characterization by Chung and Olszewski

In this section, we show how the characterization by Chung and Olszewski (2007)
follows from our main result and comment briefly on the results in other literature on
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revenue equivalence. First, we introduce the notation used by Chung and Olszewski
(2007) and restate their characterization theorem.

Let A be countable. As before, regard everything from the perspective of a single
agent. Let A, Ao be disjoint subsets of A and r : A; U A5 — R. For every ¢ > 0,
let

Ti(e)= |J {t€T|Vaz € Ay :v(ay,t) — v(ag, t) > r(ar) — r(az) + £}
a1 €A

and

Te)= |J {teT|Var € A :v(a1,t) — v(az,t) < r(ar) — r(az) — €}
as€A2

Finally, let 7; = Us~07;(¢), i = 1,2. Observe that 73 N 73 = (. Call the type space
T splittable if there are Ay, As and 7 such that T'=7; U7 and 7; # () for i = 1, 2.
Note that, if T is splittable, T" is disconnected with respect to the sup-topology on
RA defined above, as 7; and 75 are open sets. T being topologically disconnected,
does not imply that T is splittable.

Theorem 2.19 (Chung and Olszewski 2007). If A is finite then the following two

statements are equivalent.

(i) All f that are implementable in dominant strategies satisfy revenue equiva-

lence.

(i) For all agents, T; is not splittable.

If A is not finite, but countable, (ii) implies (i).

Notice that in Theorem 2.11 no assumption on the cardinality of A is made,
whereas in Theorem 2.19, A is assumed finite or countable, respectively. On the
other hand, Theorem 2.11 imposes a condition on the allocation rule, whereas Theo-
rem 2.19 characterizes T and v such that all allocation rules that are implementable
in dominant strategies satisfy revenue equivalence. We elaborate on this difference
in Section 2.5.4.

In order to show that (i7) in Theorem 2.19 is a necessary condition for revenue
equivalence in the case of finite A, one can directly construct an allocation rule and
two payment schemes that do not differ by a constant from the assumption that
T is splittable. This is done in the paper by Chung and Olszewski. We give an
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alternative proof for the fact that (i7) is a sufficient condition for countable A. Our
proof establishes a connection to the allocation graph defined in Section 2.4.

Proof. [ii = i] Suppose an allocation rule f that is implementable in dominant
strategies but does not satisfy revenue equivalence. Since f is implementable, the
allocation graphs satisfy the non-negative cycle property. Since revenue equivalence
is violated, Theorem 2.11 implies that there is an agent ¢ and reports of the other
agents ¢_; such that in the corresponding allocation graph Gy, distg f(a*,b*) +
disth(b*,a*) > 0 for some a*,b* € A. Assume the perspective of agent i. In the
following, we write dist(-,-) instead of distg,(-,-) and T instead of T; for ease of
notation. We show the above assumptions imply that 7' is splittable.

Define d(a) = dist(a*,a) + dist(a,a*) for all a € A. Since the function d takes
only countably many values, there exists z € R such that the following sets form a
non-trivial partition of A: A3 = {a € A | d(a) > z}, A2 = {a € A | d(a) < z}.
Observe that for every a; € A;, there exists e(a;) > 0 such that d(a;) > z + €(ay).
Similarly, for every ay € Ajg, there exists (az) > 0 such that d(a2) < z — e(az).

For a1 € Ay, let r(a1) = —dist(a1,a*). For ag € Az, let r(a) = dist(a*,az) — z.
Now let ¢t € T such that f(t) = a; € A;. We claim that for all ag € Ay it holds
that v(ai,t) — v(ag,t) > r(a1) — r(az) + €(a1), which proves t € Ti(e(ay)). Indeed,
v(ai,t) —v(ag,t) > £(az,a1). The claim then follows from:

dist(a*,as) + £(ag,a1) + dist(a1,a*) > dist(a*,a1) + dist(ay,a”)
> z+e(ar).

Next, let t € T such that f(t) = ag € Ag. We claim that for all a; € A; it holds
that v(ai,t) — v(ag,t) < r(a1) — r(a2) — €(az), which proves t € Ta(e(az)). Again,
v(a,t) — v(ag,t) < —l(a1,a2), and the claim follows from:

dist(a*,a2) + dist(ay,a™) — l(ay, az)
< dist(a*, a2) + dist(a1,a”) — dist(a1,a”) + dist(ag,a”)
= dist(a*,az) + dist(ag,a”)

< z—¢(ag).

O

Using Theorem 2.19, Chung and Olszewski derive Theorem 2.18 for the case

of countable outcome spaces and show how the results of prior work mentioned in
the introduction (Green and Laffont 1977, Holmstrom 1979, Krishna and Maen-
ner 2001, Milgrom and Segal 2002) follow from that theorem. In a similar way,
those results are implied by Theorem 2.17. We therefore refer to Chung and Ol-
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szewski (2007) for a detailed discussion of the mentioned literature. Furthermore,
the paper by Suijs (1996) is not mentioned in Chung and Olszewski (2007). Next
to proving a characterization theorem for revenue equivalence for the setting with a
finite outcome space and the allocation rule being the utilitarian maximizer, Suijs
relaxes the smooth path-connectedness condition from Holmstrém (1979) for this
setting. He shows that path-connectedness of type spaces is sufficient. This result
follows directly from Corollary 2.13 and the fact that path-connectedness implies
connectedness.

2.5.4 A Setting with an Uncountable Outcome Space

In this section, we give an example for an economic setting where Theorem 2.11 can
be used to identify revenue equivalence, while all previous results are not applicable.
Cachon and Lariviere (1999) consider demand rationing problems where agents
have to share a divisible good. We consider the following variant of the problem. A
supplier has one unit of a perfectly divisible good that has to be distributed among
n retailers (agents). The type of agent ¢ is his demand ¢; € (0, 1]. Given the reports
t € (0,1]™ of all agents, an allocation rule f: (0,1]" — [0, 1]™ assigns a fraction of
the good to every agent such that >, fi(t) < 1. If an agent’s demand is met,
he incurs a disutility of 0, otherwise his disutility is linear in the amount of unmet
demand. More precisely, agent i’s valuation® if he is assigned quantity ¢; is

B q; — t;, ifqz'<tz’.

In this context, payments are reimbursements by the supplier for unmet demand.

Let us call an allocation rule f dictatorial, if there is an agent ¢ that always
gets precisely his demanded quantity, f;(t;,t—;) = t; for all t_;. We show that any
dictatorial rule violates revenue equivalence.

Theorem 2.20. For the above demand rationing problem, let fi(t) =t1 and f;(t) =

(1 —=t1)/(n—1). Then f is implementable but does not satisfy revenue equivalence.

Theorem 2.20 is formulated for the allocation rule that splits the remaining
supply equally among agents 2 to n. However, from the proof it can be easily seen

SA similar valuation function appears in Holmstrém (1979) as an example to demonstrate that
his smooth path-connectedness assumption cannot be weakened. Likewise, the example can be used
to show that the convexity assumption of the valuation function in Krishna and Maenner (2001)
cannot be relaxed.
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that the conclusion of Theorem 2.20 holds for all other dictatorial rules that are
implementable.

Proof. Note that for agents 2,...,n their assigned quantity does not depend on
their report. Therefore, truthful reporting is a (weakly) dominant strategy for those
agents. Regard the type graph Ty for agent 1 and note that it does not depend on
the report of the other agents. For simplicity we use v, t and f instead of v1, t; and
f1- Let s,t € (0,1] with s < ¢t. We call (s,t) a forward arc and (¢, s) a backward arc.
Then

b = v(f(t),t) —v(f(s),t) =wv(t,t) —v(s,t) =t —s>0, and
bs = v(f(s),s) —v(f(t),s) =wv(s,s) —v(t,s) =0.

As all arcs have non-negative length, there is no negative cycle and f is imple-
mentable. Furthermore, distr, (t,s) = {15 = 0 for t > s. We claim that distr, (s,t) =
t —s > 0. To that end, note that all paths from s to ¢t that use only forward arcs
have the same length ¢ — s. If a path from s to t contains a backward arc, the
forward arcs of that path have a total length more than ¢t — s. Hence, for all s <t
we have distr,(s,t) + distr,(t,s) > 0. Therefore revenue equivalence does not hold
according to Theorem 2.11. In fact, m1(¢) = 0 for all ¢ € (0,1] and 71 (t) =¢ — 1 for
all ¢t € (0,1] are two payment schemes for agent 1 that make f dominant strategy
incentive compatible. (For the other agents, pick any constant payment scheme.)
O

Theorem 2.20 implies that in this setting not all implementable f satisfy rev-
enue equivalence. A theorem describing sufficient conditions for all implementable
f to satisfy revenue equivalence is necessarily silent here. Nevertheless, we can use
Theorem 2.11 to identify properties of allocation rules that guarantee revenue equiv-
alence in this setting. We state such properties formally in Theorem 2.21 below, and
then show that for instance the proportional allocation rule with f;(t) =t/ > 7_ t;
satisfies these properties.

Theorem 2.21. Let f: (0,1]" — [0,1]™ be an allocation rule. If for every agent i
and every report t_; of the other agents, f satisfies any of the conditions below, then

f is implementable and satisfies revenue equivalence.
(i) fi(ti,t—;) is continuous in t; and f;(t;,t—;) < t; for all t; € (0,1],

(ii) fi(ti, t—;) is continuous in t; and f;i(t;,t—;) > t; for allt; € (0,1), fi(1,t—;) =1,
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(@ii) fi(ti,t—;) is continuous and increasing in t; and has exactly one fized point
x € (0,1] with fi(w,t—;) =z, fi(ti,t—i) >t for all t; € (0,2), fi(tit—i) <t
for all t; € (x,1].

Proof. Again, fix agent 4, t_; and use v, t and f instead of v;, t; and f;. Further-
more, regard f as a function of i’s type only. For all three cases, assume that f is
continuous. Regard the corresponding type graph T7.

(i) We have f(t) <t fort e (0,1]. Let s < t. Using f(s) < s < t, the arc lengths
in Ty are as follows:

by = f(t)— f(s) and
o = ) F) = f), G f{E) <,
’ fs)—s, it f(t) > s.

To verify implementability, we prove that any cycle in the type graph has non-
negative length. Note that for s < t, s = ls + €3 for any s < z < t. We say
that we split arc (s,t) at = if we replace (s,t) by arcs (s,x) and (x,t) in a path
or cycle. Note that splitting forward arcs does not change the length of the path
or cycle. Consider any finite cycle ¢ with nodes ¢; to ¢ and rename the nodes
such that ¢; < cg < --+ < ¢g. Split every forward arc (cy,c,) with v < v at all
intermediate nodes cy,1,...,¢,—1 and call the resulting cycle ¢’; the cycle length
remains the same. Consider some backward arc (¢, ¢,) with u < v. As ¢ is a cycle,
it contains all forward arcs (cy,Cut1),--.,(cv—1,¢v). The length of the sub-cycle
(Cuy Cut1s - -+ Co—1, Cyy Cy) 18 equal to

and hence is non-negative. Removing the arcs of the sub-cycle (cy, cyti, ..., Cy, )
from ¢’ leaves a new cycle ¢’ of smaller or equal length. As ¢’ is still a cycle we can
repeat the argument finitely many times and finally arrive at the empty cycle with
length 0. Hence, ¢ has non-negative length and f is implementable.

In order to verify that f satisfies revenue equivalence, we compute distances
distr,(s,t) and distr,(t,s) for s < t. Note that distr,(s,t) < s = f(t) — f(s).
We claim that also distr,(t,s) < f(s) — f(t), so distr,(s,t) + distr,(t,s) < 0.
Together with implementability we get distr,(s,t) + distr,(t,s) = 0, and revenue
equivalence holds by Corollary 2.12. To prove the claim we consider two cases. If
f(t) < s, distry(t,s) < lis = f(s) — f(t) and we are done. If f(t) > s, consider
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the sequence (x,)0%, = (t, f(t), f(f(t)),...). It is monotonically decreasing and
bounded and so converges. The sequence (f(z,))%, = (f(t), F(f(t), f3(%),...)
converges for the same reason and lim, .oz, = lim,_o f(z,) = . As f is
continuous, we have x = f(x) if  is in (0, 1]. As there is no fixed point in (0, 1], we
conclude x = 0. Therefore, there exists some smallest index K such that xx < s.
Now consider the path px defined as (t = zo,...,zx,s). Path px has length
P20 = £ + P30 — 20 4+ FEE ) — £ @) + F(s) — £ = F(s) — £(2).
We conclude distr, (t,s) < length(px) = f(s) — f(t), and we are done.

(7i) We have f(t) >t for t € (0,1) and f(1) = 1. Let s < t. Using f(t) >t > s,
the arc lengths in T} can be computed as follows:

and

D U if f(s) >t
T t=f(s), iff(s) <t
ls = 0.

As all arc lengths are non-negative, all cycles have non-negative length and f is
implementable.

Since all paths have non-negative length, we know that distr, (t,s) = {15 = 0. We
claim that also distr,(s,t) = 0, hence revenue equivalence holds by Corollary 2.12.
If f(s) > t, distr,(s,t) = €5y = 0 and we are done. If f(s) <, regard the sequence
(xn)o%o = (s, f(s), f(f(s)),...). This sequence converges to fixed point z = 1 by the
same arguments as in (). Let us regard paths pjy defined as pr, = (s = xg, ..., Tk, 1).
Asly, f(oy) =0fori=0,...,k—1and £y, 1 = 1— f(zy), the length of py is 1— f(zy),
which converges to 0 as k increases. Thus, distTf(s, 1) = 0. With ¢, = 0 it follows
that distr,(s,t) = 0.

(71) We have that f is increasing on (0,1] and there is z € (0,1) such that
f(z) ==z, f(t) >t fort € (0,x), and f(t) <t for t € (x,1]. There are six types of
arcs, whose lengths are as follows.

if >t

If s <t S xX: gst = 0’ ! f(S) = ets - Oa
t— f(s), ift> f(s);

Ifts<az<t: | Lly=f(t)— f(s); bs = 0;

Ifrx<s<t | ly=f(t)— f(s);

[ — { fls) = f(0), i f(1) <5
° f(s) —s, if s < f(t).

Implementability can be verified in a manner similar to case (7). It can be checked
that splitting forward arcs can only decrease the cycle length. When removing sub-
cycles consisting of a backward arc (¢, s), for s < ¢, together with the corresponding
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forward arcs, there are different cases. If x < s < t, the cycle length is non-negative
by arguments similar to case (i). If s < z < t or s < t < x, the length of the
backward arc is 0 and all forward arcs have non-negative length. Thus, such a
sub-cycle has non-negative length and the argument can be continued as in (7).
For revenue equivalence, we consider two cases. If s <t <z or z < s < t, both
s and t lie on a O-length cycle just like in cases (i) and (ii). Hence, distr,(s,t) +
distr,(t,s) = 0. If s <& < t, an analogue argument as in (ii) yields distr, (s, z) = 0.
With £y = f(t) — f(z), we get distr,(s,t) < f(t) — f(z). Similarly as in (i), we
can show that distr,(t,z) < f(z) — f(t). Consequently, and since {5 = 0, we have
distr, (t,s) < distr,(t,z) + lzs < f(z) — f(t). Thus, distr,(s,t) + distr,(t,s) <0
and by implementability, distr, (s,t) + distr,(t,s) = 0. Hence revenue equivalence
holds. ]

Corollary 2.22. For the demand rationing problem, the proportional allocation rule
[ with fi(t) = t;/ 2?21 tj fori =1,...,n is implementable and satisfies revenue

equivalence.

Proof. For every agent ¢ and every report of the other agents ¢t_;, the function
fitist—i) = t;/ 3°7_, t; satisfies the assumptions of either case (i) or (iii) in Theo-
rem 2.21. U

The proportional allocation rule completely distributes the supply among the
retailers. In particular, a retailer can get more than his demanded quantity. In an
economy without free disposal this may not be desired. In this case, the proportional
allocation rule becomes f;(t) = min{t;,¢;/ > %_, t;} fori = 1,...,n, and the supplier
keeps part of the good if the supply exceeds the total demand. We next show that
this allocation rule does not satisfy revenue equivalence. The result follows from the
following theorem.

Theorem 2.23. Suppose in the demand rationing problem, f is implementable and
there is one agent i and reports t_; with f;(-,t_;) increasing and continuous such

that there are x1, 2 € [0, 1] with

filti,t—i) > tiifti <

filtiyt—i) = tiif o1 <t; <

fi(ti,t_i) < if To < t;.
Then f does not satisfy revenue equivalence.
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Proof. Fix agent i and report vector ¢t_; of the other agents satisfying the assump-
tions of the Theorem. Regard the corresponding type graph T'y. There are six types
of arcs (s,t) with s < ¢t depending on the position of s and ¢ with respect to z
and xo. Similarly, there are six types of arcs (¢,s). It can be checked that the arc
lengths are as follows.

s<t<ua: ést:{ 0 i) 24 lis =0
t— f(s), ift> f(s);
. YA _ ) Fe) = @), i) <s;
all other cases: | £y = f(t) — f(s) ls =0

Note that the only arcs with negative lengths are (¢, s)-arcs for x9 < s < t.

That f is implementable can be verified in a manner similar to the other cases.
Splitting forward arcs can only reduce the length of a cycle. In order to verify
that the total length of a sub-cycle consisting of a backward arc together with the
corresponding forward arcs is indeed non-negative, one can check the case xo < s <t
similar to case (i) of Theorem 2.21. In all other cases it is sufficient to note that the
lengths of all involved forward and backward arcs are non-negative.

We show that f violates revenue equivalence by proving the existence of types s
and t such that distr,(s,t) + distr,(t,s) > 0. In fact, this inequality holds for any
s,t € [z1,72]. Let s,t € [v1,72], s < t. Since lys = 0, we get distr,(t,s) < 0. If
distr,(t,s) was in fact smaller than 0, there would exist a path p of negative length
from ¢ to s. Such a path must contain at least one (¢, s')-arc with zo < s’ < t'. In
this case, the path must contain a sub-path from ¢ to ¢’. Splitting forward arcs of this
sub-path at s’ (if necessary) yields a non-negative sub-cycle through s’ and ¢'. The
split does not increase the path length. Removing the sub-cycle can only reduce the
length of p. This way, all negative arcs can be removed from p without increasing
its length. That contradicts the length of p being negative. Hence, distr, (t,s) =0.

We claim that distr,(s,t) =t — s > 0. To that end, note that any (s,)-path
that contains a backward arc, can be turned into a path of smaller or equal length
without any backward arcs as follows. Suppose that backward arc (¢, s) is contained
in p, s’ < t'. Because p is an (s,t)-path for ¢ > s, it has to contain forward arcs
that completely “pass” the (¢/,s')-arc in forward direction. Splitting all forward
arcs passing s’ at s’ and splitting all forward arcs passing ¢’ at ¢’ does not increase
p’s length. Again, this splitting procedure results in a sub-cycle consisting of the
(t',s')-arc and a forward path from s’ to ¢’. This sub-cycle has non-negative length
and can be removed without increasing the length of p. Hence, we can without loss
of generality restrict our attention to (s,t)-paths that contain only forward arcs.
Such paths can only contain nodes from [s,t] C [z1, x2]. Therefore, the length of all
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such paths is equal to f(t) — f(s) =t — s > 0, which proves the claim. O

Corollary 2.24. For the demand rationing problem, the allocation rule f with
fi(#) = minf{t;, t;/ 377, t;} for i = 1,...,n is implementable, but does not satisfy

revenue equivalence.

Proof. For any agent i, and any t_;, let d_; = Z#i t; be the total demand of the
other agents. If d_; > 1, f; satisfies the assumptions of case (i) of Theorem 2.21.
If d_; < 1, f satisfies the assumptions of Theorem 2.23 for ;1 = 0 and x5 =
1 — d_;. Implementability follows from the mentioned theorems. However revenue
equivalence does not hold according to Theorem 2.23. U

2.6 Discussion

Our results can be extended to other notions of incentive compatibility. We briefly
discuss two of them.
Ex-post incentive compatibility with externalities. The notation used in this

chapter is appropriate to model allocational externalities in auction settings, as an
outcome a € A can be used to represent the entire allocation of all the items to
the various agents. In order to account for informational externalities in the case of
ex-post incentive compatibility, the valuation function of agent ¢ is also a function
of the true types of the other agents. An ex-post equilibrium is a Nash-equilibrium
where every agent knows the types of all other agents. Formally, truth-telling is an
ex-post equilibrium for allocation rule f and payment scheme 7 if for all agents i,
all types t; and s; of ¢ and all types t_; of the other agents

i (f(tast—i), tist—i) — m(ti, t—i) > vi(f(Si,t—s), ti, t—i) — w(si,t—).

Again, incentive compatible payment schemes can be associated with node po-
tentials in the allocation graphs. The arc lengths in Gy have to be defined as follows:

lop = inf  (vi(b,t;, 1) —vi(a, ti, t—)).
ab tie}ql(b)(v( ) —vi(a )

We get the following result.

Theorem 2.25. An ex-post implementable allocation rule f satisfies revenue equi-
valence if and only if in every allocation graph Gy, for every two allocations a,b,

distg,(a,b) = —distg,(b,a).
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Bayes-Nash incentive compatibility. Miiller, Perea, and Wolf (2007) already

used type graphs for the case of Bayes-Nash incentive compatible allocation rules.
An allocation rule f is said to be Bayes-Nash incentive compatible if there is a
payment scheme 7 such that for all agents i and all types t; and s; of i the following
is true

E_i[vi(f(ti, t—i), tiy t—i) — miti, t=i)] > E—i[vi(f(si,t—i), tiy t—i) — mi(si, t-i)],

where the expected value is taken with respect to the types of all agents other than
1. That is, truth-telling of every agent is a Nash equilibrium when agents try to
maximize expected utilities. We use the type graph with arc lengths defined as
follows:

Cs;e; = Ei[oi(f(ti, t—i), tist—i) — vi(f(si, =), tin t—3)].

Note that by taking expectations, there is a single type graph for every agent. Here,
we analyze expected payment schemes E_;(m;(+,t_;)), and an allocation rule satisfies
revenue equivalence if expected payments are unique up to a constant.

Theorem 2.26. A Bayes-Nash implementable allocation rule f satisfies revenue
equivalence with respect to expected payments if and only if in every type graph T
for all types s and t of this agent, distr,(s,t) = —distr,(t,s).

Incentive compatibility, monotonicity and potential functions. In settings

with multi-dimensional type spaces which are subsets of R¥, finite A, and valuation
functions that are linear in types, it was established by several authors that im-
plementability, and thus the non-negative cycle property, is sometimes implied by
a monotonicity property, termed weak monotonicity in Bikhchandani, Chatterjee,
Lavi, Mu’alem, Nisan, and Sen (2006). For dominant strategy incentive compati-
bility see Bikhchandani et al., Gui, Miiller, and Vohra (2004), Saks and Yu (2005),
and Monderer (2007), for Bayes-Nash incentive compatibility see Miiller, Perea, and
Wolf (2007). In these settings, implementability implies that the allocation rule f,
viewed from a single agent perspective as a vector field that maps multi-dimensional
types on (lotteries over) outcomes, has a potential function F'. One can easily verify
that this property has the following interpretation on type graphs: the length of a
shortest path in 7'y from some type s to some type ¢ is upper bounded by a path
integral of the vector field f, or equivalently F(t) — F'(s). From this it follows ea-
sily that distr,(s,t) = —distr,(t, ), i.e., revenue equivalence holds. In particular,
distr,(s,t) = F(t) — F(s) for any potential function F. This connection between
implementability, potential functions and revenue equivalence is also established in
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Jehiel, Moldovanu, and Stacchetti (1996), Jehiel, Moldovanu, and Stacchetti (1999),
Jehiel and Moldovanu (2001) and Krishna and Maenner (2001).
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Chapter 3

Optimal Mechanisms for Single
Machine Scheduling

We study the design of optimal mechanisms in a setting where job-agents compete
for being processed by a service provider that can handle one job at a time. Each job
has a processing time and incurs a waiting cost. Jobs need to be compensated for
waiting. We consider two models, one where only the waiting costs of jobs are private
information (1-d), and another where both waiting costs and processing times are
private (2-d). Probability distributions represent the public common belief about
private information. We consider discrete and continuous distributions. In this
setting, an optimal mechanism minimizes the total expected expenses to compensate
all jobs, while it has to be Bayes-Nash incentive compatible. We derive closed
formulae for the optimal mechanism in the 1-d case and show that it is efficient for
symmetric jobs. For non-symmetric jobs, we show that efficient mechanisms perform
arbitrarily bad. For the 2-d discrete case, we prove that the optimal mechanism
in general does not even satisfy IIA, the ‘independent of irrelevant alternatives’
condition. Hence any attempt along the lines of the classical auction setting is
doomed to fail. In the 2-d discrete case, we also show that the optimal mechanism

is not even efficient for symmetric agents.!

'Part of the results of this chapter were published in Heydenreich, Mishra, Miiller, and Uetz
(2008).
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3.1 Introduction

The design of optimal auctions is recognized as an intriguing issue in auction theory;
first studied by Myerson (1981) for the case of single item auctions. In that setting,
the goal is to maximize the seller’s revenue. We study the design of optimal auctions
(or more precisely, mechanisms) in a setting where job-agents compete for being
processed by a service provider that can only handle one job at a time. No job
can be interrupted once started, and each job is characterized by service time and
weight, the latter representing its disutility for waiting per unit time. It is well known
that the total disutility of the jobs is minimized by a scheduling policy known as
Smith’s rule: schedule jobs in order of non-increasing ratios of weight over service
time (Smith 1956).

Our Contribution. We consider different cases. In the one-dimensional (1-d)
case, jobs’ processing times are public information and a job’s weight is only known
to the job itself. We further distinguish between the discrete and continuous case.
Publicly known probability distributions over a finite set of possible weights rep-
resent common beliefs about the weights in the discrete case. For the continuous
case, we regard continuous probability distributions. In the two-dimensional (2-d)
case, both weights and processing times are private information of the jobs. For all
different settings, we aim at finding Bayes-Nash incentive compatible mechanisms
that minimize the expected expenses of the service provider. Given jobs’ reports
about their private information, a mechanism determines both an order in which
jobs are served, and for each job a payment that the job receives. The payment
can be seen as a compensation for waiting. By a graph theoretic interpretation of
the incentive compatibility constraints - as used e.g. by Rochet (1987), Malakhov
and Vohra (2007) and in Chapter 2 of this thesis - we show how to derive optimal
mechanisms. For the one-dimensional discrete and continuous case, we obtain closed
formulae for modified job weights, and show that serving the jobs in the order of
non-increasing ratios of these modified weights over service times is optimal for the
service provider, as long as a certain regularity condition is fulfilled. It turns out
that the optimal mechanism is not necessarily efficient, i.e., in general it does not
maximize total utility. But it does so if e.g. all jobs have identical weight distribu-
tions and equal processing times. We call such jobs symmetric. For non-symmetric
jobs with discrete weights, we show by example that the cost can be arbitrarily far
from optimal if we insist on efficiency. We also compare our optimal mechanism to
the generalized VCG mechanism and see that for discrete weights, expected pay-
ments differ even for the case of symmetric jobs. For continuous weights, however,
revenue equivalence applies (see Chapter 2) and the generalized VCG mechanism is
an optimal mechanism for symmetric jobs. Furthermore, we analyze a mechanism
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in the continuous setting that corresponds to the first price auction and we show
that this yields another optimal mechanism. For the two-dimensional discrete case,
our main result is that the optimal mechanism generally does not satisfy a property
called ITA, ‘independence of irrelevant alternatives’. From that we conclude that the
optimal mechanism cannot be expressed in terms of modified weights along the lines
of the 1-d case. In fact, any kind of priority based list scheduling algorithm where
the priorities of a job depend only on the characteristics of that job itself cannot
in general be an optimal mechanism. We conclude that optimal mechanism design
for the two-dimensional case is substantially more involved than two-dimensional
mechanism design for auction settings, as studied in Malakhov and Vohra (2007).
We also show that even for symmetric jobs, in the 2-d case the optimal mechanism
is not efficient.

Related Work. Optimal mechanism design goes back to Myerson (1981). He
studies optimal mechanisms for single item auctions and continuous 1-dimensional
type spaces. Here, optimal auctions are modifications of efficient auctions, more
specifically, modifications of the Vickrey auction. When regarding the seller as
additional agent who bids zero in the original auction, his modified bid might be
non-zero in the optimal auction yielding a reservation price. Malakhov and Vohra
(2007) regard optimal mechanisms for an auction setting with discrete 2-dimensional
type spaces. The derived optimal mechanisms again employ the efficient allocation
rule with modified bids. As Malakhov and Vohra (2007), we follow Myerson’s ap-
proach and analyze in how far it also works in a simple scheduling setting. We
observe similarities and differences, see Section 3.3. Especially, we show that for
2-dimensional type spaces the traditional approach must fail to determine an opti-
mal auction. The fact that multi-dimensional optimal mechanism design is harder
than that for 1-dimensional types, is well-known. For example, Armstrong (2000)
studies a multi-object auction model where valuations are additive and drawn from
a binary distribution (i.e., high or low). He gives optimal auctions under specific
conditions that reduce the type graph. From this paper it becomes evident that
optimal mechanism design with multi-dimensional discrete types is difficult. For
our model, we formalize this difficulty by showing that traditional approaches in-
evitably yield ITA-mechanisms and that in some cases none of these is optimal. For
details, we refer to Section 3.4. In Hartline and Karlin (2007), the authors give
an introduction to optimal mechanism design with 1-dimensional continuous types
under dominant strategy incentive compatibility. Both Myerson’s and our optimal
allocation rules turn out to be dominant strategy implementable as well, while they
yield optimal mechanisms in the larger class of Bayes-Nash incentive compatible
mechanisms. Other scheduling models have been looked at from a different angle
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in the economic literature. See, e.g., Mitra (2001) for efficient and budget-balanced
mechanism design in a 1-dimensional model and Moulin (2007) for mechanisms that
prevent merging and splitting of jobs.

Organization. In Section 3.2, we study the 1-d discrete case and derive closed
formulae for an optimal mechanism. We compare optimal to efficient mechanisms
in Section 3.3. In Section 3.4, we study the 2-d discrete case and show that known
approaches are doomed to fail here. The continuous case is studied in Section 3.5
and standard auction formats for the continuous scheduling model are analyzed in
Section 3.6. We conclude with Section 3.7.

3.2 Optimal Mechanisms for the 1-Dimensional Setting

3.2.1 Setting and Preliminaries

Consider a single machine which can handle one job at a time. Let J ={1,...,n}
denote the set of jobs. We regard jobs as selfish agents that act strategically. Each
job j has a processing time p; and a weight w;. While p; is publicly known, the
actual w; is private information to job j. We refer to the private information of
a job as its type. Jobs share common beliefs about other jobs’ types in terms
of probability distributions. We assume discrete distribution of weights, that is,
agent j’s weight w; follows a probability distribution over the discrete set W, =
{w]l, e, w;nj} C R, where wjl < < w;nj. Let ¢; be the probability distribution
of wj, that is, gf)j'(w}) denotes the probability associated with wj for i =1,...,m;.
Let q)j(wé) =0 (;Sj(wf) be the cumulative probability up to w; Both ¢; and ®;
are public information. We assume that jobs’ weights are independently distributed.
Let us denote by W = Il;c;W; the set of all type profiles. For any job j, let
W_j = TlxxjWy. Let ¢ be the joint probability distribution of w = (w1, ..., wy).
Then ¢(w) = H;L:1<Z>j(w;-j) for w = (wi,...,wir) € W. Let w_; and ¢_; be defined
analogously. For wj € W; and w_; € W_;, we denote by (w;, w_j) the type profile
where job j has type wj and the types of all other jobs are w_j;.

A direct revelation mechanism consists of an allocation rule f and a payment
scheme 7. Jobs have to report their weights and they might report untruthfully if it
suits them. Depending on those reports, the allocation rule selects a schedule, i.e.,
an order in which jobs are processed on the machine. The payment scheme assigns
a payment that is made to jobs in order to reimburse them for their waiting cost.

Let & = {0 | 0 is a permutation of (1,...,n)} denote the set of all feasible sched-
ules. Then the allocation rule is a mapping f: W — &. For any schedule o € G, let
o; be the position of job j in the ordering of jobs in 0. Then, by S;(0) = ZUKJJ_ Dk

48



3.2. OPTIMAL MECHANISMS FOR THE 1-DIMENSIONAL SETTING

we denote the start time or waiting time of job j in 0. If job j has waiting time Sj
and actual weight w;., it encounters a valuation of —wéSj. If j additionally receives
payment 7;, its total utility is m; — wéSj, i.e., we assume quasi-linear utilities. Let
us denote by ES;(f, w;) = Zw,jew,j' Sj(f(w;-, w_j))¢—j(w—;) the expected wait-
ing time of job j if it reports weight w} and allocation rule f is applied. Denote by

Eﬂj(wé) = Zw_]-ew_j Wj(wé, w—;)¢—j(w—_;) the expected payment to j. We assume

that jobs aim at maximizing their expected utility.
Definition 3.1. A mechanism (f, ) is Bayes-Nash incentive compatible if for every

agent j and every two types wj,wé’? eWw;
Brj(w}) — wiBS;(f,wl) > Brj(wh) — wiBS;(f,w}) (3.)

under the assumption that all agents apart from j report truthfully. If for allocation
rule f there exists a payment scheme m such that (f,7) is Bayes-Nash incentive
compatible, then f is called Bayes-Nash implementable. The payment scheme 7 is

referred to as an incentive compatible payment scheme.

In order to account for individual rationality, we need to guarantee non-negative
utilities for all agents that report their true weight. It will be convenient to en-
sure individual rationality by introducing a so-called dummy weight w;nj +1, which

we add to the type space W; for every agent j. We assume ES;(f, w;.”ﬁl) =0
and ET; (w;-nj +1) = 0 for all j € J. Furthermore, we impose the incentive con-

straints Eﬂj(w;-) — wj-ESj(f, w;) > Eﬂj(w;-njH) - wéESj(f, w}nﬁl), which imply
that Em;(w;) — wiES;(f,w;) > 0 for any Bayes-Nash incentive compatible mech-
anism (f, 7). Therefore, the dummy weights together with the mentioned assump-
tions guarantee that individual rationality is satisfied along with the incentive con-
straints. The dummy weight can be interpreted as an option for any job not to take
part in the mechanism.

We next define the notion of monotonicity w.r.t. weights, which is easily shown
to be a necessary condition for Bayes-Nash implementability. In our setting, it is

even a sufficient condition.

Definition 3.2. An allocation rule f satisfies monotonicity w.r.t. weights or short

monotonicity if for every agent j € J, wj- < wé‘-” implies that ES;(f, w;) > ES;(f, w;“)

Theorem 3.3. An allocation rule f is Bayes-Nash incentive compatible if and only

if it satisfies monotonicity w.r.t. weights.
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Before we give a proof of Theorem 3.3, we introduce the type graph for the
Bayes-Nash setting. Ty has node set W; and contains an arc from any node w§ to
any other node wf of length

lir, = wilESj(f,wf) — BS;(f,w})].

Here, ¢;;. represents the gain in expected valuation for agent j by truthfully report-
ing type wj- instead of lying type w;?. The incentive constraints for a Bayes-Nash
incentive compatible mechanism (f,7) and job j can be read as

Emj(wh) < Emj(wh) + wi[ES;(f,wh) — ES;(f,w!)] = Emj(w}) + .

That is, the expected payments Em;(-) constitute a node potential in Tf. According
to Miiller, Perea, and Wolf (2007) and similarly as in Chapter 2, Bayes-Nash imple-
mentability of an allocation rule f is equivalent to the non-negative cycle property
of the type graph Ty for any agent j. Monotonicity is equivalent to the fact that
there is no negative cycle consisting of only two arcs in Ty. We call this property
the non-negative two-cycle property. It follows from

b+l = wilBS;(f,w) = BS;(f,u})] + wi[BS;(f,w}) — ES;(f, uf)]
- w§ - wf)[ESj(f, wf) — ES;(f, w;)]

The last term is non-negative for all jobs j and any two types w;'- and wf if and only
if monotonicity holds.

Proof (Theorem 3.3). All that remains to show is that the non-negative two-cycle
property implies the non-negative cycle property. We first show that the arc lengths
satisfy a property called decomposition monotonicity, i.e., whenever i < k < [ then
Lir, + Ly < ly and £y, + £g; < £;. From that property follows that the length of any
cycle can be lower bounded by the lengths of a number of two cycles, which proves
the theorem.

Decomposition monotonicity follows from

bip + Ll = WHES;(f,wh) — ES;(f,wh)] + wh[ES;(f,wh) — ES;(f,wh)]

< wilBS;(f,wy) — ES;(f,wy)] + wi[BS;(fw5) — ES;(f,wy)]
= wi[ES;(f,wh) — ES;(f,wh)]
= Eil?

where the inequality follows from monotonicity. Note that everything remains true
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if the dummy type is involved, i.e., if [ = m; 4+ 1. The inequality {j + {x; < £y
follows similarly.

In order to prove the second claim, consider a finite cycle ¢ with nodes ¢; to ¢
and rename the nodes such that ¢; < ¢y < -+ < ¢;. Replace every arc (¢, ¢,) with
u < v by arcs (cy, cy+t1), (Cut1s Cut2),-- -, (Cv—1, ). Do the same for all arcs (c,, ¢y)
with u < v. Call the resulting cycle ¢. The cycle length of ¢’ is less than or equal to
the length of ¢, due to decomposition monotonicity. The new cycle ¢’ consists only
of two-cycles. Due to monotonicity, those have non-negative length. Hence, ¢ has
non-negative length as well. (I

3.2.2 Optimal Mechanisms

Let us start by investigating the efficient allocation rule for the given setting, i.e.,
the allocation rule that maximizes the total valuation of agents. It is well known that
scheduling in order of non-increasing weight over processing time ratios minimizes
the sum of weighted start times Z?:l w;S;(f(w)) for any type profile w € W, and
therefore maximizes the total valuation of all agents. This allocation rule is known
as Smith’s rule (Smith 1956). The optimal mechanism that we derive deploys a
slightly different allocation rule, namely Smith’s rule with respect to certain modified
weights.

Our goal is to set up a mechanism that is Bayes-Nash incentive compatible and
among all such mechanisms minimizes the expected total payment that has to be
made to the jobs. Given any Bayes-Nash incentive compatible mechanism (f, ),
one can obviously substitute the payment scheme by its expected payment scheme
yielding (f, Em(-)) without loosing Bayes-Nash incentive compatibility. Moreover,
the expected total payment to the agents remains unchanged under the substitution.
Therefore, we restrict focus to mechanisms in which agents always receive a payment
which is independent of the specific report of the other agents and of the actual
allocation.

Note that, unlike e.g. in Myerson (1981), in the discrete setting considered here,
revenue equivalence does not hold. Therefore, there are possibly multiple payment
schemes that make an allocation rule incentive compatible. Let f be an allocation
rule and let 7f(-) be a payment scheme that minimizes expected expenses for the
machine among all payment schemes that make f Bayes-Nash incentive compatible.
More specifically, 77; (w;) denotes the payment to agent j declaring weight w§ un-
der this optimal payment scheme. Let P™"(f) = died Zw;ewj qu(w;-)ﬂf(w;) be
the minimum expected total expenses for allocation rule f. The following lemma
specifies the optimal payment scheme for a given allocation rule.
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Lemma 3.4. For a Bayes-Nash implementable allocation rule f, the payment scheme
defined by

mj
™y =0, wl(w) =" wh[ES;(f,wk) — BS;(f,wt™)] fori=1,....m;
k=1

1s incentive compatible, individually rational and minimizes the expected total pay-

ment made to agents. The corresponding expected total payment is given by

P (f) = >0 ¢ (whwiES(f,wh),

jeJ i=1

where the modified weights w; are defined as follows

, , . L D(wih
—1 1 —1 7 7 i—1 J i .
w; =w;, Wi =w:+ (W —w ) ———— fori=2,...,mj.
J o J J J e Iy
T gi(wy)
Proof. Let p = (w; =0, A1y, Uy = w;nﬁ ) denote a path from w} to w;nﬁ in

the type graph T for agent j. Denote by length(p) the sum of its arc lengths. Let
(f,m) be a Bayes-Nash incentive compatible mechanism. Adding up the incentive
constraints

Emj(a;) < Emj(ai—1) + ai1[ESj(f,a;) — ES;(f,ai-1)] = Emj(ai—1) + la;_,a,
for:=1,...,m yields

Emj(w"™) < Brj(wl) + length(p).

;-njH) = 0, this is equivalent to —length(p) < Eﬂ'j(w;-). As f
is Bayes-Nash implementable, T satisfies the non-negative cycle property. Con-
sequently, we can compute shortest paths in Ty. With dist(w;'-,w;nj +1)

length of a shortest path from w§ to w;nj H, the above yields —dist(wj-,w

Em; (w; ). Therefore, —dz’st(w;'- , w;njﬂ)

for reporting fw§ On the other hand, since we have

Assuming Emj(w

being the
ity <
j <
is a lower bound on the expected payment

dz‘st(w;, w;njH) < Ly + dz’st(w}“, w;njﬂ)
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for any two types wj- and wf, it follows that

—dist(wf,w;njﬂ) < —dist(w}, w;njﬂ) + lig.

Consequently, —dist(-, w;nﬁl) defines a node potential in T}. Setting 7r]f(w;) =

—dzst(w wjmﬁl)

therefore yields an incentive compatible payment scheme that
minimizes the expected payment to every agent for any reported type of the agent.
Consequently, this payment scheme also minimizes the expected total payment to
agents. Recall that individual rationality is satisfied along with the incentive con-

straints.

Since arc lengths in T satisfy decomposition monotonicity, a shortest path from

J+

w to w; is the path that includes all intermediate nodes wé“ ,w™i. Observ-

ing that —dist(w JH,w;nJH) = 0 and dzst(w w;nﬁl) =y w} [ESj(f, wf) -

ES;(f, ;-CH)] ij e W;\ {wj } proves the first claim.

Next, we compute the minimum expected total payment for allocation rule f.

o> di(whmd (wh)

Pmn(f) =
jed i=1
jeJ i=1 k—i
_ ZZ% <Zw ES;(fuf) - 3 wflESj(f7w§)>
jeJ =1 W
= D2 4w <w ES;(f,w Z ES;(f,wh)(wh — wh 1)>
jeJ i=1 b
= 3 ES;(fwhuwle;(w!)
jel
+ZZESJ(f’w§) <¢J( ) w —w Z¢J >
jeJ 1=2
= D BS(fup)ujew))
jel
+D D ESi(f.w)) <<1>j(w;l)w§. _ <I>j(w;'f1)w;'fl)
jeJ 1=2
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Let us define modified weights w; by setting w} = wjl and for ¢ = 2,...,m;

Wi (w) — wi D (wi )

¢j(w!)

.

£
|

This yields
m;
Py =) i (whywi ES;(f,w}).
jed i=1
O
Given the minimum payments per allocation rule, we want to specify the allo-

cation rule f which minimizes P™"(f) among all Bayes-Nash implementable allo-
cation rules.

Definition 3.5. If f € argmin{ P™"(f)|f: W — &, f Bayes-Nash implementable},
then we call the mechanism (f, ) an optimal mechanism.

We will need the following regularity condition that ensures Bayes-Nash imple-
mentability of the allocation rule in our optimal mechanism.

Definition 3.6. We say that regularity is satisfied if for every agent j and i =

2,...,mj—1

. . . ) '(wi»_l) . . . <I>j(wi-)
Wi+ (wh — wiT) =L <t 4 (it — ) —
J J J ¢j (w;) J J J ¢] (w;+1)

This implies that @;'» < @;‘? whenever wé- < wf.

Note that regularity is satisfied e.g. if the differences wz» — wj_l are constant and
the distribution has a non-increasing reverse hazard rate?.
Theorem 3.7. Let the modified weights be defined as in Lemma 3.4. Let f be
the allocation rule that schedules jobs in order of non-increasing ratios w;/pj. If

regularity holds, then (f,n7) is an optimal mechanism.

2The reverse hazard rate of the distribution with pdf ¢ and cdf ® is defined as ¢(x)/®(z), see
e.g. Krishna (2002).
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Proof. We show that f is Bayes-Nash implementable and minimizes P™"(f) among
all Bayes-Nash implementable allocation rules. For any allocation rule f, we can
rewrite P™"(f) as follows, using independence of weight distributions. Let W]’ =

Wi\ {w" "} and W' = e W),

> D G(w)wES(f,w))

jGJw;EW]f

= > giwhm D S(f(whw))e(wy)
j€J wiew] w—j€W_;

= > > Swh w)wSi(f(whw-y))

jeJ (w;'.,w,j)GW’

= Y dw)> w;S;(f(w).

weWw!’ jeJ

Thus, P™"(f) can be minimized by minimizing > jes W;S;(f(w)) for every reported
type profile w. This is achieved by using Smith’s rule with respect to modified
weights, i.e., scheduling in order of non-increasing ratios w;/p;. Under Smith’s rule,
the expected start time ES;j(wj;) is clearly non-increasing in the modified weight ;.
The regularity condition ensures that it is non-increasing in the original weights w;.
Therefore, Smith’s rule with respect to modified weights satisfies monotonicity and
is hence Bayes-Nash implementable by Theorem 3.3. This completes the proof. [

3.3 Optimality versus Efficiency

For agents with identical weight distributions and equal processing times, the opti-
mal and the efficient allocation coincide.

Corollary 3.8. If agents are symmetric, i.e., Wi = -+ =Wy, ¢1 = --- = ¢, and
p1 = -+ = pn and if distributions are such that regularity holds, then the optimal

mechanism is efficient.

Proof. fWy = --- =W, = {w!,...,w™} and ¢1 = - - - = ¢, then for any two agents
j1 and jo, and ¢ = 1,...,m, the modified weights are equal, i.e. @;l = @;2. Since
processing times are also equal and since regularity guarantees that modified weights
are increasing in the original weights, scheduling jobs in order of their non-increasing
ratios w;/p; is equivalent to scheduling them in order of their non-increasing ratios
w;/p;. That is, the efficient allocation rule and the allocation rule from the optimal

mechanism in Theorem 3.7 coincide. O
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If weight distributions differ among agents or if agents have different processing
times, then the optimal mechanism is in general not efficient. In fact, when restrict-
ing to efficient mechanisms, the total expected payment can be arbitrarily bad in
comparison to the optimal one. This is illustrated by the following two examples.

Example 3.9. Let there be two jobs 1 and 2 with Wi = {M + 1} and Wy = {1, M }
for some constant M. Let ¢2(1) = 1 — 1/M, ¢o(M) = 1/M and p1 = pa =
1. Let Eff be the efficient and Opt be the optimal allocation rule. Then the ratio
P™(Eff)/ P™™(Opt) goes to infinity as M goes to infinity.

Proof. The efficient allocation rule, Smith’s rule, always allocates job 1 first. So
the optimal payment for Smith’s rule is to pay 0 to job 1 and to pay M to job 2,
irrespective of its type. The minimum expected total payment is hence P™"(E ff) =
M.

For the optimal allocation, we compute modified weights after Lemma 3.4: w} =
wi =M+1,wy=w)=1andwj =M+ (M-1)(1-1/M)/(1/M) = M? - M +1.
The latter is larger than M + 1 if M > 2. Therefore, job 2 is scheduled in front
of job 1 if it has weight M and behind if it has weight 1. The expected start
times for job 2 are ES2(Opt,1) = 1 and ES2(Opt, M) = 0, respectively. Optimal
payments according to Lemma 3.4 are 757 (1) = 1 and n5*/(M) = 0. For job
1, the expected start time is ES;(Opt, M + 1) = 1/M and the expected payment
w?pt(MwL 1) =1+ 1/M. Hence, P™"(Opt) =1+1/M +1-(1—1/M) = 2.

Consequently, P™"(Eff)/P™"(Opt) = M/2, which tends to infinity if M goes
to infinity. O

Remark 3.10. In the above, the ratio of the expected payments of the efficient
versus the optimal allocation rule is analyzed. Similarly, we can derive that the
expected ratio of the payments tends to infinity as M approaches infinity. The latter

1s slightly more technical.

Example 3.11. Let there be two jobs 1 and 2 with the same weight distribution
Wi =Wy ={1,M}, ¢;(1) =1—-1/M, ¢;(M) = 1/M for j =1,2. Let p1 = 1/2
and po = M/2 4+ 1. Let Eff be the efficient and Opt be the optimal allocation rule.
Then the ratio P™™(Eff)/ P™"(Opt) goes to infinity as M goes to infinity.

Proof. The efficient allocation rule always schedules job 1 first, since 1/(1/2) =
2 > 2M/(M + 2) = M/(M/2 + 1). Therefore, the expected start time of job
1 is 0 and that of job 2 is 1/2. Optimal payments according to Lemma 3.4 are
711y = 7B (M) = 0 and 757 (1) = 787 (1) = M/2. Hence, P (Eff) = M/2.
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For the optimal mechanism, we compute modified weights as W} = w} = 1 and
w? = w3 = M? — M + 1. Job 1 is scheduled first, whenever both jobs have the
same weight or job 1 has a larger weight than job 2. In the case where job 1 has
(modified) weight 1 and job 2 has modified weight M2 — M + 1, job 2 is scheduled
first for M > 2, since 1/(1/2) < (M? — M +1)/(M/2 + 1). The resulting expected
start times and payments are given below:

ES (Opt,1) =1/2+1/M TP = 1/2 4+ 1/M
ES(Opt, M) =0 TP (M) = 0
ESy(Opt, 1) =1/2 7P 1) =1 —1/(2M)
ESy(Opt, M) = 1/(2M) 7P (M) = 1/2.

Hence,
PrOpt) = (5432 (1= 30) 4 (1= i) (1= 2 4 5o

Thus, the ratio P™"(E ff)/P™"(Opt) tends to infinity if M tends to infinity. [0

Remark 3.12. As in the first example, it can be shown that also the expected ratio

of the payments tends to infinity as M approaches infinity.

Comparison to Myerson’s result. For the single item auction and continuous
type spaces, Myerson (1981) has made similar observations: in his setting, the
Vickrey auction is an efficient auction. The optimal auction can be seen as a modified
Vickrey auction with the seller submitting a bit himself. In our setting also, the
allocation in the optimal mechanism is equivalent to the efficient allocation rule
with respect to modified data. Nevertheless, in Myerson (1981) the optimal and the
efficient mechanism may differ. For the single item auction this can be due to the
seller keeping the item (even in the symmetric case) or because a bidder that has not
submitted the highest bid can get the item in the asymmetric case. In our setting,
the optimal and the efficient mechanism can only differ if agents are asymmetric,
see Corollary 3.8 and Examples 3.9 and 3.11.

On the generalized VCG Mechanism. The VCG mechanism is due to
Vickrey (1961), Clarke (1971) and Groves (1973). The allocation rule is the efficient
one. In our setting this means scheduling in order of non-increasing ratios w;/p;.
The payment scheme pays to agent j an amount that is equal to an appropriate
constant (possibly depending on other agents’ types, but not on j’s type) minus
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the total loss in valuation of the other agents due to j’s presence. For agent j with
processing time p;, the total loss in valuation of the other agents is equal to the
product of p; and the total weight of all agents processed after j. In order to ensure
individual rationality, we have to add p; times the total weight of all agents except
j. Therefore, the resulting payment to j for reported type profile w and efficient

)/ CCw) =p; > wp.

keJ
0, <0

schedule ¢ is equal to

As illustrated by examples 3.9 and 3.11, the allocation of the VCG mechanism
can differ from the allocation of the optimal mechanism if agents are not symmetric.
Moreover, if agents are symmetric, the VCG mechanism still can be non-optimal in
terms of payments. This is illustrated by the following example.

Example 3.13. There are two symmetric agents with Wi = Wo = {w', w?}, w! <
w?, and ¢j(w') = ¢j(w?) = 1/2 for j = 1,2. Processing times are equal and without
loss of generality p1 = pa = 1. Then the expected expenses of the VCG mechanism

are strictly higher than those of the optimal mechanism.

Proof. Regularity is trivially satisfied and therefore the allocation of the optimal
mechanism from Section 3.2 is efficient. There are four possible type profiles, each
occurring with probability 1/4: (w!,w'), (w!, w?), (w?, w'), (w?, w?). The resulting
schedules are the same for the VCG and the optimal mechanism and schedule the
job with the higher weight first or randomize uniformly in the case of equal weights,
respectively. Let us first compute the expected total payment for the VCG mecha-
nism. The VCG mechanism pays to the job that is scheduled last the weight of the
job that is scheduled before it. Thus, the VCG mechanism has to spend w' in the
first case, and w? in the second, third and fourth case, respectively. The total ex-
pected payment of the VCG mechanism is hence (3w?+w')/4. Let (f, /) denote the
optimal mechanism from Section 3.2. In the optimal mechanism, the expected pay-
ment to a job with weight w! is equal to E?T]f(’wl) = wiES;(f,w!) — ES;(f,w?)] +
w?ES;(f,w?) = w'[3/4 — 1/4] + w?[1/4] = w'/2 + w? /4. The expected payment to
a job with weight w? is ijf(w2) = w?ES;(f,w?) = w?/4. The total expected pay-
ment for the optimal mechanism is thus 2-1/2- (w'/24+w?/4+w?/4) = (w!' +w?)/2.
Since w? > w!, the expected expenses of the VCG mechanism are strictly higher
than those of the optimal mechanism. Therefore, the VCG mechanism is not opti-
mal. [l
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3.4 The 2-Dimensional Setting

3.4.1 Setting and Notation

In contrast to the 1-dimensional setting, both weight and processing time of a job are
now private information of the job. Hence j’s type is the tuple (w;, p;). We restrict
attention to discrete type spaces, i.e., (wj,p;) € W; x P;, where W; = {w}, . ,w;nj}
with w]l < ... < wgnj and P; = {pjl-,...,p?j} with pjl» <o < p?j. Let ¢; be
the probability distribution of j’s type, that is, ¢; (wé-, pé“) denotes the probability
associated with the type (wj-,p?) for i = 1,...,m; and kK = 1,...,¢;. Both ¢;
and ®; are public. Distributions are independent between agents. Denote by T' =
ILjc (W} x Pj) the set of all type profiles. For any job j, let T_; = II,+;(W, x P,) be
the set of type profiles of all jobs except j. Let ¢ be the joint probability distribution
of (w1, p1,...,Wn,pn). Then for type profile t = (wil,p’fl, coowin pkn) € T p(t) =
H;L:1¢j(w;j,p?j). Let t_; and ¢_; be defined analogously. For (w;'»,p?) e W; x
Pj and t_; € T_;, we denote by ((wj-,p?),t_j) the type profile where job j has
type (w;»,p?) and the types of the other jobs are represented by t_;. Denote by
ES;(f, wé,p?) = Zt_jeT_j Sj(f((wj,pf),t_j))¢_j(t_j) the expected waiting time
of job j if it reports type (wj», pf) and allocation rule f is applied. Denote by
Eﬂj(wé,pf) = Zt_jeT_j Wj((wé,pf),t_j)¢_j(t_j) the expected payment to j.

We assume that a job can only report a processing time that is not lower than its
true processing time and that a job is processed for its reported processing time. This
is a natural assumption, since a job can add unnecessary work to achieve a longer
processing time, but reporting a shorter processing time can easily be punished by
preempting the job after the declared processing time (before it is actually finished).

Note that by regarding the processing time as private information, we introduce
informational externalities: job j has a different valuation for a schedule if the
processing time (and hence the type) of a job scheduled before j changes. In this
regard, our model differs from the 2-dimensional auction model studied in Malakhov
and Vohra (2007).

3.4.2 Bayes-Nash Implementability and the Type Graph

Definition 3.14. A mechanism (f,x) is called Bayes-Nash incentive compatible
if for every agent j and every two types (wél,p;?l) and (w?,p?) with 11,12 €
{1,...,mj}, kl,kQ S {1,...,(]j}, kl < kg,

E7rj(w;1,p§1) — w;.lESj(f, w}l,p;?l) > Eﬂj(w?,p?z) - w}lESj(f, wj-Q,p??) (3.2)
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under the assumption that all agents apart from j report truthfully.

Note that by defining the incentive constraints only for k; < ko, we account for
the fact that agents can only overstate their processing time, but cannot understate
it.

In order to ensure individual rationality, again add a dummy type t;l to the
type space for every agent j, and let ES;(f, t;-l) =0 and E7rj(t;-l) =0 for all j € J.
As in the 1-dimensional case, the dummy types together with the mentioned extra
incentive constraints guarantee that individual rationality is satisfied along with the
incentive constraints. Sometimes, it will be convenient to write (w;nj +1, pf) for some
ke{l,...,q;} instead of t?.

In the 2-dimensional setting, the type graph Tt of agent j has node set W; x P;
and contains an arc from any node (w;»l,p?l) to every other node (w;?,p;??) with
11 € {1,...,mj}, 19 € {1,...,mj + 1}, ki, ko € {1,...,(]j}, k1 < ko of length

Uisk)(iak) = ' [BS; (w3 p5?) = BS;(f,wy' 9.

Note that we have arcs only in direction of increasing processing times, since agents
can only overstate their processing time. Furthermore, every node has an arc to the
dummy type, but there are no outgoing arcs from the dummy type.

Similar as in Malakhov and Vohra (2007), one can show that for monotonic allo-
cation rules some arcs in the type graph are not necessary, since the corresponding
incentive constraints are implied by others. We first give the definition of mono-
tonicity in the 2-dimensional setting and then formulate a lemma which reduces the
set of necessary incentive constraints.

Definition 3.15. An allocation rule f satisfies monotonicity w.r.t. weights if for

< wj-? implies that ES;(f, w;-l,pg?) >

every agent j € J and fized pf € P, w; >

ES;(f,wi?, pk).

Lemma 3.16. Let f be an allocation rule satisfying monotonicity w.r.t. weights.
For any agent j, the following constraints imply all other incentive constraints:
Eﬂj(wé,p;?) - w;ESj(f, w;-,p?) > Em(wé“,pf) — w;-ESj(f, w;-ﬂ,p?) (3.3)
forie{l,....m;},ke{l,...,q;},
Emj(wj,pf) —wi T ES;(fw).pf)  (34)
fO?”Z' S {1,...,mj —1},]§E {1,...,(]]'},
Emj(w}, pf) —wiBS;(f.w;,pf) = Emj(wh,pf ™) —wiES;(f,w},pf ™) (3.5)
forie{l,....m;},ke{l,...,q; —1}.

Eﬂj (w;-‘rl’pjj) - w;+1ESj (fa w;+1ap§:)

v
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Proof. For any i1,42,i3 € {1,...,mj + 1},iy < iy <3, and any k € {1,...,¢;} the
constraint

Emj(w?,pk) —w? BS;(f,wl,pf) > Erj(w!?, pk) — wl BS;(f,w'?, ph)
is implied by

Emj(wi, pf) — wi ES;(f,w], pf) > Emj(wi?, pf) — wi ES;(f,w}?,pf)
and

Emj(w?, p}) = w?ESj(f,w, pf) > Emj(wi?, pf) — w? ES;(f, wi, pf).

In fact, adding up the latter two constraints yields

Emj(wi,p}) — wi ES;(f,wi, pf)
> By ) B pf) ~ BS(F )l B )
2 Bmj(w] 3 0)) + wi (BS(f,w?,pf) — ES;(f,wi, pf)) — wit ES;(f,w?, p})
= Emj(w,pf) — w} ES;(f,w?, p}),

where the second inequality follows from monotonicity and wi1 < w? Note that ev-
mj+1 k.) _

erything remains true if the dummy type is involved, i.e., if (w’ w?, p]) (w PRy

t?. These arguments imply that all constraints of the type
Emj(wi,pf) — wi ES;(f,wit, pf) > Emj(w?, pf) — wi ES;(f,w?,pf)  (3.6)
are implied by the subset of constraints where io = i1 + 1.

A similar effect can be shown for the “reverse” incentive constraints, i.e., the
above constraints for i3 < ip < i1, where i1,i2,i3 € {1,...,m;}. Again, out of all
constraints of the type

Emj(w},py) — Wi ES;(f,wi,pf) > Emj(w?, pf) — w} ES;(f,w?,py),  (3.7)
only those with 7o = 4; — 1 are necessary.

Similarly, out of all constraints of the type

Erj(wh, ') — wiBS;(f,wl,pft) > Brj(wh, pl?) — wiBS;(f,w},pf?),  (3.8)
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for i € {1,...,m;}, ki,k2 € {1,...,¢;}, k1 < ko only those with ko = ki + 1 are
necessary.

For any types (wz-l,pfl),(w?,p??) with 41 < 79 and ky < ko the corresponding
“diagonal” constraint

Erj(wit, pi) — w BS;(f, 0!, pf) > Emj(wi?, ph?) — wi BS;(f,w?, pk?)
follows by adding up the corresponding constraints of type (3.8) and (3.6)

Erj(wit, pi) —w BS;(f,wl, ) > Emj(wit ph?) — wi BS;(f,w, pk?)
and

Emj(w?, pf?) — wi ES;(f,wl', pi?) > Emj(wi?, pi?) — wit BES;(f,w?,pl?).

i1
For any (w;

constraint follows by adding up the appropriate constraints of type (3.8) and (3.7).
O

,p?l),(w?,p??) with 75 < 41 and k1 < ks, the corresponding “diagonal”

Lemma 3.16 is in fact a generalization of decomposition monotonicity as dis-
cussed for the 1-dimensional case.

We define the reduced type graph of agent j, which contains only arcs that are
necessary in the sense of Lemma 3.16. These arcs are:

e an arc from type (wj-,p?) to (wé“,pf) foralli € {1,...,m;}andk € {1,...,¢;}

e an arc from type (wj-“,
{L,....q}

e an arc from type (w},pf) to (wj-,pk+1) for all i € {1,...,m;} and k €
{1,...,q]'—1}.

A sketch of the reduced type graph is given in Figure 3.1. Expected payments

pgf) to (w;.,p?) for all ¢ € {1,...,m; — 1} and k €

correspond to node potentials in the reduced type graph. Whenever we refer to the
type graph T for a monotonic allocation rule f in the following, the reduced type
graph is meant. The reduced type graph comes handy particularly when considering
our (counter) examples in the next subsection.

We finally give the characterization of Bayes-Nash incentive compatible alloca-
tion rules for the 2-dimensional setting.

Theorem 3.17. An allocation rule f is Bayes-Nash incentive compatible in the

2-dimensional setting if and only if it satisfies monotonicity w.r.t. weights.
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anl b m;  q;
wj, p; 4

d
£

Figure 3.1: reduced type graph

Proof.  Implementability implies monotonicity as before. The claim reduces to
showing that in the (reduced) type graph of any agent j the non-negative cycle
property is equivalent to the non-negative two-cycle property. After the reduction,
every cycle in T’ consists of a finite number of two-cycles. Hence the non-negative
cycle property is equivalent to the non-negative two-cycle property.

O

3.4.3 On Optimal Mechanisms

We start by reviewing an approach to two-dimensional optimal mechanism design
studied in Malakhov and Vohra (2007). Here, the authors regard a multi-item
auction, where each agent’s type (i, j) is given by a marginal valuation ¢ per item and
a capacity j. Above that capacity, the agent has zero valuation for each additional
item. Agents can only overstate their capacity. The goal is revenue maximization.
Bayes-Nash implementability is equivalent to the expected amount of items allocated
to an agent being monotone in his reported value for i. Malakhov and Vohra (2007)
use the type graph approach as follows.

First, they regard a subset of all allocation rules - namely those that are mono-
tone in j as well. It turns out that all those rules have the same shortest path tree,
namely the “up-first-then-right” tree (see Figure 3.2 for a 3 x 3 example).

Second, the path lengths in this tree yield optimal payments to every job for every
type. From that, the optimal revenue for a particular allocation rule is obtained as
closed formula in terms of modified marginal valuations.

Third, the obtained expression for the revenue is maximized over all allocation
rules. The resulting allocation rule is a modification of the efficient allocation rule.
In addition, this rule turns out to be monotone in j, similar as in the proof of
Theorem 3.7. Hence, its shortest path tree is the up-first-then-right tree.

In the last step, the monotonicity assumption in j is relaxed as follows. For
any allocation rule — not necessarily monotone in j — the up-first-then-right tree
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1,3¢——»——»03 3
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1,1g——o———»e3 1

Figure 3.2: up-first-then-right tree

yields an individual upper bound on the revenue for that specific allocation rule.
By maximizing the individual upper bounds over all allocation rules, a global upper
bound for the revenue is achieved. But this upper bound is assumed by the modified
efficient allocation rule derived before, which yields hence an optimal mechanism.
It turns out that the described approach is doomed to fail in our setting. Espe-
cially, one cannot find any tree B C Ty — as e.g. the up-first-then-right tree above
— such that the allocation rule optimizing the expected total payment computed
on the basis of B in turn has B as a shortest path tree. Note that the approach
described above and also our approach for the 1-dimensional setting focus on one
agent and the corresponding type graph. Hence any allocation rule derived by the
described approach is necessarily a modified Smith’s rule with modified weights that
can be computed from the characteristics (type report and distribution) of the agent
itself similar as in Lemma 3.4. Such an allocation rule satisfies the following ITA

property.

Definition 3.18. We say that an allocation rule f satisfies independence of irrele-
vant alternatives (IIA) if the relative order of any two jobs ji1 and ja is the same in
the schedules f(t1) and f(t2) for any two type profiles t1,to € T that differ only in
the types of agents from J \ {j1,j2}.

In other words, the relative order of two jobs is independent of all other jobs.
For the 2-d setting, this is not necessarily the case for optimal mechanisms.

Theorem 3.19. The optimal allocation rule for the 2-dimensional setting does in

general not satisfy IIA.

Proof. Consider the following instance with three jobs. Job 1 has type (1,1), job 2
has type (2,2) and job 3 has type space {1.9,2} x {1,2}. The probabilities for job 3’s
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types are ¢3(1.9,1) = 0.8, ¢3(2,2) = 0.2 and ¢3(1.9,2) = ¢3(2,1) = 0, respectively.
We will show that the best allocation rule that satisfies ITA achieves a minimum
expected total payment of at least 5.6, whereas there exists an allocation rule —
violating ITA — with an expected total payment of 4.88. The following argumentation
would still work if we assumed small positive probabilities for types (1.9,2) and (2,1)
as well, but everything would become much more technical.

There are six possible schedules for three jobs, where we denote e.g. by 312 the
schedule where job 3 comes first and job 2 last. There are only two cases that occur
with positive probability: job 3 has type (1.9,1), which we refer to as case a, and
job 3 has type (2,2), which we refer to as case b. An allocation rule that satisfies ITA
must schedule job 1 and 2 in the same relative order in case a and b. Therefore, any
such rule must either choose a schedule from {123,132, 312} for case a and case b or
it must choose a schedule from {213,231,321} in case a and b. As an example, we
compute a lower bound on the optimal payment P™"( f) for the case where f chooses
schedule 123 in case a and schedule 132 in case b. Since there is only one possible
type for job 1 and 2, only individual rationality matters for the optimal payments
to those jobs and hence 77{(1, 1) =0and 775(2, 2) =2(0.8-1+0.2-(1+2)) = 2.8. For
job 3, we take individual rationality into account as well as the incentive constraint
71(1.9,1) = 1.9- ES3(1.9,1) > 74 (2,2) — 1.9- ES3(2,2). While individual rationality
requires 7r§(1.9, 1) > 19-3 = 5.7 and 7r§(2,2) > 2, the latter is equivalent to
73(1.9,1) > 7(2,2) + 3.8. Therefore, 74(2,2) > 2 and n}(1.9,1) > 5.8. Hence
P™n(f) > 2.840.8-5.84-0.2-2 = 7.84. Note that this is only a lower bound, since for
the exact value of P™"(f), we must additionally consider the incentive constraints
that result from the two types (1.9,2) and (2,1), which have zero probability, but
are in the type space of job 3.

In total, there are 18 allocation rules that satisfy ITA. We list the corresponding
lower bounds (LB) on P™™"(f) in the following table.

| fa) | f0) | «f | o5 | LB #f(1.9,1) | LB xf(2,2) | LB P™"(f) |

123 | 123 0 2 6 6 8
123 | 132 0128 5.8 2 7.84
123 | 312 | 04 | 2.8 9.7 0 7.76
132 | 123 0136 2.2 6 6.56
132 | 132 01|44 2 2 6.4
132 | 312 | 04 | 44 1.9 0 6.32
312 | 123 | 0.8 | 3.6 0.3 6 5.84
312 | 132 |08 | 44 0.1 2 5.68
312 | 312 | 1.2 | 44 0 0 5.6
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213 | 213 2 0 6 6 8
213 | 231 | 24 0 5.9 4 7.92
213 | 321 | 24|08 5.7 0 7.76
231 | 213 | 2.8 0 4.1 6 7.28
231 | 231 | 3.2 0 4 4 7.2
231 | 321 | 3.2 0.8 3.8 0 7.04
321 | 213 | 28 | 1.6 0.3 6 5.84
321 | 2311|3216 0.2 4 5.76
321 | 321 32|24 0 0 5.6

Hence, 5.6 is a lower bound for the expected total payment made by any ITA
mechanism. On the other hand, regard the allocation rule that chooses schedule
132 in case a and schedule 231 in case b. We extend the allocation rule to the zero
probability type such that it chooses schedule 132 for type (2,1) and schedule 231
for type (1.9,2). Clearly, this allocation rule violates ITA. The optimal payments
to job 1 and 2 are 77{(1, 1) = 0.8 and 77{(2,2) = 1.6 respectively. For the optimal
payment to job 3, we depict the type graph with associated arc lengths in Figure 3.3.
The shortest path lengths from (1.9,1) and (2,2) to the dummy node are —2.1
and —4, respectively. Hence, 7r§(1.97 1) = 2.1 and W§(2,2) = 4. Consequently,
P (f) =0.8+4 1.6+ 0.8 2.1 +0.2-4 = 4.88. This proves the claim. 0

Figure 3.3: type graph job 3

Theorem 3.19 shows that any kind of priority based algorithm or list scheduling
algorithm where the priority of a job can be computed from the characteristics of
the job itself cannot be optimal in general. Moreover, the type graph approach
must fail, since it focusses on a single agent. Hence, optimal mechanism design
for our 2-dimensional setting is considerably more complicated than for the 1-
dimensional setting and for traditional auction settings as described in Myerson
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(1981) and Malakhov and Vohra (2007). One explanation for this complication
may lie in the fact that the 2-d setting considered here in fact entails informa-
tional externalities, as opposed to the auction setting in (Malakhov and Vohra
2007). On the other hand, the informational externalities introduced by private
processing times are not the only cause for complications in the 2-dimensional
setting: Consider the 1-dimensional setting, where only the processing times are
private, but the weights are public information. It turns out that all allocation
rules are implementable, even when we allow that jobs understate their processing
times. The optimal payment to a job j that reports processing time p;? is equal to
w; ES;(f, p;?), and therefore the total payment to jobs for allocation rule f is equal
to Pmn(f) = dies SP gbj(p?)ijSj(f, pf) This is minimized by Smith’s rule.

When there are only two agents present, then ITA is trivially satisfied. Recall
that in the 1-dimensional case the optimal mechanism is efficient for symmetric
agents and regular distributions and that the uniform distribution is regular. This
is contrasted by the following theorem.

Theorem 3.20. FEven for two symmetric agents, 2 X 2-type spaces and uniform

probability distributions, the optimal mechanism is not efficient.

Proof. Consider the following example with two jobs, Wi = Wy = {1,2} and
P, = P, = {1,2}. We assume that ¢1(i, k) = ¢2(i, k) = % for i,k € {1,2}. On one
hand, consider the efficient allocation rule f., which schedules the job with higher
weight over processing time ratio first. On the other hand, regard the so-called
w-rule, f,,, that schedules the job with the higher weight first. In case of ties, both
rules schedule job 1 first. The expected start times are listed below.

ESl(fuu 1, 1) = ESl(fwa 172) = 3/4 ESQ(fwv 1, 1) = ESZ(fwa 172) = 3/2
ESl(fUI)Q) 1) = ESl(fw,2,2) =0 ES2(fwv27 1) = ESQ(f’w7272) = 3/4

E‘S’l(fea 1, 1) = Esl(f€7272) = 1/47 ES2(f67 1, 1) = ESQ(fe7272) =1,
ESi(fe,1,2) =1, ESy(fe,1,2) =3/2,
Esl(f67271):07 ESQ(fea271):1/4'

The type graphs corresponding to f,, for job 1 and 2 respectively are shown in Fi-
gure 3.4. From this, the optimal payments can be computed as:
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Figure 3.5: type graphs for the efficient rule for job 1 and 2

v (2,1) = x*(2,2) =0, v (2,1) = 7v(2,2) =3/2,
1,1 = #lv(1,2) = 3/4, mv(1,1) = wdv(1,2) =9/4.

Hence the (minimum) total expected payment for the w-rule is:
P f,) = Zzwfw (i,k) = 9/4.
i (k)

The type graphs corresponding to f. for agent 1 and 2 respectively are shown in
Figure 3.5.
From this, the node potentials that minimize payment can be computed as:

me(1,1) = wf*(2,2) =1/2, mle(1,1) = wf(2,2) =2,
me(2,1) = 0 mle(2,1) = 1/2,
mle(1,2) = 5/4, mle(1,2) = 5/2.
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Hence the (minimum) total expected payment in the efficient rule is:

pmin(f,) = i SN wi (i, k) = 37/16.

Jj (i,k)

Hence, P™"(f,) > P™"(f,). This is even true if we break ties randomly. Thus,
the efficient allocation is for some instances dominated by at least the w-rule and
consequently is not part of an optimal mechanism even in the most symmetric case
possible in this setting. O

3.5 Optimal Mechanisms for the Continuous Setting

For this section, we impose the following changes on the discrete setting described
in the previous sections. For every job j, let the weight w; be a continuous ran-
dom variable with publicly known support [m;, M;], probability density function
¢, and cumulative distribution function ®;. Probability distributions are assumed
to be independent between jobs. We will prove some results for general proba-
bility distributions and others for uniform distribution of weights. The latter has
Qi(z) = (x—my)/(Mj—m;) and ¢;(x) = 1/(M;—m;) for all j € J and x € [m;, M;].
As in the 1-dimensional discrete case, the actual weight is private information of a
job, whereas the processing time p; of job j is fixed and common knowledge. We
will refer to the definitions of Section 3.2, unless we give a new definition here.

In the following, we show that the characterization of Bayes-Nash implementable
allocation rules from the previous section also applies to the continuous case. In
addition, revenue equivalence holds. We show that Smith’s rule with respect to
certain modified weights and payments computed from the network approach is
again an optimal mechanism under regularity. If the regularity condition is satisfied
and agents are symmetric, then this mechanism is efficient, as before. The regularity
condition is satisfied for instance by the uniform distribution. If m; = 0 for j =
1,...,n and if the weights of all agents are distributed uniformly over their respective
(not necessarily equal) intervals [0, M;], then this optimal mechanism is even efficient
if the processing times differ among agents.

Hartline and Karlin (2007) discuss optimal mechanism design for a similar setting
as the continuous setting at hand. They derive optimal mechanisms subject to
dominant strategy implementability and thus mechanisms that are optimal in a more
restricted class of mechanisms. The allocation rule of the optimal mechanism that
we derive turns out to be dominant strategy implementable as well, but is optimal
within the larger class of Bayes-Nash incentive compatible mechanisms. Strictly
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speaking, our results are therefore not implied by the results in Hartline and Karlin
(2007). On the other hand, looking at the techniques described in their paper, our
optimal mechanism could be derived using these techniques, too. Although our
optimal payments and regularity conditions differ from those in Hartline and Karlin
(2007), these differences are completely due to the fact that in our case agents are
paid by the mechanism and therefore individual rationality requires adding different
constants.

3.5.1 Bayes-Nash Implementability and Revenue Equivalence

We make use of the type graph as before. Note that for continuous distribution
of weights, the type graph has uncountably many nodes. We do not introduce an
extra dummy node here, but we will account for individual rationality explicitly
when deriving optimal mechanisms. In the continuous case, the following holds:

Theorem 3.21. An allocation rule f is Bayes-Nash incentive compatible in the

continuous setting if and only if it satisfies monotonicity.

The proof of Theorem 3.21 is almost identical to the proof of Theorem 3.3. Note
that even in an infinite type graph we only need to consider finite cycles. We do not
repeat the proof here.

Theorem 3.22. In the continuous setting, every Bayes-Nash implementable allo-

cation rule f satisfies revenue equivalence.

Proof. We use the characterization of revenue equivalence given in Chapter 2. Fix
a Bayes-Nash implementable allocation rule f and agent j and consider the type
graph Ty. Let w, z € [mj, M;] be two types of agent j. Using the same notation as
before, we derive the following distance from w to z.

kyp—1
dist(w,z) = inf Z Cazai
(w=ag,...,ak, =2)EP(w,z) “
=0
kp—1

= inf Z Lasaii

(w=ag<-<ag, =2)EP(w,z)

=0
kep—1
= inf aiES- , Aj — ES; , Ajg
(w:a0<'“<akp =2)€P(w,2) ; [ ](f +1) ](f )]
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Ky
= inf —wES;(f,w) + zES;(f,z) + Z(ai_1 —a;)ES;(f,a;)

(w=ap<-<ak, =2)EP(w,?) P

= —wES;(f,w)+ 2ES;(f,z) — /z ES;(f,x)dx.

w

Here, we use decomposition monotonicity and the nonnegative two-cycle property for
the second equality. The last equality follows from decomposition monotonicity and
the fact that £.5;(f,-) is a non-increasing function and therefore Riemann integrable.
Similarly, we get

dist(z,w) = wES;(f,w) — zES;(f, z) — /w ES;(f,z)dx,

and therefore dist(w,z) = —dist(z,w). According to Theorem 2.11, f satisfies

revenue equivalence. [l

3.5.2 Optimal Mechanisms

As in the discrete case, we design a mechanism which assigns the payments to agents
only on the basis of their reports, no matter what the announced types of the other
agents are and no matter how therefore the actual allocation looks like. The goal is
to minimize the expected total payment made to jobs.

The following lemma gives payments that minimize the expected total payment
made to jobs for a given allocation rule.

Lemma 3.23. For a Bayes-Nash implementable allocation rule f, the payment
scheme
! Mj
™5 (w;) = w; ES;(f, w;) +/ ES;(f,x)dx for j € J, w; € [m;, Mj]

wj

1s incentive compatible, individual rational and minimizes the expected total payment

made to agents. The expected total payment is then given by

P =3 [ s (s)mote)d.

jeJ
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where the modified weights w; are defined as

T q)J(w)
A J+¢J( 5)

for w; € [my, Mj].

Proof. The given payment scheme is equal to
W{(wj) = —dist(wj, M;) + M;ES;(f, M;) for j € J, w; € [mj, Mj].

Similar to the previous section, it can easily be checked that this payment scheme
satisfies the incentive constraints. For any allocation rule f, the expected pay-
ment to any agent j € J is fixed up to a constant due to Theorem 3.22. The
constant must be chosen high enough such that individual rationality is satisfied,
but also low enough, such that the total expected payment is minimized. Observe
that the expected utility for type M; is equal to —M;ES(f, M;) + E7r (M;) =0,
therefore adding a negative constant would violate individual ratlonahty at type
M;. On the other hand, for any type w; € [mj, M;], the expected utility is equal
to —w; ES(f,w;) + Eﬂf(wj) = fi‘ff ES;(f,xz)dxz > 0, thus individual rationality
is satisfied. Hence, adding a positive constant would make the expected payment
non-minimum. Consequently, the above payment scheme is incentive compatible,
individual rational and minimizes the expected payment for every type of every job.
Hence, it also minimizes the expected total payment to agents.

Next, we derive an expression for the expected total payment.

. M;
Py = 3 gi(wy)wd (w)) dw,
jeJ v my
M;
= Z (ﬁj wj (ijSj(f,Wj)+/ ESj(f,.%') d.%') dw;
jeJ v myg wy
M;
- Z/ Wy BS(f, )65 (w)) dwy + 3 / [ By 005(w,) de du,
jeJ jeJgvmy Jwj

Recall that S;(f(w;,w—;)) denotes the start time of job j, when other jobs report
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w_; and that W = 1T,

m;

M;
/ w;iES; (f, w;)¢j(w;) dw;

[m;, M;]. The summands of the first sum can be written as

== /W ijj(f(wj, w,j))gi)l (wl) e qu(wj) e qbn(wn)dwl e dwj e dwn

- / w;Sj(f (w))b(w)dw,
w

where ¢(-) is the joint distribution function of all agents. The summands in the

second sum can be rewritten as follows

M; M
/ ES;(f,z)¢;(wj) dz dw;

:/. ESj(f,x)¢j(wj) dwj dx
M,

= ES;(f,z)®;(z)dx
T

= ES (fij) (wj)dwj

/S w], w_] )‘I’j (wj)¢1 (wl)...éj_l (wj_1)¢j+1(wj+1)...qﬁn(wn)dwl...dwj...dwn

@](wj) w)dw
- /Ws () S ot

Hence, we get for the total payment

P = S5( Lt d
) ]EZJ/ < ity )
= Z/ Si(f(w))w;o(w)dw
JjeJ
where W; 1= w; + ®;(w;)/¢;(w;) defines the modified weight for job j. O

As in the discrete case, P™"(f) can be minimized for arbitrary distributions of

weights by applying Smith’s rule with respect to the modified weights. The result-

ing mechanism will be Bayes-Nash incentive compatible if the following regularity

condition holds.

Definition 3.24. The regularity condition holds in the continuous case if for j € J
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and w, z € [mj, Mj], w < z:

We get the following result.

Theorem 3.25. Let the modified weights and the payment scheme m! be defined
as in Lemma 3.23. Let f be the allocation rule that schedules jobs in order of non-

increasing ratios w;/pj. If reqularity holds, then (f, 71 is an optimal mechanism.

Proof. As mentioned above, Smith’s rule minimizes .. ; S;(f(w))w; for every
type profile w € W. Therefore, it also minimizes the total expected payment. As
in the discrete case, the regularity condition ensures that modified weights be non-
decreasing in the original weights. As ES;(wj) is non-increasing in the modified
weight w; under Smith’s rule with respect to modified weights, it is non-increasing
in the original weight w; for every j € J if regularity holds. Hence, under regularity
weak monotonicity and consequently Bayes-Nash implementability is satisfied. [

The following theorem gives two important cases, when this optimal mechanism
is efficient.

Theorem 3.26. The optimal mechanism is efficient in the following two cases.

1) Agents are symmetric, i.e., have identically distributed weights and equal process-
ing times and the reqularity condition holds for the distribution functions.

2) Agents’ weights are distributed uniformly over [0, M;] for j =1,...,n. Processing

times can be arbitrary.

Proof. 1) Smith’s rule with respect to modified weights is equivalent to Smith’s rule
with respect to the original weights as in the discrete case. Regularity ensures weak
monotonicity and hence Bayes-Nash incentive compatibility.

2) For the uniform distribution, we get for the virtual weights

w + =w+ w/Mj =
¢j(w) 1/M;

2w,

which is increasing and linear in w and the linear relationship does not depend
on the agent. Hence, Smith’s rule with respect to virtual weights is equivalent to
Smith’s rule with respect to original weights, no matter what the processing times
are. (I
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3.6 Optimal Mechanisms via Standard Auction Formats

After having derived an optimal mechanism for the continuous case, we are in-
terested, whether standard auction formats also yield optimal mechanisms for our
scheduling setting. We study the VCG mechanism and a mechanism that corre-
sponds to the first price auction.

3.6.1 The Generalized VCG Mechanism

Recall that for the discrete setting, the generalized VCG mechanism was not optimal,
even in cases when the optimal mechanism allocates efficiently. In the continuous
setting, however, revenue equivalence implies that the expected payments to agent j
in all Bayes-Nash incentive compatible mechanisms that allocate efficiently are the
same up to a constant. As the optimal mechanism proposed in Section 3.5 allocates
efficiently in the case of symmetric agents and regularity, also the VCG mechanism
can be used in this case to derive an optimal mechanism by adding an appropriate
constant to the payments of every agent.

Theorem 3.27. For symmetric agents under reqularity, the VCG mechanism with

payments

W;/CG(U}) =pj Z W

keJ
0, <0

1s optimal. Here, o denotes the efficient schedule.

Proof. Assume symmetric agents with weights identically distributed over [m, M]
according to density function ¢; and cumulative distribution function ®;. The
distributions are assumed to satisfy regularity. Without loss of generality, let the
processing times be equal to one. The result already follows from revenue equiva-
lence and the fact that under the VCG mechanism, any job with type equal to its
maximum possible type M has expected start time equal to zero and hence zero
expected utility, just as in the optimal mechanism from Section 3.5.

Nevertheless, we check the equality of the expected payments under the VCG
and the optimal mechanism explicitly for illustrative purposes. Since jobs have equal
processing times, the VCG mechanism allocates in order of non-increasing weights.
The payment made to an agent j under the VCG mechanism is the sum of the
weights of all agents processed before j. To derive the expected payment to agent
J announcing type wj, we notice that any other agent k is scheduled before j if k’s
weight x is larger than w;. In this case, x is paid to j. The expected payment at
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type wj is therefore

M

ErYC% ;) = (n— 1) / 261 (2)dz.

wj

In the optimal mechanism proposed in Section 3.5, the payment for type w; and any
w_j is equal to

M
! (wj,w_;) = Brl (w)) = w;ES;(f,w) +/ ES;(f,x)dx.

J
wj

The start time when announcing type w; is a binomially distributed random variable
with parameters n — 1 and 1 — ®;(wj), as the placement of any of the n — 1 other
jobs in front of j can be seen as a binomial trial with success probability 1 —®4(wj;).
The start time counts the number of "successes”. Therefore, ES;(f, wj) = (n —
1)(1 — ®1(wj)). We get for the payments

Ex! (w;)
M

— win= - B(w) + 1) [ (1 i(a))de

wj

M M

= wj(n—l)(l—<I>1(wj))—|—(n—1)/./ o1(y) dy dx
My

= wj(n—1)(1—@1(111]-))—1—(12—1)/. '¢1(y)dxdy
M

= wiln =D = P1(w;)) +(n—1) [ d1(y)ly —wj)dy

= wi(n—1)(1 - ®1(wy)) — (n — Dw;(1 - @1 (w))) + (0 — 1>/

w

M
Yo (y) dy

M
= (n—l)/ x¢1(z) dz

wj

= Eﬂ'jVCG(wj).

Hence, wa(wj) = E’/T;-/CG(IU]‘) for all j € J and all types w;. Therefore, the total
expected payments of the optimal and the VCG mechanism are equal, too. Hence,
the VCG mechanism is optimal. O

Remarkably, the payment under 7/ depends only on the reported type of an
agent and is constant over all reports of the other agents’ and therefore over all
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allocations. In contrast, 7¥¢% depends only on the allocation and not on the specific
report of the agent. Nevertheless, both yield the same expected payments.

3.6.2 The First-Price Equivalent

In the first price auction, the highest bidder wins the object and has to pay the
amount of his bid. In this auction, truthful reporting does not necessarily maximize
a bidder’s expected utility. On the other hand, there is a strictly increasing and
differentiable bidding function 3 such that bidding according to  for all agents is a
Bayes-Nash equilibrium. This result can e.g. be found in Myerson (1991). Especially,
for uniformly distributed valuations for the object, the bidding function 3 scales the
true valuation down by a factor of (n —1)/n.

We do a similar analysis for the continuous case of our scheduling problem.
For symmetric agents, we derive a strictly increasing and differentiable function 3
yielding a symmetric Bayes-Nash equilibrium in which all agents report according to
(6. From that, it is easy to construct another optimal mechanism for the continuous
case. We furthermore show that for two agents with different processing times, there
is no such function 3.

The Mechanism for the Symmetric Case. Suppose, the jobs in J are sym-
metric and their weights are drawn independently and identically distributed from
the interval [0, M] with probability density function ¢; and cumulative distribution
function ®;. Suppose ¢1(-) > 0 on [0, M]. Processing times are all equal to one.
The proposed mechanism (f, ) works as follows. Schedule jobs in order of non-
increasing weights and pay to each job an amount equal to its actual start time
times its announced weight. A bidding function ( is a function g: [0, M] — R,.
Recall the definition of a Bayes-Nash equilibrium.

Definition 3.28. Reporting according to (3: [0, M] — Ry is a Bayes-Nash equilib-
rium if any job j with weight w; mazximizes its expected utility by reporting F(w;)

given that all other jobs report according to 3, too.

Let us assume that there is a symmetric Bayes-Nash equilibrium in which agents
report according to the same strictly increasing and differentiable bidding function
B. We will first derive a functional form for 3 and then show that reporting according
to 3 is a Bayes-Nash equilibrium.

Fix agent j with actual weight w; and suppose that every other agent k with
true weight wy, reports 3(wy). Suppose, j reports some weight b;. Then its expected
utility is (b; — w;) times its expected start time. If j bids b; < 5(0) then it will get
the last position with probability one and therefore has utility (n —1)(b; — w;) <

7



OPTIMAL MECHANISMS FOR SINGLE MACHINE SCHEDULING

(n —1)(B(0) — wj). This utility is maximized at 3(0) and j will never bid strictly
less than (3(0). Reporting more than 3(M) leads to an expected start time of 0 for
agent j and hence to an expected utility of 0. Reporting any w; < b; < B(M) leads
to a non-negative expected utility. Hence we can assume b; < §(M) without loss
of generality. Consequently, £(0) < b; < B(M). As (3 is continuous and strictly
increasing, we can compute ﬂ_l(bj) =: wj. Scheduling in order of non-increasing
reports [B(wy) is equivalent to scheduling in order of non-increasing reports wy, as
B is increasing. Therefore, j’s start time when reporting b; = [(@;) is again a
binomially distributed random variable with parameters n — 1 and 1 — ®;(@;) and

expected value

ESj(f,b5) = (n = 1)(1 = @1 (wy)).

Job j’s expected utility is then equal to

(bj —wj)(n = 1)(1 = D1(y)) = (bj — wy)(n — 1)(1 = 21(57"(by))).
Differentiating with respect to b; yields

_ P1(871 (b
(= 1)(1 = 81(57 () = (0= )ty ) SO,
The expected utility should be maximized at b; = f(w;). We apply the first order
condition.
(1= @) = (3(y) =) G = 0
& B'(w;) (1 = 1 (wy)) — Blwy)gr(w;) = —wjd(w;).

~—

This should be true for any true weight « € [0, M]. Hence, we can write for = € [0, M]

d

T (B@)(1 - 21(2)) = ~wd1 ().

Integrating both sides from w; to M yields

M
BON(L = &1(M) = fw)(1 - 0a(wy) = - [ zor(a)de
M
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The report G(M) is obtained by taking the limit lim,_ s 5(x). Note that [ is
differentiable and strictly increasing if ¢ is strictly positive on [0, M]. Unlike in the
first price auction, the bidding function is independent of the number of agents.

Next, we show that agents indeed maximize their expected utility by reporting
according to (.

Theorem 3.29. Let f be the allocation rule that schedules in order of non-increasing
reported weights. Let w be such, that every agent gets a payment equal to its an-
nounced weight times its actual start time. Then, in the mechanism (f, ), reporting
according to B: [0, M] — R, with

1

M
Bw;) = 1_@1(1%)/% x¢1 (z)dz.

1s a Bayes-Nash equilibrium.

Proof. Fix agent j with true weight w; and suppose that all other agents report
according to 3. We show that reporting (w;) indeed maximizes j’s expected utility.
Suppose, j reports bj. Let Eu;(bj, w;) be the expected utility for j when reporting
b; while having actual weight w;. As we already have seen, there is no loss of
generality in assuming 5(0) < b; < B(M). Hence, f(w;) = b; for some w; € [0, M].
The expected utility from reporting 3(w;) is equal to

Buj(bj,wj) = (B(w;) —wj)(n—1)(1 — P1(wy))

M
~ %Eu]'(bj, wj) = / x¢1($)d$ - wj(l a (I)l(ﬁ)]))

’ M
— En@ - [ B - w1 Bi(@)
’ M
= M- @) - [ @) - w1 - (@)
’ M
= (M =)+ g = )1 (05) — [ a(a)da,

Hence,

B (3. w5) — Bus (3. wp)) = [ @) — (w; — )81 () 2 0.

This completes the proof. Il
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We give two examples of explicit bidding functions for the exponential and the
uniform distribution.

Example 3.30 (Exponential distribution). Let ®;(w) =1 — e for some A > 0.
The interval is [0,00). Then

_ > -z
Bw) = e—)‘w)\/ xe “dx

w

1 o0

= ([—xe—m];u / e_)"”dx>
1 e ef)m 00

- o (e [5])

:w+

1
3
Thus, if weights are exponentially distributed, an agent has to add the mean

weight 1/A to its actual weight in the equilibrium.

Example 3.31 (Uniform distribution). Let agents’ weights be uniformly distributed
over [0, M]. That is ¢1(w) =1/M and ®1(w) =w/M. Thus,

o) = g [ = o[BS M

2 2

Taking the limit w — M yields additionally 5(M) = M.

Hence, for uniform distributions, an agent reports the mean of its true weight
and the maximum weight M.

From the above analysis, we get the following Bayes-Nash incentive compatible
and optimal mechanism.

Theorem 3.32. Allocating jobs in order of non-increasing reported weights and
paying to job j with report w; and realized start time S; the payment S;f(w;) is a

Bayes-Nash incentive compatible and optimal mechanism.

Proof. As (3 is increasing, scheduling jobs in order of non-increasing 3(w;) is equiv-
alent to scheduling in order of non-increasing w;. If bidding according to 3 is a
Bayes-Nash equilibrium in the mechanism where a job j bidding w; is paid S;wj,
then truthful bidding is a Bayes-Nash equilibrium in the mechanism where j is paid
S;jB(w;). Therefore, the mechanism proposed in the theorem is Bayes-Nash incen-
tive compatible. As the allocation is again efficient, expected payments for each
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type coincide up to a constant with the expected payments of the VCG mechanism
and with those of the optimal mechanism described in the previous two sections.
The constant is zero, as also in this mechanism, a job with maximum weight M has
zero expected start time, zero payment and hence zero utility, just as in the VCG
mechanism and the optimal mechanism from Section 3.5. O

A Negative Result for Unequal Processing Times. In the case with two
agents that have unequal processing times, there is no bidding function 3 according
to which both agents report in a Bayes-Nash equilibrium.

Theorem 3.33. Suppose, there are two agents, whose weights are continuous ran-
dom variables with equal support [0, M]. If p1 # p2, then there is no continuous,
non-decreasing bidding function (: [0, M] — Ry according to which both agents
report in a Bayes-Nash equilibrium. That is, there is no symmetric Bayes-Nash

equilibrium.

Note that the theorem holds for arbitrary continuous random weights with sup-
port [0, M]. Especially, we do not need to assume that weights are identically
distributed.

Proof. Without loss of generality let ps < p;. Assume 3 is a continuous, non-
decreasing equilibrium bidding function. Let agent 2 bid according to §# and look

bt = min { (; + pl) 6(0),ﬁ(M)} ,

2po

then by € [3(0), B(M)]. There exists w; € [0, M] with B(w) = by, as 3 is continuous.
Then

at agent 1. Let

Blun) = by < @ ; pl) 5(0)

2p9
& pf(wr) < (% + %1) £(0) < p18(0)
) _ 50)
4! P2

Bidding any b with b/p; < ((0)/p2 results in an expected start time of po
for agent 1. The expected utility is then (b — wi)pe which is strictly larger at
b= (p1/p2)3(0) than at b = B(w1) < (p1/p2)B(0). Thus, B does not maximize the
expected utility at w;. O

81



OPTIMAL MECHANISMS FOR SINGLE MACHINE SCHEDULING

3.7 Discussion

We have seen that the graph theoretic approach is an intuitive tool for optimal
mechanism design and yields a closed formula for the optimal mechanism in the
1-dimensional case. The results parallel Myerson’s results for single item auctions;
although there are differences. It is not hard to see that the optimal allocation
rule — Smith’s rule with respect to modified weights — is even dominant strategy
implementable, with the same total expected payment for the mechanism. In order
to obtain a dominant strategy incentive compatible mechanism, only the payment
scheme has to be defined appropriately for each reported type profile.

In the discrete case, efficient mechanisms can be arbitrarily bad with respect
to the total payment made to agents. For symmetric agents, however, the optimal
mechanism is efficient. Even so, the payments of the generalized VCG mechanism
can still be non-optimal. In the continuous case, revenue equivalence holds and the
generalized VCG mechanism as well as a mechanism derived from the first price
auction are optimal in those cases where the derived optimal mechanism allocates
efficiently.

Moreover, we have seen that in the two-dimensional case the canonical approach
does not work and that optimal mechanism design seems to be considerably more
complicated than in the traditional auction models. We leave it as an open prob-
lem to identify (closed formulae for) optimal mechanisms for the 2-d case. It is
conceivable, however, that closed formulae don’t exist.
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Strategic Multiple Machine
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Chapter 4

Overview of Problems and
Models

While the focus in the first part of this thesis was on classical mechanism design
questions and applications to a simple single machine scheduling model, we study
(mostly) multiple machine models in this second part. In the presence of more than
one machine, various models are conceivable. First of all, there is the issue whether
the machines are identical, have different speeds or have completely independent
processing times for each job. On the other hand, also the machines can be regarded
as agents and they can have different kinds of private information, for example the
speed.

In this chapter, we give an introduction to the literature that seems us suitable
to illustrate some of the most interesting models and some of the techniques to
tackle machine scheduling problems within a distributed setting. We introduce the
most important of the underlying concepts, and give a selection of typical research
questions and recent results. This includes the study of the so-called price of anar-
chy for settings where the agents do not possess private information, as well as the
design and analysis of (truthful) mechanisms in settings where the agents do possess
private information. Whenever it seems us appropriate, we give alternative proofs
instead of the original ones. Therefor, we make use of the concepts and techniques
introduced in the first part of this thesis. For example, we use monotonicity as intro-
duced in Chapter 3 in order to give an alternative proof for the meanwhile famous
result by Nisan and Ronen (2001) on the lower bound for the approximation ratio
for a scheduling problem with machine agents. Moreover, we show how the type
graph approach can be used to derive the payment scheme for a model considered
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by Archer and Tardos (2001).1

4.1 Introduction

This chapter contains an — admittedly subjective — introduction into typical research
questions that have recently been addressed in the literature on multiple machine
scheduling in a distributed setting. From the application perspective, we focus on
simple and classical scheduling and sequencing problems. In that perspective, the
focus is not so much on actual applications in practice, but rather on the underlying
game theoretic models and methodologies. We are aware that this focus is quite
narrow, yet it serves well to exemplify the most important research questions that
arise when addressing optimization problems from a distributed perspective. In
particular, by keeping the focus narrow from the applications point of view, we
think that we are able to better highlight the most important underlying theoretical
challenges. For a more practical view point, we refer to the paper by Kreipl and
Pinedo (2004).

In distributed settings, central coordination of a system is partially replaced by
decisions and actions taken by agents that are assumed to act rationally on behalf
of their own interest. It is generally assumed that their selfish behavior results in
a situation that can be characterized by some sort of system equilibrium. From a
global perspective, such an equilibrium may of course lead to suboptimal system
performance. The following two issues arise in such settings and will be addressed
in this chapter.

e Given a fixed distributed setting in which agents selfishly act on behalf of
their own interest, try to characterize and analyze the quality of the resulting
system equilibria from the perspective of the overall system performance.

e Try to design the distributed setting in such a way that selfish agents are
induced to behavior that results in system equilibria that nevertheless exhibit
a good overall system performance.

Moreover, both issues can be studied in settings where the individual agents do or
do not have private information. The distinction between settings with or without
private information leads to different challenges and related research questions. In
fact, the chapter is structured along this distinction.

!The content of this chapter was first presented in Heydenreich, Miiller, and Uetz (2007). Since
then, the field has rapidly developed and there are plenty of new results. While we updated the
results already contained in the mentioned paper, we did not extend its scope.
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In settings without private information, also called complete information set-
tings, the wealth of the literature is of a descriptive nature and addresses the issue
to characterize and analyze equilibria of given systems. Only to a lesser extent the
actual design of such settings is addressed. The analysis of system equilibria leads
to the definition of the so-called price of anarchy or coordination ratio: Caused
by selfish behavior of agents, by how much does the overall system performance
deteriorate due to a lack of central coordination? In the literature on the price of
anarchy, it is generally assumed that all data that describes the problem is publicly
known. The ‘only’ complication is caused by the fact that agents act on their own
behalf. The agents thus need to take into account the (strategic) behavior of other
agents. The underlying equilibrium concept is the Nash equilibrium. Settings with-
out private information and the analysis of the price of anarchy will be addressed
in Section 4.3. The models and results discussed in Section 4.3 are mainly from
the work of Koutsoupias and Papadimitriou (1999), Czumaj and Vécking (2007),
Christodoulou, Koutsoupias, and Nanavati (2004), Immorlica, Li, Mirrokni, and
Schulz (2008) and Azar, Jain, and Mirrokni (2008). When it comes to the design of
complete information settings, one is concerned with defining the rules within which
the agents may interact. We give several examples of system designs for machine
scheduling problems, and discuss the resulting price of anarchy.

In order to improve the quality of resulting equilibria in complete information
settings, one can augment the system by introducing payments. In the context of a
network routing problem, the issues that might arise with introducing payments have
been addressed, for example, by Cole, Dodis, and Roughgarden (2006). Another
option to improve the quality of system equilibria is to centrally control a certain
fraction of the agents, leading to so-called Stackelberg games. Such a model was
analyzed for example by Roughgarden (2004) in the context of scheduling. We refer
to those papers for an introduction into these and related issues. In this chapter,
we will not further elaborate on such extensions of complete information settings.

In settings with private information, we deal with algorithmic mechanism design;
a term that was coined by Nisan and Ronen (2000). In these settings, the additional
complication is that the agents own some piece of private information. In order to
be able to run and evaluate the system, the agents need to reveal this private infor-
mation to the system. Hence, as part of their (strategic) behavior within the system,
agents might be tempted to falsely report their private information if it is beneficial
for their own objectives. One important part of the design of such systems is there-
fore to induce the agents to truthfully report their private information; sometimes
also called the design of truthful mechanisms. Notice that the equilibrium concepts
in models with private information are more complex, because each agent is faced
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with the additional uncertainty about the private information of the other agents.
Algorithmic mechanism design problems are addressed in Section 4.4. The specific
models and results discussed in Section 4.4 are based on the work of Archer and
Tardos (2001), Nisan and Ronen (2000), and Porter (2004).

As mentioned before, the scope of this chapter is not to give an exhaustive
overview of the field, but to highlight some typical research questions. Hence, we
have chosen to discuss only a subjective selection of recent papers. Another reference
from computer science not explicitly discussed here is, for example, Angel, Bampis,
and Pascual (2005). Related problems are also studied in the literature on economic
theory, addressing questions on the efficient organization of queues. There are, for
example, papers on the existence of mechanisms with more properties than only
truthfulness (Mitra 2001, 2005), or where queue disciplines are organized with the
help of auctions (Kittsteiner and Moldovanu 2005).

The chapter is structured as follows. In Section 4.2.1, we introduce basic notation
and terminology for the scheduling models that will be addressed. In Section 4.2.2
we give a survey of the most basic concepts and terminology in game theory and
mechanism design that will be used throughout the chapter. Section 4.3 then ad-
dresses the analysis of the price of anarchy in settings without private information,
and Section 4.4 addresses the design and analysis of (truthful) mechanisms in dif-
ferent settings with private information.

4.2 Concepts and Notation

4.2.1 Multiple Machine Scheduling Models

We consider machine scheduling problems with the following characteristics. There
is a set of jobs J = {1,...,n}, and each job has to be scheduled on any machine
out of a set of machines M = {1,...,m}. Unless explicitly stated otherwise, jobs
must be scheduled non-preemptively, meaning that once the processing of a job has
started, it cannot be interrupted until the job is completed. Regarding the machines
we distinguish between three different models:

e In parallel machine scheduling, each job j € J has processing time p; > 0,
independent of the machine that processes the job.

e In related (or uniform) machine scheduling, each job j has processing time p;
(on a unit speed machine), each machine i € M has a speed s; > 0, and the
processing time of job j on machine ¢ equals p;/s;.
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e In unrelated machine scheduling, each job j € J has processing time p;; > 0
when scheduled on machine ¢ € M.

In addition, jobs may have different characteristics depending on the specific
model that is addressed. We only mention the two most important characteristics
here. A release date 7; > 0 of job j is the time when job j comes into existence or
is released for processing. In models with deadlines, each job j should be completed
by its deadline d;, and a job which is completed before or at its deadline is called
early, otherwise a job is called late.

A feasible schedule is an assignment of jobs to machines, together with the
specification of the time interval(s) when the job is processed. In non-preemptive
settings, this reduces to specifying the machine and start time S; for any job j.
The precise definition of feasibility clearly depends on the particular model, but
always comprises the requirement that each job must be completely processed and
no machine can process more than one job at a time. If jobs have release dates, for
example, no job must be started before its release date r;.

With respect to the objective of scheduling, we address several classical objec-
tives. Given a schedule, denote by S; and Cj the start time and completion time
of job j, respectively. Then the makespan of a schedule is the latest job comple-
tion time, denoted by Chax := max; C;. Jobs also might have weights w; > 0,
denoting a priority for being processed early. Then the total weighted completion
time i8 3¢y
inventory value, and they can be interpreted as opportunity costs for delaying job j

w; Cj. These job weights w; could, for example, be deducted from an

one unit of time.

Most models that we address represent NP-hard combinatorial optimization
problems; for a survey and references, see, for example, the paper by Lawler, Lenstra,
Rinnooy Kan, and Shmoys (1993). In addition, we address scheduling models that
are online, thus the complete problem instance is not given at the outset, but only
revealed gradually over time. For example, the existence of jobs might only become
known upon their release dates r;. For an introduction to online scheduling problems
and models, see, for example, the paper by Pruhs, Sgall, and Torng (2004).

It should be mentioned that research in scheduling has addressed many more
features and models than discussed here. For example, there might be precedence
constraints between jobs, saying that the processing of job j may only start after
another job k£ has been finished. Or the processing of jobs might need multiple
resources, rather than one machine, and resources may be non-renewable. Also,
there are other objectives than those considered here. We have decided to leave
these models out of consideration, because — to the best of our knowledge — the
combination of optimization and game theory has only been applied to machine
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scheduling models.

4.2.2 Game Theory and Mechanism Design for Multiple Machine
Scheduling Models

We next define some basic notation for game theoretic concepts used throughout
this chapter. In addition, we introduce problem specific notation and concepts when
needed, and indicate when we deviate from the game theoretic notation introduced
here.

In the scheduling models we address, the agents will either be the set of jobs J
or the set of machines M. Let us say we have [ agents, then either [ = n or [ = m.
In some settings, an agent k € {1,...,l} may own a piece of information that is
not publicly known, its type t,. Typical types are, for example, the speed s; of a
machine-agent ¢ € M, or the weight w; of a job-agent j € J. The possible types
for agent k are denoted by Tj. Furthermore, let T'= T} x --- x I} denote the type
space of all agents. Next to the private information of agents, there is usually public
information, as for example the number of machines or the type spaces of the agents
(though not their actual types).

In a game, agents have to choose between several possible actions. An action
could be that jobs have to select a machine on which they want to be processed,
or that machines have to report their actual speed. We denote by Ay the possible
actions of agent k and by A = Ay x --- x A; the action space of all agents. The
outcome of the game depends on the actions of all agents. In the games we consider,
the outcome will always be a (feasible) schedule. Therefore, by & we denote all
(feasible) schedules.

Some care is required in order to translate ‘problem instances’ and ‘algorithms’
to a game theoretic setting. First, the term ‘problem instance’ that is used in
optimization refers to both the public and the private information of a game. Let us
denote by I the public information of a game. Then the equivalent of an algorithm
is usually called an allocation algorithm, denoted by f; it computes an outcome (a
schedule) on the basis of the public information I together with the actions of all
agents. More precisely, f : I x A — &. Since there is hardly danger of ambiguity,
we usually omit the public information I and write f: A — &. To give an example,
suppose that the jobs are agents and that their action is to select a machine. Then,
A = M™" is the action space, and the public information I consists of m, the number
of machines, n, the number of jobs, as well as the set of processing times of all jobs
{p; | j € J}. Assume that the allocation of jobs to time slots is defined by the Local
SPT rule: Each machine processes its jobs in the order of non-decreasing processing
times (SPT, shortest processing time first). For given actions a = (ay,...,a,) of
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all n jobs, the allocation algorithm f thus assigns job k& to machine ax, in such a
way that k is processed after all jobs j with a; = a; and with p; < pi. (To make
the game unambiguous, a tie breaking rule would be required for jobs with equal
processing times assigned to the same machine. We assume that ties are broken in
favor of jobs with smaller index j.) Notice that jobs are informed about the public
information I, such as the number of available machines and the processing times
of other jobs.

By v (o, tr), we will denote agent k’s valuation for a schedule 0 € & when it
has type tx. The schedule 0 = f(a) depends on the actions a of all agents. If
the allocation algorithm f is clear from the context, we also write vg(a,ty), for
convenience. A typical valuation of a job-agent j for a certain schedule might be
—C}, meaning that the job-agent wants to be finished as early as possible.

Given the public information, an agent’s choice of an action depends on its type.
Therefore, we need to define the strategy x; of an agent k as a mapping from the
agent’s type space into its action space. Let X = {xp|xr: Tk — Ax} denote the
strategy space of agent k and let X = X1 x --- x X be the possible strategies of all
agents. For example, suppose a job j has to choose for being processed on one of
two machines with different speeds, say machine 1 with speed s; = 1 and machine 2
with speed so = 2. Suppose further that the job could be processed immediately on
the slow machine 1, whereas it has to wait one time unit until the fast machine 2
becomes available. Assume that the type ¢; of job j is just its processing time p;
(on a unit speed machine), and its valuation for an outcome (a schedule) is —Cj.
Then the job’s preferred strategy would be to choose the slow machine 1 if p; < 2,
but to wait for the fast machine 2 if p; > 2.

As a central authority, we evaluate the overall quality of a schedule by the
objective value that it achieves. In order to induce agents to choose their actions
in a way that is favorable for the overall quality of a schedule, it is common to
manipulate the agents by introducing payments. The payments depend on the
actions of all agents and specify for each agent how much (money) is to be payed
(or received) by that agent. Given the actions a of all agents, let 7 (a) denote the
required payment for agent k. This could be both positive or negative. The overall
payment scheme 7 is then a mapping from the action space A to the space of all
possible payments. Assuming we have | agents, we thus have 7 : A — R!. (More
precisely, we should write 7 : I x A — R

In the models we address, we express the relation of valuations to payments
by so-called quasi-linear utilities. That means that the utility u; that an agent k
receives from a schedule is just the valuation minus the payment. More precisely,
if a schedule o0 = f(a) is computed by some allocation algorithm f on the basis
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of actions a of all agents, with associated payments 7(a), then the utility of agent
k (being of type t) is given by ug(f(a),tx) = vi(f(a),tx) — mx(a). Finally, notice
that we assume that agents are rational; meaning that they aim at maximizing their
utilities.

4.3 Models with Complete Information

When agents do not have any private information, we talk about games with com-
plete information. In these settings, a strategy of an agent is simply the choice of
an action, and it does not depend on any private information. Therefore, we can
identify strategies X} with actions Ay for every agent. (Recall that in models where
agents have private types t, a strategy xp € X maps possible types from T} to
actions in Ag.) As it is common practice in game theory, we will adopt the term
strategy for the actions of agents, and we will use X}, instead of Ag. A game is then
simply a mapping from the set of strategies of the agents to the set of schedules,
coinciding with the allocation algorithm f defined earlier. An agent k’s valuation
for a schedule 0 € & can be written simply as vg (o), because it does not depend on
a potential type t; of that agent. Since the schedule ¢ only depends on the agent’s
strategies, the valuation can also be expressed as the valuation vg(x) for a certain
strategy vector x € X.

In a game with payments, we can compute the utility of an agent k from its
valuation for a certain strategy vector x and its payment given that strategy vector
x as ug(x) = vg(x) — mk(x). In a game without payments, an agent’s utility equals
its valuation; we use the term utility also in that case.

In general, agents are also allowed to play mized strategies. A mixed strategy of
an agent k is a probability distribution over the set of its pure strategies Xi. We
denote the set of probability distributions over the pure strategy set Xi by A(Xp).
For a given vector of mixed strategies, the utilities for the individual agents as well
as the objective function value become random variables. A Nash equilibrium is
then defined as follows.

Definition 4.1. A strategy vector v = (z1,...,x;) € A(X1) X -+ X A(X)) is called
Nash equilibrium if for every agent k =1,...,1

Eluk(z)] > Elug(x1, ..., Tr_1, Th, Tkt 1y - - - T1)] vz, € A(Xg).

Here, E[-] denotes the expectation. In a model where only pure strategies are
allowed, this definition reduces to the following.
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Definition 4.2. A strategy vector x = (x1,...,2;) € X1 X --- x X is called pure
strategy Nash equilibrium if for every agent k=1,...,1

() > (1, T, Thoy Thog 15 - - - 1Y) vy, € Xg.

In general, Nash equilibria in pure strategies do not necessarily exist. Existence
of Nash equilibria is only guaranteed if agents are allowed to play mixed strategies.
Therefore, an interesting question is the existence of pure strategy Nash equilibria
for a given problem. Moreover, one is interested in algorithms to compute pure or
mixed strategy Nash equilibria (efficiently).

A third issue that is addressed in the literature that is specific to games with
complete information is the following question. How does the objective value that
results from a Nash equilibrium — thus a solution induced by utility maximizing
selfish agents — compare to the optimal objective value. The latter might just
be computed by some central authority. The extent to which the objective value
deteriorates due to the lack of central coordination is called the price of anarchy. It
can be defined for pure as well as for mixed strategy settings.

Definition 4.3. For a minimization problem, let Vopr be the optimal objective value
and let Vg be the worst possible objective value achieved by any (pure-strateqy) Nash

equilibrium. Then the price of anarchy (of pure Nash equilibria) is defined as

VNE

POA = .
Vopr

Accordingly, one defines the price of anarchy as Vopr/Vyg in a maximization
problem. The study of the price of anarchy as the worst case ratio between the
objective value of a Nash equilibrium and that of the overall system optimum was
initiated by Koutsoupias and Papadimitriou (1999). They were motivated by the
fact that Nash equilibria in general do not optimize the overall performance of
the system, the most prominent example being the Prisoner’s Dilemma, see e.g.
Owen (1995). In a part of the literature, the price of anarchy is also referred to as
coordination ratio.

The following sections highlight a sample of different scheduling settings, their
Nash equilibria, and the corresponding prices of anarchy.
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4.3.1 The Price of Anarchy in Congestion Models

We first define the model as described and analyzed by Koutsoupias and Papadim-
itriou (1999). Consider n job-agents j € J = {1,...,n} with processing times p;
that have to be processed on m machines i € M = {1,...,m} with possibly different
speeds s; > 0. This is the related machine scheduling model, and if all speeds s;
are equal, the parallel machine scheduling model. Each pure strategy of an agent
corresponds to the deterministic selection of one of the machines. A mixed strategy
of agent j assigns a probability qzj to every machine ¢, such that » ;" q{ =1 for all
j-

We call the model congestion model due to the following assumption. It is
assumed that the valuation of any job for a given schedule is determined by the
total processing time of the jobs assigned to the same machine. Stated otherwise,
jobs are released from a machine only when the machine has finished all the jobs
assigned to it. We therefore define the utility of job j with strategy i € M as follows.
For any vector of pure strategies (i,i_;),

The expected utility of agent j when the mixed strategy vector (¢', ..., ¢") is played
is then

m
qA
Eluj(g',. . ¢) ==Y = [pj+D dim

i=1 k#j

The objective of the central authority is to minimize the makespan of the overall
schedule, i.e.,

) 1

Vopr = min max - j%;ipg-

The model was originally motivated by regarding the machines as network links and
the jobs as traffic that has to be routed via the links. The utility of each agent is
then defined by the delay it experiences when being routed via a specific link, caused
by the corresponding total congestion of that link. The utilities as defined above
are therefore also called linear cost functions, as the congestion depends linearly on
the total load assigned to that link.

For the case with two identical machines, i.e., machines with equal speeds, it
was shown that the price of anarchy (for mixed strategies) is equal to 3/2 (Kout-
soupias and Papadimitriou 1999). We present their example showing why the price
of anarchy is at least 3/2.
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Example 4.4. Consider two jobs with p1 = po = 1 and two machines with unit
speed. Then a mized Nash equilibrium is the choice qf =1/2 fori,j =1,2. In that
Nash equilibrium, both jobs choose the same machine with probability 1/2, resulting
in makespan 2. With probability 1/2, the jobs are processed by different machines,
which gives a makespan of 1. Therefore, the expected objective value is 3/2. The
optimum 1is to assign both jobs to different machines, yielding an objective value
of 1. Therefore the price of anarchy for minimizing the schedule makespan in the

congestion model is at least 3/2.

A matching upper bound of 3/2 for the price of anarchy can be derived as well.

Theorem 4.5 (Koutsoupias and Papadimitriou 1999). For m = 2 identical ma-
chines, the price of anarchy for minimizing the makespan in the congestion model
is 3/2.

Let us briefly summarize further (and more general) results by Koutsoupias and
Papadimitriou (1999) and Czumaj and Vocking (2007).

For an arbitrary number m of identical machines, Koutsoupias and Papadim-
itriou (1999) show that the POA is at least Q(logm/(loglogm)). This result goes
back to the classical bins-and-balls result: When throwing m balls into m bins
uniformly at random, then the expected maximum number of balls in any bin is
©(logm/(loglogm)). To translate this into the given setting, consider the case
with m machines and m jobs with unit processing times. One can check that
there is a Nash equilibrium where every job randomizes uniformly over all ma-
chines. In this Nash equilibrium, the expected makespan is ©(logm/(loglogm)),
due to the bins-and-balls result. In the optimal solution, however, each machine
processes exactly one job, yielding a makespan of 1. The claimed lower bound on
the POA follows. Czumaj and Vécking (2007) establish a matching upper bound of
O(logm/(loglogm)) for the POA on m machines; they even give an exact expression
for the price of anarchy for that case.

For the case with two related machines (two machines with different speeds), the
POA is equal to the golden ratio ¢ ~ 1.618 (for the lower bound see Koutsoupias
and Papadimitriou 1999, the upper bound follows from Cho and Sahni 1980 and
Schuurman and Vredeveld 2007 as described in Feldmann, Gairing, Liicking, Monien,
and Rode 2003). For the more general case with m related machines, Czumaj and
Vécking (2007) show that the price of anarchy is in ©(logm/(logloglogm)). This
completes the picture for models with linear cost functions and identical or related
machines. For other extensions (e.g., non-linear congestion models), we refer to the
survey by Czumaj (2004).
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Clearly, the price of anarchy when mixed strategies are allowed is at least as
large as the price of anarchy when only pure Nash equilibria are considered. Pure
strategy Nash equilibria are not analyzed by Koutsoupias and Papadimitriou (1999).
We shortly elaborate here on the price of anarchy for pure Nash equilibria for the
identical machine setting.

Theorem 4.6. For m = 2 identical machines, the price of anarchy of pure Nash

equilibria for minimizing the schedule makespan in the congestion model is 4/3.

Proof. To see that the POA is at least 4/3, consider the following example. There
are four jobs with p; = po = 1 and p3 = ps = 2. In an optimal solution, every
machine processes one job of length 1 and one of length 2, yielding a makespan of 3.
One pure Nash equilibrium is the strategy vector (1, 1,2, 2), i.e., the two short jobs
go on the first machine, whereas the two long jobs go on the second machine. In
that situation none of the jobs has an incentive to change the machine unilaterally.
The makespan of this Nash equilibrium is 4, which proves that 4/3 is a lower bound
on the price of anarchy of pure Nash equilibria.

To prove that the POA is at most 4/3, consider any schedule in (pure) Nash
equilibrium. Denote by L; and Lo the total loads of machines 1 and 2, respectively,
and assume w.l.o.g. Ly > L. Let 6 = Lo — Ly > 0. The makespan of the schedule in
Nash equilibrium is hence Vg = Lo = L1 + J. If there is only one job on machine
2, then no schedule can have a smaller makespan, and the schedule is optimal.
Therefore, we assume that there are at least two jobs on machine 2. Any job on
machine 2 must have a processing time at least d, as any job with smaller processing
time would have an incentive to change to machine 1. Therefore, L1 + § > 2§ and
thus L1 > 4. Since no schedule can do better than distributing the total processing
time equally over both machines, Vopr > L1 + 0/2. Thus we have

Ve _ Li1+90
<AL
Vopr = L1+ §

POA =

This expression is maximized when L; is small. Using L > §, we therefore get

poa<® -2,
553

96



4.3. MODELS WITH COMPLETE INFORMATION

In fact, the same proof technique works for an arbitrary number of machines m.
One derives that the price of anarchy is at most 2 —2/(m + 1) (Finn and Horowitz
1979). A matching lower bound was given by Schuurman and Vredeveld (2007).

Theorem 4.7 (Finn and Horowitz 1979, Schuurman and Vredeveld 2007). For an
arbitrary number of identical machines, the price of anarchy of pure Nash equilibria

for minimizing the makespan in the congestion model is 2 —2/(m + 1).

4.3.2 The Price of Anarchy in Sequencing Models

In the models of the previous section, the utility of any job assigned to a certain
machine does only depend on the total load of that machine, but not on the sequence
of the jobs on that machine. Next we discuss models where each job j’s utility
depends only on its own completion time C}, and is independent of the processing
that might occur later than C; on the same machine.

Clearly, different local sequencing policies on the machines will yield different
Nash equilibria, and the price of anarchy will depend on the employed local se-
quencing policies. The analysis of local sequencing policies in such settings was
termed coordination mechanisms in the paper by Christodoulou, Koutsoupias, and
Nanavati (2004). However, we prefer to not use this term in this context, as we
reserve the term “mechanism” for problems where agents have private (type) infor-
mation; this is not the case here.

In the following, we examine the price of anarchy in different scheduling models
and with different local sequencing policies. As in the preceding section, the central
authority objective is to minimize the makespan Chyax of the overall schedule. Our
aim is to only highlight a few phenomena and proof techniques rather than to give a
complete survey of the known results. For a more comprehensive overview, we refer
to the paper by Immorlica, Li, Mirrokni, and Schulz (2008).

Consider again the setting where n job-agents have to choose one out of m
machines to be processed on, thus the jobs’ actions are again (i1,...,4,) € M™.
Each job seeks to minimize its own completion time C}, thus

u]‘(il, e ,Zn) = —Cj(’il, . .,in),

where Cj(i1,...,i,) is the completion time of job j in dependence on the jobs’
actions and the sequencing of the jobs per machine.

We will use the term local sequencing policy to denote the sequencing policies
implemented locally by the machines. As it turns out, for some local sequencing poli-
cies, the schedules resulting from (pure strategy) Nash equilibria coincide with the
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outcome of well-known, classical scheduling algorithms. In such cases, for analyzing
the price of anarchy, we can just exploit well known results on the performance of
those scheduling algorithms. To avoid confusion, note that we use the term ‘pol-
icy’ only for local sequencing policies, while we use the term ‘algorithm’ only for
(centrally coordinated) scheduling algorithms.

We consider the most general of the three scheduling models, namely unrelated
machine scheduling; thus if job j is scheduled on machine ¢, its processing time is p;;.
In the Local SPT policy, every machine processes the jobs that have selected that
machine in order of non-decreasing processing times. As it turns out (Immorlica,
Li, Mirrokni, and Schulz 2008), the pure strategy Nash equilibria of the Local SPT
policy coincide with the schedules that result from the Ibarra-Kim algorithm (Ibarra
and Kim 1977). Notice that we assume in both cases that ties between jobs with
equal processing times on one machine are broken in favor of the job with smaller
index.

Ibarra-Kim algorithm. In each of the iterations 7 = 1,...,n of the
algorithm, select a pair (j,7) where j is an unscheduled job and i is a
machine. If C7(i) denotes the completion time of job j when scheduled
after all jobs already assigned to machine ¢ in iterations 1, ...,7 — 1, we

select (j,1) as argmin, ;CT (7). We break ties by choosing a minimal j.

In iteration 7, job j is then scheduled on machine i after all jobs already
scheduled on 1.

Theorem 4.8. For unrelated (related, parallel) machines, the set of pure Nash
equilibria for the Local SPT policy is precisely the set of solutions of the Ibarra-Kim

algorithm.

A proof of this result can be found in Immorlica, Li, Mirrokni, and Schulz (2008).
However, when the paper corresponding to this chapter was published, this proof
was not available yet. We present here our independent proof from Heydenreich,
Miiller, and Uetz (2007).

Proof. Consider any job j, and consider the iteration when the Ibarra-Kim algorithm
places job j on a machine minimizing j’s completion time. At that iteration, for all
machines ¢, and all jobs k already scheduled on machine i, it holds that p;; < p;; (or
such job k has the same processing time but a smaller index than j). Thus, in the
final schedule, assuming that machines implement the Local SPT policy, j cannot
be processed before any of those jobs k either. Given this constraint, however, j is

already sitting on a machine that minimizes its completion time. Thus, j cannot
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improve its completion time by unilaterally changing to another machine. That

means that the Ibarra-Kim schedule is a Nash equilibrium for the Local SPT policy.

Conversely, consider any schedule that is a pure strategy Nash equilibrium for
the Local SPT policy. In that schedule, for any job j, denote by ¢; the machine that
hosts job j and let CJN be the completion time of job j (N for Nash equilibrium).
Sort the jobs in order of non-decreasing completion times CJN . Note that jobs with
equal completion times must be scheduled on different machines; let their respective
order be chosen with respect to their index. We now schedule the jobs in this order
on their respective machines 7;, and claim that this coincides with a run of the
Ibarra-Kim algorithm. We need to show that whenever the 7th job, say job j, is
scheduled on its machine i;, the combination (j,;) minimizes the completion time
C} (i) among all combinations of unscheduled jobs k& and machines i, where ties
are broken by job index k. Suppose this is not the case and let (j,4;) be the first
job-machine pair for which the claim does not hold, j being the 7th job in the
given order. Then in iteration 7, there is a different job-machine pair (k,) with
Ci(i) < C7(ij) or C[(i) = Cj(i;) and k < j. Choose (k,i) such that C] (i) is
minimum, and break ties according to smallest job index.

First, we argue that C7 (i) < C{. Indeed, since
Cii) < Cl(iy) = O < OF, (4.1)

we have C7 (i) < C¥. Assume that Cf (i) = Ci¥. Then we conclude from (4.1) that
Ci (i) = C7(ij), thus by the choice of k we must have k < j. But by (4.1) we also
have that C'JN = C’,iv. This, together with k < j, is a contradiction to the definition
of our procedure, since we break ties according to smaller job index. Hence we must
have CJ (i) < CI.

Next, we claim that all jobs [ that are hosted by machine ¢ in the Nash-
equilibrium, and that would precede k according to the Local SPT-policy if k£ chose
machine ¢, are already present on machine ¢ at iteration 7. To prove this claim, let
[ be a such a job. Since [ would precede k, either p; < p;r, or p; = pi, but I < k.
In both cases, if [ is not yet scheduled at iteration 7, its existence contradicts the

choice of k.

This claim implies that in the Nash equilibrium, job k could improve its com-
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pletion time C} to C7 (i) < C¥ by choosing machine i, a contradiction. O

Utilizing this result, the price of anarchy of pure Nash equilibria for the Local
SPT policy can be derived from known results on the performance of the Ibarra-Kim
algorithm. Using such results by Graham (1966) for parallel machines, by Aspnes,
Azar, Fiat, Plotkin, and Waarts (1997) and Immorlica, Li, Mirrokni, and Schulz
(2008) for related machines, and by Ibarra and Kim (1977) and Azar, Jain, and
Mirrokni (2008) for unrelated machines, one gets the following.

Theorem 4.9. The price of anarchy for minimizing the makespan in the sequencing

model, when using the Local SPT policy on each machine, is
e 2 —1/m on parallel machines,
e O(logm) on related machines, and

e O(m) on unrelated machines.

For the sake of completeness, we mention that for the case of unrelated machines,
the lower bound Q(m) is not obtained by analyzing the Ibarra-Kim algorithm; the
proof by Azar, Jain, and Mirrokni (2008) is based on other techniques. But due to
Theorem 4.8, the authors simultaneously obtain a lower bound for the Ibarra-Kim
algorithm as well, answering a question that has been open for a long time. In
fact, they prove the more general result that every strongly local sequencing policy
satisfying ITA results in a price of anarchy of Q(m). Here, strongly local means
that every machine uses only information on the processing times of the jobs on
that machine to sequence the jobs. IIA is defined in a slightly different way than
in Chapter 3, meaning that the relative order of two jobs must not depend on the
existence of some other job.

For the case of parallel machines, the Ibarra-Kim algorithm is in fact equivalent
to the classical greedy SPT algorithm.

Greedy SPT algorithm. Whenever a machine becomes idle, start a
job with the shortest processing time among all remaining unscheduled
jobs.

Theorem 4.9 states that this algorithm yields a schedule with makespan no more
than 2 — 1/m times the optimal makespan. However, for the parallel machine case,
the LPT algorithm yields an even better performance bound of 4/3 —1/(3m) (Gra-
ham 1969).
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Greedy LPT algorithm. Whenever a machine becomes idle, start a
job with the longest processing time among all remaining unscheduled
jobs.

This motivates the analysis of the Local LPT policy on parallel machines. Again,
it can be shown that pure strategy Nash equilibria correspond to the output of the
greedy LPT algorithm (Christodoulou, Koutsoupias, and Nanavati 2004). The well
known analysis of the LPT-algorithm by Graham (1969) now yields the following.

Theorem 4.10 (Christodoulou, Koutsoupias, and Nanavati 2004). For the parallel
machine setting, the price of anarchy for minimizing the makespan in the sequencing

model when using the Local LPT policy on each machine, is 4/3 —1/(3m).

Clearly, from the above result it follows that the price of anarchy is at least
4/3 — 1/(3m) also for related (or unrelated machines). Immorlica, Li, Mirrokni,
and Schulz (2008) obtain even constant bounds following from the work of Dobson
(1984) and Friesen (1987). We mention the following result without a proof.

Theorem 4.11 (Immorlica, Li, Mirrokni, and Schulz 2008, Dobson 1984, Friesen
1987). For the related machine setting, the price of anarchy for minimizing the
makespan in the sequencing model, when using the Local LPT policy on each ma-

chine, is bounded as follows: 1.52 < POA < 1.59.

Consider now the case of unrelated machines. In contrast to the price of anarchy
of the Local SPT policy, which is in ©(m) by Theorem 4.9, it is unbounded for the
Local LPT policy. To that end, consider the following example.

Example 4.12. Consider two machines 1 and 2 and two jobs 1 and 2. Let p11 =
poo = 1 and p12 = po1 = K for some constant K > 0. Then in one Nash equilibrium,
job 1 is processed by machine 1 and job 2 by machine 2. The makespan of the
resulting schedule is 1. In the other Nash equilibrium, job 1 is processed on machine
2 and job 2 on machine 1. Because longer jobs are processed before shorter ones
on every machine, unilaterally changing the machine is not beneficial for either job.
The makespan is K in this case. Therefore, the price of anarchy is equal to K and

is hence unbounded.

The question of the ezistence of pure strategy Nash equilibria in the above
mentioned settings is often answered by showing that a certain local sequencing
policy constitutes a so-called potential game. This method is used by Immorlica,
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Li, Mirrokni, and Schulz (2008) for analyzing the Local SPT policy for the case
of related machines. Potential games have a potential function mapping strategy
vectors to real numbers such that the potential function decreases whenever an
agent unilaterally changes its strategy in such a way that its own utility increases.
Minima of the potential function then correspond to pure strategy Nash equilibria
of the game. Potential functions where first used by Rosenthal (1973) and formally
introduced by Monderer and Shapley (1996). We refer to those references for further
reading.

Notice that the link to potential games also establishes a close relationship to
local search algorithms in optimization. One can define a local search neighborhood
of a given strategy vector by considering all strategy vectors where only one agent
has changed its strategy to the best response against the given strategies of the other
agents. The potential function takes the role of the objective function of the local
search. Local optima of those neighborhoods then correspond to pure strategy Nash
equilibria. The analysis of the quality of local optima is therefore closely related to
the analysis of (pure strategy) Nash equilibria. The quality of local optima of several
neighborhoods in machine scheduling was analyzed, for example, by Schuurman and
Vredeveld (2007).

In other settings, pure strategy Nash equilibria might not even exist. Azar,
Jain, and Mirrokni (2008) illustrate this by giving the example of a local sequencing
policy for unrelated machine scheduling where jobs are scheduled on each machine
in order of their non-decreasing inefficiencies on that machine. The inefficiency of
a job on a machine is defined as the ratio of the processing time on that machine
over the smallest possible processing time on any other machine. This local policy
is clearly not strongly local in the sense defined above, but it satisfies IIA and it is
proved that the price of anarchy when using this policy is in ©(logm) beating the
lower bound for strongly local policies. On the other hand, the authors construct an
input instance such that the game resulting from using the inefficiency based local
sequencing policy has no pure strategy Nash equilibrium.

4.3.3 The Price of Anarchy for Other Objective Functions

To our knowledge, the price of anarchy in scheduling has almost exclusively been
studied with respect to the makespan objective. However, the strategic behavior
of a job-agent that seeks to minimize its own completion time is not affected by
the objective function of the central authority. Therefore, the Nash equilibria for
the different models discussed in the previous section remain Nash equilibria if the
central authorities’ objective function is modified.

As an example, we consider a model that differs only slightly from the models
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in the previous section. Each job-agent now has a weight w; additionally to its
processing time p;, and as before, seeks to be finished as early as possible. The
weight can be regarded as disutility per unit waiting time. Then, a job j’s disutility
for a schedule which gives it completion time Cj is w;C;. The strategy of each job
remains the choice of a machine. As central objective, we consider the minimization

of the total weighted completion time ) ._; w; C;. This corresponds to maximizing

Jj€J
the total social welfare, similarly as in Chapters 3 and 5.

The most natural (because optimal) local sequencing policy on the machines is
then the well known Local WSPT policy, also known as Smith’s rule: each machine
processes its jobs in the order of non-increasing ratios w;/p;. For each machine
individually, this yields the minimum total weighted completion time ) jeg i Cj

(Smith 1956). Consider now the following algorithm.

(Ibarra-Kim version of) WSPT algorithm. Sort the jobs in order
of their weight over processing time ratios w;/p;, largest first. In that
order, schedule each job on the machine that minimizes its completion
time when scheduled after all jobs already scheduled on that machine.

Notice that for parallel machines, this algorithm reduces to the classical WSPT
algorithm that just schedules the jobs during execution greedily in order of non-
increasing ratios w;/p;. The worst case behavior of this algorithm has been analyzed
by Kawaguchi and Kyan (1986). Similar to the proof of Theorem 4.8, one can show
that the set of Nash equilibria of the Local WSPT policy is equal to the set of all
possible outputs of this WSPT algorithm.

Theorem 4.13. For related (parallel) machines, the set of pure Nash equilibria for
the Local WSPT policy is precisely the set of solutions of the above WSPT algorithm.

Consequently, the price of anarchy of the Local WSPT policy follows from the
analysis of that algorithm. For parallel machines, the work of Kawaguchi and Kyan
(1986) thus yields the following.

Theorem 4.14. For parallel machines, the price of anarchy of the Local WSPT
policy for minimizing > w;C; in the sequencing model is (v/2 +1)/2 = 1.207.

For the case of related machines, we are not aware of non-trivial bounds on the
price of anarchy. For the unrelated machine case, it is not even clear whether or not
a pure strategy Nash equilibrium exists. However, if all jobs have the same weights,
then the Local WSPT policy is equivalent to the Local SPT policy. The existence
of pure strategy Nash equilibria then follows from Theorem 4.8. Also for this case,
however, we are not aware of any non-trivial bound on the price of anarchy.
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4.4 Models with Private Information

In the previous section, we addressed the question what happens if in a scheduling
application a part of the decisions is left to selfish job agents. Given various policies
that determine how jobs are scheduled on the selected machines, we compared the
objective in equilibrium with the objective of the optimal solution. In this section,
we additionally assume that the agents own some private information, namely their
types, and these are not publicly known. For any given agent, its type will influence
its action in the game. Since agents do not know other agents’ types, they do
not know which actions are beneficial for the other agents and therefore which
actions other agents are likely to chose. This additional uncertainty results in more
complicated equilibrium concepts than in the previous section. We start with some
general notation, then discuss general techniques and key results, and finally review
a couple of interesting models related to scheduling.

4.4.1 Mechanism Design

Let us denote a mechanism with allocation algorithm f and payment scheme 7
by = (f,m). We will present several examples for mechanisms in the following
sections. Next, we introduce the equilibrium that is most robust towards the infor-
mation uncertainty described above and that is at the same time the one that is
best studied in the algorithmically oriented literature in mechanism design.

Recall that for agent k, a strategy zjp is a mapping from types t; to actions
ar. We denote by t_i, r_j and a_j the vectors of types, strategies and actions
respectively of all agents other than k. For the type, strategy and action vector of
all the agents, we then write (tx,t_x), (zk, x_g), and (ag, a_g).

Definition 4.15. Let pn = (f,7) be a mechanism. A strategy vector x € X is called
a dominant strategy equilibrium, if for all agents k, for all types ty of agent k, for
all actions a_y, of the other agents and all alternative actions ag of agent k it holds

that

oR(f(k(tr), azk), tr) — me(@k(te), a—k) > ve(f(ag, a—g), tx) — T (ak, a_y).

Remarkably, this means that independent of which actions the other agents take,
it never pays off for any agent k, to deviate from its strategy xy.

In most cases, the revelation principle as mentioned in the introduction applies
and we can restrict ourselves to the design of direct revelation mechanisms. Hence,
this class of mechanisms receives great attention in the literature (Briest, Krysta,
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and Vocking 2005; Gui, Miiller, and Vohra 2004; Bikhchandani, Chatterjee, Lavi,
Mu’alem, Nisan, and Sen 2006; Saks and Yu 2005). In a direct revelation mecha-
nism, the only action that an agent is required to take is reporting its type, thus
xp: Ty, — Tp. Assume we have a scheduling problem where part of the instance is
private information of the agents. Given reports about that private information, we
can define the allocation algorithm that merely chooses an optimal solution. (For
the time being, we are not addressing the question how this optimal solution is
derived.) Let us denote it by the ezact allocation algorithm. Without payments,
utility maximizing agents might misreport their private information in such settings
in order to achieve a more favorable outcome. With well-designed payments, how-
ever, agents may get incentives to report their private information truthfully in the
following sense.

Definition 4.16. A direct revelation mechanism is called dominant strategy incen-
tive compatible, or truthful, if the strateqy vector x in which each agent truthfully
reports its type, that is, xy, = id for all k, is a dominant strateqy equilibrium. An al-
location algorithm f is said to be truthfully implementable, if we can find a payment

rule ™ such that the mechanism p = (f,m) is truthful.

Given some optimization problem, if the exact allocation algorithm is truthfully
implementable, there is of course still the issue whether the algorithm runs in poly-
nomial time, and whether the payments can be computed in polynomial time. If we
leave this algorithmic problem out of consideration, however, it is often surprisingly
easy to provide a truthful implementation, because many optimization problems are
special cases of the setting in which we can apply so-called Vickrey-Clarke-Groves
(VCG) payments. In what follows we use the notation by Roberts (1979).

Definition 4.17. Given [ agents, their typesty,...,t;, valuation functionsvy,..., vy,
strictly positive weights y1,...,7, and constants 3, for every o € &, an allocation

algorithm f is called an affine maximizer, if it chooses a schedule o € & that maxi-

mizes By + 22:1 Yivk (o, tg).

The following theorem is in this generality due to Roberts (1979). For all weights
equal to 1, it has been proven by Clarke (1971) and Groves (1973), while for the
special case of single-item auctions it has been proven by Vickrey (1961).

Theorem 4.18. Let an allocation algorithm f be an affine mazximizer, and let for

every agent k, hy be an arbitrary function mapping type reports t_y, of the other
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agents to real numbers. Then the mechanism p = (f, ) is truthful if the payments

are defined as follows.

/

’Y’; o (F(t), tr) -

1
m(t) = helt-1) = By =

k' £k
It is intuitive to give the very short proof of this important theorem.

Proof. Let us assume that agent k reports ¢ instead of its true type t;, and let

t = (tg,t_x). Since f is an affine maximizer we have:
Bry + O wve(F(E)tk) = By + > wmor(F(E), 1),
k k
which implies:

k(£ (), 1) + jkﬂfm + 3 K (f0.60)

k' #k

i Ly W (D). £
> op(f(0),t) + Vkﬁf(t) +M§g ol (f () tw).

If we subtract hx(t_g) on both sides of this inequality, we get on the left hand side
the utility of agent k for truth-telling, and on the right hand side its utility when
reporting . O

Note that the generality of the functions h; gives some flexibility to define pay-
ments. In auctions, for example, one uses this flexibility to adjust prices such that
agents who do not win any object pay 0. Note further that, for fixed type report
t_r, agent k pays a price that depends only on the allocation that is selected by the
affine maximizer, and not on its particular type report by which this allocation is
achieved. It is easy to see that this so-called tazation principle does not only hold
for affine maximizers and their VCG payments, but it must hold for any truthful
mechanism.

Let us provide an example application of VCG payments in the context of
scheduling.

Example 4.19. Suppose there is a single machine, and there are job-agents whose
characteristics — weights w; and processing times p; — are private information. The

valuation of an agent is the negative of its weighted completion time (in order to
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make the agents utility mazimizers). Let f be the exact allocation algorithm, i.e., f
chooses a schedule minimizing the weighted sum of completion times. Note that this
s an affine maximizer, since it maximizes the sum of agent valuations. Let us use
the notation Cy(t) for the completion time of agent k in the optimal solution of the
instance with all agents, and Cy(t—;) as the completion of agent k in the optimal
solution of the instance in which j is not present. Now choose hj(t_;) as the negative
of the optimal weighted sum of completion times if agent j is not present. We get

the following VCG payments.

mi(t) = — Z wiCr(t—;) + Z wiC(t)

Py oy
= Y wp(Crl(t) = Ci(t3) = Y. wp;.
k#j k delayed by j

Here, the last sum is restricted to those jobs that are delayed due to the presence
of 7. In other words, job j pays for the decrease in utility of other agents. By
Theorem 4.18, with these payments, agents mazximize their utility by reporting their

types truthfully.

Notice that the scheduling problem of Example 4.19 does not only allow for a
truthful implementation, but at the same time is the allocation algorithm a polyno-
mial time algorithm: The exact allocation algorithm f just schedules the jobs in the
order of non-increasing ratios w;/p; (Smith 1956). Given the reports of all agents,
also the payments can be computed efficiently.

It is often the case, however, that an exact allocation algorithm is not that easily
obtainable, for example because the underlying optimization problem is NP-hard.
If instead of an exponential time exact allocation algorithm, we use an allocation
algorithm that is a (suboptimal) heuristic, this algorithm is generally not an affine
maximizer, and computing payments with the VCG formula on the basis of the
solutions computed by the heuristic does not necessarily yield a truthful mecha-
nism (Nisan and Ronen 2000; Ronen 2006).

On the other hand, even if an allocation algorithm is not an affine maximizer,
it might be truthfully implementable. In order to verify whether a given alloca-
tion algorithm is truthfully implementable, and in order to determine the required
payments, a characterization of truthfully implementable allocation algorithms is
of great importance. Such characterizations have been given by Monderer (2007)
and Saks and Yu (2005), generalizing earlier results by Bikhchandani, Chatterjee,
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Lavi, Mu’alem, Nisan, and Sen (2006), Gui, Miiller, and Vohra (2004), and Roberts
(1979). We review the definition of monotonicity, which has been stated in Chap-
ter 3 for more specific valuation functions. Often, monotonicity is also referred to
as weak monotonicity.

Definition 4.20. An allocation algorithm f is said to satisfy monotonicity if for

all agents k, for all types ty, ti of agent k, and for all types t_j, of other agents:

o(f (b t—k), tr) — 0(f (bs t i), tr) = 0(F By t 1), t) — 0(f By t-1), Tk).-

Monotonicity is a necessary condition for a truthful implementation of an allo-
cation algorithm. Indeed, using the types as given in the definition, and assuming
that truthful payments exist, we get the following two inequalities, from which
monotonicity follows:

U(f(tk, t,k), tk) — TI'(tk, t,k) > ’U(f(fk, t,k), tk) — F(tAk, t,k)
O(f(trtoi) te) = 7o, tr) > o(f(te,toi), tr) — (tr, t).

For some settings, monotonicity of an allocation rule is even a sufficient condition
for truthful implementability, see Theorem 4.24 below. Saks and Yu have shown the
more general result that monotonicity is sufficient for convex domains:

Theorem 4.21 (Saks and Yu 2005). Let the set of outcomes & be finite, and let for
all agents k the type be represented as a valuation vector with a valuation for every
possible outcome o € &. That is, Ty € R® and vi(0,t1) = tre, 0 € &. Furthermore,
assume that all Ty, are convex. Then an allocation algorithm f : A — & is truthfully

implementable if and only if f satisfies monotonicity.

The proof of Theorem 4.21 is based on the link between the implementability of
an allocation algorithm and the absence of negative cycles in the allocation graphs
obtained for any agent and any fixed report of the other agents, as introduced in
Chapter 2. In fact, in many settings, the constructed allocation graphs have no
negative cycle if and only if they have no negative 2-cycle. Theorem 4.21 provides
an example of such a setting. In Section 4.4.2 we show how allocation graphs can
be used to provide an alternative proof for a result given originally by Archer and
Tardos (2001).

Monderer (2007) generalizes Theorem 4.21 to domains with convex closure and
provides a simpler proof than Saks and Yu (2005).
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4.4.2 Performance of Truthful Mechanisms in Machine Scheduling

In this section, we regard specific scheduling models from a mechanism design per-
spective and show how the techniques described in the previous section can be used
to analyze them. We investigate the trade-off between mechanism design goals
(truthfulness) and optimization objectives, such as exact optimization, approxima-
tion and competitiveness (in the case of online algorithms). The first two models
studied in the following refer to off-line situations where the machines are the agents.
The model regarded thereafter is an online scheduling model with job-agents. An-
other online scheduling model is studied in Chapter 5.

By the performance guarantee of an (off-line) allocation algorithm for a min-
imization problem, we refer to an upper bound on the ratio between the worst
possible objective value that can be achieved by the allocation algorithm and the
optimal objective value. For a mechanism, the performance guarantee is defined
with respect to the worst possible objective value that can occur when all agents re-
port their types truthfully. Note that we do not demand any performance guarantee
for non-truthful agents.

In an online optimization problem, the instance is not known entirely before-
hand, but part of it is only revealed over time. Therefore, any online algorithm has
to make decisions on the basis of incomplete information. In our strategic mecha-
nism design setting, the incompleteness of information is due to two sources — the
online setting and the fact that agents have private information. The goal is to
design online mechanisms that have good properties with respect to truthfulness
and performance. In the online model we describe in this chapter, the objective is
equivalent to affine maximization. However, the problem does not allow for an exact
allocation algorithm due to the online situation. We say that an online algorithm
with minimization objective has performance guarantee g for o > 1 if the schedule
resulting from the online algorithm has an objective value no more than g times the
optimal off-line objective value. That is, we compare the online algorithm to the
best solution that could have been achieved if the entire instance had been known
in advance. For an online mechanism, we demand the performance guarantee only
with respect to truthful agents.

Unrelated Machine Scheduling with Machine Agents

In this section, we illustrate the conflict between optimizing the objective function
of a given problem and obtaining a truthful mechanism. In the setting that we
discuss, it turns out to be impossible to design a mechanism that is at the same
time truthful and optimizing the objective function. This section is based on the
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work of Nisan and Ronen (2001).

Consider the following strategic version of unrelated machine scheduling. The
agents are the m machines, on which n jobs have to be scheduled. The type of each
machine ¢ is the vector ¢; = (¢;1, ..., L), where t;; denotes the time that machine i
needs to process job j. Hence, the type spaces are n-dimensional. The valuation of a
machine for a certain schedule is the negative of the total time it needs to process all
the jobs assigned to it. The objective of the optimization problem is to minimize the
makespan. Obviously, the allocation algorithm that chooses the optimal schedule
for every instance does not belong to the class of affine maximizers.

Nisan and Ronen (2001) show that no truthful mechanism for the regarded
problem can approximate the optimal solution with an approximation factor better
than 2. We give here an alternative proof for their result using monotonicity.

Theorem 4.22 (Nisan and Ronen 2001). There does not exist a truthful mechanism
for the strategic version of the unrelated machine scheduling problem that has a

performance guarantee better than 2.

Proof. Suppose, there is a truthful mechanism p = (f, ) with performance guar-
antee o < 2. Let there be n jobs 1,...,n, where n > 20/(2 — p). Let there be two
machines 1 and 2 with types t; = to = (1,...,1). Let n; be the number of jobs
assigned by f to machine 1 and let no be the number of jobs assigned to machine 2.
Without loss of generality, we assume that jobs 1,...,n; are assigned to machine 1
and jobs n; + 1,...,n are assigned to machine 2. We also assume n; < ns without
loss of generality, i.e., the resulting makespan is ny. The optimal makespan is [n/2].

We first claim that ny > 0. In fact, if ny = 0, then the makespan in the schedule
produced by f is n and

n>2fg<:>n>g-n;1 ZQ[E—‘,
which contradicts that p is a g-approximation.

Let us now change type t; to t| = (e,...,e,1 +¢,...,1 4 ¢), such that the
processing time of machine 1 is € for the first n; jobs and 1+4¢ for jobs ny +1,...,n.
We assume that € is positive but very close to 0. Type to remains unchanged. We
claim that in the new situation, f has to reassign at least one of the jobs n1+1,...,n
to machine 1.

Case 1. Let ny be even. Then the new optimal makespan is at most (n2/2)(1 +
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g) + nie. If all the jobs ny + 1,...,n remained on machine 2, the new makespan
would be at least ng. But

n2

5 (1+¢) —i—me)

n2>g(

for sufficiently small e, contradicting that p is a g-approximation.

Case 2. Let no be odd. For sufficiently small €, the optimal makespan is achieved
by assigning [ng/2] of the jobs n; + 1...,n to machine 2 and all the other jobs to
machine 1. The optimal makespan is then [n2/2] = (n2 + 1)/2 for £ small enough.
If all the jobs ny + 1,...,n remained on machine 2, then the new makespan would

be at least ny. But

2 n 1
2n22n>7gjng>iz>ng>g- 2 ¥ .
2—0p 2—0p 2

That contradicts that p is a g-approximation.

Therefore, one of the jobs ny + 1,...,n must move from machine 1 to machine
2. We now show that monotonicity is violated. Let T be the set of jobs initially
assigned to machine 1 for type t; and let 7" be the set of jobs assigned to machine

1 for type t}. Monotonicity for machine 1 implies

Dty —ty)+ Y (ty—thy) = 0.
JET\T' JET\T
The left hand side is equal to [T\ T'|(e = 1) + [T"\ T'|(1 — (1 + €)), where the first
term is at most 0 and the second term is strictly negative, since |T”\ T is at least 1.
Therefore, the left hand side is strictly smaller than 0 and monotonicity is violated.
The example can easily be modified to show the result for any larger number of

jobs and machines. O

In view of this negative result, the question arises which performance guarantee
a truthful mechanism can achieve. Nisan and Ronen (2001) suggest the following
MinWork mechanism, which can be viewed as auctioning each task separately in a
Vickrey auction.

MinWork mechanism.
Allocation algorithm: After each machine has declared its type, assign
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each job to the machine that has declared the lowest processing time for
that job. Ties are broken arbitrarily. For a vector t = (t1,...,t;) € T™
of machine declarations, the set of jobs allocated to machine 7 is denoted

by fi(t).

Payment scheme: For a vector t = (t1,...,ty,) € T™ of machine declara-
tions, the payment for machine 7 is defined as m;(t) =—>_ je fu(e) WDz b
That is, each machine receives for each job that it processes a payment
that equals the second lowest declaration of any machine for that job.

Theorem 4.23 (Nisan and Ronen 2001). MinWork is truthful and an m-approxi-

mation.

Proof. The MinWork mechanism minimizes the total work done and therefore max-
imizes the sum of the valuations of all machine-agents. Therefore, the allocation al-
gorithm of the mechanism is an affine maximizer. Set h;(t_;) := — Z?:l ming; ty
to see that the payment scheme of MinWork is a VCG payment scheme. Therefore,
MinWork is truthful according to Theorem 4.18.

For the performance guarantee with respect to the makespan objective, note

that the optimum makespan Vppr is lower bounded by

1 n
Vi > — i
OPT 2 — ler{unm tij
j=1
The makespan Vs resulting from the allocation algorithm of the MinWork mech-

anism is upper bounded by

n

Vaw < g _min t,
2 i=1,....m
Jj=1

ie, Viyw < mVopr, assuming that all agents report their true types. O

In fact, Nisan and Ronen prove that the mechanism is strongly truthful, i.e.,
truthtelling is the only dominant strategy for every agent.

As mentioned before, no truthful mechanism for the regarded problem can ap-
proximate the optimal solution better than a factor of 2. Therefore, MinWork is
best possible for two machines. Moreover, the authors conjecture that also for the
general case with m machines, the upper bound of m is tight, yet this remains an
open question.
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The scheduling problem regarded in this section and variants thereof have be-
come important and well studied problems exemplifying the conflict between ap-
proximation goals and mechanism design goals. Since the seminal work of Nisan
and Ronen (2001), improvements on the lower bound for the approximation ratio of
the strategic unrelated machine scheduling problem have been obtained. To the best
of our knowledge, the currently best known lower bound is 1 4+ ¢ ~ 2.618 proven
by Koutsoupias and Vidali (2007). That means that no truthful mechanism can
achieve an approximation ratio better than 1+ ¢ for every number m of machines.

Related Machine Scheduling with Machine Agents

Archer and Tardos (2001) consider a similar model for related machine scheduling.
Again, the agents are the machines. In contrast to the model from the previous
section, the processing times of different jobs on one machine are not independent
and the type spaces of the machine-agents are one-dimensional. More precisely,
each machine 7 has a speed s; and the type is defined to be the inverse of this speed
t; := 1/s;. Each job j has a (unit-speed) processing time p;. The time that is needed
to process job j on machine i is ¢;p; = p;j/s;. The action of each machine is to declare
its type. If machine 7 is assigned the set of jobs f;(¢) C J for a vector of declarations
of all machines ¢t = ({1,..., &) € T™, then its valuation is v;(t, ;) = — > c ) tiPy-
The objective is again to minimize the makespan.

For this setting, Archer and Tardos derive a necessary and sufficient condition for
an allocation algorithm to be truthfully implementable. For an allocation algorithm,
denote by L;(t) = L;(t;,t—;) the total workload assigned to machine i. Then an
agent’s valuation can be written as v;(t,t;) = —t; - L;(t;, t—;).

Theorem 4.24 (Archer and Tardos 2001). An allocation algorithm is truthfully im-
plementable if and only if for all agents i and allt_; € T™ 1 the function L;(t;,t_;)
s a decreasing function of t;. If this is the case, then the appropriate payments take

the following form

it i) = — <h@-(ti) Lt ) — /0 "’ Li(u,ti)du> .

Here, h; are arbitrary functions that depend on the declarations of all agents except
i.
Instead of giving the original proof by Archer and Tardos (2001), we show how

Theorem 4.24 is implied by the results of Saks and Yu (2005) and Gui, Miiller, and
Vohra (2004).
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Proof. Convexity of the type spaces in the sense of Theorem 4.21 can be easily
verified. It is due to the fact that the speed and therefore its inverse can be an
arbitrary positive real number and the valuation of an agent for a certain schedule
depends linearly on the inverse of the speed.

From Theorem 4.21, we know that monotonicity is a necessary and sufficient
condition for the allocation algorithm to be truthfully implementable. To verify
monotonicity, let ¢; and #; be different types of an agent i with t; < #;, and let the

reports of the other agents be fixed as t_;. Then monotonicity is equivalent to

vi((tist—i), ti) — vi((tiyt—i), 1) > vi((Eiy ti), ti) — vil (Biy i), )
& —tiLi(tit—) + LLi(ti,t—) > —tiLi(ti, t—) + 6 Li(ti, ty)
& (ti—t)(Li(tit—;) — Li(ti,t—;)) > 0.

This condition is satisfied whenever L;(t;,t_;) — Li(f;,t_;) > 0, i.e., if and only if
the function L; is decreasing in the report of agent i.

For the second part of the theorem, we will use the results of Gui, Miiller, and
Vohra (2004) to derive the payment scheme given above. Let f be an allocation
algorithm that satisfies the decreasing work curves condition, let agent ¢ and the
report of the other agents ¢_; be fixed and let for simplicity of notation L(t;) :=
L;(t;,t—;) denote the workload assigned by f to i when reporting ¢;. First, we observe
that there are only finitely many possible schedules that can yield only finitely many
different values of L(t;). We denote those values by Lz = jegpj > > Li>
Lo = 0. Using that f satisfies the decreasing work curve condition, we get the

picture in Figure 4.1 for the graph of L(¢;). In order to determine the payments

L(t;)

Lma.T ]

Ly —
Lo

Figure 4.1: decreasing work curve

according to the method of Gui, Miiller, and Vohra (2004), we have to determine
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shortest paths in the allocation graph as described in Chapter 2. Let 7, denote the
payment that machine ¢ has to make if it is assigned workload L, by the allocation
algorithm. We define mp = 0 and determine the shortest path from the node Lg to
node L,. It can easily be shown that if L,, > L,, > L,, then the arc lengths satisfy
ULy, Lyy) > U(Ly,, Lyy) + €(Lyy, Lyy). Therefore, [Lg, L1, ..., L] is a shortest path

from Lo to L,. Hence, the payments can be written as:

T

o= ZaLH,Li)=Zti:Lég)f:L;—t@-Li+tz-Lz>1>

= —Z( sup z) (Li — Li-1).

tiL(t;)=L

Thus, if machine 4 is assigned a total workload of L., it receives a payment that is

equal to the area under the graph of min(L(¢;), L,), as depicted in Figure 4.2. Thus,

L(t)

Lmu.’r 7—\—‘
oz
Ly ti

Figure 4.2: payment for workload L,

the payment to machine i is ¢; L(t +ft u)du. If we now let h; ( ) =[5 L(u)du,
then the payment that machine ¢ receives equals tiL(t;) + ft du = h;(t_;) +
fo u)du, which proves the claim.

To see that every payment scheme in a truthful mechanism takes the form ob-
tained above, notice that revenue equivalence holds according to Corollary 2.13.
Therefore, the payments are uniquely defined up to h;(t—;), which completes the
proof. O

Archer and Tardos (2001) give a randomized polynomial time allocation algo-
rithm, which is based on bin-packing and rounding fractional assignments of jobs
to bins in a random fashion. The allocation algorithm fulfills the decreasing work
curves condition with respect to the expected utilities of the agents. The following
result is obtained.
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Theorem 4.25 (Archer and Tardos 2001). For the strategic version of related ma-
chine scheduling with machine agents whose private information is their speed, there

exists a mechanism with the following properties:
e the mechanism is truthful when agents maximize expected utilities,

e it yields a 3-approximation for the makespan of the schedule independent of

the random choices,

e the payments can be computed in polynomial time.

There also exists a deterministic allocation algorithm that fulfills the monotonic-
ity condition of Theorem 4.24 due to Kovacs (2005). The allocation algorithm given
by Kovacs (2005) runs in polynomial time and yields a 3-approximation as well.
Thus, the existence of a truthful payment scheme is guaranteed by Theorem 4.24.
However, it is not clear whether the associated payments can be computed in poly-
nomial time. Other papers that have improved some of the results of Archer and
Tardos (2001) are by Auletta, De Prisco, Penna, and Persiano (2004), Ambrosio
and Auletta (2005), and Andelman, Azar, and Sorani (2005).

Online Scheduling with Job Agents

We now turn to an online scheduling model with job agents. The following single
machine model was analyzed by Porter (2004). There is one machine that has to
process n jobs, where n is not known beforehand. Preemption of jobs is allowed.
Each job j has a release date r;, a processing time p;, a deadline d; and a weight
w;. Those four values are private information. The type of agent j is thus ¢; =
(rj,pj,dj,w;). The aim is to design a direct revelation mechanism, that is, jobs
have to report their types to the mechanism. We assume that a job can declare a
release date 7; > r; and a processing time p; > p;, while it can declare an arbitrary
deadline a?j and an arbitrary weight @;. The reason that we do not admit declaring
a shorter processing time is that this could be easily detected and punished by
the mechanism. If job j is completed before its deadline, then its valuation is wyj,
otherwise its valuation is zero. Jobs have to pay for being processed. The payments
have to be determined online as well, i.e., the payment for a job must be determined
at the latest when the job leaves the system. The central objective is to maximize
the sum of the weights of all jobs that are completed by their deadline, i.e., the goal
is affine maximization. However, an exact allocation algorithm does not exist due
to the online nature of the problem. Lower bounds on the performance guarantee
of any online algorithm for the problem are given by Baruah, Koren, Mao, Mishra,
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Raghunathan, Rosier, Shasha, and Wang (1992). Those bounds imply in particular
that there is no exact allocation algorithm. Porter (2004) shows the following.

Theorem 4.26 (Porter 2004). For the described single machine model, there exists
a truthful mechanism with performance guarantee (1+ \/E)2 +1, where k is an upper

bound on max;;(wp;)/(piw;) which is known to the mechanism.

Notice that the mechanism is assumed to know an upper bound k on the maxi-
mum ratio max;;(w;p;)/(pw;). In addition, the mechanism needs to know a lower
bound d,,;, on the possible ratios w;/p; for all jobs j. The single machine processes
at any point in time a job that is chosen among the available jobs that still have a
chance to be completed before their declared deadline. The choice depends on the
declared weights of the jobs, the time already spent processing each job, on k£ and
on Omin. Jobs are only returned at their declared deadlines. The payment that a
job has to make is zero if it is not completed before its declared deadline. Otherwise
it is equal to the minimum weight that the job could have declared such that it still
would have been finished in time, given the declarations of the other jobs and given
its own declarations on release date, deadline and processing time.

The proof of the truthfulness of the mechanism given by Porter (2004) is quite
technical. Intuitively, the payments can be seen as VCG-payments and are chosen
such that the mechanism is truthful with respect to the weights. By returning the
job not until the declared deadline it is achieved that a job has no incentive to
declare a larger deadline than the true one. Therefore, no job has an incentive to
declare a “better” type. It can be shown that also declaring a “worse” type does
not pay off.

Interestingly, Porters mechanism is essentially best possible.

Theorem 4.27 (Porter 2004). Under a number of (weak) conditions and assuming
that k > 1, no deterministic truthful online mechanism can have a performance

guarantee better than (1 + \/E)2 + 1 for the described single machine model.

This is of special interest in view of the existence of an algorithm with perfor-
mance guarantee (1 + \/E)2 for the non-strategic online setting, due to Koren and
Shasha (1995).

In Chapter 5, we analyze another online machine scheduling model on parallel
machines. There, unlike in Porter’s model, jobs have to be processed without pre-
emption and the central objective is to minimize the total weighted completion time.
Furthermore, we introduce the concept of decentralization, which reflects the lack of
coordination in distributed settings. Thereby, a link between techniques from this
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Section and Section 4.3.2 is established: the mechanism has to account for both,
the strategic behavior of agents with respect to reporting their private information
as well as their strategic behavior with respect to the selection of a machine.
Another reference, which we do not discuss here is Hajiaghayi, Kleinberg, Mah-
dian, and Parkes (2005). They derive mechanisms for an online single machine
model with job agents, where jobs are available only within certain time windows.

4.5 Discussion

In this chapter, we have given an introduction to the application of game theory
and mechanism design to (mostly) multiple machine scheduling models. Thereby
we have chosen to limit the scope of models and techniques in order to be able to
present the most important techniques in detail. We see several avenues of research
departing from here.

Within the narrow scope of this chapter, the most promising research questions
seem to us related to mechanism design in the presence of multi-dimensional types,
exemplified by the conjecture by Nisan and Ronen mentioned above. Roberts (1979)
has shown that in cases where the type space is completely unrestricted, meaning
that every agent can have any valuation for each of the outcomes, only affine max-
imizers are truthfully implementable. For more restrictive type spaces, Bikhchan-
dani, Chatterjee, Lavi, Mu’alem, Nisan, and Sen (2006) could show a similar char-
acterization only for allocation algorithms that satisfy some additional properties.
If the conjecture by Nisan and Ronen is true, it would show that in this particular
case we cannot do better than using an affine maximizer, if we want to guarantee
truthfulness. This would indicate that also in this case affine maximizers are the
only truthfully implementable algorithms.

Moreover, we want to emphasize that the area of game theory and mechanism
design has established theoretical models that cover many more issues than those
treated in this chapter. For example, game theory knows a plentitude of refinements
of equilibrium notions, which might be of practical relevance, and mechanism design
is also interested in other criteria than only efficiency and truthfulness. For example,
various definitions of fairness can be found in the literature. As a point of reference
we mention here the literature on matching markets, e.g., Roth, Sotomayor, and
Chesher (1990).

Finally, it is likely that also in scheduling, we can benefit from the wealth of
results that have recently been derived in the context of combinatorial auctions. We
recommend the book edited by Cramton, Shoham, and Steinberg (2006) for refer-
ence. While from an optimization point of view, combinatorial auctions deal “only”
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with a set packing problem, many of the game theoretic issues in their design are
also relevant when the allocation rule is of a different nature, like assigning jobs to
machines, and determining their start time on the machines. In combinatorial auc-
tions, those issues are, for example, revenue for the seller, collusion, bidding under
multiple identities (false-name bidding), information revelation, and communication
complexity. It turns out that a mechanism like the VCG mechanism, when applied
to combinatorial auctions, performs badly in terms of such additional criteria, un-
less rather restrictive assumptions on the bidders valuations are fulfilled (Ausubel
and Milgrom 2006). Also in scheduling, such considerations may yield interesting
insights and may be of practical importance.
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Chapter 5

Mechanism Design for
Decentralized Online Machine

Scheduling

In Chapter 4, we have highlighted some techniques and phenomena from the recent
literature about machine scheduling models that have been analyzed from a game
theoretic or mechanism design point of view. This chapter is devoted to the analysis
of mechanism design for a parallel machine scheduling model where jobs arrive on-
line over time. As in the settings described in Chapter 4, there is no central decision
maker and problem data is distributed among job agents who take autonomous de-
cisions. Instead of centrally assigning jobs to machines, each machine implements a
local sequencing policy and jobs decide for machines themselves. In this context, we
introduce the concept of a myopic best response equilibrium, a concept weaker than
the classical dominant strategy equilibrium, but appropriate for online problems.
Our main result is a polynomial time, online mechanism that — assuming rational
behavior of jobs — results in an equilibrium schedule that is 3.281-competitive with
respect to the maximal social welfare. This is only slightly worse than state-of-the-
art algorithms with central coordination.!

'The results of this chapter were first presented in Heydenreich, Miiller, and Uetz (2009).
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5.1 Introduction

Scheduling arriving jobs online on a set of parallel machines is a key issue both in
business and engineering applications. Examples can be found in service operations
management and distributed computing. The problem has been well studied in
the traditional setting, where a central decision maker strives to optimize a global
system performance measure and is assumed to have access to all relevant data.
However, in the environments mentioned above, data is usually not centrally avail-
able, but is distributed among selfish job owners or agents. As already observed
for the models surveyed in Chapter 4, this gives incentives for strategic behavior of
agents, possibly leading to sub-optimal system performance. This challenge calls for
mechanism design to align the individual goals of selfish agents with overall system
performance. On the other hand, in dynamic environments like distributed com-
puting, machines are locally dispersed and administratively independent and may
be dynamically added to or removed from the system. A typical example are web
servers, where content and/or computational resources are nowadays distributed
over the whole world and service requests need to be allocated online. In such set-
tings, it is indispensable to keep communication complexity low and to design local
protocols that machines have to adopt rather than centrally coordinating the distri-
bution of jobs over machines. This has been observed, for example, in the context
of analyzing the price of anarchy e.g. by Christodoulou, Koutsoupias, and Nanavati
(2004), Immorlica, Li, Mirrokni, and Schulz (2008) and Azar, Jain, and Mirrokni
(2008). A description of these models has been given in Chapter 4, as well. In this
chapter, we define decentralized online mechanisms that account for all mentioned
requirements.

More specifically, we study the online version of the classical parallel machine
scheduling problem to minimize the total weighted completion time — P |r; | >~ w; C}
in the notation of Graham, Lawler, Lenstra, and Rinnooy Kan (1979) — from a game
theoretic, or strategic perspective. In the online version, jobs j with processing times
pj and weights w; arrive online over time at release times r;, and at any given time
the scheduler does not know if, or what type of jobs are still to appear in the future.
The classical goal in online optimization is to design online algorithms that are
competitive, that is, even though faced with an online situation, such algorithms
compare reasonably well to the optimal offline solution. An online algorithm is
called o-competitive if it always achieves a solution that is not more than a factor o
away from the optimum offline solution. We assume that each job is a selfish agent,
and a job’s release time r;, its processing time p; and its weight w; is only known
to the job itself, but not to the system or any other job. Any job j is interested in
being finished as early as possible, and the weight w; represents j’s cost per unit

122



5.1. INTRODUCTION

waiting time. While jobs may strategically report false values (¥, p;,w;) in order
to be scheduled earlier, the total social welfare is maximized whenever the weighted
sum of completion times ) w; C; is minimized.

Next to the game theoretic challenge due to selfishly behaving jobs, distributed
systems ask for low communication complexity and local protocols that machines
have to commit to rather than centralized coordination. Our goal is to meet the
following requirements, which we refer to as decentralization: Jobs may communicate
with machines, but neither do jobs communicate with each other, nor do machines
communicate with each other. In particular, there is no central scheduling unit
hosting all the data of the problem. This leads to a setting where the jobs themselves
must select the machine to be processed on, and any machine sequences the jobs
according to a (known) local sequencing policy. Such models have already been
discussed in Chapter 4, Section 4.3.2.

Our goal is to set up an online mechanism that copes with the strategic and de-
centralized setting while yielding a reasonable overall performance with respect to
the total social welfare, that is, minimize ) w; C;. The mechanism should motivate
the jobs to reveal their private information truthfully. In addition, as we require
decentralization, each machine needs to be equipped with a local sequencing policy,
and jobs must be induced to select the machines in such a way that the objective
> w; C; does not deteriorate. The online algorithm with the currently best known
competitive ratio by Correa and Wagner (2005) crucially requires central coordi-
nation to distribute jobs over machines. Instead, we build upon an approach by
Megow, Uetz, and Vredeveld (2006), developed for a setting with stochastic job du-
rations, which turns out to be appropriate for the decentralized setting that we aim
at.

Related Work. As computational complexity is concerned, the scheduling
problem P |r;| > w; C; is well-understood in the non-strategic setting with central-
ized coordination. First, scheduling to minimize the weighted sum of completion
times with release dates is NP-hard, even in the off-line case on a single machine.
For more than one machine, the problem is NP-hard even if all release dates are
zero (Lenstra, Rinnooy Kan, and Brucker 1977). In the online setting, it is well
known that no online algorithm for the single machine problem can be better than
2-competitive (Hoogeveen and Vestjens 1996) regardless of the question whether or
not P=NP. On parallel machines, no online algorithm can be better than 1.309-
competitive, and this bound can be improved for a specific number of machines
(Vestjens 1997). The best possible algorithm for the single machine case is 2-
competitive and thus matches the lower bound (Anderson and Potts 2004). For
the parallel machine setting, the currently best known online algorithm is 2.62-
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competitive (Correa and Wagner 2005), improving upon an earlier algorithm by
Megow and Schulz (2004). The algorithm by Megow et al. (2006) is a modification
of the latter. Here, jobs are locally sequenced according to an online variant of the
well known WSPT rule (Smith 1956), and arriving jobs are assigned to machines
in order to minimize an expression that approximates the (expected) increase of
the objective value. The algorithms by Megow and Schulz (2004) and Megow et al.
(2006) both achieve a competitive ratio of 3.281.

For related literature on mechanism design in combination with the design of
approximation algorithms for scheduling problems we refer to Chapter 4, Section
4.4.2.

Decentralization for scheduling models with job agents is regarded in the papers
discussed in Chapter 4, Section 4.3.2.

Our Contribution. We present a polynomial time, decentralized online mech-
anism, called DECENTRALIZED LOCAL GREEDY Mechanism. Thereby we provide
also a new algorithm for the non-strategic, centralized setting, inspired by the MIN-
INCREASE Algorithm of Megow et al. (2006), but improving upon the latter in
terms of simplicity. The DECENTRALIZED LOCAL GREEDY Mechanism is easy to
implement and we show that it is 3.281-competitive. This coincides with the per-
formance bound achieved by Megow and Schulz (2004) for the non-strategic, cen-
tralized setting. The currently best known bound for this setting, however, is 2.62
(Correa and Wagner 2005). Giving up on decentralization, it is possible to design
a 2.62-competitive mechanism on the basis of the Correa-Wagner algorithm with a
dominant strategy equilibrium in which all agents report truthfully. We discuss the
resulting mechanism in Section 5.6.2.

As usual in mechanism design, the DECENTRALIZED LOCAL GREEDY Mechanism
defines payments that have to be made by the jobs for being processed. Naturally,
we require from an online mechanism that also the payments are computed online.
Hence, they can be completely settled by the time at which a job leaves the system.
We also show that the payments result in a balanced budget. The payments induce
rational jobs to truthfully report about their private data. With respect to release
dates and processing times, we can show that truthfulness is a dominant strategy
equilibrium. With respect to the weights, however, we can only show that truthful
reports are myopic best responses (in a sense to be made precise later). Most
importantly, the payments induce the jobs to select ‘the right’ machines, that is,
the machines which a centralized mechanism would select in order to achieve a
good competitive ratio. Intuitively, the mechanism uses the payments to mimic
a corresponding LOCAL GREEDY online algorithm in the classical (non-strategic,
centralized) parallel machine setting P | ;| >~ w; C;. In addition, we show that there
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does not exist a payment scheme leading to the same selection of machines where
truthful reporting of all private information is a dominant strategy equilibrium.
This is even true, when only the weight w; is considered private information and
pj and 7; are publicly known. Hence, for the decentralized online setting that we
consider, it is not clear if a constant competitive ratio can be achieved by means of
a dominant strategy equilibrium of some mechanism — even if weights are the only
private information.

Organization. The chapter is structured as follow. We formalize the model and
introduce notation in Section5.2. Especially, we define the notion of a decentralized
online scheduling mechanism and the myopic best response equilibrium in that sec-
tion. In Section 5.3 the LOCAL GREEDY Algorithm is defined. In Section 5.4, this
algorithm is adapted to the strategic setting and extended by a payment scheme
yielding the DECENTRALIZED LOCAL GREEDY Mechanism. Moreover, our main
results are presented in that section. We analyze the performance of the resulting
mechanism in Section 5.5. In Section 5.6, we prove the mentioned negative result
and reflect on mechanisms that have dominant strategy equilibria, giving up on
decentralization. We conclude with a short discussion in Section 5.7.

5.2 Model and Notation

The considered problem is online parallel machine scheduling with non-trivial re-
lease dates, with the objective to minimize the weighted sum of completion times,
P|r;| > w; Cj. We are given a set of jobs J = {1,...,n}, where each job needs to
be processed on any of the parallel, identical machines from the set M = {1,...,m}.
The processing of each job must not be preempted, and each machine can process
at most one job at a time. Each job j is viewed as a selfish agent and has the fol-
lowing private information: a release date r; > 0, a processing time p; > 0, and an
indifference cost, or weight, denoted by w; > 0. The release date denotes the time
when the job comes into existence, whereas the weight represents the cost to a job
for one additional unit of time spent waiting. Without loss of generality, we assume
that the jobs are numbered in order of their release dates, i.e., j < k = r; < ry.
The triple (r,pj, w;) is also denoted as the type of a job, and we use the shortcut
notation t; = (rj,pj,w;). By T = Rj x Rt x R} we denote the space of possible
types of each job. In the model we analyze, a job j can report an arbitrary weight
W; # wj, an elongated processing time p; > p; (e.g. by adding unnecessary work),
and it can artificially delay its true release time r; to 7; > r;. We do not allow a job
to report a processing time shorter than the true p;, as this can easily be discovered
and punished by the system, for example by preempting the job after the declared
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processing time p; before it is actually finished. Furthermore, we assume that any
job j comes into existence only at its release time r;, thus it does not make sense
that a job reports a release time smaller than the true value r;.

We next introduce the concept of a decentralized online scheduling mechanism.
It accounts for the various challenges mentioned in the introduction: It takes into
account that necessary information is not centrally available, but has to be communi-
cated from jobs to machines, while keeping the resulting communication complexity
down to a minimum. It does not use central coordination, but rather defines a
protocol according to which machines process jobs and compute payments that jobs
have to make. Our goal will be to find such a mechanism where rational job behavior
results in an equilibrium in which the social welfare is not too far from optimum.

Definition 5.1. A decentralized online scheduling mechanism is a procedure that

works as follows.

1. Each job j has a release time rj, but may pretend to come into ewistence at
any time 7; > rj. At Tj, the job communicates to every machine reports 1w,

and ﬁj.2

2. Machines communicate on the basis of that information a tentative completion

time C’j and a tentative payment 7;.

3. Based on the responses of all machines at time 7;, the job chooses a machine

to be processed on.
4. There is no communication between machines or between jobs.

5. Machines may revise C'j and 7; only if later another job chooses the same
machine, leading to an ex-post completion time C; and an ex-post payment

j.
Hereby, we assume that jobs with equal reported release times arrive in some given

order and communicate to machines in that order. Next, we define two important
properties of the payment scheme.

Definition 5.2. If for every job j payments to and from j are only made between

time 7; and time Cj, then we call the payment scheme an online payment scheme.

2A job could even report different values to different machines. However, we prove existence of
equilibria where the jobs do not make use of that option.
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Definition 5.3. A payment scheme satisfies the balanced budget condition if the

payments made by all jobs sum up to zero, i.e., ZjEJ ;= 0.
One of our goals is to design competitive online mechanisms, which are defined

as follows.

Definition 5.4. Let A be an online mechanism that seeks to minimize a certain
objective function. Let Va(I) be the objective value computed by A for a problem
instance I and let Vopr(I) be the offline optimal objective value for I. Then A is

called p-competitive if for all instances I of the problem,
VaI) < o-Vopr(I).

The factor o is also called performance ratio of the mechanism.

We assume that the wvaluation equals v;(Cj,t;) = —w;Cj, such that smaller
completion times are preferred. We furthermore assume quasi-linear utilities, that
is, the wutility of job j equals w;(Cj, 7, t;) = v;j(Cj,t;) — mj, which is equal to
—w;Cj —m;. Unlike in other mechanism design settings, where jobs always have the
option not to participate in the mechanism and to obtain zero utility, we assume
that the jobs have no such option and they have to be processed on one of the
machines.

The communication with machines, and the decision for a particular machine
are called actions of the jobs; they constitute the strategic actions jobs can take
in the non-cooperative game induced by the mechanism. A strategy x; of a job j
maps a type t; to an action for every possible state of the system in which the job is
required to take some action. A strategy profile is a vector (z1,...,x,) of strategies,
one for each job. Given a mechanism, a strategy profile, and a realization of types t,
we denote by u;(z,t) the (ex-post) utility that agent j receives. Recall the definition
of a dominant strategy equilibrium.

Definition 5.5. A strategy profile x = (x1,...,x,) is called a dominant strategy
equilibrium if for all jobs j € J, all typest of the jobs, all strategies T_; of the other

jobs, and all strategies T; that j could play instead of x;,

uj((2),2-5),t) = u;((Zj,2-5),1).

The dominant strategy equilibrium is a very sound, yet strong concept, and
in many cases dominant strategy equilibria do not exist; see for example the dis-
cussion by Nisan (2007). Several alternatives have been studied in the literature
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that weaken the definition of rational agent behavior, e.g. ex-post Nash equilibria,
Bayes-Nash equilibria or myopic best responses. The latter has for instance been
used in auction theory in the context of combinatorial auctions, see e.g. Parkes
(1999) and Parkes and Ungar (2000). There, the VCG mechanism (where truthful
revelation of private information is a dominant strategy equilibrium) suffers from
severe computational difficulties. Instead, an iterative auction with several rounds
is proposed that results in a welfare maximizing allocation of goods if bidders are
myopic. Myopic bidders aim to maximize their utility with respect to current price
and allocation information, rather than taking game theoretic look-ahead to future
rounds. Similarly myopic bidders are assumed by Demange, Gale, and Sotomayor
(1986) for multi-item auctions, Bein and Wein (2003) and Gallien and Wein (2005)
for procurement auctions and by Wellman, Walsh, Wurman, and MacKie-Mason
(2001) for the allocation of time slots. We find this concept appropriate and nat-
ural also for our setting. We assume that rational agents maximize their tentative
utility, that is, the utility that a job is communicated upon arrival at the system.
Note that the concept shares with the dominant strategy equilibrium the property
that it does not require any reasoning about other agents’ valuations. In that sense
it is prior-free, which is a desirable property.

Definition 5.6. Given a decentralized, online scheduling mechanism as in Def-
inition 5.1, a strategy profile x, and type profile t. Let C’j and 7; denote the
tentative completion time and the tentative payment of job j at time 7;. Then

aj(x,t) = —C’wj — 7j denotes j’s tentative utility at time 7;.
If z and t are clear from the context, we will use 4, as short notation.

Definition 5.7. A strategy profile (x1,...,x,) is called a myopic best response
equilibrium, if for all jobs j € J, all types t of the jobs, all strategies T_; of the

other jobs and all strategies T; that j could play instead of x;,

Notice that the only difference in the definitions of the two equilibria is the
utility that agents are concerned with: In the dominant strategy equilibrium, it is
the ez-post utility that drives an agent, while in the weaker myopic best response
equilibrium, it is the immediate utility that is observable at the moment in time
where the agent chooses an action.

Proposition 5.8. For any decentralized online scheduling mechanism with online
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payment scheme, every dominant strategy equilibrium is a myopic best response

equilibrium.

Proof. In a dominant strategy equilibrium, job j’s strategy maximizes j’s ex-post
utility for all possible strategies of the other jobs. In a decentralized online schedul-
ing mechanism with online payment scheme, there is always a strategy of the other
jobs z_; such that j’s tentative utility equals j’s ex-post utility (e.g., jobs arriving
later than j can choose to delay their arrival behind j’s completion time). Then
none of these jobs can change j’s completion time, and if the payment scheme is
online, neither can they influence j’s payment?. Consequently, j’s tentative utility

must be maximized in any dominant strategy equilibrium, too. O

Hence, the class of myopic best response equilibria is a larger class of equilibria
than dominant strategy equilibria, and we will see later that it is indeed a strictly
larger class.

Finally, notice that jobs will also have to select a machine according to Defini-
tion 5.1. This additional action of jobs has been introduced to distinguish between
decentralized and centralized scheduling mechanisms. One might argue that one
can nevertheless make use of the revelation principle, which asserts that an arbi-
trary mechanism that has an equilibrium, for example a dominant strategy equi-
librium, always induces a direct revelation mechanism with an equilibrium of the
same strength. Thus questions with respect to the existence of mechanisms with
a particular equilibrium can be answered by restricting to direct revelation mech-
anisms. However, not all direct revelation mechanisms can be decentralized in the
sense of Definition 5.1. For example, we cannot decentralize the algorithm in Cor-
rea and Wagner (2005), because it crucially requires a central queue for the jobs.
Hence, given that we aim at decentralized mechanisms, we cannot make use of the
revelation principle. Equilibria of decentralized online scheduling mechanisms, how-
ever, give rise to a particular form of revelation mechanisms, namely mechanisms in
which jobs report their types to so-called proxy agents, each of them representing
exactly one job, and behaving on behalf of the jobs as prescribed by the equilibrium
strategy. But introducing proxy agents requires a trustworthy mediator, which can
be seen as a hidden form of centralization.

3If m > 1 it is not necessary to require the payment scheme to be online. The tentative utility
equals the ex-post utility, e.g., if later jobs choose a different machine than j.
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5.2.1 Critical jobs

For convenience of presentation, we make the following assumption for the main
part of the chapter. Fix some constant 0 < a < 1 (a will be discussed later). Let
us call job j critical if r; < ap;. Intuitively, a job is critical if it is long and appears
comparably early in the system. The assumption we make is that such critical jobs
do not exist, that is

rj > ap; for all jobs j € J.

This assumption is a tribute to the desired performance guarantee, and in fact, it
is well known that critical jobs must not be scheduled early to achieve constant
performance ratios (see Anderson and Potts 2004 and Megow and Schulz 2004).
However, the assumption is only made due to cosmetic reasons. In the following, we
first define an algorithm and a mechanism on the refined type space, where all jobs
are non-critical. In Section 5.5.1, we extend the type space and slightly adapt the
mechanism. The adapted mechanism can handle critical jobs without sacrificing the
performance bound, while all desired properties concerning the strategic behavior
of the jobs are preserved.

5.3 The LocAL GREEDY Algorithm

For the time being, we assume that the job characteristics, namely release date r;,
processing time p; and indifference cost w;, are given.

The idea of the MININCREASE algorithm of Megow et al. (2006) is that each
machine uses (the online version of) the well known WSPT rule (Smith 1956) locally;
an idea that we adopt also here. More precisely, each machine implements a priority
queue containing the not yet scheduled jobs that have been assigned to the machine.
The queue is organized according to WSPT, that is, jobs with higher ratio w;/p;
have higher priority. In case of ties, jobs with lower index have higher priority. As
soon as the machine falls idle, the currently first job from this priority queue is
scheduled (if any). Given this local scheduling policy on each of the machines, any
arriving job is assigned to that machine where the increase in the objective > | w; C;
is minimal.

In the formulation of the algorithm, we utilize some shortcut notation. We let
J — i denote the fact that job j is assigned to machine i. Let S; be the time when job
Jj eventually starts being processed. For any job j, H(j) denotes the set of jobs that
have higher priority than j, H(j) = {k € J|wgp; > wjipr} U {k < j|wip; = wjpy}-
Note that H(j) includes j, too. Similarly, L(j) = J \ H(j) denotes the set of jobs
with lower priority. At a given point 7 in time, machine ¢ might be busy processing
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a job. We let b;(7) denote the remaining processing time of that job at time T,
i.e., at time 7 machine i will be blocked during b;(7) units of time for new jobs. If
machine i is idle at time 7, we let b;(7) = 0. With these definitions, if job j arrives
at time 7; and is assigned to machine 4, the increase of the objective ) w; C; is

z(4,1) == [rj—i-b (r) Z Dk —|—p]] +pj Z Wy .

keH(j) keL(5)
5 £
<j <J

SkZTj Sk>rj

Algorithm 1: LocaL GREEDY algorithm

Local Sequencing Policy:

When a machine falls idle, it processes the job with highest (WSPT) priority among
all jobs assigned to it.

Assignment:

If job j arrives at time 7, it is assigned to machine i; € argmin, ¢, 2(j,4) with
minimum index.

Clearly, the LoCAL GREEDY algorithm still makes use of central coordination.
On the other hand, the WSPT rule can be run locally on every machine and does
not require communication between the machines. Therefore, the LOCAL GREEDY
algorithm qualifies for decentralization, which will be done in the next Section.

5.4 Payments for Myopic Rational Jobs

The payments we introduce can be motivated as follows: A job j pays at the mo-
ment of its placement on one of the machines an amount that compensates the
decrease in utility of the other jobs. The final payment of each job j resulting from
this mechanism will then consist of the immediate payment j has to make when
selecting a machine and of the payments j gets when being displaced by other jobs.
Furthermore, the WSPT rule is run locally on every machine and jobs select a ma-
chine themselves. We will prove that utility maximizing jobs have an incentive to
report truthfully and to choose the machine that the LOCAL GREEDY Algorithm
would have selected, too. We will see in the next section that this yields a constant
competitive ratio, given that the jobs behave rationally. The algorithm including
the payments is displayed below. Let here the indices of the jobs be defined ac-
cording to the reported release dates, i.e., j < k = 7; < 7. Let ﬁ(]) and f/(j)
be defined analogously to H(j) and L(j) on the basis of the reported weights and
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processing times. Then for job j, arriving at time 7;, the tentative completion time
and payment, respectively, at machine ¢ are

Ci(i) =7 +b:i(F)+ > Pe+p; and  #;(i) =p; .
kEH (j) keL(j)
k—1i k—1
k<j k<j
SkZ’I:j Sk>fj

Algorithm 2: DECENTRALIZEDLOCAL GREEDY Mechanism

Local Sequencing Policy: When a machine falls idle, it processes the job with
highest (WSPT) priority among all available jobs queuing at this machine.

Assignment:

1. At time 7; job j arrives and reports weight %; and processing time p; to all
machines.

2. Every machine i informs j about both (i) and #;(i).

3. Job j chooses a machine i; € M. Its tentative utility for being queued at
machine ¢ is (i) := —w;C; (1) — 7;(1).

4. The job is queued at 7; according to WSPT among all currently available jobs
on i; whose processing has not started yet. The payment 7;(;) has to be paid
by j.

5. The (tentative) completion time for every job k € L(j), k — ij, k<3, Sk > 7,
increases by p; due to j’s presence. As compensation, k receives a payment of
WEPj-

Notice that the payments result in a balanced budget for the scheduler. That
is, the payments paid and received by the jobs sum up to zero, since every arriving
job immediately makes its payment to the jobs that are displaced by it. Also notice
that the payments are online in the sense of Definition 5.2.

Theorem 5.9. Regard any type vectort, any strategy profile x and any job j with re-
port (75, p;,w;), and machine choice i € M. Then changing the report to (75, p5, wy)
and choosing a machine that mazimizes tentative utility at time 7; does not decrease

7’s tentative utility.

Proof. We first regard the single machine case, i.e., m = 1. Suppose, at the arrival
time 7; of job j, jobs ki,ke,..., k. with corresponding reported processing times
P1, P2, ..., pr and reported weights wq, we, ..., w, are queueing to be processed on

the machine, but none of them has started being processed yet. Without loss of
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generality let 101 /p1 > wa/p2 > -+ > W, /Dr. Given the reported processing time pj,
job j could receive any position in front of, between or behind the already present
jobs in the priority queue by choosing its weight appropriately. Therefore, it has to
decide for every job ks, s € {1,...,r}, whether it wants to be placed in front of ks
or not. Displacing ks would increase 7;(1) by wsp;, whereas Cj(1) is decreased by
Ps- Thus, j’s tentative utility changes by w;ps — wsp; if j displaces ks compared
to not displacing ks. Therefore, it is rational for j to displace ks if and only if
w;Ps — Wspj > 0, which is equivalent to w;/p; > Ws/pPs. As the machine schedules
according to WSPT, j is placed at the position that maximizes its tentative utility
when reporting w;.

For m > 1, recall that j can select a machine itself. As reporting the truth
maximizes its tentative utility on every single machine, and as j can then choose
the machine that maximizes its tentative utility among all machines, truth-telling

and choosing a machine maximizing %; will maximize j’s tentative utility. O

Lemma 5.10. Consider any job j € J. Then for all reports of all other agents as

well as all choices of machines of the other agents, the following is true:

a) If j reports w; = w;, then the tentative utility when queued at any of the ma-
J j

chines will be preserved over time, i.e., it equals j’s ex-post utility.

(b) If j reports w; = wj, then selecting the machine that the LOCAL GREEDY

Algorithm would have selected mazximizes j’s ex-post utility.

Proof. To see (a), note that whenever j’s tentative completion time changes, j is
immediately compensated for that by a payment. If @w; = w; then the payment
exactly equals the loss in utility. Claim (b) follows from (a) and the fact that the
machine chosen by the LOCAL GREEDY Algorithm maximizes j’s tentative utility.

O

Theorem 5.9 implies that a myopic agent should report its true weight. Lemma 5.10
implies that such an agent is guaranteed to receive an ex-post utility as high as
its tentative utility. The alternative is gambling: Recall that we have defined a re-
stricted communication paradigm where jobs, upon arrival, are only informed about
(tentative) completion times and (tentative) payments. In particular, jobs do not
get to know which jobs are already queuing at the machines and what reports the
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already present jobs have made. One can construct simple examples that demon-
strate that overstating or understating the weight bears the risk of arbitrarily high
utility losses in comparison to truthful reporting. More specifically, if a job j over-
states its weight, this can result in a position in front of a job already present on
the chosen machine whose weight over processing time ratio is smaller than j’s true
ratio. The payment j has to make in this case can be arbitrarily higher than the
valuation j gains. Understating the weight can lead to a later job displacing j, but
paying to j arbitrarily less than j’s actual loss in valuation. On the other hand, one
can similarly show that agents also have the chance of arbitrary high utility gains
by overstating their weight. In this light, reporting truthfully becomes particularly
attractive for risk-averse agents.

Theorem 5.11. Consider the restricted strategy space where all j € J report w; =
wj. Then the strategy profile where all jobs j truthfully report 7; = r;, p; = p; and

choose a machine that mazimizes @ is a dominant strategy equilibrium.

Proof. Let us start with m = 1. Suppose w; = wj, fix any 7; and regard any p; > p;.
Let u; denote j’s (ex-post) utility when reporting p; truthfully and let @; be its (ex-
post) utility for reporting p;. Asw; = wj, the ex-post utility equals in both cases the
tentative utility at decision point 7; according to Lemma 5.10(a). Let us therefore
regard the latter utilities. Clearly, according to the WSPT-priorities, j’s position in
the queue at the machine for report p; will not be behind its position for report p;.
Let us divide the jobs already queuing at the machine upon j’s arrival into three
sets: Let Jy ={k € J|k < j, Sy > 7j, Wx/Dr > w;/pj}, Jo ={k € J|k <j, Sk >
Tj, wi/p; > Wi/Pr > w;/p;} and J3 = {k € J|k < j, S, > 7, wj/p; > Wk/Dk}-
That is, J; comprises the jobs that are in front of j in the queue for both reports,
Jo consists of the jobs that are only in front of j when reporting p; and J3 includes

only jobs that queue behind j for both reports. Therefore, @; — u; equals

=D wiBk— ) B@k - wiB— | = ) wibk— ) Dy —wip;

keJ UJ2 keJs keJy keJoUJs
= > (pjin —wipk) — > (B — pi)ik — wi(Bj — p))-
keJa keJs

According to the definition of J5, the first term is smaller than or equal to zero. As

pj > pj, the whole right hand side becomes non-positive. Therefore u; < uj, i.e.,
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truthfully reporting p; maximizes j’s ex-post utility on a single machine.

Let us now fix w; = w; and any p; > p; and regard any #; > r;. There are
two effects that can occur when arriving later than r;. Firstly, jobs queued at the
machine already at time r; may have been processed or may have started receiving
service by time 7;. But either j would have had to wait for those jobs anyway
or it would have increased its utility at decision point 7; by displacing a job and
paying the compensation. So, j cannot gain from this effect by lying. The second
effect is that new jobs have arrived at the machine between 7; and 7;. Those jobs
either delay j’s completion time and j looses the payment it could have received by
arriving earlier. Or the jobs do not delay j’s completion time, but j has to pay the
jobs for displacing them when arriving at 7;. If j arrived at time r;, it would not
have to pay for displacing such a job. Hence, j cannot gain from this effect either.
Thus the tentative utility at time r; will be at least as large as the one at time 7.
Therefore, j maximizes its tentative utility by choosing 7; = r;. As w; = wy, it
follows from Lemma 5.10(a) that choosing 7; = r; also maximizes the job’s ex-post
utility on a single machine.

For m > 1, note that on every machine, the tentative utility of job j at decision
point 7; is equal to its ex-post utility and that j can select a machine itself that
maximizes its tentative utility and therefore its ex-post utility. Therefore, given
that w; = wj, a job’s ex-post utility is maximized by choosing 7; = r;, p; = p; and,
according to Lemma 5.10(b), by choosing the machine that the LocAL GREEDY

Algorithm would have chosen. O

Theorem 5.12. Given the types of all jobs, the strategy profile where each job j
reports (7j,p;,w;) = (r;,pj,w;) and chooses a machine maximizing its tentative

utility 4 is a myopic best response equilibrium.

Proof. Regard job j. According to the proof of Theorem 5.9, 4; on any machine
is maximized by reporting w; = w; for any 7; and p;. According to Theorem 5.11
and Lemma 5.10(b), p; = pj, 7; = r; and choosing a machine that maximizes
Jj’s tentative utility at time 7; maximize j’s ex-post utility if j truthfully reports
w; = wj. According to Lemma 5.10(a) this ex-post utility is equal to 4; if j reports
w; = w;. Therefore, any job j maximizes @; by truthful reports and choosing the

machine as claimed. O
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In order to obtain the myopic best response equilibrium, payments paid by an
arriving job j need not necessarily be given to the jobs delayed by j. We formulate
this fact as a Corollary.*

Corollary 5.13. If the DECENTRALIZED LOCAL GREEDY Mechanism is modified
such that payments are collected from jobs, but not given to the other jobs, then
truth-telling and choosing a machine that maximizes the tentative utility i; is a

myopic best response equilibrium.

Proof. According to Theorem 5.9, truthfully reporting w; maximizes j’s tentative
utility for any p; and ;. Furthermore, similar to the proof of Theorem 5.11 it
can be shown that truthfully reporting the processing time maximizes j’s tentative
utility for any 7; and truthful w; = w;. Concerning the release date, arriving late at
time 7; instead of r; does not increase the tentative utility for the following reasons.
Jobs that were present at r; are already finished or have started receiving service
or are still waiting at time 7;. For those jobs, j either would have had to wait
anyway or j could have increased its utility by displacing such a job and paying
the compensation. Jobs that have arrived between time r; and 7; can only delay
j or increase the amount that j has to pay. In any case, j cannot benefit from
arriving late. Therefore, arriving at r; maximizes j’s tentative utility. This proves

the claim. ]

Although paying jobs when being displaced is not necessary to obtain the equi-
librium, it is desirable for other reasons. First of all, the resulting ex-post payments
yield a balanced budget and in equilibrium, the tentative utility at arrival is pre-
served and equals the ex-post utility of every job (Lemma 5.9). Furthermore, paying
jobs for their delay results in a dominant strategy equilibrium in a restricted type
space (Theorem 5.11).

5.5 Performance of the Mechanism

As shown in Section 5.4, jobs have a motivation to report truthfully about their
data. Therefore we will call a job rational if it truthfully reports w;, p; and r; and
chooses a machine maximizing its tentative utility ;. In this section, we will show

4We add an extra proof, since the proof of Theorem 5.12 uses the detour via ex-post utilities,
which is not possible if jobs are not compensated for delays.
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that if all jobs are rational, then the DECENTRALIZED LOCAL GREEDY Mechanism
is 3.281-competitive.

5.5.1 Handling Critical Jobs

Recall that from Section 5.2.1 on, we assumed that no critical jobs exist, as we
defined the DECENTRALIZED LOCAL GREEDY Mechanism only for jobs j with r; >
ap;j. We will now relax this assumption and allow jobs to have types from the more
general type space {(r;,p;,w;)|r; > 0, p; > 0, w; € R}. Without the assumption,
the DECENTRALIZEDLOCAL GREEDY Mechanism as stated above does not yet yield
a constant performance ratio; simple examples can be constructed in the same flavor
as by Megow and Schulz (2004). In fact, it is well known that early arriving jobs with
large processing times have to be delayed (Anderson and Potts 2004; Megow and
Schulz 2004; Megow et al. 2006). In order to achieve a constant performance ratio,
we also adopt this idea and use modified release dates as Megow and Schulz (2004)
and Megow et al. (2006). To this end, we define the modified release date of every job
jeJ as r; = max{r;, ap;}, where o € (0,1] will later be chosen appropriately. For
our decentralized setting, this means that a machine will not admit any job j to its
priority queue before time max{7;, ap;} if j arrives at time 7; and reports processing
time p;. Moreover, machines refuse to provide information about the tentative
completion time and payment to a job before its modified release date (with respect
to the job’s reported data). Note that this modification is part of the local scheduling
policy of every machine and therefore does not restrict the required decentralization.
Note further that any myopic rational job j still reports w; = w; according to
Theorem 5.9 and that a rational job reports p; = p; as well as communicates to
machines at the earliest opportunity, i.e., at time max{r;, ap;}, according to the
arguments in the proof of Theorem 5.11. Moreover, the aforementioned properties
concerning the balanced budget, the conservation of utility in the case of a truthfully
reported weight, and the online property of the payments still apply to the algorithm
with modified release dates.

5.5.2 Proof of the Competitive Ratio

It is not a goal in itself to have a truthful mechanism, but to use the truthfulness
in order to achieve a reasonable overall performance in terms of the social welfare

> w; Cj.

Theorem 5.14. Suppose every job is rational in the sense that it reports rj, p;,

wj and selects a machine that mazimizes its tentative utility at arrwal. Then the
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DECENTRALIZED LOCAL GREEDY Mechanism is o-competitive, with o = 3.281.

The proof of the theorem partly follows the lines of the corresponding proof by
Megow et al. (2006). But the distribution of jobs over machines in their algorithm
differs. Therefore, our result is not implied by the result by Megow et al. (2006)
and it is necessary to give a proof here.

Proof. A rational job communicates to the machines at time max{r;, ap;} and
chooses a machine i; that maximizes its utility upon arrival u;(i;). That is, it

selects a machine 7 that minimizes

A~

—iij(i) = w;Cy(i) + (1) = wy [+ bi(ri) + Y prtpi] +pi Y whe

keH(5) keL(j)
i—»z i—)l
<J <J

SkZT; Sk>7‘9

This, however, exactly equals the immediate increase of the objective value > w; C;
that is due to the addition of job j to the schedule. We now claim that we can

express the objective value Z of the resulting schedule as

Z=7) —u,(ij),
JjeJ

where i; is the machine selected by job j. Here, it is important to note that —a;(i;)
does not express the total (ex-post) contribution of job j to > w; Cj, but only the
increase upon arrival of j on machine 7;. However, further contributions of job j to
> w; C; only appear when job j is displaced by some later arriving job with higher
priority, say k. This contribution by job j to > w; Cj, however, will be accounted
for when adding —i (k).

Next, since we assume that any job maximizes its utility upon arrival, or equiv-
alently minimizes —;(i) when selecting a machine i, we can apply an averaging

argument over the number of machines, like in Megow et al. (2006), to obtain:

Next, recall that upon arrival of job j on any of the machines ¢ (at time r;-), machine
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i is blocked for time b;(r}) < r}/a. Therefore, we get for any j,

1 o )
EZ_“J‘(Z) = Wiy

JZ Z pk+w]p]—|—pjz Z x

i=1 i=1 1=1 keH(j i=1 keL(j
]]Z‘—)Z I]ZHZ
<j <J
Sp>1) S>1
_ / Dk Wy
= W D L Twmitr Y o
ke}gH(j) kiL(‘j)
<J <J
Skzr; Sk>r;-
/ Pk Wi
< wyTy Z +w;p; +pj Z .
keH keL(j)
k<] k<j
’l"l P w
j k k
< wprptwid twy Y S wp +p -
keH(j) keL(j)
k<j k<j
Thus,

Z<ijl+ 7“+ij Z —G-ijp]—l—ij E

jeJ JjeJ kJEH(]) jeJ jedJ keL(j)
k<j k<j

The last term can be rewritten as follows:

> P = D, pﬂwk— Z pk* > w Z =

Jje€J  keL(j ) (5,k): Jje€J  keH( ])
k<j jeH (k) keH(]) k>j
k<j i<k
Therefore,

Z < ij 1+ )7 —I—ij Z ~I—Zw]pj+2w] Z Pk
JjeJ jedJ k:eH(]) jedJ JjeJ keH(j)
k<j k>j
= Zw]1+ 7" —I—ij Z pk —_— wjp; -
JjeJ jedJ keH( ]) JjeJ

Now, we apply a lower bound on the optimal off-line schedule by Eastman, Even,
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and Isaacs (1964, Thm. 1), namely

ZO0PT > Z Z pk T wip;

jeJ kEH(]) jeJ

yielding:

1 m—1
Z < ZOPT+ij(1+a)r;+ Wijpj

jeJ jEJ
1
OP
<z 4 ij(l + a)(rj + apj) + 0= ijpj
JjeJ JjeJ
1 m—1
OPT
= Z —I—;wj [(1+a)7“j+(1+a+2m)17j]7
J

where in the second inequality r; + ap; is used as an upper bound on r . Applying

the trivial lower bound >, ; w;(r; +p;) < ZOPT  we get:

Z

IA

1 —1
ZOPT—i—max{l o ldadt m} Z0PT
o 2m
OPT 1 m—1 OoPT
= 27 4+ maxq—, a4+ —p 2 .
Therefore, we get the performance bound

{1 m—l}
0=24+maxq —, o+ —,.
o m

This can now be optimized for «, which was already done in Megow and Schulz
(2004). There it was shown that o < 3.281 for a = (V17m2 —2m+1 — m +
1)/(4m). O

5.6 On Dominant Strategy Equilibria

We show that any mechanism that has a dominant strategy equilibrium with truthful
reports must necessarily differ from the DECENTRALIZED LOCAL GREEDY Mecha-
nism in the allocation of jobs to machines and time slots; so it remains unclear what
the performance of such a mechanism might be. Giving up on decentralization,
however, we show that it is possible to define a constant competitive mechanism on
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the basis of the algorithm by Correa and Wagner (2005) such that truthtelling is
a dominant strategy equilibrium. Finally, notice that for the single machine case,
decentralization is not an issue. We comment on the Correa-Wagner Algorithm
for the single machine case and show that also the LocaL GREEDY Algorithm can
be made truthful with respect to the stronger dominant strategy equilibrium. The
payment scheme required to achieve that, however, is different from the payment
scheme of the DECENTRALIZED LOCAL GREEDY Mechanism.

5.6.1 A Negative Result

Recall that in the LOCAL GREEDY algorithm, jobs are centrally assigned to machines
such as to minimize the increase in the global objective function ) w;C;. We can
see this algorithm as the allocation algorithm of a mechanism where the only action
of any job is to report its type. Recall that such mechanisms are known as direct
revelation mechanisms. In that context, a truthful (direct revelation) mechanism
denotes a mechanism where truthtelling is a dominant strategy equilibrium. The
question arises if the LOCAL GREEDY algorithm can be augmented by some payment
scheme to a truthful mechanism. For the case of parallel machines, however, we have
the following negative result.

Theorem 5.15. There does not exist a payment scheme that extends the LOCAL

GREEDY algorithm to a truthful mechanism.

Proof. We first derive a necessary condition for making truthful reports a dominant
strategy equilibrium, and then show that it is violated by the LocAL GREEDY
Algorithm. Suppose there is a payment scheme 7 such that truthful reporting is a
dominant strategy for each job. Fix job j and the reports of all other jobs. Let also
j’s report about processing time and release date be fixed. Consider two weights of
4, w1 and w®?, and denote by C) and C? the resulting completion times and by
71 and 7® the resulting payments when j reports w(?) and w®), respectively. As
truthful reporting is a dominant strategy, reporting w®) must maximize j’s ex-post

2) _ 1(2)

utility when j has true weight w(®), especially, —w®MC® — 7z(1) > M C@) — 7l

Similarly, —w®@C® — 72 > —,@c® — 71 Adding up these two inequalities
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yields®
(w® — M) (D — @) > 0. (5.1)

Especially, if w(® < w® we must have ) > C®),

Consider now the following example. Let [w/p] denote a job with (reported )
weight @ and (reported ) processing time p. Suppose that we have to schedule the
following four jobs on two machines: [6/3],[5/4],j = [wW/3],[20/4], where @ is a
parameter. Let all jobs have a common release date large enough such that no job
has to be delayed according to the modified release dates (say r > 4«, with « as in

Section 5.5.1), but assume that they arrive in the given order.

The first job [6/3] increases the objective value on both machines by the same
amount and is therefore scheduled on the first machine. The second job [5/4] is then

assigned to the second machine. We consider two values for the weight of j, namely

w® = ﬁ and w® = % In the first case the weight over processing time ratio is

% and therefore smaller than the respective ratios of the two jobs already assigned

to machines. Thus, j would be scheduled last on each of the machines according to

the WSPT rule. It would cause the following increases:

1
(1) =+ =+ 3w

2(,2) = (r + % + 4w,

Therefore, j is assigned to the end of machine 1.
The second case for w®?) = % yields a ratio of %, which would place j first on

both machines. The respective increases are:

G, =+ 7w 46
1 1
2(5,2) = (r + 7)“1(2) 5

Job 7 would be scheduled on machine 2.

®Condition (5.1) corresponds to the notion of monotonicity as introduced by Bikhchandani,
Chatterjee, Lavi, Mu’alem, Nisan, and Sen (2006). Furthermore, in the single parameter setting
where only the weights are private information, it is equivalent to the decreasing work curves
condition by Archer and Tardos (2001). Cf. Chapters 3 and 4.
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The last job [20/4] has a ratio larger than all the ratios of the present jobs.
Therefore it would be scheduled first on both machines. In both cases, the total
weight of jobs on the first machine is larger than the total weight of jobs on the
second machine. Therefore, the increase in the objective value caused by the last
job is in both cases smaller on the second machine. Thus the job is scheduled on
the second machine, which increases j’s completion time only in the second case.
Thus, j is completed at time r+ 3 —i—% when reporting ﬁ and at time r+4+% when

reporting 5. Hence, condition (5.1) is violated. O

Remark 5.16. Theorem 5.15 does not depend on the fact that p; and r; are private
information. Hence, even if only the weights are private and the other job charac-
teristics are public, the LOCALGREEDY Algorithm cannot be augmented to a truthful

mechanism.

5.6.2 On the Correa—Wagner Algorithm

As mentioned in the introduction, the currently best known performance guaran-
tee for the regarded online scheduling problem is 2.62 due to Correa and Wagner
(2005). In this section, we show how this algorithm can be used to obtain a central-
ized mechanism that admits a dominant strategy equilibrium where all jobs report
truthfully.

The Correa-Wagner algorithm maintains a virtual single machine that can pro-
cess jobs m times faster than the original machines. The virtual machine preemp-
tively processes at any point in time the available job with the highest w;/p; ratio.
For a € [0,1], the a-point of a job is defined as the point in time, when for the
first time an a-fraction of the job is processed on the virtual machine. Jobs enter a
FIFO-queue in the order of their a-points. Whenever one of the m ’real’ machines
becomes idle, it starts processing the next job from the FIFO-queue. The mentioned
performance bound is achieved by choosing a = (v/5 —1)/2.

Theorem 5.17. For the parallel machine problem, consider a fived job j and let the
reports of the other jobs be fived as well. For given reports p; and 7j, let CY < -+ <
Ck < ... < CMAX pe the (finitely many) possible values for j’s completion time
when j varies its report w;. Let furthermore ¢o* = inf{w| report w leads to C*~'}

and define
MAX

0= 3 1o (CE— o5
E=k+1
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to be the payment that j has to pay if j’s completion time is C*. Then the Correa—
Wagner Algorithm together with the payment scheme 0 has a dominant strategy

equilibrium in which all jobs are truthful.

The payment scheme 6 is under certain conditions related to the VCG-payment
scheme. But especially in an online setting, this relationship does not hold; see
Section 5.6.3.

For the induced single parameter problem, where only weights are private infor-
mation, the result in Archer and Tardos (2001) implies that a sufficient condition
for the existence of a truthful payment scheme is that the completion time of each
job depends non-increasingly on the job’s reported weight. For the Correa—Wagner
Algorithm, indeed a higher report for the weight can only improve a job’s priority on
the virtual machine and therefore can only decrease the completion time of the job.
Therefore, the existence of a payment scheme that makes truth-telling w; a domi-
nant strategy (for fixed processing time and release date) is guaranteed by the result
of Archer and Tardos (2001). The above defined payments can be obtained using the
methods by Gui, Miiller, and Vohra (2004) or by Archer and Tardos (2001). Here,
we only show that the payments 9}“ indeed make truth-telling a dominant strategy
with respect to all three job characteristics.

Proof of Theorem 5.17. Fix a job j and the reports of the other jobs. For given
reports p; and 7; of job j, let C'(w;) denote j’s completion time as a function of
the reported weight w;. As mentioned above, C(wj;) is a non-increasing function; in
fact, it is a non-increasing step function. With that insight, it can be easily verified

that if j achieves C* under report wj, then the payment satisfies

ot = /Owj (C(x) — Clwy)) dx.

Suppose that j has true weight w; and let w; > w; be some untruthful report. Then

the corresponding incentive constraint reads as

—w;C(w;) - /O Y (C@) — Cwy)) da > —w;Clis;) — /0 7 (C(@) - Cliy)) da,

which is equivalent to

/w] (Cla) - Cliy)) da = 0.

wj

The latter is true, since C(-) is non-increasing and thus the integrand is non-negative.
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For w; < wj, the corresponding incentive constraint can be verified similarly.5
From the above analysis follows that truthfully reporting the weight is a domi-
nant strategy for job j, no matter what reports 7 makes about its processing time
and release date. Let us now turn to j’s processing time. For the true processing
time p; and fixed release date, let C'(w;), w; > 0, be the completion time for weight
report w;. Define C’(wj) analogously for some untruthful processing time p; > p;.

Clearly, C(w;) > C(wj) for all w;. The corresponding incentive constraint with

respect to processing times reads as

—u,Ctwy) - [ (@) = Cw)) do = —u,0w) = [ (6@ = ) do

0
& Owj (é(x) — C’(x)) dx

Vv

0.

The latter is implied by C(x) > C(x) for all 2 > 0.

It remains to show that arriving no later than the true release date is a weakly
dominant strategy, too. Assume j’s report is truthful in w; and p;. For fixed
processing time p; and fixed release date r;, let C(w;), w; > 0, be the completion

time for weight report w;. Define C (w;) analogously for release date 7;. Clearly,

C(wj;) > C(wy) for all w;. This implies the incentive constraints with respect to the
release date similar to the above.
0

The payments 0;-“ can be computed in polynomial time, which can be seen as
follows. For every job j, given the actual reports of the other jobs and j’s report
about processing time and release date, it is sufficient to know j’s completion time
as a function of the reported weight in order to determine the payments. It can
be easily verified that this function is a non-increasing step function whose points
of discontinuity are a subset of the set of reported ratios wy/py for the n — 1 jobs
£ # j. Therefore, it is sufficient to determine j’s completion time for n values of j’s
weight. Determining the completion time for one of these values requires running
the Correa-Wagner algorithm once again and thus takes polynomial time. Hence,
determining the payments for all n jobs can be done in polynomial time, too.

However, the payment scheme 6 is not an online payment scheme and it does
not satisfy the balanced budget condition. The described mechanism is heavily

SFor a similar, but more intuitive proof for the induced single parameter problem we refer to Lavi
(2007).
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dependent on centralization in maintaining the fast virtual machine and the FIFO-
queue. Therefore, we hardly see a chance to turn the mechanism into a decentralized
one.

5.6.3 The Single Machine Case

For a single machine, the decentralization requirement is redundant. In this case, the
Correa-Wagner algorithm is equivalent to the algorithm by Goemans, Queyranne,
Schulz, Skutella, and Wang (2002), which yields a performance guarantee of 2.42.
This way, we get a truthful mechanism with performance guarantee 2.42.

Although this is better than the performance guarantee of 3 for the LocAL
GREEDY Algorithm on a single machine (see Megow and Schulz 2004), we briefly
comment on the latter, too. Even for a single machine, the DECENTRALIZED LOCAL
GREEDY Mechanism does in general not have a dominant strategy equilibrium where
all jobs report truthfully: Consider a job j with w; = p; = 1 arriving first and a
job k with wp = 2 and py = 1 arriving second. Suppose that both jobs report
truthfully. Job j is displaced by k and receives a payment of w;p, = 1. But with
any report 1 < w; < 2, job j would still be displaced by k, receiving a higher
payment w;p, > 1. Even when we give up on a balanced budget and j does not
receive the payment when being displaced by &, j would be better off lying w; = 3
and not being displaced at all.

However, the LocAL. GREEDY Algorithm together with payment scheme 6 from
Section 5.6.2 yields a mechanism in which truth-telling becomes a dominant strategy
equilibrium. This can be proven analogously to Theorem 5.17. Again, in contrast
to the payment scheme of the DECENTRALIZED LOCAL GREEDY mechanism, the
payment scheme 6 does not satisfy the balanced budget condition and is not an
online payment scheme.

In the offline case with trivial release dates, i.e., when r; = 0 for all j € J, the
WSPT rule minimizes ), ;
In this case, the WSPT rule together with payments given by 6 coincide with the

w;C; and therefore maximizes the total social welfare.

VCG mechanism, see also Example 4.19. It can be verified that the payment that
job 7 has to make according to 6 equals the product of j’s processing time and the
total weight of the jobs that are processed behind j. This is exactly the externality
that 7 imposes on the other jobs and therefore equals the VCG-payment. For the
online case with nontrivial release dates, however, an exact algorithm does not
exist (Hoogeveen and Vestjens 1996). Hence, it is not possible to set up the VCG
mechanism. As a consequence, neither of the previously discussed mechanisms is
the VCG mechanism.
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5.7 Discussion

We leave it as an open problem to find a decentralized, constant competitive online
mechanism where it is a dominant strategy equilibrium to report truthfully. A decen-
tralized algorithm that mimics the LOCAL GREEDY Algorithm is not a candidate,
as the latter cannot be augmented by any payment scheme to a mechanism with a
dominant strategy equilibrium.

We have shown that the algorithm with the currently best performance bound for
the non-strategic, centralized setting can be turned into a truthful mechanism with
competitive ratio 2.62. But, the resulting mechanism is not decentralized and the
given payment scheme is not online. Thus, an intriguing open question remains: Is
the decentralized setting actually harder than the setting with central coordination?

Finally, we believe that it would be interesting to identify general rules that
allow for a transformation of centralized algorithms to decentralized mechanisms —
our work can be seen as one instance of such a result.
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Grafen, Mechanismen en Roostering. Traditionele optimalisatie houdt zich
bezig met de efficiénte selectie van een optimale oplossing voor een minimalisatie-
of maximalisatieprobleem. Normaliter wordt er aangenomen dat er een centrale
planner is, die volledige toegang heeft tot het model en de daarvoor relevante data.
Bijvoorbeeld, deze planner moet in een productieproces een aantal taken aan ver-
schillende machines toewijzen, op een dusdanige manier dat de in totaal benodigde
tijd om alle opgaven af te ronden geminimaliseerd wordt. Of hij moet de beste
manier bepalen om een aantal goederen van verschillende locaties naar verschil-
lende eindbestemmingen in een stratennetwerk te vervoeren. In tegenstelling tot
de centrale planning zijn er in de realiteit meestal verschillende agenten, die mo-
gelijk over privé informatie beschikken, en deze agenten moeten samenwerken om
een oplossing voor het probleem te bereiken. Dat gebeurt bijvoorbeeld op het inter-
net, waar verschillende onafhankelijke en egoistische gebruikers hun datapakketten
over de communicatieverbindingen van het netwerk verzenden. Of in het dagelijkse
verkeer, als een bestuurder probeert om de snelste route voor zichzelf te vinden en
geen rekening houdt met het effect op de andere bestuurders. In zulke situaties zijn
agenten gestimuleerd om zich strategisch te gedragen. Dit strategische gedrag kan
tot niet-optimale oplossingen leiden. De analyse van dit soort situaties vraagt niet
alleen om technieken uit de klassieke optimalisatie maar ook om technieken uit de
speltheorie en de economische theorie.

Dit proefschrift levert verscheidene bijdragen aan het onderzoeksgebied in de
overlapping van optimalisatie en speltheorie / economische theorie. In deel I bestud-
eren we klassieke vraagstukken in mechanism design door gebruik te maken van
grafen. Hoofdstuk 2 bevat een nieuwe karakterisering van revenue equivalence. Om
duidelijk te maken wat revenue equivalence is, bekijken we een veiling-situatie, waar
één enkel goed moet worden verkocht aan één persoon van een groep van bieders.
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Elke bieder heeft persoonlijke informatie over hoeveel waarde hijzelf aan het goed
hecht, maar is onzeker over de waardering van de andere bieders voor het goed.
Laten we aannemen dat het doel is om het goed te verkopen aan de bieder die het
het meeste waardeert, maar tegelijkertijd een prijs te eisen, die voor geen bieder mo-
tivatie geeft om iets anders dan zijn ware waardering voor het goed te bieden. Dan
is de verwachte opbrengst voor de veilingmeester altijd hetzelfde, onafhankelijk van
de precieze opzet van de veiling (Myerson 1981). Dit feit wordt revenue equivalence
genoemd. Resultaten over revenue equivalence kunnen in veel algemenere situaties
worden bekeken. We bekijken zo'n algemene situatie en bewijzen een karakteriser-
ing van revenue equivalence met behulp van elementaire grafentheorie. Onze stelling
kan worden toegepast in situaties waar alle bekende stellingen niet van toepassing
zijn, en heeft het voordeel dat deze eenvoudig en elementair is.

In het volgende hoofdstuk, Hoofdstuk 3, bestuderen we optimale mechanismen
voor een roosteringsprobleem. Laten we weer naar de veiling-situatie kijken om
een idee te krijgen wat een optimaal mechanisme zou kunnen zijn. In de al eerder
beschreven veiling van een enkel goed is een optimaal mechanisme één, dat de op-
brengst voor de veilingmeester maximaliseert. Volgens Myerson (1981) geeft het
optimale mechanisme het goed niet altijd aan de bieder met de hoogste waarde
ervoor, maar de veilingmeester kan het bijvoorbeeld zelf houden als alle biedingen
minder zijn dan een bepaalde gedefinieerde prijs. Ook optimale mechanismen zijn
niet alleen interessant in veiling-situaties, maar in elk spel met prijzen. We beki-
jken een eenvoudig roosteringsprobleem en bepalen optimale mechanismen. We zien
ook, dat zelfs het eenvoudigste roosteringsprobleem wezenlijk ingewikkelder is met
betrekking tot het bepalen van optimale mechanismen dan het veiling-probleem.

Deel II gaat over de toepassing van mechanism design en speltheoretische con-
cepten op roosteringsproblemen met meerdere machines. Hoofdstuk 4 bevat een
overzicht van de meest interessante en meest recente onderwerpen op dit gebied.
Het omvat de zogenoemde prijs van anarchie dan wel approximatie algoritmen voor
optimalisatieproblemen in situaties met agenten.

In het laatste hoofdstuk, Hoofdstuk 5, bekijken we een online roosteringspro-
bleem vanuit het mechanism design oogpunt. De aanvullende complicatie in een
online situatie is dat de taken, die op de machines moeten worden toegewezen,
alleen te zijner tijd bekend worden. Beslissingen moeten al worden genomen voor-
dat alle taken bekend zijn. Bovendien eisen we een gedecentraliseerde opzet. Dat
betekent dat de taken hun machine zelf kunnen kiezen. We stellen een nieuw even-
wichtsconcept voor, dat geschikt is voor deze situatie. Daarnaast presenteren we
een mechanisme voor het gedecentraliseerde online roosteringsprobleem. Ons me-
chanisme levert een goede approximatie op voor een bepaalde doelfunctie.
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