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People often have Lo reach a joinl decision even Lhough
Lthey have conllicting preferences over Lhe alternatives. Ex-
amples range [rom Lhe mundane—such as allocaling chores
among Lhe members of a houschold— Lo Lthe sublime—such
as clecling a government and thereby charling Lthe course
for a couniry. The joinl decision can be reached by an infor-
mal negolialing proeess or by a carclully specilied protocol.

IPhilosophers, mathematicians, political scienlisis, cconomists,

and olhers have studied Lthe merits of various protocols [or
centuries. More recently, especially over Lthe course of Lhe
paslt decade or so, compuler scientists have also become
deeply involved in this study. The perhaps surprising ar-
rival of compuler scicnlisls on Lhis scene is due Lo a varicly
of reasons, including the following.

1. Compuler nelworks provide a new platform for com-
municating preferences. Examples include anclion web-
siles, where preferences are communicaled in the form
of bids, as well as websites Lhal allow one Lo rale ev-
eryLhing [rom Lthe gualily of a product to Lthe atirac-
Liveness of a person.

2. Wiithin eompuler science ilsell, there are increasingly
many scliings where a decision must be made based
on Lhe conllicting preferences of multiple parties. Ex-
amples include determining whose job gels to ron first
on a machine, whose nelwork trallic is rouled along a
particular link, or whose advertisement is shown next
Lo a page of scarch resalis.

3. Grealer compuling power and belier algorithms, as
well as a more compuiational mindsel in the general
public, have made il possible Lo run computationally
demanding protocols thal lead Lo much belier oul-
comes.  An example s an anclion in which bidders
can bid on arbitrary seils ol ilems, rather Lhan just on
individual items (I will discuss such anclions in more
detail laler in Lhis article). Such protocols used Lo be
considered Ltheoretical nicetics Lhatl could never be run
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in practice (Lo the extent Lthat they were conceived of
al all), bul now Lthey are aclually praciical.

4. The paradigms ol compuler science give a dillerent and
nsclul perspective on some of the classic problems in
eceonomics and related disciplines. For example, vari-
ous resulls in coonomics prove Lhe existence of an equi-
librinm, bul do not provide an ellicient meihod for

reaching such an equilibrium.

In this arlicle, I give a (necessarily incomplele) survey
of Lopics Lhal compuler scienlisis are working on in Lhis
domain. [ will discuss voling and rank aggresation, Lask
and resource allocation, kidney exchanges, anclions and ex-
changes, charitable giving, and predicliion markeis; in addi-
Lion, I will diseuss Lthe problem of agents acting in Lheir own
hest inberest, which culs across most of Lhese applications. 1
also intersperse a few opinions and predictions aboul where
[ulure research should and will go.

In the below, the partics whose preferences we are inler-
esied in are nol always people: Lhey can also be, among
other Lhings, robols, soltware agents, or firms.! As is done
in bolh compuler scicnee and economics, [ will use Lthe Lerm
agenl o generically refer Lo one of Lhe partics.

1. SETTINGS WITHOUT PAYMENTS

I will discuss a variely of scllings, so il is helplul Lo cal-
egorize Lhem somewhal. An important aspect is whether
Lthe selting allows agenis o make paymenis lo cach oiher
(in some currency). For example, in a voling seiling, we
Lypically do not imagine money changing hands among voi-
ers (uneihical behavior aside). On the other hand, in an
aunclion, we nalurally expect Lhe winning bidder Lo pay lor
her winnings. In ihis secltion, 1 diseuss various seillings in
which no money changes hands; 1 will discuss seilings wilh
payments in the next seclion.

1.1 Voting and rank aggregation

A natural and very gencral approach lor deciding among
multiple allernatives is o vole over them. In the gencral
Ltheory of voling, agenls can do more than vole for a single
allernative: usually, they gel Lo renk all the alternalives.
For example, il a group of people is deciding where Lo go for
dinner Logeiher, one of them may prefer American [ood Lo
Braszilian, and Brazilian to Chinese. This person's vole can
Lthen be expressed as A = B = .

‘In artificial intelligence, there is the study of mullicgent
systems, where agents—lor example, robols—oflen neesd a
protocol for coordinaling on (say) a joinl plan.



Given everyone'’s vole, which euisine should be chosen?
The answer is [ar [rom obvious. We need a veoling rule Lhat
Lakes as inpul a collection of voles, and as oulpul returns
Lhe winning allernative. A simple rule known as Lthe pluralily
rile chooses the allernative thal is ranked [rst the most
ofien. In this case, the agenis do nol really necd Lo give
a [ull ranking: it sullices Lo indicale one’s mosi-preferred
allernatlive, so each agent is in el just voling lor a single
allernative.

Another rule is Lthe anli-plurelily rule, which chooses Lhe
allernatlive Lthal is ranked last the least often. Now, it sullices
for agents Lo report Lheir last-ranked alternative —Lhey are
voling ageinsl an allernative. Which of these two rules is
beiter? IL is hard Lo say. The [ormer tries Lo maximize Lhe
number of agenis Lhal are happy aboul Lhe choiee; Lhe laiier
trics Lo minimize Lthe nomber that are unhappy. Anolher
rile, known as the Borda rule, tries Lo sirike a balance: when
there are Lhree allernatives, il will give bwo poinls Lo an
allernalive whenever it is ranked [first, one whenever il is
ranked sccond, and zero whenever it is ranked lasi. Many
oLher rules, most of Lhem nol relying on such a points-based
scheme, have been proposed; social cheice Lheorisis analyze
Lhe desirable and undesirable propertics of Lhese rules.

Hather Lthan just choosing a winning allernative, most of
these rules can also be used Lo lind an aggregale ranking of
all the allernatives. For example, we can sort the allerna-
Lives by Lheir Borda score, Lherehy deciding nol only on Lhe
“hest™ alternative bul also on Lhe second-best, ele. There are
numerons applications of this that are relevant Lo computer
scicnlisis: as an illustrative cxample, one can pose Lthe same
query Lo mulliple scarch engines, and combine Lhe resulting
rankings of pages inlo an aggregale ranking,.

One particularly nice rule [or such seitings is the Kemeny
rile, which lnds an aggresale ranking of Lhe allernatives
thai “minimally disagrees” with Lthe inpul rankings. More
precisely, we say Lhal a disagreement oceurs whenever Lhe
aggregale ranking ranks one alternalive above anolher, but
one of Lthe volers ranks the latter allernative above Lthe lor-
mer. The Kemeny rule produces a ranking thal minimizes
Lhe Lotal number of such 1|L‘5;—1|'__{rr:t”:uli:|1h-'. I:r'.uuuur::] over bolh
volers and pairs of alternatives).

The Kemeny rule has a number of desirable properties.
For one, il we assume Lhal there exislts an unobserved “cor-
recl” ranking of Lthe allernatives (refllecting Lheir true qual-
ily), and cach voler produces an estimatle of Lhis correct
ranking according Lo a particular noisy process, Lthen the
Kemeny rule produces the maximum likelihood estimate of
the correct ranking [40)].

Unlortunaiely, inding the Kemeny rule's oulpul ranking
is computationally inlraciable (formally, NI*-hard) [3]! Nev-
criheless, there are algorithms thal can usually solve Lhe
problem in practice [B]. As an example, in Duke's compuler
scicnee depariment, we used Lhe Kemeny rule Lo lind an ag-
gregale ranking of our Ltop Ph.D. applicanis (based on Lhe
rankings of the individual admissions commiilee members);
using the CPPLEX solver, we [ound the Kemeny ranking [or
over a hundred applicants in under a minute.

While enabling the use of computationally demanding vol-
ing rules such as the Kemeny rule is valuable, 1 believe Lhadl,
in Lhe near [ulure, computer scientisis (specilically, the com-
pulalional social choice communily ) will make much larger
conlributions 1o the theory and praciice of voling. Real-
world organizations often need Lo make nol just a single

decision, bul rather decisions on a number of interrelated
imssues. In our dining example, Lhe agents necd Lo decide not
Eml:,.' on a restaurant, but also on the time of Lhe dinner; and
an agenl's preferred restaurant may depend on the Lime of
Lthe dinner. PFor example, an agenl may prefer nol Lo stard
a heavy Brazilian sicakhouse meal shorily belore going Lo
by

[n some sense, Lhe “correct” way of handling this is Lo make
Lhe alternalives combinations of a Lime and a cuisine, so Lhat
an agent can say: “l prefer an carly Brazilian meal Lo a lale
Chinese meal Lo..." However, Lhis straightlorward approach
rapidly becomes impraciical as more issues are combined,
hecanse Lhe number of alternatives IIIII:]I:”:r]__‘;f:I-I_':'-I a combinato-
rial explosion. Ideally, the agenis would have an expressive
language in which Lthey can naturally and concisely repre-
sent Lheir preflerences. One good language [or representing
such preferences is Lhal of CP-nets [4] (which bear some re-
semblance o Bayesian nelworks). A CI'-net allows a voler
Lo specily Lthal her preferences lor one issue depend on the
decisions on some olher issunes— [or example, “If we are cal-
ing carly, | prefer Brazilian; olherwise, | prefer Chinese™
Given a language, we necd Lo design new voling rules Lhad
can operale on preflerences represenied in Lhis language, as
well as algorithms for running Lhese rules.

While such combinelorial voling |20, 38| is in ils inlancy,
il is casy Lo see ils polential value by considering how ad hoe
Lhe methods are Lthal we use Lloday [or Lhese Lypes of situa-
Lions. For example, members of Congress musi vole on bills
Lthat address many dilferent issucs, and would often prefer
Lo express preferences on individual issues. Unforiunately,
voling on Lhe individual issues separately can casily lead Lo
undesirable resulls, becanse there is no guarantee that the
issues are resolved in a consistent way. For instance, in the
dining example, it may happen that most agenis, in general,
prefer Lo eal al a Brazilian steakhouse; and thal, in general,
mosl agenis preler Lo eal lale; bul most agents do nol wani,
Lo eal al a Brazilian steakhouse late al night. Il they vole
on Lhe issues separately, the resull may well be a late din-
ner al a Brazilian steakhouse. This is why the language [or
expressing prelerences needs Lo allow Lhe agenis Lo specily
some inleractions among Lhe issues.

1.2 Allocating tasks and resources

A voling scheme allows an agent Lo submil arbilrary prel-
ercnces over Lhe allernatives. While Lhis generalily is nice, in
many sellings, il is nol needed, becanse we can salely make
some assumplions aboul agenls’ preferences. Lol us consider
again the example of allocating chores in a houschold. One
allernative might be: “Alice will vacuum and take oul the
Lrash, and Bob will do the dishes.” IL seems sale Lo assume
Lhait Bob will prefer this allernative Lo the allernative: “Al-
ice will take oul the trash, and Bob will vacuum and do the
dishes,” since Lhe lalter alternalive gives Bob an additional
task. On ithe other hand, il we are allocaling desirable re-
sources instead of cumbersome Lasks, Lthen presumably more
is preferred Lo less. For example, il the agenis joinlly own
a car, an allernative might be: “Alice gels Lo use Lhe car
on Friday, and Bob gels Lo use il on Salurday and Sunday,”
which Bob presumably prefers to Lthe alternative “Alice gels
Lo use the car on Friday and Saturday, and Bob gels Lo use il
on Sunday.” Here, the use of Lthe car on a particular day is a
“resource.” These assumplions about prelerences —receiving
more Lasks or fewer resources is never preferred—are com-



maonly relerred Lo as monolonicily assumplions.

Anolher reasonable assumplion aboul preferences is Lhat
an agent 1‘}1|l;|.r carcs aboul which tasks or resources are al-
located Lo her. For example, Aliee is likely io be indiller-
enl belween “Alice gets Lhe car on Friday, Bob on Satur-
day, and Carol on Sunday™ and “Alice gels ihe car on Fri-
day, Bob on Salurday and Sunday, and Carol never.” In
coonomics, the assumplion thal an agent, given her own
resources and Lasks, does nol care aboul how the remain-
ing resources and tasks are allocated Lo the olher agents
is known as the no-exlernalilies assumplion. Il is nol al-
ways completely accurale —Alice may dislike Lhe allernative
where Carol never gols Lhe car .‘illt_';hl-l_}" more, [or example
becanse Carol will ask Alice io run errands for her in Lthat
casc—bul il is usoally assumed.

Reasonable assumplions such as the above allow us Lo get
away [rom Lhe [ull generality of Lhe voling model, and make
decisions in a way Lthatl is more specilic Lo Lask and resource
allocation. Incidenially, there are many applicalions of task
and resource allocation within computer science. For exam-
ple, we may allocale Lime on a supercompuler (or olher com-
puiling resources) instead ol Lime with a car. Also, insiead
of allocaling the chores of a houschold Lo ils inhabilanis, we
may allocale jobs Lo machines.

S0, how should we allocale tasks and resources? By [ar
Lhe most common approach to Lhis is Lo assume thal the
agenls can make or receive paymends in some currency, which
leads us Lo awclion and exchange mechanisms. 1 will discuss
such mechanisms in more detail later on, bul [or now, |
first consider methods Lhat do not require payments. These
melhods will generally Lry Lo lind an allocation Lhat is “[air”
i SOIMNe SCNsc.

One [airness crilerion is envy-freeness: we should ind an
allocation such that every agent prefers her bundle (Lhat is,
Lhe tasks or resources allocated Lo her) Lo each olher agent's
bundle. When resources are nol divisible, an envy-lree al-
location is nol always possible, and deciding whether one
exists is NP-hard [22]. Moreover, one can argue Lhal cnvy-
[reeness alone is nol sullicient: even il an allocation is envy-
free, il is possible Lthal reallocating Lhe Lasks or resources
can make everyone beiler oll, in which case we say Lhal Lhe
original allocation is nol Parelo effecient. For example, con-
sider a siluation where one agent owns lwo lell shoes, and
anolher agenl owns lwo righl shoes. Neither agenl envies
the other's situation, bul bolh agenis can be made beller
ofl by Lrading a lell shoe [or a right shoe. Pareio elliciency is
gencerally considered Lo be of paramount importance. There
has been work characterizing Lthe computational complexily
of linding an allocation ithat is boih envy-free and Parelo
cllicient [5].

In a conlexi where every resource is initially owned by one
of Lhe agents, il makes sense Lo use an exchange —cven il
for some reason, payments are not possible. 1 discuss an ex-
ample ol an exchange withoul paymenis, a bdney exchange,
nexi.

1.3 Kidney exchanges

In most r::u‘.h'rmr._{{::-;, Lhe participants can make paymcnls
Lo cach other, which [acilitates trade. 1 will discuss such
exchanges shorily. However, Lhere are some exchanges in

which no payments can be made, so Lthal only ilems change
hands. These are known as barler erchanges. An example

is a Mdney exchange [27).

Buying and sclling kidneys is illegal in most countries;
however, Lhis is nol Lhe case for swapping kidoneys., As an
example, suppose a palient is in need of a kidoey Lransplant,
and there is a donor who is willing Lo give up her kidoey
for this particular patient, bult unfortunately Lthey are nol
compalible. There may be a second patieni-donor pair in
Lthe same silnation; morcover, it may be Lhe case thal the
second patient is compatible with the first donor, and the
lirsl. patient is compatible with Lthe second donor. In this
case, il 18 bencelicial for the Lwo paticni-donor pairs Lo swap
Lheir donors’ kidneys.

Ii is helplul io Lthink of each palieni-donor pair as a single
agenl, so Lhat each agend has a kidoney and needs a{nother)
kidney. This makes il easier Lo see Lhal more complex irades
can be benelicial: ageni 1's kidoney can go Lo agent 2, ageni
2's kidney Lo agenl 3, and agent 3's kidney o ageni 1
Lthis is known as a cyele of lengih 3. O course, we can
also have cycles of lengih 4, ele.—bul il is preferable Lo nol,
have very long cycles (all Lthe operations in a cycle have Lo
be perlormed simuliancously so Lthal nobody will back out,
which poses a logistical problem [or long cycles; also, if lasi-
mimuie Lesting discovers an incompatibilily in the eycle, Lthe
entire cycle collapses).

Kidney exchanges are now a realily, and compuler scien-
Lisls are involved in them [1]. Specilically, Lhey have started
working on Lthe computational problem of clearing the ex-
change: the inpul describes which patienis are compatible
with which of Lthe donors' kidneys, and ithe oulpul speci-
lies which cycles will be used. Using malching algorithms,
the problem can be solved in polynomial time il ihere are
no restrictions on how long cycles can be, or il only cyeles
of length iwo are allowed. However, il Lhe maximom cy-
cle lenglh is three or more, Lthen ihe problem is NIP'-hard.
Nevertheless, in praclice, large problems can be solved Lo
oplimality, using optimizalion Ltechnigues including column
generalion and branch-and-priee scarch [1).

2. SETTINGS WITH PAYMENTS

We now move on Lo sellings where agenils can make or
receive payments. Paymenis are uselul becanse they allow
us Lo gquantily agenis’ preferences. Informally, agenis now
need Lo pul Ltheir money where their mouths are. Payments
also allow us Lo iransfer happiness (wlilily) [rom one ageni
Lo anolher.

2.1 Auctions and exchanges

In many problems Lhal require us Lo decide on an alloca-
Lion of Ltasks or resources, il makes sense Lo also delermine
paymenis that some agenis should make o olher agenis.
Returning Lo our example of allocating chores, imagine Lhal
Lhe inhabitants are roommales who cach pay a share of the
rent, and we end up assigning a disproporiionale number of
chores Lo one of Lhe roommates. I seems [air Lhatl Lhis room-
male should pay a smaller share of Lhe rent, which elfectively
represents a monetary Lransfer Lo Lhis roommate from the
olhers. This arrangement. may well be Lo everyone's benefit,
[or example, il this roommale is unemployed and has pleniy
of lime [or completing chores but litlle money 1o spend on
rent.

Onee we start to consider payments in Lhe allocation of
Lasks and resources, we are quickly drawn into ewclion Ue-
ory. (A briel article on aucltions and compuler scienoe re-
cenlly appeared in the Communicalions of the ACM [35].)




