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Foreword

The papers in these proceedings were presented at the 42™ Annual Symposium on Foundations of Computer
Science (FOCS 2001) sponsored by the IEEE Technical Committee on Mathematical Foundations of Computing.
The conference was held in Las Vegas, Nevada, October 14-17, 2001.

The program committee consisted of Susanne Albers (Dortmund and Freiburg), James Aspnes (Yale), Moses
Charikar (Google and Princeton), Bernard Chazelle (Princeton and NECI), Cynthia Dwork (Compaq SRC), David
Eppstein (UC Irvine), Jon Kleinberg (Cornell), Daniele Micciancio (UC San Diego), Peter Bro Miltersen (Aarhus),
Moni Naor (Weizmann, Stanford and IBM Almaden), Ran Raz (Weizmann and IAS), Dana Ron (TelAviv), Alistair
Sinclair (UC Berkeley), D. Sivakumar (IBM Almaden), Madhu Sudan (MIT), and Salil Vadhan (Harvard).

The program committee met on June 29-30, 2001 and selected 63 papers from 214 submitted (one was
withdrawn). The submissions were reviewed as carefully as time permitted, but they were not formally refereed. It is
expected that many of them will appear in a more polished and complete form in scientific journals in the future. In
addition to the regular program, the committee also invited three tutorial lectures from Christos Papadimitriou, Piotr
Indyk and Madhu Sudan.

The committee selected two papers to jointly receive the Machtey Award for the best student-authored paper.
These were “Almost Tight Upper Bounds for Vertical Decompositions in Four Dimensions”, by Vladlen Koltun
from Tel-Aviv University and “How to Go Beyond The Black-Box Simulation Barrier”, by Boaz Barak from the
Weizmann Institute of Science. The committee noted with pleasure that there were many excellent candidates for

this award.

The committee wishes to thank all those who submitted papers for consideration, as well as those external
reviewers who helped evaluate the submissions. A list of the latter individuals appears under the heading
“Reviewers.” The program committee also wishes to thank Steven Tate for running the electronic submission server

and Bob Werner for the productions of these proceedings.

Moni Naor
Program Committee Chair
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Game Theory and Mathematical Economics:
A Theoretical Computer Scientist’s Introduction

CHRISTOS H. PAPADIMITRIOU
Computer Science Dept.
U.C. Berkeley
christos@cs.berkeley.edu

August 8, 2001

Abstract

There has been recently increasing interaction between
Game Theory and, more generally, Economic Theory,
with Theoretical Computer Science, mainly in the context
of the Internet. This paper is an invitation to this impor-
tant fronteer.

1 Introduction

During the past decade the crucial role of computation in
the world’s economy has been made explicit, while the
complex economic nature of certain novel computational
artifacts such as the Internet also became apparent. Dur-
ing the same time, and probably not by coincidence, there
has been much intellectual activity in the interface be-
tween Computer Science and Economics, especially the
more mathematically inclined sectors of the respective re-
search communities. The purpose of this paper is to give
to researchers in Theoretical Computer Science a glimpse
into this exciting field and some of its literature.
Understanding the literature and world outlook of
Game and Economic Theory is in my opinion a thor-
oughly worthwhile challenge.! [37] and [14] are excellent
'To quote [38], “Game Theory's sharp but pointedly faithful model-
ing, twisted cleverness, and unexpected depth make it quite akin to our
field; but this may also be deceptive, since Game Theory is also char-

acterized by a cohesive and complex research tradition and a defiantly
original point of view and norms that are hard to get accustomed to.”

0272-5428/01 $10.00 © 2001 IEEE

introductions to Game Theory; see also [24] for another
point of view, and the handbook [1] for a much more ex-
tensive and complete exposition (including a chapter on
computational issues by Nati Linial). A very well-written
and comprehensive introduction to the more general sub-
ject of Mathematical Economics is [29], and see also [23]
for a less mathematical, but by no mean less sophisticated,
book; both of these books also contain extensive treat-
ments of Game Theory. For a recent survey of the inter-
face with Computer Science see [38]; see also the home
page of the graduate course [39] for more references as
well as lecture notes on certain subjects covered here.

2 Nash Equilibrium

Game Theory, founded by von Neumann and Morgen-
stern [49], studies the behavior of rational economic
agents in mathematically well-defined competitive situa-
tions called games. A game consists of two or more play-
ers, each with a set of strategies, and for each combination
of strategies there is a numerical payoff for each player;
players know this setup, are rational (and aware of each
other’s rationality. . .), and seek to maximize their payoffs.
How do players act in such situations? The predominant
“concept of rationality” here is the Nash equilibrium, a
distribution on each player’s strategy space (that is, a ran-
domized play), the expected payoff of which no player
can improve by changing the distribution. The classical
result stating that all finite games have a Nash equilib-



rium already suggests a most important open problem of
an algorithmic nature: Given a game (say, the matrix of
the payoffs — the problem is open even in the case of two
players), find a Nash equilibrium in polynomial time. See
[40] for a complexity-theoretic treatment of this and re-
lated problems (including a discussion why they are most
likely not NP-hard) as well as of the combinatorics that
underlie them, and see [2] for the latest; see [17] for lower
bounds in restricted models, and [3] for a simplex-like
algorithm that solves the 2-player case (unfortunately, in
exponential time, albeit establishing the existence of a ra-
tional Nash equilibrium). To quote again from [38], this
problem may be, together with factoring, “the most im-
portant concrete open question on the boundary of P to-
day” (emphasis of the original).

The concept of Nash equilibrium is by no means un-
controversial as a definition of rationality; see [12] for a
recent criticism 2 propos the Internet. On the other hand,
when compared with “socially optimum play” (the com-
bination of strategies that maximizes the sum of payoffs)
the Nash equlibrium arguably captures the extent to which
the lack of centralized control (and unity of interest and
purpose) degrades the performance of a system. A re-
cent sequence of papers studying this “price of anarchy”
[22, 44, 28, 43] is reminiscent of the beginnings of the
on-line algorithms literature more than a decade ago —an
attempt to capture degradation due to uncertainty about
the future.

3 Mechanisms and Auctions

If Game Theory strives to map competitive situations to
individual behavior, the object of Mechanism Design is
the inverse: Given desired norms of behavior by a set of
agents (where the key complication is that these norms de-
pend on parameters known only to each individual agent),
design a game in which the desired outcome is the only ra-
tional behavior by the agents. The simple classical (and
surprisingly canonical) example here is an auction of an
indivisible item by sealed bids. The basic idea due to
Vickrey (refined and generalized by Clarke and Groves,
and hence known as “CGV mechanism”) is that the high-
est bidder wins, but pays an amount equal to the amount
bid by the second-highest bidder. 1t is easy to see that
all players are thus encouraged to reveal their true valu-

ation of the item (whereas otherwise they might get in-
volved in speculatively second-guessing other bidders),
and the item goes to the bidder with the highest valuation
—exactly as was desired. The rich interface of this field
with Computation was first exploredin [34, 31], while its
thorny interaction with approximation was pointed out in
[35]; see also [16] for an efficient generalized shortest-
path algorithm that solves an interesting problem related
to Internet routing suggested in [34]. For a recent survey
of mechanism design and auctions from the standpoint of
distributed Al see [45].

Auctions are, of course, a much-studied subject in Eco-
nomics (see for example the survey in [20]), and game-
theoretic considerations and tools are central. The sub-
ject acquired an important computational dimension by
the combined advent of electronic auctions over the In-
ternet, as well as of the auction for wireless spectrum by
the FCC, in which one bids for whole sets of indivisible
items. Such auctions are now called combinatorial auc-
tions, and present much mathematical and computational
challenge — see the extensive survey by [4]. Determin-
ing the winners of such an auction, so as to maximize total
income for the auctioneer, is a weighted set packing prob-
lem, and therefore intractable and poorly approximable,
see [47, 26, 45] for results along these lines as well as
remedies; linear programming techniques are often of use
[32, 42]. With so many items (sets) to bid on, even the
notation for communicating bids is worthy of study —
but the problem has, in some plausible sense, provably
exponential communication complexity [33]. A further
complication comes from the mechanism design aspects
of the problem [51].

Even single-item auctions present novel challenges if
the auctioned item is a piece of information (“‘digital
good,” that is, with zero reproduction cost). If the item
is to be broadcast on the Internet with possibly signifi-
cant transmission costs and potential buyers are to submit
sealed bids for it, then the mechanism design is a little
more complex, and issues of distributed computation in-
terfere [9. 19]. When bids in an auction arrive one after
the other and the auctioneer’s decisions must be made on
the fly, then we have a challenging genre of on-line prob-
lem, see [15], and [25] for the non-digital case.



