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ITepiAndm

X1 mopoloo Simhwpatind epyacio, UeAeTaUE TpolAuaTa YweoETnong and T oxo-
T TOLU OYEBLOUOU unyoviouny. Emxevipwvouacte oe malyvio, 6mou éva oplouévo
TARUOC oMb EYXATACTACELS Ol OTOlEC TEOCPEPOLY Evar CUYXEXEWEVO TUTO UTnpeeaiog,
mpoxerton v Totodetnloly o éva PETEIXG Yo, Ue [Bdon tn (Atnon mou dnAkvouv
€V 6UVOAO O GTEATNYXOUS T TEC. Ol T TES EYOLUY WC OTOYO VoL EAAYLOTOTOGOLY
TO %60TOC GUVOEDTC TOUG, ONAadH| TO YvoUeVo Tng {ATNONE TOoug €L TNV AmOC TACT| TOUG
OO TNV XOVTIVOTEQRT EYXATACTUOT XAl Yiol QUTO EVOEYETAL Vo dOnhwoouy Yeudry {htnon.
Evogpepouaote 1dlng yio unyaviopole mou eivon grhaideic, dnhady e acpaiilouv 6Tt
xavévog maixtng o Yo weeindel dninvovtag Peudr (ATnom, 08 yeNooTo0Y YETI-
T avTohAGypator xou tpooeyyiCouv To BEATIOTO GUVOAIXG xOcTog. llpayuatomololue
war avaoxomnor e PBiBMoypaplag OYETNE UE TO OYEDIOUO UNYOVIOUMY Y0EIC YET|Uo-
oy TpoPAfuata yweovétnone. Enlong, mapoucidlouue mpdogato amoteAEouaTo Tou
0poEOUY TO OYEBLICUO UNYAVIOUMY UE ¥eHoT money burning, 6mou ol TANEWUES TOU O-
@ethouy vo xatadhouy oL TalxTEG elvor OTN LOPQH UEIWUEVNG TTOLOTNTOG TNG UTNRESTAG
mou Aopfdvouv. Télog, avamTiGoOUUE Uia VEX TROGEYYIOT| GTO OYEDLUCUO QLAY
UMY OVIOUMY Yol TO CUYXEXPWEVO TEOBANUA YWEOVETNONG, YENOWOTOWWVTAS TNV TEYVIXA
money burning. Ilapouvcidlouye o amotehéopatd pog yior TNV evdeiol TV TEAYUATIXGY
oErdueY, 660 xaL Ylol YEVIXOUC UETEIXOUS YWEOUG.

AéEerig KAer61d — Yyedoopog rainiony Mnyaviousy, Xwpodétnorn, Money Burn-
ing






Abstract

In this thesis, we study Facility Location problems from a mechanism design per-
spective. We focus on games, where a number of facilities that provide a certain type
of service, are placed in a metric space based on the demands reported by strategic
agents. The agents seek to minimize their connection cost, namely the product of their
demand times the distance of their location to the nearest facility, and may misreport
their demand. We are interested in mechanisms that are truthful, i.e. ensure that no
agent can benefit from misreporting his demand, do not resort to monetary transfers,
and approximate the optimal social cost. We survey recent results in Mechanism De-
sign without Money for Facility Location problems. We also survey Money Burning
Mechanism Design, where the payments charged to the agents are not in the form of
monetary transfers, but service degradation. We then develop an approach to design-
ing both deterministic and randomized truthful mechanisms for our Facility Location
game, using a money burning technique. We present our results for the real line setting,
as well as general metric spaces.

Keywords— Mechanism Design without Money, Facility Location, Money Burn-
ing






Euyaplotieg

Oloxhnpivovtog Tig onoudég pou oto EMIL, Yo Adeha vo evyaplotiow tov emi-
BAEmovTo 3oy NTH HoL x. PKTAXN Yior TNV EUTOTOCUVT TOL €BELEE GTIC BUVATOTNTES OV,
N ouvepyooto pag, xadde xar Ty evidppuVoY| Tou o OAN TNV axadNUaixY| Loy Topeia
uéypr twea. Tnv orydmn pou ya ) Ocwpntixy IIinpogopixs v ogeiiey T6c0 oToV (B0,
660 1o GTOV VIOUCLIOUS %o GTT) BIBooXUAd TOL %.Zdy0ou amd To TEMTA X1OhG EEAUTVAL

NG oY oM.

Oau Adeha eniong va eLYAEIGTHOW TOUS PIAOUC XU TNV OWXOYEVELL OV, %Ol TEVE)
amd GhOUC TN UNTEPOL UOU Yo OGO €Yl XAVEL xan cuVeEY(Cel vo xdvel yio péva. Téhog,
guyaploTe Tov Kwoth mou elvor ndvta dimha pou oe 6o xan av nepdooue Wall.
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Chapter 1

Introduction

The advent of the Internet has radically changed the way people interact with each
other. This massive network of networks can be viewed as an interconnected system
of strategic entities, in which the multiple participants, each one optimizing their own
objective, affect each other’s outcome. However, the competing incentives of different
participants may lead to complex environments that unavoidably create many possible
courses of action; agents may even intentionally misreport data in order to optimize
their actions and achieve their goals.

From a Computer Science perspective, modelling and analyzing systems that are
the outcome of the strategic interactions among agents, required a different approach;
to optimize system-wide objectives in stategic environments, classical algorithm design
is no longer enough. Meanwhile, Game Theory studies the general principles of inter-
actions between rational agents and provides solution concepts that prescribe how the
rational agents should act when they try to maximize their own payoffs.

The fruitful combination of Game Theory and algorithms gave rise to the devel-
opment of Algorithmic Mechanism Design. Given a set of players with private utilities
and a desired outcome, Mechanism Design aims to design a game such that at the
equilibrium of the designed game no agent has an incentive to deviate. Therefore,
Mechanism Design is sometimes called reverse Game Theory; Game Theory studies
the outcome of systems of selfish agents taking the rules of the game as given, while
Mechanism Design looks to find processes that can give the agents the incentives to
behave in a desired and predictable way, i.e. transforms the selfish behaviour of agents
into a favorable outcome for themselves, and the designer of the mechanism as well.
In other words, the mechanism is a function which based on the information received
from the agents, chooses an outcome and probably an appropriate payment scheme.

17



18 Chapter 1. Introduction

Computational efficiency issues and algorithmic methods have later been incorporated
into Mechanism Design introducing the subfield of Algorithmic Mechanism Design.
As a result, the problem of designing a mechanism became actually a computational
problem.

Algorithmic mechanism design deals with game-theoretic versions of a plethora of
optimization problems such as routing in computer networks, auctions and scheduling.
In this thesis, we focus on Fucility Location games. The problem of Facility Location
is classical and has a long history within Operations Research, Social Choice Theory
and Algorithms. During the past few years, it has received considerable attention in
the field of Algorithmic Mechanism Design.

Many variants of the Facility Location problem have been studied under the um-
brella of mechanism design. In general, in a Facility Location game one or more facil-
ities are placed in a metric space to serve a set of agents. The goal of the mechanism
designer is to guarantee truthfulness, i.e. that agents report to the mechanism their
true private information, as well as to optimize a related objective function. In the
classical Facility Location setting, each agent’s private information is his location. An
agent may have the incentive to lie in order to be as close to a facility as possible, thus
minimizing his individual cost; the cost of an agent is defined as the distance between
his true location and the closest facility. The objective of the mechanism designer may
be the minimization of the social cost (namely the sum of agents’ individual costs) or
the maximum cost. For instance, this model fits naturally in real-life problems such as
building a public building such as a library based on the preferences of the residents
of a city. Nevertheless, this setting is just one of the many other variants of Facility
Location that have also been extensively studied.

Although the classic Mechanism Design relies on payments to obtain optimal re-
sults, in some settings, including Facility Location games, money transfers are impos-
sible or undesirable. Procaccia and Tennecholtz [30] first proposed that approximation
can ensure strategy-proofness without resorting to payments, thus initiating the re-
search on Approzximate Mechanism Design without Money. Staying within the confines
of this money-free framework, in this thesis we are interested in the study of approxi-
mate, truthful mechanisms which do not use money.

In addition to Approximate Mechanism Design without Money, we are also inter-
ested in Money Burning Mechanism Design, introduced by Hartline and Roughgarden
in [20]. Inspired by the ability of computer systems such as networks to degrade ser-
vice quality, Hartline and Roughgarden consider an other way of overriding the use of
monetary payments: agents are are required to burn money and the payments take
the form of wasted resources instead of actual money. In the last part of this thesis,
we apply money burning to obtain truthful approximate mechanisms for a Facility
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Location setting.

Scope of this Thesis. In this thesis, we survey classic Mechanism Design literature
as well as recent results in Mechanism Design without Money for Facility Location
problems. We propose a new Facility Location setting, where a number of facilities
that provide a certain type of service, are placed in a metric space based on the demands
reported by strategic agents. The agents seek to minimize their connection cost, namely
the product of their demand times the distance of their location to the nearest facility.
The locations of agents are public knowledge, but their splittable demands are private.
Our goal is to design mechanisms that are truthful and approximate the optimal social
cost in this Facility Location setting.

1.1 Organization of the Thesis

The purpose of Chapter 1 is to introduce the basic concepts of Algorithmic Mech-
anism Design. We will present several classic results and related work on the field. In
the last two sections of this Chapter, we focus on two well-known mechanisms: the
VCG mechanism and the Exponential Mechanism. We present their properties, ap-
plying the theory of Algorithmic Mechanism Design. In Chapter 4, we will revisit the
VCG mechanism, but from a different perspective.

In Chapter 2, we examine problems related to Facility Location. We survey the
most important results in the rich literature on Facility Location games. We also
make a short introduction to Social Choice Theory and to results relevant to Facility
Location. We are particularly interested in Mechanism Design without Money, thus
we focus our attention to recent research in Approximate Mechanism Design without
Money, where approximation is used to obtain truthfulness, while sacrificing a fraction
of the optimal social cost.

In Chapter 3, we survey Money Burning. We summarize the essential parts of
the paper [20] by Hartline and Roughgarden, who introduced the framework of Money
Burning. We then briefly refer to several recent papers, where a money burning tech-
nique is applied.

Finally, in Chapter 4, we propose a novel approach to designing truthful mecha-
nisms for Facility Location. We consider a Facility Location setting that has not been
studied from a mechanism design perspective before, and we combine the main con-
cept of Money Burning with results in Facility Location literature, in order to design
mechanims with payments in the form of additional individual (and social) cost. We
present a randomized as well a deterministic mechanism and study their properties in
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the real line setting as well as in general metric spaces.

1.2 Mechanism Design

In this Chapter, we mainly survey some of the classic results in mechanism design
and define most of the notation and terminology used in the classic mechanism design
literature. We also present some examples of mechanisms, such as the seminal VCG
Mechanism and the Exponential Mechanism.

1.2.1 Notation and Basic Concepts in Mechanism Design

Informally, a mechanism could be described in one sentence as a pair of an al-
gorithm and a payment rule that prescribe an allocation and a payment method for
the agents. Payments are usually required to achieve computational efficiency. How-
ever, monetary transfers are sometimes difficult to be implemented or even illegal to
be used. Assuming the existence of payments, we formally define the following model
for a general mechanism design problem:

The basic setting. There is a set of n agents (players) and a set O of feasible outcomes
of the mechanism, where outcome is an allocation combined with a price charged to
cach agent i. Each agent i has a private valuation v; : O — [0, 1] for the outcomes. If
an agent does not want to be truthful, he may not reveal its truthful valuation to the
mechanism, but strategically report a false valuation b; : O — [0, 1], that we will call
the agent’s bid. The agents submit their bids to the mechanism. The central entity or
the designer of the mechanism collects the reported bids and chooses an allocation rule
z(b) € O and a payment rule p(b) € R™. Each agent i also has a quasi-linear utility

ui(b) = vi(x(b)) — pi(b).

Notation. Let v denote the vector of agents’ valuations and b the vector of reported
bids. We will denote by v_; the vector of all agents’ valuations except ¢ and by b_; the
vector of all agents’ bids except .

As previously mentioned, an agent may strategically misreport its valuation to
satisfy its goals. Mechanism Design theory focuses on the simple idea of incentive
compatibility or truthfulness, i.e. the allocation and payment rules are such that each
agent’s best strategy is to thruthfully reveal its private information to the mechanism.
The agent maximizes its utility by bidding its real valuation regardless of other agents’
bids. Formally,
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Definition 1.2.1. An mechanism is incentive compatible or truthful iff for each agent
i € [n] with valuation v;, Yb_; :

vy € arg mbaX{Ui@(bi, b_;)) — pi(bi,b_;)}

An other naturally desirable property of a mechanism would be individual ratio-
nality. Agents have to pay money to the mechanism, but this payment should not be
greater than the valuation they have for the item they get.

Definition 1.2.2. An mechanism is individually rational iff the (expected) utility of
each agent i € [n] is always non-negative assuming truthful bidding, i.e.

vi(@(vs, b—;)) — pivi, b)) >0

The Revelation Principle for dominant strategies. It is natural to assume that
each agent will follow the best possible strategy that leads to a payoff larger than any
other, regardless of the strategies played by the other agents. Such a strategy is a
dominant strategy.

Definition 1.2.3. A bid profile b; is a dominant strategy for agent i € [n] if Vb_;, b:

’u,(bz, bfz) > U,(b;, b*l)

In a direct revelation mechanism each agent is asked to report its individual infor-
mation to the mechanism. Thanks to the powerful Revelation Principle, we can focus
our attention on the set of direct revelation mechanisms, where the bidders reveal
their true valuation for an outcome o € O. The Revelation Principle states that for
every mechanism in which every agent has a dominant strategy, there is an equivalent
truthful direct revelation mechanism.

Theorem 1.2.4 (Revelation Principle, [28]). If there exists an mechanism that imple-
ments an allocation rule x(-) in dominant strategies, then there exists a direct truthful
mechanism that implements x(-) .

Myerson’s Lemma. Myerson’s Lemma belongs to the foundation theory of Mech-
anism Design and it is extremely powerful. The Lemma states that a mechanism is
dominant strategy truthful if and only if the allocation rule is monotone. On the top
of that, there is no ambiguity in how to assign payments to achieve truthfulness. The
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resulting payment formula has a simple and intuitive format. Indeed, we can interpet
the payment formula as follows: as agent ¢ increases his reported value per unit of
resource, he pays for each additional part of resource at a rate equal to the minimum
report needed to win that part.

Lemma 1.2.5 (Myerson’s Lemma, [27]). A mechanism for a single-parameter problem
is dominant strategy truthful iof and only if for every agents i and fixed reported bids
b_; of other agents,

e x;(b;) is a monotone non-decreasing function of agent i’s bid b,

e the payment rule is given by the explicit formula

assuming p(0) = 0.

Gibbard-Satterthwaite Impossibility Theorem. An allocation rule is onto if for
any outcome o € O there is a valuation v : O — [0, 1] such that z(v) = 0. An allocation
rule z(-) is dictatorial if there is no agent i such that for any bid vector b_;, z(v;, b_;) =
arg max, v;(0). The main impossibility result states that:

Theorem 1.2.6 (Gibbard-Satterthwaite, [18, 32]). There is no thruthful allocation
rule x(+) that satisfies all of the following conditions:

e there are at least three different outcomes, |O| > 3
e the allocation rule x(-) is onto

e the allocation rule x(-) is not dictatorial

The above result implies that the general mechanism design is an impossible prob-
lem. However, we can avoid this negative result if we modify the setting by introducing
money. The existence of money is a reasonable and convenient solution in many set-
tings and payments of the agents will extend the range of possible solutions. A second
direction is to restrict the domain of agents’ utility functions; a very common assump-
tion is that agents have quasilinear utilities.

Objective functions. In a mechanism design problem, the designer has to choose
an outcome o € O that depends on the agents’ private valuations. The quality of
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a possible outcome can be measured using various objectives; considering different
objectives there may exist different desired outcomes.

The most common objective fuction is the social welfare. In mechanism design,
the social welfare is a measure of how much the agents value an outcome o € O. For
example, in auction design the goal is to award the item to the agent with the highest
valuation, maximizing the social welfare.

Definition 1.2.7. For an outcome o € O, the social welfare of a mechanism is defined
as follows:

1.3 Examples of mechanisms

1.3.1 The VCG Mechanism

For the simple setting of a single item for sale and n bidders, the famous Vickrey
mechanism or sealed-bid second-price auction is a simple, yet efficient solution. In
a Vickrey auction, the item is awarded to the highest bidder, but the amount the
mechanism charges the winner is the second highest bid. Every losing bidder pays
nothing. Under these allocation and payment rules, a bidder has an incentive to report
its true valuation for the item, and thus social welfare optimality is achieved. If the
valuation v; of bidder ¢ is the highest among all bids, then the bidder ¢ maximizes its
utility only by bidding thruthfully and winning. If there exists a bid b;, j # ¢ such that
b; > v;, then bidder 7 has no incentive to receive negative utility by overbidding.

The main idea behind the Vickrey mechanism’s payment rule is charging every
bidder ¢ his “externality” - or the welfare loss the presence of the bidder i causes to
the other bidders. In a sequence of works by Vickrey [37], Clarke [10] and Groves [19],
this idea becomes the key to solving the more general setting of multiple items for sale,
where a bidder may have different valuations for different items or outcomes. A formal
statement of the Vickrey-Clarke-Groves (VCG) mechanism is the following:

The VCG mechanism requires computing the optimal solution arg max,co » .., b;(0)
which usually can not be implemented in polynomial time. Despite its computational
inefficiency, the VCG mechanism is a truthful mechanism that has many strong prop-
erties and can be applied to a large range of settings. For example, it satisfies the
property of no positive transfers, where no player is paid anything by the mechanism,
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The VCG mechanism is a mechanism (z, p) where

o Allocation rule: z(b) = arg max,co » s, bi(0)

o Payment rule: pi(b) = max,eo > _;; bj(0) — > 7, bj(z(b))
Mechanism 1.1: The VCG Mechanism

i.e. it holds that for every agent i and every bid profile b : p;(b) > 0. This property
follows immediately from the definition of p;.

Under the assumption that b; > 0, the VCG mechanism is also individually ra-
tional. To prove this, fix an agent ¢ and let w* = x(b) = argmax,co ., b;(0) and
w = arg maXeeo ) ;; bi(0). We have that

u;(b) = vi(z(b)) — nz‘(b) = [vi(w") + >z bi(w)] =32, bj(w) >
Zj:l bj(w*) — Zj:l bj(w) >0,

since b;(w) > 0 and w* was chosen as to maximize arg max,co » ;. bi(0).
Theorem 1.3.1. The VCG mechanism is truthful.

Proof. Let w* = z(b) = argmax,co _;_, bj(0). We have to prove that for each agent
i, VU“ bi7 b_z‘ :

wi(vi, b—;) > u;(b;, b_;)
Indeed,

ui(bi, b;) = vi(w”) — pi(bi, b—i) = [vi(w") + 32,4 bj(w*)] — [maxeeo 3,4, b;(0)]

The term maz,co ) _; i b (0) does not depend on b;, so agent i can only influence
- through the choice of w* - the term [v;(w*) + >_,;b;(w")] in order to maximize
its utility w;(b;,b-;). If we set b; = v; then the term [v;(w*) + 3, bj(w*)] becomes
equal to Y37, bj(w*), where w* = argmaz,co ) ;_, bj(0) is the outcome chosen by the
mechanism. Therefore, the best strategy for agent ¢ is bidding its true valuation v;. [J
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1.3.2 The Exponential Mechanism

Algorithmic Mechanism Design has mainly focused on the design of incentive
compatible mechanisms. However, thruthful bidding may not always be a dominant
strategy for an agent as he may achieve its optimal payoff by bidding a false valua-
tion. Moreover, an agent might not bid truthfully for privacy reasons; bidding its true
valuation implies that the agent reveals personal - probably sensitive or important -
information. As a result, we need to design mechanisms that are both incentive com-
patible and near optimal subject to a social welfare objective and at the same time
protect the privacy of agent’s personal information.

MecSherry and Talwar [24] introduced the ezponential mechanism and Huang and
Kannan [21] used this result to design an incentive compatible and individually ratio-
nal mechanism that still ensures differential privacy. The e- differential privacy of a
mechanism means that the probability of an outcome can increase by a factor of exp(e)
or less when a single agent misrepresents its information.

Definition 1.3.2. A mechanism is e-differentially private if for any set of outcomes
S C O, and for any two valuation vectors v = (vy, ..., V;, ..., U,) and v = (vy, ..., 0}, ..., v,)
that differ only in the value of a single agent i, we have

Pr[z(v) € S] < exp(e) - Pr[z(v') € 5]

Given an arbitrary range O of outcomes, a set of n inputs each from a domain D
and a quality function q : D™ — O that maps a pair of an input data set D and an
outcome o € O to a real number, the exponential mechanism of McSherry and Talwar
[24] is a general differential privacy mechanism. Intuitively, the purpose of using a
quality function is to assign a score to a pair of an input x € D™ and an output o € O,
giving higher preference to outcomes with higher scores.

If D is a reported bid profile and the quality function ¢ is the social welfare
S vi(0), then the Exponential Mechanism EX P°(v) with Social Welfare Quality
Score is the following:

€

cap(§ 1y vi(0))

S ocoenp(5 X0 vi(0))

Choose outcome o* € O with probability Pr[o*] =

The exponential mechanism can be a useful tool because of two basic properties:
it is e-differential private and chooses with high probability a high welfare outcome
0 € O. The next theorem illustrates this properties.
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Theorem 1.3.3. ([24], [12]) Let o be the output of the Exponential Mechanism EX P°(v)
and OPT(V) = mazeco Y,y vi(0*). The exponential mechanism is e-differentially
private and ensures that

Pr[} "vi(0) < OPT(v) —

i=1

2 . log |O 2t
2-log|O] _ 2] < exp(—t)
€ €

Huang and Kannan [21] used the connection between the exponential mechanism
and the Gibbs measure to introduce a payment scheme such that the exponential
mechanism becomes truthful. The payment rule is defined below in Mechanism 1.2,

1
where H(D) = ZrGR Prplr] -log Prp|r]

is the Shannon entropy of a distribution D.

exp(5 iy bi(0"))

1. Choose outcome o* € O with probability Pr[o*] = e
2 0€0 eXp(§ 2i=1 bi(0))

2. For 1 < i <n, charge agent 7 price

gH(EXPEO(b)) + % (Y, eXp(% > ki b6(0)))

pi = —E0~EXP9(b) [Zk;ﬁz bi(0)] — c

Mechanism 1.2: The incentive compatible Exponential Mechanism with payments [21]

We note that the payment formula can be written in a VCG-like form as

pi = (Eoupxpon Zbk + HEXPO(b i))) — (Eonpxpom Zbk + HEXPO(b))>

k#i k#i
Indeed,
Eqpxpo (i bl + ZH(EXPO0)) = = Ty Prio] - (§ T bilo) + I )
2 eXp(% Zk;ﬁi bi(0)) ) €
= >_oco Prlo] - In( Pro] ) = E(ZOGO Pr[o]) - In (GXP(§ > ki br(0)))
2

= ; ln(Zon exp(% Zk;ﬁi bk(o)))

Theorem 1.3.4. ([21]) The Exponential Mechanism with payments is truthful and
indwidually rational.



Chapter 2

Mechanism Design for Facility
Location (Games

In this Chapter, we briefly review the most relevant results in the rich literature on
Facility Location games. The basic underlying setting of the papers that we present,
consists of n agents located in metric space and k facilities that need to be placed.
However, there exist some differences among the various settings, which we analyze
throughout this Chapter. At the end of the Chapter, we summarize the main models
and variants of Facility Location games.

2.1 Social Choice Theory: Facility Location and
Single Peakedness

The first results that are relevant to Facility Location games come from the field
of Social Theory. For this reason, this section starts with a brief summary of the basic
definitions about social choice functions.

Social Choice. Social Choice Theory is the mathematical study of collective decision
processes and procedures, i.e. making decisions based on the preferences of multiple
agents. In the general setting, there is a set IV of n agents and a set A of alternatives.
Each agent has a private linear order ;€ L over the alternatives in A. A social choice
function f: L™ — A is a mapping from agents’ preferences to an alternative.

Some properties of the social functions are the following:

27
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e Unanimous: A social choice function f is unanimous if, when all player prefer
a certain outcome more than anything else, then that outcome must be the
alternative chosen by the mechanism. Formally, if 3a € A such that Vb € A and
Vi€ N a>=; b, then f(>1,...,>,) = a.

e Strategyproof or Truthful: A social choice function f is strategyproof if for all
1, .., =n and for each agent i: f(>=1, ..., iy oy >=n) =i [(1, 00y 5 ooty =4), for
every >.

e Dictatorship: An agent ¢ is a dictator in a social choice function f if for all
1y ey = f(>1, ., =n) = a where a >=; b Vb, b # a.

e Onto: A social choice function f is onto if Va € A, 3z € L™ such that f(z) = a.

It becomes clear that there is a strong relation between Social Choice and Mech-
anism Design for Facility Location.

The Social Choice setting (related to Facility Location). [26] We consider
a set of n agents (n is odd) and a set A of alternatives. The set U; of agent i’s
possible preferences is a subset of A. We say that alternative a defeats by majority
vote alternative b if the set of agents that strictly prefer a to b are more than the half of
the number of agents. We assume that the sets Uy, ..., U, are such that for every profile
(U1, ...y uy) € Up X ... x U, there exists a unique Condorcet winner, i.e. an alternative
C(uy, ..., u,) that defeats any other alternative by majority rule.

A setting where a Condorcet winner always exists is the real line (A = R) and
we restrict the setting to the real line. An other assumption we make is that agents’
preferences have a single most preferred point on the real line. Formally, each agent
has a single peak x; € A such that for all b < a < x;: a >=; b and for all z; < a < b:
a >; b. We assume that each agent submits only his peak.

In [26], Moulin states that

Theorem 2.1.1. [26] Assuming single peakedness, a rule f is strategy-proof, onto and
anonymous if and only if there exist ai,as,...,a,—1 € [0,1] such that for all peaks
(1, ...,T) € R,

f(xy,...,x,) = median(zy, T, ..., Tp, Q1 ..., Ap_1)
To prove the strategyproofness, let o be the outcome of the rule. If o = x; for an

agent 7, then this outcome implies a zero cost for this agent. Otherwise, without loss
of generality we can assume that o > x;. In this case, if agent ¢ reports his peak at
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x, < o, then he can not manipulate the mechanism. However, if i submits a peak at
x; > o, then according to the median rule the facility would be placed at a location

that is more distant to him than o is.

2.2 Approximate Mechanism Design without Money

As discussed in Chapter 1, the Gibbard- Satterthwaite Theorem shows that for
non-restricted settings any non-trivial truthful mechanism is dictatorial. One way to
overcome the problem is by introducing monetary payments. Mechanism Design with
Money deals with mechanisms which employ payments. When monetary transfers are
allowed, the mechanism designer can many times achieve optimality, truthfulness and
efficiency. For instance, the VCG mechanism for our Facility Location games is not only
strategyproof, but also achieves an optimal solution; of course, the only restriction is
that payments are allowed. However, in many social choice settings, including Facility
Location problems, monetary payments may be unavailable due to legal or ethical
considerations. In addition, the VCG mechanism presupposes the computation of the
optimal solution for a given objective function, but for many problems finding the
optimal solution in a computationally efficient way is impossible. Therefore, many
researchers have turned their interest to mechanisms without monetary payments.

There are types of problems where there exists no optimal truthful mechanism
without money. Nevertheless, we can sacrifice to some extent the optimality of the
solution in order to achieve truthfulness without money. This was first proposed as
Approzimate Mechanism Design without Money and was initiated by Procaccia and
Tennenholtz in their seminal paper [30, 31].

For the next sections, we formally define the setting as follows.

The basic setting (Facility Location). Agents and facilities are located in a metric
space (X, d), where d : X x X — R is the distance function. The function d is a metric,
i.e. it is non-negative, symmetric and satisfies the triangle inequality. There exists a set
N of n agents and each agent ¢ has a location x; € X, which is his private information.
We refer to the tuple (x1, ..., x,) as the location profile. For a location profile x, let z_;
denote the locations of all agents except for agent 1.

Agent i reports his location to the mechanism M. A number of k facilities should
be placed based on agents’ reported locations. A deterministic mechanism is a mapping
from a location profile to to a tuple consisting of the locations of the k facilities. A
randomized mechanism is a probability distribution over deterministic mechanisms.
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In the classical setting, each agent has a cost function cost|x;, M(x)] that he
wants to minimize. A mechanism M is strategyproof if for any location profile x,
any agent i and any location y, cost[z;, F(x)] < cost[z;, F(y,z_;)]. A mechanism
M is group-strategyproof if for any location profile x, any non-empty set of agents
S C N, and any location profile yg for them, there exists some agent ¢ € S such that
cost[z;, M(x)| < cost[x;, M(ys,X_g)]

2.2.1 1-Facility and 2-Facility Location

2.2.1.1 Facility Location on the Real Line

In [31], the authors use approximation to obtain truthfulness without payments
and apply their framework to Facility Location games. In the general setting, agents
are located on the real line and submit their locations to the authority. Given their
location profiles, the mechanism selects the location of the facility (or the facilities).
In the basic setting, only one facility must be located, but the results are extended to
the 2-Facility Location game on the real line and then to domains where each agents
controls multiple facilities. We will focus only on the first two facility location settings.

The setting. Procaccia and Tennenholtz study a limited version of the general set-
ting. The underlying metric space is the real line and the cost function of agent i is
cost(y,x;) = min{|y; — 4|, |y2 — x;|}, where y; and y, are the locations of facilities.
In games where only one facility y is located, cost(y,z;) = |y — z;|. Two objective
functions are considered: minimizing social cost and minimizing mazimum cost in a
strategyproof way. The social cost with respect to a location profile x € R™ is defined
as sc(y,x) = Y,y cost(y,z;). The maximum cost is mc(y,x) = max;en cost(y, z;).

1-Facility Location. The obvious approach to solve the 1-Facility Location game on
the real line is to choose the median location med(x) in x. Fortunately, this mechansism
is also truthful; the proof is as follows. If n is odd, then any agent that is to the left
of med(x) has higher cost than that of med(x). The same holds for any agent to
the right of med(x). If n is even, then any point in the interval [z, /s, 2n/2 + 1] is an
optimal Facility Location; in this case we consider med(x) = x,/2. Consequently, this
mechanism is strategyproof and achieves an approximation ratio of 1 for the social
cost. This argument is easily generalized for coalitions of agents, thus the mechanism
is also group-strategyproof.

The Two-Extremes Mechanism for 2-Facility Location. For a location pro-
file x € R", let lt(x) denote the leftmost location in x, namely lt(x) = min;ey ;.
The rightmost location is rt(x) = max;en x;. For the 2-Facility Location game, the
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mechanism that outputs the optimal solution is not truthful. A group strategyproof
(n — 1)-approximation mechanism is given by choosing rt(x) and /t(x).

Lu et al. in [22] provided a lower bound for the 2-Facility Location Game: any
deterministic strategyproof mechanism for the 2-facility game in the line metric space
has an approximation ratio of at least "T’l The same holds for any metric space which
can be locally viewed as a line, such as the circle. The Two-Extremes Mechanism is sur-
prisingly the only deterministic anonymous strategyproof mechanism with a bounded
approximation ratio for 2-Facility Location on the line. [17]

2.2.1.2 1-Facility Location on Trees, Circles and Graphs

Trees. In [33], Schummer and Vohra study rules that choose a location on a net-
work, based on agents’ single-peaked preferences. Later in [1], Alon et al. provide a
mechanism for the 1-Facility Location problem on trees. The mechanism that selects
the median of the reported locations is group-strategyproof and achieves the optimal
social cost. Finding the median in a tree is simple. We first fix an arbitrary node as
the root of the tree. Then, as long as the current node has a subtree that contains
more than half of the agents, we move down this subtree, until it not possible to find
such a subtree. In this case, we return the current node. Their result follows from
similar arguments as the ones given for a median on a line. An agent can only change
the location chosen by the mechanism only by pushing the returned Facility Location
away from its true location.

Circles and General Graphs. For non-tree networks, the network contains at least
a cycle. Any strategy proof mechanism that is onto must is a dictatorship when all
agents are located in the cycle [33]. This gives a tight lower bound of n — 1 on the
approximation ratio of any strategyproof mechanism. For randomized mechanisms,
Alon et al. design a mechanism that is random dictator, i.e. it chooses one of the
agents’ locations with probability equal to % It follows immediately from the triangle
inequality that the random dictator is (2 — 2/n)-approximation mechanism for the
social cost. The random dictator is group-strategyproof for the circle, but for general
connected graphs if only if the maximum degree is equal to 2.

2.2.1.3 The Proportional Mechanism for the 2-Facility Location game

Lu et al. in [22] also introduced a truthful 4-approximation randomized mecha-
nism for the 2-Facility Location problem in metric spaces. The so called Proportional
Mechanism proceeds as follows: the first facility is selcted uniformly at ramdom over
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all reported locations of agents and the second facility is assigned to another agent
¢ with probability proportional to the distance of agent ¢ to the first facility. The
approximation ratio of 4 for the proportional mechanism is tight even on the line.

The Proportional Mechanism is strategyproof for the 2-Facility Location, but it
is not for 3 or more facilities. An illustrating counterexample for 3 facilities is the
following. We consider a location profile where there exist ny agents at location 0, n,
agents at location 1, ny agents at location 14z and 1 agent at location 1+ x +y. Let
y = 100, n; = 50, ny = 4 and x = 10°. If ng is large enough so that the first facility is
always placed at 0. If any of the ny agents at location 1 reports 1+ z (instead of 1) as
his true location, then he can manipulate the mechanism.

2.2.1.4 The maximum cost objective function

An other objective that has been considered is minimizing the mazimum cost.
The maximum cost of a Facility Location y with respect to a location profile x is
me(y,x) = mazencost(y, x;), whereas the maximum cost of a distribution P with
respect to x is me(P,x) = E,_p[mc(y, x)].

1-Facility Location. [1, 31] For 1-Facility Location games, the approximation ratio
achieved by any deterministic mechanism is at least 2. The dictatorship mechanism
that chooses the agent at x; provides a 2-approximation for the maximum cost (be-
cause for all agents i € N: d(z1,x;) < d(z1,y) +d(y, z;) < 2-max{d(y,z1),d(y,z;)} <
2 - mc(y,x)), thus it is the best possible mechanism. Given a location profile x on
the real line setting, a randomized mechanism for the same problem return the left-
most agent [t(x) and the rightmost agent r¢(x) with probability ; respectively and
the center cen(x) of the interval [lt(x), rt(x)] with probability 3. This mechanism a
group strategyproof 3/2-approximation mechanism for the maximum cost. When the
underlying metric space is a tree, Alon et al. provided a randomized strategyproof

2 . . .
(2 — +35)-approximation mechanism.

Remark 2.2.1. (VCG-like payments) We observe that if payments are allowed, we can
obtain a truthful optimal solution for the maximum cost, by using VCG-like payments:
each agent © € N pays the distance between the optimal Facility Location when x is the
input location profile and the optimal Facility Location when x_; is the input location
profile.

2-Facility Location. [31] For the 2-Facility Location game on the real line, the mech-
anism that chooses the leftmost [¢(x) and the rightmost r¢(x) location is a deterministic
group-strategyproof 2-approximation mechanism for the maximum cost.
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Given a location profile x, let the left boundary location be Ib(x) = max{x; :
i € N :z; < cen(x)} and the right boundary location be rb(x) = min{z; : i €
N :z; > cen(x)}. They also define dist(x) = max{lb(x) — lt(x),rt(x) — rb(x)}. A
randomized strategyproof 5/3-approximation mechanism for the maximum cost in the
two Facility Location on the real line is the following: Compute dist(x) and return
(It(x) + dist(x),rt(x) — dist(x)) with probability 1/6, (It(x),rt(x)) with probability
1/2 and (It(x) + dist(x)/2,rt(x) — dist(x)/2) with probability 1/3.

2.2.2 k-Facility Location

2.2.2.1 The Winner-Imposing Proportional Mechanism for k-Facility Lo-
cation

In [29], Nissim, Smorodinsky and Tennenholtz consider imposing mechanisms,
namely mechanisms able to penalize lying agents by restricting the set of allowable
post-actions for the agents. As a result, liars can not fully exploit their outcome.

This extension to the standard mechanism design model fits naturally in Facility
Location games. In [15], Fotakis and Tzamos considered the imposing variant of the
k-Facility Location game, where an authority can impose on some agents the facilities
where they will be served. In particular, an imposing mechanism requires that an agent
must connect only to the facility nearest to his reported location, thus increasing his
connection cost if he misreports his location.

Definitions and Notation. The definition of metric distance function d is extended
as follows: for x € M and a non-empty M’ C M, d(xz, M') = inf{d(x,y) : y € M'}.

A deterministic mechanism F' maps a location profile x to a tuple of non-empty
sets (C,C1,...,C™), where C' C M is the facility set of F' and each C* C C' contains
the facilities where agent ¢ must connect to. Let F'(x) denote the facility set of F' and
F'(x) to denote the facility subset of each agent 1.

Definition 2.2.2. A mechanism is imposing if each agent i can only connect to the
facility in F(x) closest to his reported location, namely where {z € F(x) : d(x;,z) =
(i, F)} € Fi(x).

A mechanism F' that allocates facilities to the agents, i.e. F(x) C {x1, 22, ....,xn}, is
winner-imposing if for every agent i, F'(x) = {x;} if z; € F(x), and F'(x) = F(x)
otherwise.

The mechanism. In [15], the authors introduce the winner-imposing version of the
Proportional Mechanism [22], to obtain the truthful 4 log k-approximation mechanism
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WIPROP for the k-Facility Location in metric spaces. The mechanism works in &
rounds. For each round [ = 1,..., k, let C} be the set of the [ facilities that WIPROP
has placed in the first [ rounds. Initially, Cy = 0.

INPUT: location profile (x1, s, ..., T,)

Round 1: Choose agent ¢; uniformly at random from N. Place the first facility at x;,.
Connect iy to Fy. Set Cy = {x;, }.

Round [ = 2,3, ..., k: Select agent i; with probability equal to % Place the
i€ (X)
[-th facility at z;,. Connect ¢; to F}. Set Cj11 = C; U {z;,}.

Finally, the set of the facilities that the mechanism outputs, is Cj. Each agent not
allocated a facility is served by the facility in Cj that is closest to his true location.

Mechanism 2.1: The Winner-Imposing Proportional Mechanism

Theorem 2.2.3. For any k > 1, WIPROP is a strategyproof mechanism for the k-
Facility Location game.

Proof. For each | = 0,1,..., k, we let cost[x;, f(y,z_;)|C;] be the expected connection
cost of an agent 7 at the end of WIPROP, given that ¢ reports the location y and that
the facility set of WIPROP at the end of round [ is C;. We have that

d(y, C)d(z;, Cy) + Z#i d(z;, Cy)cost|x;, f(y,x_;)|Cr U {x;}]

cost[x;, f(y,r)|C)] = d(y,C)) + > i d(z;, )

By induction on [, it can be proved that for any y, any [ =0, 1..., k and any C;

cost|x;, f(y,x_;)|Cy] > cost|x;, f(x)|C)]

implying that the mechanism is truthful.

For the basis case [ = k, it is easy to see that if agent ¢’s location is not in C}, ,
his connection cost is d(x;, Cy) and does not depend on her reported location y.
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We inductively assume that
costlx;, f(y,x_;)|Ci] > costlx;, f(z)|C1]

holds for [ 4+ 1 and any facility set C}y, and show that it also holds for and any facility
set ().

If1>1,

d(i, y)d(y, Co) + ;4 d(wj, Ci)costlas, f(x)|Cr U {x;}]
dy,C) + Z#i d(z;, Cy)

cost|x;, f(y,x_;)|Cy] > >

- d(zi,y)d(y, Ct) + (d(xi, C1) + 3254 d(zj, Cr))cost|z;, f(x)|C1]
- d(y’ Cl) + Ej;éi d(xj’ Cl)

If d(z;,C;) > d(y,C}), the previous equation implies that cost|z;, f(y,x_;)|Ci] >
cost|x;, f(x)|Cy]. Otherwise, we continue and get that

d(zi,y) + d(zi, Cr) + 32, d(zj, Cr)costz;, f(z)|Cl

costx;, f(y,x_;)|Cy] > d(y, C) + Z.#.d(x- )

> costx;, f(2)|C)]

For [ =0,

cost[z;, f(y,x-i)] = %Cost[%f (2){z;}] = cost[z;, f ()]

The proof is complete. O

Approximation ratio. In [36], it is proved that the Winner-Imposing Proportional
Mechanism has an approximation ratio of at most 4k for the k-Facility Location game.
Here, we extend the ideas in [36] by adopting the technique proposed by Arthur and
Vassilvitskii [2]. In [2], the authors design k-means++, an algorithm that solves the k-
means clustering problem. The k-means clustering problem is NP-hard and is defined
as follows: given an integer k and a set X of n points in R?, choose k centers so as
to minimize the total squared distance D? between each point and its closest center.
The k-means++ algorithm that is O(log k)-competitive with the optimal clustering, is
similar to the Proportional Mechanism. The algorithm selects the first center uniformly
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at random and in & — 1 r0121nds it choosed each of the next k£ — 1 centers z € X with
probability equal to = D(z) (this is the so called D? weighting process).

TeX D(a,‘)Q

By applying the technique used for the proof of the approximation ratio of the
k-means++ algorithm, we have the following theorem.

Theorem 2.2.4. For any k > 1, WIPROP is a O(log k)-approzimation mechanism
for the k-Facility Location game.

Proof. We fix a location profile (z1, xs, ..., z,), and compare the cost of WIPROP with
input location profile (z1,zs,...,2,) to the cost of a set C* = {cj,...,ci} of optimal
Facility Locations for this location profile. The p-th optimal cluster IV, consists of the
agents whose nearest facility in C* is ¢ and OPT, =}, N, d; denotes the optimal cost
of the agents in cluster N,, where df = d(z;, C*) is agent ¢’s distance to the nearest
facility in C*.

Given a set C' of facilities chosen by WIPROP, we use additional notation for the
covered and uncovered clusters. Let H(C) = {p € [k] : C N Np = @} be the set of
indices of the optimal clusters covered by C, and let U(C) = [k] \ H(C) be the set of
indices of the optimal clusters not covered by C. If C is the facility set of WIPROP
at the end of round [, then let H, = H(C)) and U, = U(C)) be the sets of indices of
the optimal clusters covered and not covered, respectively, by WIPROP at the end of
round [. Let also D(N',C) = .y, d(z;,C) for a subset of agents N' C N. For a set
of indices I C [k], we let N(I) = UperN, be the set of agents in the optimal clusters
indexed by I.

The expected cost E[D(N, Cy)] of the agents in WIPROP is equal to the expected
cost of the optimal clusters covered and not covered by the mechanism:

E[D(N, Cy)] = E[D(N(U), Ck)| + Z E[D(Np, Cx)|p € Hy]

pEHY

For the covered clusters, we use the following lemma.

Lemma 2.2.5. [22] For every optimal cluster Ny, E[D(N,, Cy)|p € Hy] < 40PT,.

The proof is by induction on the number of rounds [. For the basis case | = 1, we
have that E[D(N,, Cy)|c; € N,] <20PT,. If N, is covered at round [ > 1, then using
the triangle inequality we get

d; Z . d; .
_— min{d;, d(zs, z;)} < Z _— Z min{dy, d; +d}}
D(Np,Ci—1) jeN, €N, D(Np,Ci—1) jem,

E[D(Np,Cy)le; € Nyl = >
iEN,



2.2. Approximate Mechanism Design without Money 37

If D(N,,Ci_1) < 0OPT,, it follows immediately that E[D(N,,C))|c € N,] < OPT,.
Otherwise, we have that E[D(N,, C))|c; € N,| < 40PT,,

Next, for the optimal clusters not covered by WIPROP, we observe that Lemma
3.4 [2] can be applied with the only difference that E[D(N,, Cy)|p € Hi] < 40PT,,
due to Lemma 2.2.5.

Consequently, we conclude that the mechanism O(log k)-approximates the optimal
cost. [

Note. In Chapter 4, we revisit the idea of the Proportional Mechanism to design a
truthful mechanism without money.

Remark 2.2.6. (Deterministic Mechanisms for k-Facility Location)[17] For every k >
3, there do not exist any deterministic anonymous strategyproof mechanisms with a
bounded approximation ratio for k-Facility Location on the line, even there are only
k + 1 agents. We recall that a mechanism is anonymous if for all agent profiles x and
permutations on agent locations, the output of the mechanism does depend only on
the locations of the agents and not their identities.

2.2.2.2 k-Facility Location with k£ + 1 agents

Escoffier et al. [13] consider strategyproof mechanisms for k-Facility Location
games with k£ 4+ 1 agent and present their results for the general metric spaces as well
as for tree metrics. For general metric spaces, Escoffier et al. design the Inversely
Proportional mechanism, that works as follows. Given a location profile x, if there are
at most n — 1 distinct locations in x then the mechanism opens facilities at all locations
in x. Otherwise, it chooses placement P;(x) with probability

1
d(zMPZ (X))
pl(x) = Zn 1

J=1 d(z;,P;(x))

where P;(x) denotes the placement of (n — 1) facilities at the reported locations of all
but agent i, i.e. Py(x)={x1,...,Zi—1,Tit1, ..., Tn}. Two kinds of objectives are studied:
social cost (egalitarian social cost) and maximum cost (utilitarian social cost). The
Inversely Proportional Mechanism is strategyproof, an n/2- approximation with respect
to the social cost and an n-approximation with respect to the maximum cost.

Finally, they prove that no randomized strategyproof mechanism on a line metric
space has an approximation ratio smaller than 10 — 4+/5.
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2.2.2.3 k-Facility Location on the Real Line for Concave Cost Functions

In this section, we summarize the results presented in [16]. The connection cost of
each agent is given by a non-negative increasing concave function ¢(d) of the distance
d. The main contribution of [16] consists of two randomized mechanisms for the real
line setting: EQUALCOST and PICKTHELOSER.

The mechanism EQUALCOST. We have a three-phase mechanism. At the first
step of EQUALCOST, the mechanism finds' an optimal covering of all agent locations
with & disjoint intervals [a;, a; + [| that minimizes the interval length. At the second
step, the mechanism constructs a random variable X (1) € [0,[] such that all locations
x € [0,[] have the same expected connection cost C(l) = E[c(|Jz — X (1)])] (see [16] for
the technical details). It can be proved that the expected cost C(l) is an increasing
function of the interval length . At the final step and for every interval [a;, a; + (],
the mechanism places a facility at a; + X, if ¢ is odd, or at a; + 1 — X, if 7 is even.
EQUALCOST is group-strategyproof and has an approximation ratio of at most 2 for
the objective of maximum cost, for any concave cost function c.

EQUALCOST has a good performance for the objective of maximum cost, but not
for the objective of social cost. For instance, when we have k facilities and only k + 1
agents, as in the previous section, then one could easily satisfy all but one agents.
Nevertheless, EQUALCOST has a high cost. For that reason, a second mechanism is
considered on the line.

The mechanism PICKTHELOSER for k facilities and k+1 agents. The mechanism
sorts the locations of agents in an increasing order such that z; < x;,; and constructs
two sets E and O of agents consisting of the even and odd numbered agents, respec-
tively. For every odd numbered agent : € O, the mechanism places a facility at x;.
For each agent i € £, PICKTHELOSER samples a number s; uniformly in (0, 1), and
computes ’s scaled cost Rmizi cllzi—zil). Finally, PICKTHELOSER selects the agent with
the smallest scaled cost as the loser. All other even numbered agents get a facility.

2.2.2.4 Summary of the approximability results on k-Facility Location
games

In the following table, we present the known precise approximation ratios for each
problem or the best known lower and upper bounds.

!The minimum feasible interval length [ can be computed by checking all n?/2 possible candidate
values (the value of [ is equal to the distane between two agent locations). Using binary search over
the space of candidate values, we can compute the optimal [ given the number k of intervals.
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SOCIAL COST | k=1 k=2 2<k<n—-1| k=n-1
Deterministic | 1 [26] n — 2 [31] oo [17] oo [17]
Randomized | 1 [26] | [L.045, 4] [23, 22] | [1.045, n] [16] | [L.045, 2] [16]
MaxiMuMm CosT | k=1 k=2 2<k<n—-1|k=n-1
Deterministic 2 [31] 2 [31] oo [17] oo [17]

Randomized | 1.5 [31] | [1.5, 5/3] [31] | [1.5, 2] [16] | 1.5 [13]

Figure 2.1: Summary of the approximability results on k-Facility Location games

Note. The lower bound on the approximation ratio of deterministic mechanisms for
k > 3 is only shown for anonymous mechanisms. The randomized upper bounds for
the case of £ > 3 (maximum cost, social cost) and for the case of k = n — 1 (social
cost) hold for any concave cost function.

2.2.3 Variants of Facility Location games

2.2.3.1 Facility Location with Uniform Opening Cost

In [15], a Facility Location game with a uniform facility opening cost is also con-
sidered. The objective is to place facilities so as to minimize the social cost and the
total facility opening cost, which is a constant price multiplied by the number of fa-
cilities opened. The number of facilities is not fixed. They present a winner-imposing
randomized truthful 8-approximation mechanism (OFL). Given a random permutation
on the location profile x, OFL places the first facility at z; and connects agent 1 to it.
We set C; = {x;}. For each of the following i = 2,...,n agents, it opens a facility at
x; and connects agent i to it, with probability d(x;,C;_1). We set C; = C;_1 U {x;}.
Each agent not allocated a facility connects to the facility in C,, closest to his true
location. For the real line setting, a deterministic non-imposing group strategyproof
O(log n)-approximate mechanism is presented.

2.2.3.2 Obnoxious Facility Location

An other Facility Location game is obnoxious facility location where the facility
is undesirable and all agents try to be as far away from the facility as possible. Two
underlying metric spaces have been considered: the real line and networks.

Real line (path).[7] In the basic setting, the n agents are located on a interval with
left and right endpoints a and b, and the mechanism must select the location of a
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single obnoxious facility. As in [31], the distance function between two points x and y
is d(z,y) = |z —y|; this function also represents the cost of each agent, but, in contrast
to previous work, each agent wants to maximize his distance from the obnoxious facility.
For simplicity, we assume that the agents are located in the interval [0,2]. The first
mechanism designed by Cheng et al. is the following: If the number n; of agents
located on the interval [0, 1] is less or equal than the number ny = n — ny of agents
located on (1, 2], then select the left endpoint 0; otherwise select the right endpoint 2.
This mechanism is group-strategyproof and guarantees an approximation ratio of 3. In
fact, they show that any deterministic mechanism which only selects one of endpoints
as the facility location cannot do better. For the real line setting, a lower bound of 2
for any strategy-proof deterministic mechanism is proved. They also study randomized

mechanisms for the same problem. The best approximation ratio (equal to % is achieved
2n1n2+n§

n% +n% +4ning and

by the mechanism that returns the left endpoint with probability a =
the right endpoint with probability 1 — a.

Networks.[8] For trees and circles, Cheng et al. study both deterministic and random-
ized mechanisms. We can parameterize the circle G such that any point € GG can be
viewed as a real number x € [0, 1]. Point # = 1 coincides with point = 0. The mech-
anism that chooses the point 2 if the number ny of agents located on the arc [0,1/2]
is less or equal than the number ny = n — ny of agents located on the arc (1/2,1) and
otherwise returns the point % is group-strategyproof with tight approximation ratio of
3. For a tree T(V, E), a 3-approximate group-strategyproof mechanism is considered.
The mechanism constructs two subtrees T, and T}, using the following method. First,
we construct a new graph tree 7' by adding only the nodes where agents are located as
well as their incident edges. Tree T” is then partioned into two subtrees. Let my, be
the midpoint in the diameter Pla, b] of T' with endpoints [a, b]. We assume that myy, is
on edge [r, s] where 7 is closer to a than to b, so by deleting [r, s] we get two subtrees
T! and T;. The mechanism given a location profile x and a diameter Pla,b], places
the facility at y = b if the number of agents on T}, is greater or equal to the number of
agents on 7, otherwise it chooses the location y = a.

2.2.3.3 Facility Location games with dual preferences

In a recent result [39], games with agents with dual preferences are considered,
meaning that both preferences of agents exist in the Facility Location game, as some
agents prefer staying as close as possible to a certain facility (or facilities) but prefer
staying as far away as possible from an other facility (or facilities). The underlying
metric space is the real line segment (0,1).

In the dual character Facility Location game, a single facility has to be placed and
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each agent ¢ has a preference value p; which indicates whether he want to stay close to
the facility (1 - desirable) or not (0 - obnoxious). Based on their preference, the utility
u(z;, pi,y) of each agent is defined as the distance between the agent and the facility at
y, if p; = 0; if p; = 1, his utility is defined | — d(z;,y). Each agents wants to maximize
his utility. The social utility is defined as su(x,p,y) = Y ., u(z;,p;,y). An agent
may misreport his preference, his location or both. If an agent can misreport both
his preference and location, the locations are transformed to x} =1 — z; if p; = 1 and

*

xf = x; if p; = 0. Given the transformed location profile, the mechanism that builds
the facility at 0 if the number of agents in [0,1/2) is less than or equal to the number
of those in [1/2,1] and otherwise it builds the facility at 1, is a group-strategyproof

mechanism with an approximation ratio of 1/3 for the objective of social utility.

In the two-opposite Facility Location game with limited distance, two facilities need
to be built on the real line segment. An additional constraint for the construction of
two facilities is that the distance between them cannot exceed a certain value C', 0 <
C < l. The social utility of this game is defined as su(yo, y1,x) = > 1, w(Zi, Yo, y1) =
S (d(xi,yo) — d(wi, y1)), where yo and y; are the locations of the two facilities. Zou
and Li consider two cases. When the number of agents is even (n = 2k), they design
a deterministic group-strategyproof mechanism with approximation ratio % When
the number of agents is odd (n = 2k — 1), another deterministic group strategy-proof
mechanism is given with approximation ratio %+1 Furthermore, they prove that the
approximation ratios for these mechanisms are the best for any deterministic strategy-

proof mechanism in their settings.

2.2.3.4 The least squares objective

In [14], Feldman and Wilf study the sum of squared distances (SOS) function that
is Sd(y7 X) = Z?:l d(y’ xi)2-

On the real line, with respect to the miniSOS objective (minimizing the sum of
squared distances), the mechanism that chooses the median location [31] in x is a strat-
egyproof 2-approximation mechanism and this ratio is tight with respect to determinis-
tic strategyproof mechanisms. The random dictator mechanism [1] is a 2-approximate
randomized mechanism. An other 1.5-approximate randomized mechanism is the one
that choose the average point with probability 1/2 and applies the random dictator
with probability 1/2.

For the game on a tree, the median of a tree is an strategyproof 2-approximation
mechanism for the miniSOS objective. Feldman and Wilf also design a randomized
mechanism that obtains 1.83-approximation for trees, based on their results for the
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family of randomized strategyproof mechanisms for locating a facility on a tree.

2.2.3.5 Facility Location games with weighted agents on a line

In addition to the basic setting, in [38] each agent has a weight w;. Let Wi =
max w; denote the maximum weight in the input agent profile, and W,,,;,, = min w; as
the minimum weight. Agents prefer to stay close to the facility. The cost of agent 7 is
measured by the weight times the distance away from the facility. The social cost and
the maximum cost objectives are defined accordingly.

In the following table, a summary of the results in [38] is given.

1-FAaciLity LOCATION | Upper bound | Lower bound

: W, W,
1 l mazx max
Social Cost W—Wmin W—Wmin
Maximum Cost e 4] e 4]
szn szn

2-FaciLiTy LOoCATION | Upper bound | Lower bound

Social Cost (n — 2)% ”T—l . %
Maximum Cost % +1 % +1
OBNOXI0US 1-FACILITY LOCATION | Upper bound | Lower bound
Social Utility 3. % ;;/VV% +3

Figure 2.2: Summary of the results on Facility Location games with weighted agents

2.3 Summary

In a Facility Location n agents are located in a metric space (X, d) and k facilities
need to be placed. The metric function d represents the cost of an agent which is usually
equal to the distance between the facility and this agent. Various metric spaces have
been considered, such as graphs ([33, 1, 35, 14], Euclidean or general metric spaces (eg.
[15]), the real line (eg. [31, 16]), the cycle (eg. [22, 1]). Each agent aims at minimizing
or maximizing his individual cost. In the former case, we have the classical Facility
Location game; in the latter case, we have an obnozious game (eg. [7, 8]), i.e. a game
where an undesirable facility has to be located. In a recent result [39], settings with
dual preferences are also considered.

The first and classic Facility Location game has its roots in Social Choice Theory
(eg. [26, 3, 25]), where this type of preferences are known as single-peaked. In [30], Facil-
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ity Location games are first studied under the Approximate Mechanism Design without
Money perspective. This paper initiated a series of results related to mechanism de-
sign without money for Facility Location. Their common goal is to design strategyproof
(truthful) or even group-strategyproof mechanisms that are approximately optimal with
respect to a given objective function. Several objective functions have been studied in-
cluding minimizing the social cost and the maximum cost (eg. [31, 22, 13, 16]) or
maximizing the obnoxious social welfare (eg. [7, 8]) and the social utility [39]. In [14],
the objective of least squares has also been considered for trees.

Furthermore, several other extensions of the standard model have been studied.
For 1-facility games, in [31, 22] each agent controls multiple locations. In [15], a Facility
Location game with a uniform facility opening cost is considered. The objective is to
place facilities so as to minimize the social cost and the total facility opening cost. For
the real line setting, facility location games with weighted agents and facility location
games with threshold agents have also been studied [38]. Although at the time that this
thesis is written, only an extected abstract of [34] is avalaible, for completeness we also
refer to a recent result about richer model of the classical k-Facility Location problem
where the facilities are heterogeneous, meaning that they serve different purposes, and
agents have interest only in some of them.
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Chapter 3

Money Burning

As discussed in Chapter 1, monetary transfers are usually essential for Mechanism
Design, in order to escape the Gibbard—Satterthwaite impossibility result. However,
there are settings where payments are undesirable or infeasible. In Chapter 2, we
survey Approximate Mechanism Design without Money where approximation is used
to obtain truthful mechanisms that approximate the optimal result and do not resort
to payments. In [20], Hartline and Roughgarden consider an other way of overriding
the use of payments and introduce the idea of Money Burning.

Most computer systems such as networks have the ability to reduce service quality,
introduce computational challenges or add delay. Consequently, users are required to
burn money, as all these factors are payments that take the form of wasted resources
instead of actual money. In such settings, the objective is no more the maximization of
social welfare, but becomes the maximization of the residual surplus (or social utility),
measured by the social welfare minus the payments charged.

3.1 Optimal Mechanism Design and Money Burn-
ing

In [20], Hartline and Roughgarden consider single-unit and multi-unit auctions and
present a template for designing truthful prior-free mechanisms that achieve at least
a constant fraction of the optimal social utility of Bayesian mechanisms. In addition,
they compare the social utility of a truthful mechanism to the maximum social welfare
and obtain a logarithmic fraction of the total social welfare. In this section, we review
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the most important results of the paper [20].

3.1.1 Bayesian Mechanism Design

We extend the model presented in Chapter 1 to the Bayesian setting. For com-
pleteness, we recall the basic definitions, where necessary. As considered in Chapter 1,
agents aim to maximize their quasilinear utility, i.e. u; = v;x; — p;. The mechanism’s
objective is to maximize the residual surplus, defined as ). (v;z; — p;). The main dif-
ference between this setting and the setting in Chapter 1 is that the payment p; of
agent ¢ is burnt, meaning that p; denotes the amount of money that is equivalent to
the service degradation.

Definitions and Notation. We consider mechanisms that allocate an item or service
to a subset of n agents. Agent valuations v = (vy, ..., v,) are independently drawn from
a known prior distribution with cumulative distribution function F'(z) and probability
density function f(z). Let F denote the product distribution of agent values. Agent i’s
strategy is a mapping from their true valuation v; to a course of actions, thus inducing
a distribution on agent actions. Agents’ actions are in Bayes-Nash equilibrium if no
agent, given his own valuation and the distribution on other agents’ actions, can in-
crease his expected payoff via alternative actions. Due to the Revelation Principle (see
Theorem 1.2.4), we can focus only on direct truthful mechanisms, meaning mechanisms
in which truthtelling is a Bayes-Nash equilibrium.

Given the distribution of agent valuations, the mechanism provides an outcome,
i.e. an allocation vector x(v) = (x1(v1),...,x,(v,)) and a payment vector p(v) =
(p1(v1), ., Pu(vy)). In the non-Bayesian setting, if agent ¢ wins the good, then z; is 1,
otherwise z; is 0. In the Bayesian setting, x;(v;) denotes the probability (over other
agents’ valuations v_;) that agent i gets the item when his valuation is v;, namely

zi(vi) = Ev_ [z(vi, v_y)].

We restate Myerson’s Lemma (see Chapter 1) for the Bayesian setting. Bayesian
Incentive Compatibility is a property of a direct mechanisms requiring that truth be a
Bayesian equilibrium.

Theorem 3.1.1 (Myerson’s Lemma, [27]). Every Bayesian incentive compatible mech-
anism satisfies the following two properties:

1. Allocation monotonicity: For all i and v; > v}, z;(v;) > x;(v})

Ui

2. Payment identity: For all i and v;, p;(v;) = vix;(v;) — fo x;(v)dv
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Definition 3.1.2. [27] If agent i’s valuation is distributed according to F, where we
assume that F' has support [a,b] and positive density function f throughout |a,b], then
his vitrual valuation for payment is

1 — F(v)
f(vi)

The virtual surplus of allocation x is Y, ¢(v;)x;.

o(v;) = v; — (3.1)

Lemma 3.1.3. [27] In a Bayesian incentive compatible mechanism with allocation rule
x(+), the expected payment of agent i satisfies By [p;(v] = Ey[o(v;) (V)]

3.1.2 Bayesian Optimal Money Burning

Generalization of Myerson’s Ironing procedure. Myerson [27] applies an “iron-
ing” procedure to transform a possible non-monotone virtual function into a monotone
ironed virtual valuation function. In [20], Hartline and Roughgarden generalize the
wroning technique of Myerson. The authors define the wvirtual valuation for utility

as 0(v;) = %v(g) and extend Lemma 3.1.3 to prove that in a Bayesian incentive-
compatible mechanism with allocation rule x, the expected utility of agent i satisfies
Ey[u;(v] = Ey[0(v;)x;(v)]. Consequently, the maximization of the expected virtual

utility implies a Bayesian optimal mechanism for residual surplus.

However, #(-) is not always a non-decreasing function. In such cases, the ironing
procedure is applied and the authors provide a theorem that shows that the maximiza-
tion of the ironed virtual surplus for utility is equivalent to the maximization of the
expected residual surplus subject to incentive compatibility. Let now ; f g)()v) denote the
hazard rate of distribution F' at v. The monotone hazard rate (MHR) assumption is
that the hazard rate is monotone non-decreasing. There exist also settings where the
hazard rate is monotone in the opposite direction (anti-MHR) and settings where it is
neither monotone increasing nor monotone decreasing. For every case, they obtain the

following results:

e For agents with i.i.d valuation distribution functions that satisfy the MHR con-
dition, an optimal money-burning mechanism for allocating k£ units is a k-unit
lottery.

e For agents with i.i.d valuation distribution functions that satisfy the anti-MHR
condition, an optimal money-burning mechanism for allocating k units is a k-unit
Vickrey auction.
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e For agents with i.i.d valuation distribution functions that satisfy the non-MHR
condition, an optimal money-burning mechanism for allocating k units is an
indirect k-unit Vickrey auction.

3.1.3 Prior-Free Money Burning Mechanism Design

Performance benchmark. As their next step, Hartline and Roughgarden develop
a general template for prior-free, i.e. worst-case, optimal mechanism design. They
introduce a family of mechanisms Optg, where Opty corresponds to a mechanism that
maximizes the expected residual surplus for valuations drawn from an i.i.d. distribution
F, and then define a prior-free performance benchmark as

G(v) = SUp Optp (V)

In other words, the benchmark competes simultaneously with all Bayesian optimal for
some 1i.i.d. distribution on a fixed (worst-case) valuation profile.

A mechanism M B-approzimates the benchmark G if for every valuation profile
v, its expected residual surplus is at least G(v)/8. This implies that on any i.i.d.
distribution, the mechanism M achieves at least a [ fraction of the expected residual
surplus of every mechanism. An example of such a mechanism M is the k-unit p-
lottery; they show that for every valuation profile v, there is a k-unit p-lottery with
expected residual surplus at least G(v)/2. The definition of k-unit p-lotteries is as
follows:

Definition 3.1.4. [20] The k-unit p-lottery allocates to agents with value at least p at
price p. If there are more than k such agents, the winning agents are selected uniformly
at random.

As a last step, they design a mechanism that O(1)-approximates the benchmark.
The mechanism is Random Sampling Optimal Lottery (RSOL) and is defined as follows:

Definition 3.1.5. [20] With a set S = {1,...,n} of n agents and a k identical units of
an item, the Random Sampling Optimal Lottery (RSOL) is the following mechanism:

1. Choose a subset Sy C S of the agents uniformly at random, and let Sy denote the
rest of the agents. Let ps denote the price charged by the optimal k-unit p-lottery
for Ss.

2. With probability %, run a k-unit pa-lottery on Si.
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3. Otherwise, run a k-unit Vickrey auction on Si.

The theorem below states one of the most important results of the paper.

Theorem 3.1.6. [20] RSOL O(1)-approzimates the benchmark G.

Lower Bounds. The authors also establish a lower bound of 4/3 on the approximation
ratio of every prior-free money-burning mechanism. Determining the best-possible
approximation ratio is still an open question.

Theorem 3.1.7. [20] No prior-free mechanism money-burning mechanism can achieve
approximation ratio better than 4/3 with respect to the benchmark G, even for the case
of two agents and one unit of an item. For two bidders and one unit of an item, there
is a prior-free mechanism that 3/2-approzimates the benchmark G.

The power of Money Burning. If we compare the social utility of a truthful mech-
anism to the maximum social welfare, then the best possible approximation guarantee
for k-unit auctions is ©(1 4 log()), where n is the number of agents.

3.2 Applications of Money Burning

In this section, we refer to some recent results where money burning techniques
are applied. All of the following papers share in common the following constraint :
the settings the study eschew monetary transfers completely. This establishes several
limits to what the mechanism designer can achieve since the use of money usually
ensures truthfulness.

Mechanism Design for Fair Division. In [11], Cole et al. study the problem of
fair division (or cake-cutting) from a mechanism design perspective. In their setting,
there exist n agents and m items; each item is divisible, meaning that it can be divided
into pieces and then allocated to different agents. Each bidder is assigned a weight
b; > 1 which allows for comparison of valuations. These weights are defined by the
mechanism. They find a truthful way to implement good approximation outcomes in
settings where monetary payments are not an option.

Their main result is the Partial Allocation mechanism, that discards a fraction
of the allocated resources in order to ensure truthfulness by the agents. The Par-
tial Allocation mechanism has 3 steps and uses the proportionally fair allocation,
i.e. a feasible allocation x* such that for any other feasible allocation, it holds that
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Yien W < 0. A notable property of the proportionally fair solution is that
it gives a good tradeoff between fairness and efficiency. However, it cannot be im-
plemented using truthful mechanisms without the use of payments. The mechanism
succeeds to use the proportionally fair solution to obtain a truthful allocation rule

without money.

First, the Partial Allocation mechanism computes the proportionally fair alloca-
tion z* based on the reported bids. Second, for each player i, it removes this player
and computes the proportionally fair allocation z*, that would arise in his absence.

* bi/
% of everything that he
2 CHACY) I

receives according to x*. The mechanism is truthful and guarantees that every player
will receive at least a 1/e fraction of his proportionally fair valuation.

Finally, it allocates to each player ¢ a fraction f; =

A more careful look at the PA mechanism reveals a connection with the well known
VCG mechanism, if we simply consider the surrogate valuation w;(-) = b; logv;(+) for
each player 7.

Optimal Provision-After-Wait in Healthcare. In [5], Braverman et al. utility
optimization in health care service allocation. Specifically they study the problem of
allocating medical treatments to a population of patients. Each patient has a demand
for exactly one unit of treatment and chooses to be treated in one of k£ hospitals. Each
patient has a value for each hospital. Patients do not pay anything for a treatment and a
third party (the payer) with a budget B covers the different costs of each hospital. Due
to the budget constraints, the payer can only cover a limited number of treatments in
the more expensive hospitals, thus the access to over-demanded hospitals is regulated
through waiting times. The objective is to compute the appropriate waiting times
and to assign in a feasible way a number of treatments to each hospital, so that in
equilibrium social welfare is maximized subject to the budget constraint.

In this setting, money is allowed, but money and waiting times are not inter-
changeable quantities. Waiting times have a welfare-burning effect, because neither
the patients or the payer benefit from the waiting times. On the contrary, the waiting
times represent a loss in the social welfare. This is the reason why the efficiency of the
mechanism is measured again as the sum of the total utility of each agent, where the
utility of an agent is defined as the total value he receives minus his total waiting time.

Although Braverman et al. study the welfare-burning phenomenon, they focus on
the complexity of computing efficient equilibrium allocations, instead of approximate
truthful mechanisms, which we are interested in.
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Incentive Compatible Two-Tiered Resource Allocation without Money. In
[6], Cavallo considers the resource allocation problem with two types of good. There
exists only a single isntance of a high-value good (type A) and an unlimited number
of identical lower-value goods (type B). Each agent has use only for a single good, so
it is natural to assume that each agent prefers the good of type A, but he also prefers
to receive a good of type B, instead of nothing. Type B goods are in fact a useful
substitute for money, serving as a means of incentivizing truthful reporting of agents’
private values.

The expected utility of agent i is defined as u;(q;, p;) = q;vi + pi, where v; is agent
1’s private utility for the type-A good, ¢; is the probability of obtaining the type-A
good and p; € [0,1 — ¢;] the probability of winning a type-B good. The mechanism
designer seeks to maximize the social welfare, i.e. the sum of agent utilities. There is
a trivial non-monetary mechanism wherein misreporting types can never manipulate
the mechanism. The mechanism randomly chooses an agent ¢, allocating to him the
type-A good, and giving to all others a type-B good.

Adapting the theorems proved in [20], Cavallo shows that for any i.i.d. value
distribution with monotonically increasing hazard rate, no dominant strategy incentive
compatible mechanism can do better than random allocation. Nevertheless, in other
cases such mechanisms can have more positive results. For example, we may consider
settings where a specific agent has a far higher value than all others for the type-A
good.



52

Chapter 3. Money Burning




Chapter 4

Money Burning Mechanism Design
for Facility Location

In this Chapter, we study a Facility Location setting from a mechanism design
perspective. A set of n agents are located in a metric space and k facilities must be
placed, but in addition to the Mechanism Design results for Facility Location that we
presented in Chapter 2, facilities offer a certain type of service and agents have private
splittable demands for this service. In contrast to the settings previously studied, in
our model agents’ locations are public knowledge and agents can misreport only their
demands.

To solve the problem, we introduce a novel approach that has not been used before
in Facility Location games. We combine the Money Burning main ideas with Facility
Location, in order to obtain truthful mechanisms that approximate the optimal social
cost. Adapting the VCG mechanism, we first design a VCG-like mechanism where
payments are in the form of additional individual cost. In the second section of this
chapter, we revisit Proportional Mechanism from a Money Burning perspective and
design a truthful mechanism. We present our results for the real line setting, as well
as general metric spaces.

4.1 Model and Definitions

Let N = {1,..,n} be a set of n strategic agents located in a metric space (X,d),
where d : X x X — R, is a metric on X, namely a function that is non-negative, sym-
metric, and satisfies the triangle inequality. In our model the metric d(x, z’) represents
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the distance between the locations £ € X and 2/ € X.

Each agent ¢ € N has a location x; € X, which is public information. There is
one type of service offered and each agent i has a demand w; € [1,400) for it. Let
w = (wy, ..., w,) denote the input vector of agents’ demands. The demand w; is private,
which means that an agent may report a demand that is different from his true value
in order to manipulate the mechanism. However, he can only report a demand that is
at least equal to his real demand w;. This assumption is reasonable, since w; denotes
the precise quantity that each agent needs. If agent i reports w; > w;, then the entire
demand w; must be served by the mechanism, but agent ¢ does not use the excessive
quantity w; — w; that he gets.

The demand of agents has to be served by a set F' = {F1,..., F,} of k facilities
and each facility can serve unlimited amount of demand. Let also d;(z) denote the
distance between the location of agent ¢ and location x. For a set of facilities C' C F,

we define d;(C) as d;(C) = inf{d;(c) : c € C}.

_ The demand w; that an agent ¢ € N has, can be split to different facilities. Let
wZ(J ) > 0 denote the part of agent i’s total reported demand that is served by the facility
F}; of course, the sum of them satisfies the condition Z?Zl wZ(J ) = w;. The locations of
()

the k facilities which serve each part w,”’ are decided by the mechanism.

Mechanism design. In the mechanisms that we study, the mechanism may determine
the order in which the facilities serve the demand of an agent i. For example, in a setting
with & > 2 facilities, where half of agent’s ¢ demand is served by facility F; and the
other half by facility F,, such that d;(F}) < d;(Fz), agent i is not allowed to consume
the service from F; before consuming the complete service available to him from F.

In the mechanisms described in this chapter, the demand w; of an agent 7 is
always split to at most 2 facilities F; and Fy, where d;(F}) < d;(F3). The most distant
facility Fy serves agent ¢ first, until all the demand wl@) is served. To sum up, the
mechanism maps an input demand vector to a tuple S = (51,...,5,), where S; =
((wlgil), F)), (wf?), F;,)) such that F;,, F;, C F, d;(F};,) < d;(F;,) and w(™) —i—wz@) = w;.

We write M;(w) to denote S;.

Social Cost. Given a set of facilities F' and an assignment S of demands w to the
facilities in F', the cost of agent ¢ is defined as

cost;[M(w)] = cost;[M;(w)] = min{w"Vdi(F;,) + w{ds(Fiy), w{?di(Fiy) + max{w; — w",0}di(F;,),
min{wgiz),ﬁi}di(ﬂg)}

The social cost of a mechanism M(w) is SC[M(w)] = Y 1, cost;[M(w)].
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Truthfulness. A mechanism M is truthful if for every agent i cost;[M (w;,w_;)] >
cost;|M (w;, w_;)]. Similarly, a randomized mechanism M is truthful (in expectation)
if E[cost;[M (w;, w_;)]] > Elcost;[M (w;,w_;)]] for every agent i.

Our goal is to design a truthful mechanism that picks the locations of the facilities
and determines the assignment of agents’ demands ng), 1 € N, j € F to facilities,
while minimizing the social cost.

Approximation ratio. A mechanism M achieves an approzimation ratio a if for all
input demand vectors w the social cost of M(w) is at most a times the optimal social
cost for w. For the randomized mechanism that we design, we will use the expected
social cost as a measure for the approximation ratio.

4.2 The Money Burning VCG Mechanism

Notation. For each agent ? € N we define an ordering F; 1, F} o, ..., F i, of the k facilities
according to its increasing distance from each facility. Thus, the closest facility to agent
i is F; 1 and the most distant facility is F; . Let also opT(w;, w_;) (or OPT) denote
the total cost of agents in the optimal solution, namely min{} " | w;d;(F;1)}.

By excluding agent j, we have a set N\ {j} of n—1 agents other than j. Similarly,
for each agent i we define an ordering F; )/, Fi 5, ..., I}/ of the k facilities according to

its increasing distance from each facility. Let oPT(w_;) (or OPT™7) denote the total
cost in the optimal solution for agents N\ {j}, namely min{}_, widi(Fi’_lj )}
Remark 4.2.1. The locations F', F?, ..., ™ in the solution OPT ™/ may not be unique;
for simplicity’s sake, in the proof of Lemma 4.2.3 and Theorem 4.2.5 OPT™? denotes
the optimal solution min{}_, widi(Fl-le)}, such that for agent j the distance d](Fj_lj)
15 the smallest possible.

The mechanism. In a general multi-parameter setting with a social welfare max-
imization objective, the main idea behind the VCG mechanism is that each agent i
pays his “externality”, i.e. the welfare loss the presence of agent ¢ causes to the other
agents. In settings where monetary transfers are permitted, it is easy to interpret this
welfare loss as the price each agents pays for the good(s) he receives. Though in our
cost minimization setting money is not allowed, we can establish an analogy between
the classical VCG mechanism and our social cost burning VCG mechanism.

Remark 4.2.2. Regarding equation 4.2, we note that this is the total cost of an agent
that truthfully reports his demand, i.e. w; = w;. However, the real cost of a probably
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Input: agents’ reported demands wy, ws, ..., wy,

PLACEMENT OF FACILITIES: The facilities are placed at the locations that the optimal
solution indicates:

(F',F? ...,F™) =arg min Zwimin{di(arl),di(@),...,di(azn)} (4.1)
=1

1,..., 2L EX <

Cost COMPUTATION: For each agent j, facility F}; serves only wj(.l) of his reported

(2) (1)

demand w;. The facility F}; serves the rest w;” = w; —w; . From the perspective of

the mechanism designer, the total cost of agent j is equal to
1 2 2
cost(wj, w—j) = wg"d; (Fj1) +wi”d; () = widy(Fin) +w;”[dy (Fi) = dy(Fn)] (4:2)

()

where w,;™ satisfies the following formula:

w]('2) [d;(Fr) — di(Fiq1)] = Zwidi(Fi,l) - Z widi(Fi,—lj) (4.3)
] 7]

Mechanism 4.1: The Money Burning VCG Mechanism
lying agent is equal to

w;d;(Fj1) + wg('z) [di(Fyr) —d;j(Fjq1)] if wj@) < w,
wj'dj (F}’k) Zf w](Q) > @j

Equation 4.2 implies that each agent j receives his cost in the OPT solution plus an
additional cost introduced by the mechanism as a “payment”. The payment does not
involve any money; however, the quantity w](?) [d;(Fjm) — d;(Fj;1)] indeed corresponds
to a payment: a burnt payment in the form of service cost. Setting the “payment”
wJ(.Q) [d;(Fjm) — dj(Fj1)] to be equal to >, widi(Fin) — >, widi(Fijlj), the core idea
of the classical VCG mechanism is actually embodied in our social cost burning mech-
anism.

We next prove some simple properties of the Money Burning VCG (or MBURN-
INGVCG) Mechanism.
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Lemma 4.2.3. Let w; denote the demand that agent j submits to the mechanism and
w; < wj; his true, private demand. The following properties hold true:

(i) The total cost of agent j is at most equal to wjdj(F]Tf), i.e.

di(Fja) + > widi(Fip) = Y widi(Fi) < wyd;(F;7)

i#j i#]
The above inequality implies that d;(Fj1) < d;(F} ) (see also Remark 4.2.1).

(ii) If agent j’s distance to the closest facility F 1 in OPT™ I 4s at most equal to his
distance to the most distant facility F} in every optimal solution OPT, namely

di(Fjr) > d;(F}; 7Y for each optimal solution OPT, then w() < wj. In other
words, the mechamsm 15 feasible.

(iil) If dj(Fjx) > di(Fy, 7Y for each optimal solution OPT(w;, w_;), then the Money
Burning VCG Mechamsm 1s truthful.

Proof. We prove each part separately:

J
~NFi1
F S>§TQ Fi!

Figure 4.1: Optimal solution for N \ {j} (left) - Optimal solution for N (right)

(i) According to Remark 4.2.1, we have asummed that d;(F ; 7) := mingp—s {d;(F s D}
Suppose now for the sake of contradiction that there exists an optimal solution

oPT’ such that

GET) + ) S widi(F™) =Y widi(F{) > wjd; (F}{)
i#] i#]
Consequently, w;d; (FOPT) + D i widi(Fi?fT') > D it wzdz(Fflj) + wjdj(ijlj),
thus the solution OPT7 has a total social cost that is lower than the optimal cost
opPT’. This contradicts the optimality of OPT’, therefore the proof is complete.
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(ii) For the nontrivial case where d;(F} ;) > dj(Fjjlj), Lemma 4.2.3 (i) imply that
Zwi i(Fin sz i ) < w;d; (thlj) — w;d;(Fjq)
i#] i#]
We apply equations 4.2 and 4.3 and obtain that
) — w;d;(Fj1)

(2) _ Zi;ﬁj widi(Fi) — Zi;ﬁj wzd%(ﬂ?) < w;d, (Fjlj .
’ di(F 1) — d;(Fjq1) T di(F) = di(Fja) ’

7 Js

iii) Let 7 be an agent that reports a demand w,; other than his true demand w;,
J g J J
w; < wj. The real cost of agent j is equal to

Wiy (Fy) + ) [di(Fyp) = dy(F)] i w)? <,
wjdj(Fj’k) if wj(2) > @j

costj(w;,w_;) = { (4.5)

where w(?[d; (Fy) — dj(Fj1)] = Yo, widi(Fia) — Yo, widi(F 7).
We consider two cases.

- If w® > @;, then it holds that

costj(wj, w—;) = w;d;(Fjx) = w;d;(F;

4, 1) > Widy (F)]) > costy (W), w-)

J7
where the last inequality follows from Lemma 4.2.3 (i).

- If w < wj, then

costj(w;, w_;) = w;d; sz i(Fix) — sz‘dz‘(F_J

i#] i#]

The term »_,; widi(Fijlj ) is independent of w;, therefore the problem of mini-
mizing costj(w;, w_;) reduces to the problem of minimizing the term w;d;(F; 1)+
> iz Widi(Fip). Submitting the true demand w; results in the mechanism choos-
ing an outcome that minimizes agent j’s cost; w; is the demand that achieves the
optimal sum min{w;d;(Fj1)+>_,; wid;(Fi 1)}, therefore agent j has no incentive
to lie. This completes the proof.

]

Theorem 4.2.4. The social cost of Money Burning VCG Mechanism is at most n
times the optimal solution.
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Proof. The proof follows immediately from the formula of agent j’s total cost

wid;(Fja) + > widi(Fiy) =Y widi(Fy)

i#] i#]

Summing over all the agents in N, we get that the social cost of the mechanism
M is SC(M(w)) = nopT(w) — Y, OPT *(w_,;).

If we consider k = n— 1, then oPT % (w_;) = 0 for each i. Consequently, the social
cost is n times the optimal. O]

From Lemma 4.2.3, we have that a sufficient condition for the truthfulness of MBURN-
INGVCG is d;(Fj ) > dj(F]_f) for each optimal solution OPT(w;, w_;). In the next sec-
tion, we apply MBURNINGVCG to a metric line setting and prove that the mechanism
is truthful.

4.2.1 The Money Burning VCG Mechanism on the line

In this section, we will restrict our attention to a simpler setting. When the metric
space is the line, we prove that MBURNINGVCG is truthful. We note that the metric
function d(z,y), d : R x R — R, is a non-negative and non-decreasing function of the
distance |x — y| of two points  and y on the line.

Theorem 4.2.5. The Money Burning VCG Mechanism is truthful on the line.

Proof. Due to Lemma 4.2.3, it suffices to show that d;(F},,) > dj(thlj) for every
optimal solution OPT.

The proof is by case analysis.

1. The optimal solution OPT™7 has placed all the facilities F;f , FJQJ -~ F;,g on the
right side - or without loss of generality on the left side - of the location x; of

agent 7.

For each facility F' we use two additional definitions. Let A,;;n:(F) € N denote
the set of agents that their nearest facility is F' and their location is on the right
side of F'. Similarly, let Aj.p(F) € N denote the set of agents that their nearest
facility is F' and their location is on the left side of F. The quantity cp, is

defined as Cpim = mingpy— {dS*™ ' (F;{)} (see also Remark 4.2.1).
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Figure 4.2: Case 1: All facilities F;

Suppose that it is possible that the facilities F} 1, F}, ..., Fj;; of the optimal so-
lution OPT are located within a distance d;(Fj;) < cmm, Vi € [k].

Crmin Cmin
oPT ™/ ——t—t—t——t—te— Ho——
i EP Fs Fii
Crmin Crmin
OPT o——F+et—ot—— —t—
i b

7F]’Qj, cey Fj_kj are on the right side of agent j

We focus on the rightmost facility F,.. (We note that F, is not necessarily the
most distant facility F}.)

If 7 does not connect to F,. then we have the following relations

AOPT J( )C AOPT ( )

right right
A E) 2 A

s

From the preceding relations, it can be easﬂy seen that the optimal location of

F, can not be closer to agent j than F;{ is. Suppose not. Let ASZ]TMJ(F] ) =
Agiﬁlt(Fr) and AR, (Fy 5 ) = A (). Then placing F, on the left side of Fjjlj

is not optimal, due to Remark 4.2.1. A careful examination shows that the same
holds for the other cases.

If j connects to [, then either j € AP (F,) or j € AD7y (Fy). In the latter case,

it still holds that ASZ]TM]( ¥ ) C AP (Fr), so the proof is similar to the previous
one.

In the former case (j € A} (F,)), we prove by contradiction that F. can not be
the rightmost facility. Indeed, due to the fact that there are k > 2 facilities and
F, is the rightmost facility, the rest k — 1 facilities must be on the left side of
agent j. These k — 1 facilities form a set F.

We define the sets of agents S, = A°"% (F,.) \ (A% (F,.) N AST (F,.)) and S; =

right right right

Urer (A (F) U AT (F)). We have that

right right

Yies, dilF) > Yies, di(Fyf) and Yo di(F) < Ve, dil F32)

Due to the optimality of the solution oPT ™7,
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Zdi< Zd 371] Zd Zd (F")

€Sy €Sy 1€S5) 1€S)

or equivalently,

STA(F)+Y di(F) > di(Fif)+ > dilF

€S, 1€S] €Sy 1€5;

Consequently, placing at least one of the facilities in 7’ to the location where
facility F, ] was, leads to a better solution. Thus, F,. can not be the rightmost
facility i 1n an optimal solution OPT.

Therefore, d;(Fjx) > d;(F; ) > Conin-

2. The optimal solution oPT™/ has placed the facilities F

]1,F]7 , ,F]_k] both on
the right and left side of the location z; of agent j.

In the optimal solution OPT, let F. and F; be the rightmost and leftmost facilities,
respectively. We assume that d;(F]) < ¢pin and d;(F).) < Cpin-

We consider two subcases.

(2a) Let F,. # F;; and F; # Fj; (in this case there must be k£ > 3 facilities).
This means that agent j does not connect to either F,. or F;. In the optimal
solution oPT™, let also F;lj st denote the closest facility to agent j on
his left side. In other words, the definition does not necessarily imply that

F]_1 left = F . However, there is no other facility that is located on the left

side of agent j and it is closer to j than the facility F I1est 18- In the optimal

solution oPT7, let also FJ 1] right denote h1s closest facﬂlty on his right side.

It is either FJ Ciepr = F 1 or £ ljmght = F;, but we assume without loss of

generality that F} 1] vight = F 7_]

We have again that
J
Aign (F51) € A% (F)

m If AD “( ]1]) 2 AP (F), then the proof is similar to the first part of
Case 1.

m If APP(FF) 2 AR(F), then a set S of agents, which in opT™
do not connect to F 7. connect to F, in the optimal solution OPT.
Consequently, the agents in S must connect to F,/, ;, in the OPT ™/
solution. Formally, for each agent ¢ € S we have tha di(Fy) < dj(F) <
di(F;10p) < di(F}7)-
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The assumptions F, # Fj; and F; # F}; imply that AOPT_j(FJTf;left) D

_ ) right =
Aot (F1). Moreover, ARSE (7 .r,) © AR(F).

This is symmetrical to case 1, therefore using a similar approach we get
that d](F‘Jyk) > d](F’l) 2 Crnin-

Cmin Cmin

opT ™/ I—;—!—!—!—kHEB—I—{j! e +o—+—
Fiq jo Fi

Cmin Cmin

OPT —te—tto—oti+o-

Figure 4.3: Case 2a: Agent j does not connect to either F, or F;

(2b) Suppose without loss of generality that F; = F ;.
We have that A%" 7 (F7 ) C A% (F.).

right 7,1,right right

If AP (Fi 7 ione) 2 AR (Fy), then the proof is similar to the first part

of Case 1.

If A?e‘ﬁ*j(F]Tl]; right) 2 Al (F}), then there exists a set S of agents such
that ‘ ‘
di(Fy) < di(Fj1) < di(Fi]1ope) < dilF 7 igne) (4.6)

for each agent i € S.

Cmin Cmin A
OPT_j |—Q—|—H—|—|'@'E ¢ } —— o f
—J : =7
Fj,l,left J S Fj,l,right

Cmin Cmin A
OPT —+—
F‘j,l ,] S Iy

Figure 4.4: Case 2b: Agent j connects to F; = Fjj;
Let A be the set of agents that connect to F}le;right’ ie.

A=A (F viant) AR (Fi i)

right J,1,right j,1,right

For the total cost of agents in AU .S (where j ¢ (AUS)) we have that

Z di (F]Tij,right) + Z di(Fjle,right) 2 Z dl(F"q) + Z d’(FT) (47)

i€A i€S i€EA i€S
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because of the optimality of OPT. '

In the optimal solution oPT™7, if we replace the facility F]_f right with
F,., we create a solution that it is equal or better than OoPT™’, but
d;(F,) < Cmin- Equation 4.7 contradicts our assumption in Remark

4.2.1 and this completes the proof.

4.2.2 Applying the Money Burning VCG Mechanism to gen-
eral metric spaces

Although the Money Burning VCG Mechanism works on the line, it does not work
for all metric spaces. The following example illustrates a case, in which the mechanism
is not truthful.

1 1000
1 1 1
1000 500 . 1000 1000 500 ) 1000 1000 5OOI ) 1000
4 4 4
B T N /o s [0 TR
2 1000 3 2 1000 3 2 1000 3
10 10 10 10 10 10
(a) The metric graph G (b) Agent 1 reports w; =1 (C) Agent 1 reports w; = 1000

Figure 4.5: Applying the Money Burning VCG Mechanism to metric graph G

Example 4.2.6. Let GG be a metric graph. The locations of the 4 agents are x1, o,
x3 and x4. We define the metric d as follows: d(z1,x2) = d(x1,23) = d(x2,z3) = 1000
and d(z1,x4) = d(z2, x4) = d(x3,24) = 500. We want to locate 2 facilities.

The true demands of agents are w; = 1, wy = 10, w3 = 10 and wy = 1. If all agents
report their true demands, then the optimal solution OPT places the two facilities at x4
and z3 and we have OPT = 1-10004+10-0410-0+1-500 = 1500. The optimal solution
OoPT ! places again the two facilities at xy and x3. The optimal cost (for agents 2, 3
and 4) is OPT™ ' =10-0+10-0+ 1-500 = 500. In this case, the social cost of agent 1
is costq(1,10,10,1) = 1000.

Next, we assume that agent 1 reports a demand w; = 1000 instead of w; = 1.
The optimal solution OPT places the two facilities at x; and x4 and we have OPT =
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1000 - 0+ 10 - 500 + 10 - 500 + 1 - 0 = 10000. The optimal cost (for agents 2, 3 and 4)
is again OPT ! = 500. The “payment” of agent 1 is equal to 10000 — 500 = 9500, but
his total social cost is cost;(1000,10,10,1) = w; - d(xq,x4) = 150, because w; < w§2).
Consequently, we have cost;(1000, 10, 10,1) < cost;(1,10,10,1), thus agent 1 has the
incentive to lie. This implies that the mechanism is not truthful in this setting.

4.3 Money Burning Proportional Mechanism

In this section, we follow a different approach to design a truthful mechanism
for general metric spaces. We return to the basic idea of the randomized mechanism
called Proportional Mechanism which was presented in Chapter 2. In brief, the Money
Burning Proportional Mechanism or MBURNINGPROPMECH allocates the k facilities
to k different agents and as in the Proportional Mechanism, the j-th facility is placed at
agent 7’s location with probability proportional to the current cost of agent i. However,
we also introduce a money burning payment scheme; except for the first round of
the mechanism, every agent that gets a facility in rounds 2 to k pays an additional
individual cost. The details of the mechanism can be found in Mechanism 4.2.

4.3.1 Payments and truthfulness

The question naturally arises why the already known Proportional Mechanism
is truthful or not. The following examples provide intuition as to why payments
in the form of additional individual cost are necessary in order to design a truthful
proportional-like mechanism.

1000 1000

2
200
5 10

Figure 4.6: Remark 4.5.1: The Proportional Mechanism is not truthful

Remark 4.3.1. (Proportional Mechanism is not truthful without payments.) While
the (winner-imposing) Proportional Mechanism achieves truthfulness in the classic
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setting of k-Facility Location without resorting to payments, this is not true for our
setting.

A counterexample for 3 agents and 2 facilities is the following (see also Figure 4.6).
All agents that get a facility pay nothing, thus if agent 1 reports his demand truthfully,
then agent 1’s expected total cost is +-0+1-[5-0+2-(5-200)]+2-[-0+2-(5-200)] = 122,
However, if agent 1 reports wy; = 10 > w;, then agent 1’s expected total cost is
2.0+2[3-0+3-(5-200)]+2-[2-0+2-(5-200)] = 22 < 122 This means that
agent 1 has the incentive to lie.

Remark 4.3.2. (Proportional Mechanism with payments only at Round 1 is not truth-
ful.) An other observation is that even a relatively high payment in the first round
of the mechanism does not guarantee truthfulness. Here, we consider a version of the
Proportional Mechanism, where there is a payment only for the agent that gets the
(second) facility at Round 2. The payment is equal to the best current cost of this
agent.

We provide a counterexample with k = 3 facilities and n = 4 agents (see Figure
4.7) to show that such a mechanism is not truthful. Indeed, if agent 4 reports a
demand w, = 100 instead of w, = 1, then we can easily see that his expected cost
decreases. Though the possible payment at Round 2 was really high, in expectation
agent 4 will benefit from lying. In fact, due to the fact that all distances are equal to
1, the agent can manipulate the mechanism by misreporting a higher demand. Thus,
the probability that he gets a facility is directly proportional to his reported demand.

1
wy =1
3 4
1
1 1
1 2
1
1000 1

Figure 4.7: Remark 4.3.2: The Proportional Mechanism with payments only at Round 2 is
not truthful

It becomes clear that Proportional Mechanism without payments is not truthful
and that (non-monetary) payments are needed for more than one rounds. In the
next section, we present our randomized money burning proportional-like mechanism
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MBURNINGPROPMECH with payments at all rounds 2 to k; an interesting question is
whether payments are necessary for every round r > 1.

4.3.2 The Mechanism

Let w; and w; denote the true and the reported demand of an agent j, respectively.
The mechanism takes as input only the demands wq, ..., w, reported by the n agents,
given that their locations x, ..., z,, are public knowledge. The mechanism works in
k 4+ 1 rounds and at each round r» = 1,..., k selects the location of the next facility
among the locations z, ..., x, of the agents. The mechanism also decides the single
facility or the two facilities that each agent has to connect to. At round k + 1 the
remaining n — k agents, i.e. agents that have not been selected by the mechanism
during rounds 1 to k, connect to the facility that it is closest to their location.

For each round r = 1,...,k, we define the set C, of locations of the r facilities
placed in round 1 to r, as well as the set A, of agents that have not been connected
to any facility yet. We set Cy = @ and Ay = A. The mechanism is given on the next

page.

Theorem 4.3.3. MBURNINGPROPMECH is truthful.

Proof. For each round r = 1, .., k, let cost;[w;|C,_1] be the expected total cost of agent
j € A,_1 with reported demand w;, given that the mechanism has already placed the
first » — 1 facilities. Thus, the ex-ante total cost of an agent who participates in the
mechanism is cost;j[w;] = costj[w;|Cy]. We also assume that w; < w;, where w; is
agent j’s true demand.

w;d;(Cr—1)

and its
ica,_, widi(Cr—1)

At round r, agent j € A,_; is selected with probability =

final cost is equal to min(aw;,w;)d;(C,—1). If, instead of agent j, a different agent
i € A1, 1 # j is chosen, then the expected cost of agent j is cost;[w;|C,—; U{z;}]. To
sum up, we get the following formula:

ZiGAT_l,iyﬁj widi(C,«_l)costj [wj|C’T_1 U {xb}] + min{ﬁj, aw; }dj (CT_1)wjdj (Cr—l)

costj[w;|Cr_1] =
lwg|Crl ZieAr,l,i;&jwidi(Cr*l)+wjdj(cr71)

(4.9)

We will show that cost;[w;|Cy] > cost;[w;|Co|, i.e. the mechanism is truthful.
First, we prove, by induction on r, that cost;jw;|C,_1] > cost;[w;|C,_1] for every
r = 2,....k w;, w; s.t. w; > w;. For the next part of the proof, we rest on the
induction hypothesis that cost;jw;|C,] > cost;[w;|C,].
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Round 1: One location z;, out of 1, ..., , is chosen uniformly at random. The first
facility is placed at x; and agent j; connects to this facility. The cost of agent j; is
zero. We set Cy = {z;, } and A; = Ap \ {/1 }.

Round r = 2,3, ..., k: The location x;, of the r-th facility is selected with probability
w'rd'r(c"‘*l)

jeJAT i”jdj (Cr—l) ’
actual demand wj,, where

o — Zz’eAT_l,i;éj w;d;(Cr—1) min{d;(Cr-1), d;(z;))} (4.8)
di(Cro1)(2 X sea, iy widi(Cro1) + d5(Cro1)) '

equal to > The facility at z;, serves only max(w;, —aw;,,0) of agent j,’s

The facility in C,_; that it is closest to z;,, serves the rest min(aw,,,w;, ) of agent
Jr’s demand w;,. The total cost of agent j, is min(aw;,,w;, )d; (C;—1). We also set

Cr=Cr1U{z; }and A, = A, \ {j-}.

Round £+ 1: Finally, the set of the facilities is C. The demand of every agent i € Ay
is served by the facility in C}, that is closest to this agent .

Mechanism 4.2: The Money Burning Proportional Mechanism

Let € > 0 be a small constant, s.t. w; = w; + €.

dcost;[w;|Cr_1] costjlw; + €|Cr_1] — cost;[w;|Cr_1]

= lim 4.10
dw; €0 € ( )
where <stilwiteCrolcosti[wilCra] i oqyal to

€

1
Ae) = .
e(ZieArfl,i;éj wid; (Cr—1) + (w; + €)d; (Cr—1))(ZiEA,r,1,i¢j wid; (Cr—1) + w;d;(Cr-1))

|:( Z w;d; (CT71) =+ wjdj (Crfl)) Z widi(Crfl)chostj [wj + ElCTfl @] {xl}]
€A, _1,i7#] €A, _1,17#]

+( D widi(Cro1) +wsd; (Cro))a(w; + €)d; (Cr—1)(w; + €)d; (Cr—1)
Q€A _q1,i#]

(> widi(Cro1)+ (wj +)d;(Cr1)) Y widi(Cr1)wjcostj[w;|Cr—1 U {z;}]
1€EA,_1,i#] €A, _1,i#]
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—( Y. widi(Cro1) + (wj + €)d;j (Cr1))aw;d; (Cr—1)w;d; (Cr—1)
€A, _1,i#]

As € approaches 0, the limit of the function is

Z' ) ¢wd(C 1)[costj[wj+e\Cr,1U{xi}]fcostj[wj|C,-,1U{zi}}]
1€Ar—1,07] * -

€

lim A(e) = lim
e—0 ( ) e—0 ZieAr_l,i;éj widz’(cr—l) + (wj + E)dj(cr—l)

ad?(Cr_1)w?e + 2ad2(Cr_1)wj
+ lim J J J
=0 ZieAr,l,i;&j w;idi(Cr—1) + (w; + €)d;(Cr—1)

. dj(Cro1)(awid3(Cro1) + Yien, iz Widi(Cr1)costj[w;|Cr1 U {2;}])
— lim _

=0 €(Y i,y iz Widi(Cro1) + (wj + €)d; (Cr1)) Xiea, _, iy widi(Cr-1) + w;d;(Cr_1))

s deostj[w|Cr_1U{x;}]
2iea, iz Widi(Cra) =gy w=uw; 2ad}(Cr—1)w;

+
Dica, it Widi(Cro1) + w;d;(Cr_1) doica, it Widi(Cro1) + w;d;(Cr1)

di(Cron) (@i (Crot) + Niea, iy widi(Cro)costwj|Cry U {i}])
(Xiea,_1,izj widi(Cr—1) + w;d;(Cr—1))?

deost j[w;|Cr_1]

We require the function === = lim_,, A(e) to be positive (or at least zero)
J
for every w;. By the induction hypothesis it holds that 2<% [w\d%'_w{xi}] for every
J W=w;
1 € A,_1, hence it suffices to solve the following inequality for a:
2ad3(Cr—1)w, B dj(Cr—1)(awFd3(Cro1) + Yica, _, izj widi(Cr—1)cost;lw;|Cr_1 U {z:}]) -

Yie Ay iy Widi(Cr—1) + w;d;(Cr1) (XCica,_q,izs widi(Cr—1) + w;d;(Cr—1))? -

We obtain that

DoicA, y1itj Widi(Cr—1)costjw;|Cr—q U {z;}] (4.11)

a >
wjdj(Cr,l)(Q ZiEAr_l,i;éj widi(Cr,l) + wjdj(Cr,l))

Using the inequality w; min{d;(C,_1),d;(x;))} > cost;[w;|Cr_1 U {x;}], a should
suffice to be equal to:

L Yican iz Widi(Cr—1) min{d;(Cy—1), dj(:)) } (4.12)
di(Cro1) (22 5ea, iy Widi(Cron) + w;d;(Crov)) ‘
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The parameter a should not depend on demand w;, therefore we set a to be equal
to

. >ican iz Widi(Cry) min{d;(Cy—1), dj(2:)) } (4.13)
di(Cro1)(2 X ica, iy Widi(Cro1) + d5(Cr1)) '

Up to this point, we have proved that cost;[w;|C,_1] > cost;[w;|C,_;] for every
round r = 2, .., k, when min{aw;,w,} = aw;. We now consider the case min{aw;,w,} =
w;. We need to study the monotonicity of the function

2oicA,_q,izg Widi(Cr_1)cost;[w;|Cr—1 U {z:}] + W;d; (Cr—1)w;d; (Cr-1)

) = 4.14
flws) S a2y wids(Cr 1) + w0y, (Cr 1) (414

The derivative of f is

dcost;[w;|Cr _1U{x; —
afwy)  (Tiea, iny widi(Cron) <Gt 435, 03(C, 1)) (Sica, iy widi(Cr1) +w;d; (Cron))

dwj (ZieA,.,l,i;éj widi(Crfl) + wjd]- (Crfl))Q

dj(Cr—1)(Xica, _,,iz; Widi(Cr—1)cost;[w;|Cr_1 U {z;}] +ﬁjwjd§ (Cr_1))
(ica, iz widi(Cro1) + w;d;(Cr-1))?

dcost;[w;|Cr _1U{x;
_ ZieAr—lJ#j widi(Cr—1) . ]dle — +
ZieAT,,l,i?gj wid; (Cr—1) + w;d;(Cr_1)

Ejd? (Cr=1) ZiGAT_l,iij w;di (Cr—1) — dj (Cr=1) ZiEAT_l,iij widi(Cr_l)costj [wj\C'T_l UA{zi}]
(Cica,_y ip widi(Cr—1) + w;d;(Cr—1))?

and by applying the induction hypothesis, as well as the inequality
w;d;(Cr—1) = costj[w;|Cry U{z:}],

we obtain that % > 0.

J

Consequently, if w; > w;, then
costj[w;|Cra] = fwy) = f(w;) =

Sica, g Widi(Crov)eostfw;|Cry U {a;}] + atw;d;(Cror)w;d;(Cr1)
doica, iz Widi(Cro1) + w;d;(Cr_1)

> cost;[w;|Cr_1]
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In conclusion, so far we have showed that cost;[w;|C,_1] > cost;[w,|C,_4] for
rounds r = 2, ..., k. To prove the truthfulness of the mechanism, we need to show that
cost;lw;] > cost;[w;]. It is easy to see that for r =1

1
costj[w;] = cost;[w;|Co| = - Z costj[w;|Co U {x;}]
i#]

> %Z cost;[w;|Co U {x;}] = cost;[w;|Co] = cost;[wj] (4.15)
i#]

The basis case is for r = k, thus we need to prove that cost;[w;|Cy_1] > cost;[w;|Cy_1].
We have the following equations:
Yicay_y,izj widi(Cr—1)w; min{d;(x;), d;(Cr—1)} + min{w;, aw; }d; (Cr—1)w;d; (Cr—1)
DicAy_ iz Widi(Cr—1) + w;d;(Cr—1)

costj[w;|Cr—1] =

Dicay_y iztj Widi(Cr—1)w; min{d;(zi), d; (Cr—1)} + aw;d; (Cr—1)w;d; (Cr—1)
DicAy iz Widi(Cr—1) + W;d; (Cr—1)

cost [ﬁj |Cr—1] =

First, we consider the case where min{w;, aw;} = w; and focus on the monotonic-
ity of the function f(w;) = cost;[w;|Ck_1]. The derivative of f is

dFwi) _ oo )Ejdj(ckfl)(ZieAk—hi#]' widi(Ck—1)) = 2icay_y izy Widi(Ch—1)W; mindd; (@i), d;(Ch—1)}
dw; R (Cicay_y,inj widi(Cr—1) +@;d;(Cp-1))?
and —d];g;j) > 0, because d;(Ck-1) > min{d;(z;), d;(Cr-1)}-

Consequently, we obtain that
Dic Ay, iztj Widi(Cr—1)w; min{d;(zi), d; (Cr—1)} + W;d; (Cr—1)w;d; (Cr—1)
Yicay_ 1, inj Widi(Cu—1) +W;d;(Cr—1)

costj[w;|Cr_1] > > costj[w;|Cr_1]

Next, we assume that min{w,;,aw;} = aw;. Using a technique similar to the
general case, we get that a given by 4.8 will satisfy the inequality cost;[w;|Cl—1] >
COStj[wj’Ck_l]. ]

The theorem below shows that the mechanism is feasible, as well as that an agent
does not need to pay more than 1/2 of his current cost at the round that he gets a
facility.

Theorem 4.3.4. The mechanism is feasible, i.e. it holds that a < 1/2 < 1.

Proof. The property follows immediately from the inequality
dj(Cr—1) 2 min{d;(Cr—1), d;(x;)}
for every i € A,_;. O
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4.4 Conclusion and future work

Summary of results. In this Chapter, we studied a Facility Location problem where
n agents with private splittable demands are located in a metric space and k facilities
that serve a specific type of service must be placed. We combined a money burning
technique with well-known results in the field of Mechanism Design in order to design
truthful approximate mechanisms for this Facility Location problem.

On our first attempt, we used the VCG mechanism as a basis for designing a
VCG-like mechanism (MBURNINGVCG) that enforces non-monetary payments. We
provided a sufficient condition for the truthfulness of MBURNINGVCG and proved
that MBURNINGVCG is a truthful n-approximate mechanism on the line.

In addition, based on the Proportional Mechanism without money, we designed
a truthful Money Burning Proportional Mechanism (MBURNINGPROPMECH) which
works in k£ rounds and uses a money burning technique. The main idea is that the r-th
facility is placed at agent i’s location with probability proportional to the current best
cost of agent 7. If agent i gets a facility in rounds r = 2 to k, then MBURNINGPROP-
MECH requires agent i to serve part of his reported demand at a non-zero total cost,
while the rest of agent ¢’s demand is served at zero cost.

Directions for future research. Current work includes modifying MBURNING-
ProrPMECH in order to get a good, bounded approximation ratio; payments should
remain as small as possible. One other direction could be studying settings where
agents’ locations are private, so each agent can lie about his true demand, his true
location or both. Furthermore, an extension to our Facility Location could include
different types of services. In such a heterogeneous model, each facility will serve a
different subset of services and each agent will have a demand for some of the service
types offered.
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