Inefficiency of Ordinal One-Sided Matching
Mechanisms

Vasileios Stamatis

Supervisors:
Examination committee: Aris Filos-Ratsikas, Lecturer,
Aris Filos - Ratsikas, University of Edinburgh. School of Informatics,
University of Edinburgh.

Dimitris Fotakis, National Technical University of

Athens. Dimitris Fotakis, Professor,
Evangelos Markakis, Athens University of School of Electrical & Computer
Economics & Business Engineering,

National Technical University of Athens.

Aoyikh ko Arakprtd
3 =
3 R
g kg
Ry ps
- 52
3 OCAMY &

=
S
3 T
: L
3 a
<007 0uw1Xa1una3






ABSTRACT

This thesis examines Ordinal One-Sided Matching Mechanisms, that allocate indivisible resources. We focus on
two important mechanisms: Random Priority and Probabilistic Serial. Random Priority is safe from player ma-
nipulation (truthful), but often leads to suboptimal fair and efficient results, while Probabilistic Serial produces
efficient results, but is vulnerable to manipulation.

We study several concepts such as social welfare, efficiency, truthfulness and analyze the performance of these
mechanisms. We study the Approximation Ratio, which quantifies how close the outcome of a mechanism is to
the optimal solution in terms of social welfare; the Price of Anarchy, which measures how the players' strategic
behavior affects the efficiency of the mechanism; the Incentive Ratio, which expresses the maximum benefit a
player can gain by manipulating her preferences compared to her true ones.

Finally, we present experimental results and discuss a new metric to assess how agents' strategic behavior affects
the mechanism's social welfare relative to its outcome if everyone were telling the truth.






YYNOYH

AVt 1 SmhopOTIKY epyacio eEeTALEL UNYOVIGLLOVG LOVOLLEPOVG OVTIGTOIYLONG LLE BAON TIG SLUTAKTIKEG TPOTLUNGELS
TOIKTAV, Ol 07001 KATAVELOLV adlaipeTOVS TOPOVG. EmMikevipmvOpoote 6 d0V0 GNUOVTIKOVG UNYOVICHOVG: TOV
Random Priority ka1 tov Probabilistic Serial. O Random Priority givat ac@aing and yeipaydylon omd Toug ToikTeg
(truthful), aAAd cvyvd odnyel oe voPféltiota dikato amoteAéopata, v o Probabilistic Serial mapdyet dixkoia
amoteLécata, OAAG Elvol EDAAWTOG GE YEPAYDYNON.

E&etdlovpe apketé Evvoleg, OTMG TNV KOWMOVIKTY gvnuepia, TNV omodoTKOTNTA, TNV ACOAILELD GTNV XEPAYDYION

Ko avOADOLLE TV AOO0CT QVTMV TV UNYOVICU®V. Meletovpe To Approximation Ratio, To onoio Ttocotikomotel

1660 KOVTH fPICKETOL TO AMOTEAEGILO EVOG UNYAVIGHOD TNV 100VIKT ADGT| 07T TNV GITOWT| TNG KOWVOVIKNG EVT|LEPTOG'
10 Tipunpa g Avapyiag (Price of Anarchy), Tov pHeTpd TOG 1 GTPATIYIKN GUUTEPIPOPE TOV TAUKTOV EMNPEALEL TNV

AOS0TIKOTNTO TOV Unyoviopov” To Incentive Ratio, to omoio ekppdlet To péyioto 6@EAOG TOV UTOPEL va. Kepdioet

€vog TaiKTng pe TNV OAAIYT TOV TPOTILCEDY GE GUYKPLON UE THV oAnBivi| Tov avaeopd.

TéMog, TapaOETOVLLE TEWPAUAUTIKA ATOTEAEGUATA Kot GL{NTOVLLE [0, VEQ LLETPLKT, Y10, VOL EKTNUNOEl TG 1 oTPOTYIKN
GUUTEPLPOPA TOV TPOKTOP®V EMNPEALEL TO KOWMVIKO OPELOG TOL UNYAVICUOV, GE oxEom Ue TV £KPacn tov, av
oMol Edeyav TNV aAnOsta.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Artificial intelligence research fundamentally focuses on the study and design of autonomous agents capable of
making logical decisions. These autonomous agents find applications in a wide range of areas including, but not
limited to, online systems, customer support systems, healthcare, robotics, transportation and traffic control, infor-
mation management and electronic commerce.

The field of multiagent systems research, draws on a wide range of techniques, from mathematics, economics
and computer science to create autonomous agents that can navigate intelligently and achieve specific goals when
interacting with potentially uncertain environments. A key concept in modeling decision-making, particularly in
multiagent systems, is the handling of individual preferences. Agents often find themselves in decision-making
situations and require computational models of preferences to reason over various choices. These preferences may
guide agent behavior when seeking collective decisions in social choice problems such as voting, or when making
rational decisions while competing or cooperating with other intelligent agents.

In the efficient allocation of indivisible resources among self-interested agents who compete for limited resources,
individual preferences are the crucial factor in assessing the quality of the allocation and achieving favourable so-
cial outcomes. Techniques from game theory and economics are used in multi-agent resource allocation to ensure
various desirable properties based on agents' preferences. Mechanism design approaches, such as matching mech-
anisms and auctions, are often used to ensure fairness and efficiency while preventing agents from manipulating
outcomes.

However, in many scenarios, such as assigning student housing, distributing faculty workloads, assigning student
courses, and allocating organs to patients, monetary transactions are prohibited. These systems rely on self-reported
preferences, but agents may not always report their true preferences. For example, parents may misrepresent their
preferences in school placement systems in order to secure better placements for their children. To address this
problem, the fields of mechanism design and matching theory have developed algorithms that encourage truthful
preference reporting.

Truthful reporting of preferences is key to ensuring other desirable properties such as efficiency and fairness. With-
out ensuring truthfulness, a matching mechanism can only guarantee efficient and fair allocations with respect to
the, perhaps untruthful, preferences, and thus fails to satisfy the desirable economic properties with respect to the
true underlying preferences.

It is therefore crucial the construction allocation mechanisms that provide incentives for self-interested agents to
report their preferences truthfully, while ensuring economic efficiency and fairness.



1.2. OUTLINE OF THE THESIS

1.2 Outline of the Thesis

The focus of this thesis is a review of the literatute of ordinal mechanisms for the One - Sided Matching Problem
- the problem of allocating indivisible items to agents in a way that each agent receives exactly one item. This
problem is central to various applications such as student course allocation, housing assignments, and organ dona-
tion. The central challenge lies in designing mechanisms that respect agents' preferences while ensuring fair and
efficient outcomes without the use of money.

This thesis begins with a bibliographic review of the One - Sided Matching Problem and continues with presenting
existing mechanisms designed for the One - Sided Matching Problem. These mechanisms include well-known
mechanisms such as the Random Priority and Probabilistic Serial.

By further studying these mechanism we encounter economic inefficiencies by them. For example, the Random
Priority mechanism is strategy-proof but can result in suboptimal allocations, while the Probabilistic Serial mech-
anism, which often yields more efficient and fair outcomes, is susceptible to manipulation.

Social Welfare — a prominent measure of collective utility widely used in the literature, captures the overall sat-
isfaction of all agents under an allocation mechanism and as natural, it is desired to be as high as possible. The
inefficiency of these mechanisms, arrising due to strategic behavior or inherent design limitations, can be captured
by Social Welfare. Further in this thesis, we will see work done, providing theretical bounds for these inefficien-
cies, while we will see experiments, showing how these mechanisms behave in the average case.

In the last Chapter of this thesis, we provide possible future directions on this problem. We suggest a new measure
that provides a deeper understanding of how strategic behavior can sometimes yield better outcomes than truthful
reporting. We state some thoughts concerning possible bounds, and an algorithm that produces such examples.

This thesis is structured as follows:
* Chapter 1: Introduction to the thesis.
* Chapter 2: This chapter explains the notation and basic concepts used in the thesis.
* Chapter 3: This chapter reviews the One-Sided Matching Problem..
* Chapter 4: This chapter studies the Approximation Ratio of Ordinal One - Sided Matching Mechanisms.
* Chapter 5: This chapter studies the Price of Anarchy of Ordinal One - Sided Matching Mechanisms.
* Chapter 6: This chapter studies the Incentive Ratio of the Probabilistic Serial Mechanism.

» Chapter 7: This chapter introduces the Price of Truthfulness and its impact.



CHAPTER 2

PRELIMINARIES

We standardize our notation throughout this thesis based on the work in [8], [[10] and [§] ensuring consistency with
the notational conventions established therein.

2.1 Basic Definitions

In this section, we present an overview of the key definitions and fundamental concepts that form the basis of this
thesis. Throught this thesis we let N = {1,...,n} to be a finite set of agents and A = {1, ..., m} be a finite set
of indivisible items. We assume that n = m, meaning that the number of items are exactly the same as the number
of agents, unless stated otherwise.

2.1.1 Allocations

An allocation is a matching of agents to items, that is, an assignment of items to agents where each agent gets
assigned exactly one item. We can view an allocation u as a permutation vector (1, fto . . ., i) Where pu; is the
unique item matched with agent i. Let O be the set of all allocations.

2.1.2 Valuation Functions

Each agent i has a (private) valuation function u; : A — R mapping items to real numbers. The two standard ways
to fix the canonical representation of w; in the literature are unit-range, where max; u;(j) = 1 and min; u,;(j) = 0,
and unit-sum, that is, >, u;(j) = 1 with u;(j) > 0 for all 7, j. Equivalently, we can consider valuation functions
as valuation vectors u; = (u;1,U;2,...,u;,) and let V' be the set of all valuation vectors of an agent. Letu =
(u1,ua,...,u,) denote a typical valuation profile and let V™ be the set of all valuation profiles with n agents.

2.1.3 Mechanisms

A direct revelation mechanism without money is a function M : V" — O mapping reported valuation profiles to
matchings.

2.1.4 Strategies

We consider strategic agents who might have incentives to misreport their valuations. We defines = (s1, 82, ..., $p)
to be a pure strategy profile, where s; is the reported valuation vector of agent <. We will use s_; to denote the
strategy profile without the ith coordinate and hence s = (s;, s_;) is an alternative way to denote a strategy profile.

2.1.5 Ordinal & Cardinal Preferences

A mechanism M is ordinal if for any ¢ strategy profile s, s’ such that for all agents ¢ and for all items j, ¢, s;; <

sig € s;; < S, it holds that M(s) = M(s’). A mechanism for which the above does not necessarily hold is

cardinal.



2.2. CONCEPTS FROM ECONOMICS

Equivalently, the strategy space of ordinal mechanisms is the set of all permutations of n items instead of the
space of valuation functions V™. A strategy s; of agent 7 is a preference ordering of items (a1, as, . . . , a,,) where
ap = ay for £ < k. We will write 7 =, j’ to denote that agent ¢ prefers item j to item j’ according to her true
valuation function and j >, j’ to denote that she prefers item j to item j’ according to her strategy s;.

When not confusing, we abuse the notation slightly and let u; denote the truthtelling strategy of agent ¢, even
when the mechanism is ordinal. Note that agents can be indifferent between items and hence the preference order
can be a weak ordering.

2.1.6 Randomized Mechanisms

For a randomized mechanism, we define M to be a random map M : V"™ — O. Let M;(s) denote the restriction
of the outcome of the mechanism to the i'th coordinate, which is the item assigned to agent ¢ by the mechanism.

For randomized mechanisms, we let p?f’s = Pr[M;(s) = j] and p}"* = (p*,... pM*). When it is clear from

the context, we drop one or both of the superscripts from the terms pf\;[ S, The utility of an agent from the outcome
of a deterministic mechanism M on input strategy profile s is simply u;(M;(s)). For randomized mechanisms, an

agent's utility is Efu;(M;(s))] = 3°7_, pf\f’suij.

2.2 Concepts from Economics

2.2.1 Efficiency, Truthfulness & Fairness

When giving away resources, two natural goals are to allocate these resources efficiently and fairly. Achieving
these goals requires asking people about their preferences, so a third goal is to allocate in a way that is truthful
(incentivizes people to tell us their true preferences).

Can we achieve all three goals simultaneously? Achieving all three goals - efficiency, fairness and truthfulness
- simultaneously in resource allocation is generally not possible due to fundamental trade-offs in mechanism de-
sign. Theoretical results such as the Gibbard-Satterthwaite theorem and others show that when there are three or
more agents or options, no deterministic mechanism can satisfy all three properties without being dictatorial. This
impossibility forces mechanism designers to make compromises: between efficiency and truthfulness on the one
hand, and fairness on the other; between achieving fairness and truthfulness on the one hand, and some efficiency
on the other. Of course, some randomised mechanisms achieve the right trade-offs by slightly relaxing one or the
other of these goals, but a harmonious solution that achieves all three at once remains elusive. The reader, might
be interested in [22] and [23] for a more inclusive discusion.

Pareto Efficiency and Truthfulness

A deterministic mechanism M is said to be Pareto Efficient (PE) if for every preference profile >, there is no
allocation that is as good (according to ) as M () for every agent, and strictly better for some agent. In other
words, there is no other allocation of the items that can make at least one agent better off without making any other
agent worse off.

A deterministic mechanism is Truthful (or strategyproof or incentive-compatible) if, for any preference profile
> and agent 1, the object that 7 receives from reporting >; is at least as good (according to >;) as the object that
1 receives from reporting any other preference. In, other words, agents do not have incentives to misreport their
valuations - telling the truth is a dominant strategy.

Utility-wise, a mechanism M : V"™ — O is truthfull, if for every agent i and all u = (u;,u_;) € V™ and
u; € V it holds that:

uz(MZ(U)) > u; (Mz(u;7 u*i))

Where u_; denotes the valuation profile u without the ¢-th coordinate.

4
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Random Mechanisms & Lotteries

In order to achieve fairness, we often use random mechanisms. Formally defined previously, a random mecha-
nism is a function that maps each preference profile to a distribution over allocations.

One way to construct a random mechanism is to use a lottery over deterministic mechanisms. A lottery, is a
method of randomization used to determine outcomes. It involves assigning probabilities to different possible al-
locations and then using a random process to select one of these allocations based on the assigned probabilities.

For example, suppose there are two agents and two objects a,b. A simple lottery mechanism might allocate a
to agent 1 and a to agent 2 with probability 1/2, and allocate b to agent 1 and a to agent 2 with probability 1/2.
The lottery ensures that each agent has an equal chance of receiving their preferred object if both prefer the same
object.

A random mechanism is truthful-in-expectation (or just truthful) if for each agent ¢ and allu € V" and u; € V
it holds that:

Elui(M;(w))] > Efu;(M;(uj, u_;))]

This condition ensures that, in expectation, an agent cannot benefit by misreporting their preferences.

2.2.2 Ex Ante & Ex Post Truthfulness and Efficiency

Things here start to become a bit complicated, as the randomness affects both the truthfulness. There are two natu-
ral approaches to defining what it means for a random mechanism M to satisfy property: it can satisfy this property
ex post (after the randomness of the mechanism is resolved), or ex ante (before the randomness is resolved).

Depending on the property satisfied, the ex ante requirement can be either stronger or weaker than its ex post
counterpart. Bogomolnaia and Moulin in [[l]] proved that ordinal efficiency - that is, no other feasible allocation
that all agents weakly prefer and at least one agent strictly prefers, based solely on their ordinal preferences, cannot
be achieved at all if we also want truthfulness (either ex ante or ex post) and a weak fairness criteria (equal treatment
of equals).

Ex Ante Efficiency

A mechanism is ex ante efficient if, before the random allocation is resolved, there is no other mechanism that
could provide a better expected outcome for every agent. Formally, a mechanism M is ex ante Pareto efficient if,
for every preference profile -, there is no distribution over allocations that is weakly > - preferred by every agent
to M (>), and strictly > - preferred by some agent.

Ex Ante Truthfulness

A mechanism is ex ante truthful if, before the random allocation is resolved, agents have no incentive to misreport
their preferences to improve their expected outcome. Formally, a mechanism M is ex ante truthful if, for any
preference profile >, each agent ¢ weakly > - prefers M (>)to the distribution over outcomes that would result if
1 reported any other preference.

Ex Post Efficiency

A mechanism is ex post efficient if, after the random allocation is resolved, the outcome is Pareto efficient; that
is, no agent can be made better off without making another agent worse off. Formally, a mechanism M is ex post
Pareto efficient if it can be expressed as a lottery over deterministic mechanisms, each of which is Pareto efficient.

Ex Post Truthfulness

A mechanism is ex post truthful if, after the random allocation is resolved, agents have no incentive to misreport
their preferences given the realized outcome. Formally, a mechanism M is ex post truthful if it can be expressed
as a lottery over deterministic mechanisms, each of which is truthful.
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Ex Post Truthfulness is Stronger than Ex Ante Truthfulness:

If a mechanism is ex post truthful, it is also ex ante truthful. This is because if agents cannot benefit from misre-
porting their preferences even after knowing the random seed, they certainly cannot benefit if they don't know the
seed. However, the converse is not necessarily true. An ex ante truthful mechanism might not be ex post truthful.

Ex Ante Efficiency is Stronger than Ex Post Efficiency

If a mechanism is ex ante efficient, it is also ex post efficient. This is because an ex ante efficient mechanism
ensures that no better expected allocation exists, which implies that each realized allocation must be Pareto efficient.
However, the converse is not necessarily true. An ex post efficient mechanism might not be ex ante efficient, as it
may not maximize expected utility.

Ex Post vs. Ex Ante Truthfulness Example:

Consider a mechanism where an agent can receive their first choice with probability 1/2 and their second choice
with probability 1/2.

* Ex Ante: This mechanism is truthful because the agent maximizes their expected utility by reporting their
true preferences.

* Ex Post: To see if it's ex post truthful, we would need to check if the agent would still prefer to report
truthfully even after the random outcome is known. Some ex ante truthful mechanisms do not hold up under
ex post scrutiny.

Ex Post vs. Ex Ante Efficiency Example:

Consider four agents and four objects with specific preference profiles.

* Ex Ante: A mechanism that randomizes in a way that, before the allocation, all agents expect to be as well
off as possible, considering all possible outcomes.

* Ex Post: A mechanism that, after the allocation, no agent can be made better off without making another
agent worse off. Random serial dictatorship (RSD) is an example that is ex post efficient but might not
always be ex ante efficient.

2.2.3 Fairness and Envy-Freeness
Fairness

Fairness in the context of resource allocation generally means that the resources are distributed in a manner that is
equitable and just, considering the preferences and needs of all involved parties. Fairness can be operationalized
in various ways depending on the specific context and the criteria used.

Equal Treatment of Equals

Equal treatment of equals is a fairness criterion. It dictates that agents who have identical preferences should be
treated the same way in the allocation process. This principle ensures that no arbitrary distinctions are made be-
tween agents with the same preferences, thereby promoting fairness and equity.

In formal terms, equal treatment of equals can be defined as follows:

If two agents ¢ and j have the same preference profile, then they should receive allocations that are statistically
indistinguishable. In other words, the allocation mechanism should not favor one agent over another when their
preferences are identical. This principle helps in maintaining fairness by ensuring that the allocation process does
not introduce bias or favoritism.
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Envy-Freeness

Envy-freeness is a more stringent criterion for fairness. It ensures that no player prefers another player's share over
their own. The formal definition from the document is:

* Envy relation: Player p; envies player p; (denoted as p; - p;) if the valuation v; of p; for their own share
X is less than their valuation for p,'s share X, i.e., v;(X;) < v;(X;).

+ Envy-free relation: Player p; is not envied by player p; (denoted as p; # p;) if v;(X;) > v;(X;).
An allocation is envy-free if no player envies another player.

There are two types of envy-freeness:

+ Ex-Ante Envy-Free: Before the outcomes are determined, each agent's expected allocation is at least as
good as the expected allocation of any other agent.

+ Ex-Post Envy-Free: After the outcomes are determined, no agent prefers another agent's allocation to their
own.

2.2.4 Anonymity & Neutrality

An anonymous mechanism has the property that agents with the same valuation functions must have the same
probability of receiving each item.

More formally, a mechanism is anonymous if for any valuation profile (uy,...,u,), every agent 4, and any per-
mutation o : N — N it holds that:

M;(u) = Mgy (Uo(1)s - - - 5 Ug(n))

A neutral mechanism, is a mechanism mechanism that is invariant to the indices of the items. Formally, a neu-
tral mechanism has the property that for any valuation profile (uq, ..., u,), every agent ¢, and any permutation
o0 : N — N it holds that:

M;(u) = o Y (M;(o(uy),...,o(un)))

2.3 Nash Equilibrium

The idea of an equilibrium in strategic interaction is pretty old and goes back to Antoine Augustin Cournot, who
first introduced his version of it in 1838 when he was studying competition in oligopolies. However, it was John
Forbes Nash Jr. who, in the 1950s, extended this concept beyond its initial application to a more general frame-
work, demonstrating that it applies to any strategic situation involving a finite number of players and strategies.
In his Ph.D. thesis ([24]), Nash proved that every finite game, regardless of the number of players, has at least
one equilibrium in which no player has an incentive to unilaterally change their strategy if all others keep theirs
unchanged, now known as a Nash equilibrium. Nash's ingenious work showed that a Nash equilibrium must exist
in mixed strategies for any finite set of strategies, using a difficult-to-conceive function and applying Brouwer's
Fixed-point theorem. His work not only won him a Nobel Prize in 1994 but also cemented the Nash equilibrium
as one of the most important tools for analyzing competitive scenarios in economics.

An equilibrium refers to a strategy profile where no agent has an incentive to unilaterally deviate from their chosen
strategy, as doing so would not increase their payoff.

In this thesis, we address results on several standard equilibrium concepts: pure Nash, mixed Nash, correlated,
coarse correlated, and Bayes-Nash Equilibria. The first four of these concepts correspond to complete information,
meaning all agents are fully informed of the structure of the game and the preferences of all others. The Bayesian
setting generalizes these by considering incomplete information, where the valuations of the agents come from
known distributions, and each agent knows only its own valuation and the distribution of the valuations of the other
agents.

We begin by formally defining these equilibrium concepts:

7
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Given a mechanism M, a strategy profile s is a pure Nash equilibrium if, for every agent i, the utility u; that
agent ¢ receives from the outcome under strategy s satisfies:

ui(M;(s)) = ui(M;(s},5-4))
for all agents ¢ and all pure deviations s/.

Now, let q be a distribution over strategies. Also, for any distribution A let A_; denote the marginal distribu-
tion without the ith index. Then a strategy profile q is called a:

+ In a mixed Nash equilibrium, agents randomize over strategies. Formally,

q = XiGi, Eguqui(M;(s))] > Eq_ g, [us(Mi(si,5s-3))],

* In a correlated equilibrium, players coordinate their strategies based on a shared probability distribution.
Formally,
ESNq[Ui(Mi(S))|5i] > Equ[Uz'(Mi(ng 5-4))|si]s

* In a coarse correlated equilibrium, players follow a recommendation drawn from a shared probability
distribution. Formally,
Exrqlui(Mi(s))] = Egnqlui(Mi(sg, s-1))],

+ ABayes-Nash equilibrium occurs in games with incomplete information, there, agents optimize their strate-
gies based on their private information. Formally, for a distribution A,, where each (A, ); is independent,
when u ~ A, then q(u) = x;q;(u;) and for all u; in the support of (A,,);,

EufiA,SNQ(“) [ul(Ml (S))] > E“—hsfi"‘qfi(“—i) [ul(Ml(S;’ s*i))}'

Where the inequalities above hold for all agents ¢, and (pure) deviating strategies s;. Note that for randomized
mechanisms, these definitions are with respect to an expectation over the random choices of the mechanism.

It is know that pure Nash equilibria are contained within mixed Nash equilibria, which are contained within cor-
related equilibria, which in turn are contained within coarse correlated equilibria. Similarly, in the context of
incomplete information, pure Nash equilibria are contained within mixed Nash equilibria, which are contained
within Bayes-Nash equilibria.

2.3.1 Price of Anarchy & Price of Stability
Price of Anarchy

The Price of Anarchy (PoA) was introduced to measure the inefficiency in systems due to self-interested strategic
behavior by it's agents. It is a measure that quantifies the loss in Social Welfare that occurs when agents act non-
cooperatively by comparing the worst-case Nash equilibrium (where no individual has an incentive to deviate) with
the socially optimal outcome.

Price of Anarchy, was introduced in the late 1990s by Elias Koutsoupias and Christos Papadimitriou (in [25])
in the context of congestion games, where they sought to understand how the selfish behavior of drivers choosing
their routes in a traffic network could lead to suboptimal traffic flows. This concept has since become a fundamen-
tal tool in analyzing various strategic settings, including allocation problems.

The Price of Anarchy is particularly useful in multiple equilibrium settings, as it quantifies the potential ineffi-
ciency of non-cooperative behaviour by bounding the performance loss. In our case, (as in routing games) in
resource allocation games, PoA measures how close the worst-case Nash equilibrium approximates the optimal
solution. Remarkably, it often shows that even the least efficient equilibrium maintains a predictable level of effi-
ciency, typically bounded by a constant.

Formally, let SM denote the set of all pure Nash Equilibria of mechanism M under truthful valuation profile
u. We define the Price of Anarchy to be:

SWopr(u)
PoA(M) =
¢ ( ) useu\P” minseS,ﬁ‘/f SWu (ll, S)
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where SWyr(u,s) = > | Elu;(M;(s))] is the expected Social Welfare of mechanism M on strategy profile
s under true valuation profile u, and SWopr(u) = max,co Y ., ui(p;) is the Social Welfare of the optimal
matching. Let O PT (u) be the optimal matching on profile u and let O PT; (u) be the restriction to the i" coordinate.

The Price of Anarchy for other Equilirbium Concepts is defined similarly.

Price of Stability

The Price of Stability (PoS) is another standard measure in the literature that measures the inefficiency of a system
due to strategic behaviour, similar to the Price of Anarchy (PoA). However, while the PoA looks at the worst-case
equilibrium, PoS focuses on the best-case scenario. It is defined as the ratio of the optimal Social Welfare to the
Social Welfare at the most efficient Nash equilibrium.

Historically, the PoS was developed to provide a more optimistic counterpart to the PoA. This concept has been
particularly useful in network design games, where it assesses how close the best stable solution is to the optimal.

For example, in network design problems, the PoS is often bounded, meaning that even under strategic behaviour,
the best equilibrium is not far from the optimal solution. This has important implications for designing systems
that are robust to individual incentives and can still achieve high efficiency.

Formally, let SM denote the set of all pure Nash Equilibria of mechanism M under truthful valuation profile
u. We define the Price of Stability to be:

SWopr(u)
PoS(M) =
? ( ) useu\/p" maXe sM SWn (ll, S)

2.3.2 Approximation Ratio

The Approximation Ratio is a measure of performance (efficiency) loss that relates the result obtained by a partic-
ular mechanism or algorithm to the optimal solution. Generally, this comparison is made when exact optimisation
is rather impractical or strategically challenging.

The Approximation Ratio has its roots in approximation algorithms, which were developed as a response to the
complexity of solving NP-hard problems exactly. In this setting, algorithms are designed to find solutions close to
the optimum within a provable bound. This idea naturally extended to game theory and mechanism design, where
the goal is often to design strategies or mechanisms that perform well even in the face of selfish behaviour by agents.

The formal definition of the Approximation Ratio for a mechanism M is:

iy ui(M;
ar(M) = inf 2iz1 ¥ (n () — inf _SWar(u)
weVr max,eo Yoy wi(pi)  wevr SWopr(u)

Here, SWj, (u) represents the Social Welfare achieved by the mechanism M on a given valuation profile u, while
SWopr(u) represents the optimal Social Welfare.

2.3.3 Incentive Ratio

The Incentive Ratio is a measure, in mechanism design, that quantifies the maximum potential gain an agent can
have by deviating from being truthful. Specifically, it evaluates how much an agent's utility can be increased by
strategic manipulation compared to the utility they would receive by reporting truthfully.

Formally, let the utility of agent ¢ when they report truthfully be denoted as u;(M;(u)) and the utility when they
manipulate their preferences as u;(M;(u’)), the Incentive Ratio r;(M) is equal to:

A = sup MM (1)
(M) = swp )

where u is the true preference profile and v’ is the "manipulated" preference profile.

The goal is often to minimise this ratio, so that the incentive to manipulate is as small as possible. A lower In-
centive Ratio indicates a mechanism, where agents have little or no benefit from misreporting their preferences.
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CHAPTER 3

ONE-SIDED MATCHING

The reader can also read [[L1|] and [[17].

3.1 The Stable Marriage Problem

David Gale and Lloyd Shapley's 1962 article, "College Admissions and the Stability of Marriage" in American
Mathematical Monthly (see [|L8]), introduced the stable marriage problem and the deferred acceptance algorithm,
which have become cornerstone methodologies in matching theory and has significantly influenced economic the-
ory and practical applications in various domains.

The model Gale and Shapley presented is simple. A number of boys and girls have preferences for each other
and would like to be matched. The question Gale and Shapley were especially interested in was whether there is a
“stable” way to match each boy with a girl so that no unmatched pair can later find out that they can both do better
by matching each other. They found that there indeed is such a stable matching, and they presented an algorithm
that achieves this objective. Versions of this algorithm are used today to match hospitals with residents and students
with public schools in New York City and Boston.

While two-sided matching markets, where Gale and Shapley focused, in which two distinct groups of agents (such
as students and schools or residents and hospitals) seek to form mutually beneficial pairings, have been extensively
studied, one-sided matching markets where agents are paired based on individual preferences without the explicit
need for mutual agreement, has gained prominence for its applicability in various real-world scenarios.

3.2 One - Sided Matching

One-sided matching markets often involve scenarios where individuals or items need to be allocated efficiently
without explicit pairing agreements from both sides. The challenge in one-sided matching is to design mechanisms
that respect individual preferences while ensuring overall efficiency and fairness.

Examples include:

* Kidney Exchange Programs: Inspired by the TTC algorithm, kidney exchange programs facilitate organ
transplants by matching donors and recipients based on compatibility, thereby increasing the number of
successful transplants and saving lives.

* Public Housing Allocation: One-sided matching mechanisms are used to allocate public housing to appli-
cants based on their preferences and eligibility, ensuring a fair and efficient distribution of housing resources.

One of the most influential models in one-sided matching is the "housing market" model introduced by Lloyd
Shapley and Herbert Scarf in [[19] . In this model, each agent is initially endowed with a single indivisible item
(such as a house) and seeks to trade it for another agents' item, aiming to maximize their utility based on individual
preferences. The core question is whether there exists a stable allocation where no group of agents can collectively
deviate to improve their situation.

11
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3.2.1 The House Allocation Problem

Formally, a house allocation problem (or one-sided matching allocation problem, Hylland & Zeckhauser [[16] )
consists of a set I of n agents, a set H of n indivisible items (houses) and preferences of agents over items. In
many cases we consider, an initial endownment for each agent - the items (in this context, houses) that each agent
initially possesses, which is then subject to potential reallocation through the matching.

The problem asks for a matching ¢ : I — H of each agent to a distinct item so as to ensure desirable norma-
tive properties, such as:

* Pareto efficiency: There is no other matching that makes at least one agent better off without making any
other agent worse off.

* Individual rationality: Each agent gets a house that they consider at least as good as their initial endowment
(the house they initially possess).

+ Envy-freeness: No one feels envious because they think someone else got a better house than they did.

In simpler words, the question becomes, whether it is possible to find a matching where no group of agents
can come together, reallocate the houses among themselves, and make at least one member of the group better off
without making any other member worse off.

The core of a housing market, that is, a house allocation problem with initial endownments, are the match-
ings of a housing market, where no group of agents can come together, reallocate houses among themselves, and
make at least one member better off without making any member worse off.

So, an even more minimal question, equivalent to the initial, comes down to wheter there exists an allocation
of houses to agents that is in the core.

Lloyd Shapley and Herbert Scarf in 1974 (see [|15]) demonstrated the existence of such an allocation and proposed
the Top Trading Cycles (TTC) algorithm to achieve it.

3.2.2 Gale’s Top Trading Cycles (TTC) Algorithm

The TTC algorithm works by allowing agents to form trading cycles where each agent in a cycle exchanges their
item with another agent's item. The process continues until no more beneficial trades can be made, ensuring that
the final allocation is stable and Pareto efficient. This algorithm has been instrumental in practical applications,
such as kidney exchange programs, where patients and donors are matched to maximize the compatibility of kidney
transplants, saving thousands of lives globally.

» Step 1: Each agent "points" to the owner of his favourite house. Since there is a finite number of agents,
there is at least one cycle of agents pointing to each other. Each agent in a cycle is assigned the house of
the agent he is pointing to and is removed from the market with his assignment. When there is at least one
remaining agent, proceed to the next step.

+ Step k: Each remaining agent points to the owner of her favorite house among the remaining houses. Every
agent in a cycle is assigned the house of the agent she is pointing to and removed from the market with his
assignment. If there is at least one remaining agent, proceed with the next step.

Alvin Roth and Andrew Postlewaite later showed that the TTC algorithm has some additional remarkable prop-
erties when preferences are strict.

Theorem 3.1. (Theorem 2 in [|12]) The outcome of the TTC algorithm is the unique matching in the core of each
housing market. Moreover, this matching is the unique competitive allocation.

Theorem 3.2. (Theorem 1 in [[13]): The core (as a direct mechanism) is strategy-proof.

In housing markets, as opposed to other one-sided matching problems without endowments, there exists a plau-
sible mechanism where truth-telling is a dominant strategy for all agents. Indeed, the core is the only mechanism
that ensures strategy-proofness.

Theorem 3.3. (Theorem 1 in [[19]): Core is the only mechanism that is Pareto efficient, individually rational, and
strategy-proof.

12
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3.2.3 Still Ordinal, but without endowments?

One-sided matching markets can be classified along two dimensions: the nature of the utility functions of agents and
whether agents have initial endowments or not. As stated in the previous chapter, utility functions may either have
only an ordinal component, i.e., they are modeled via preference relations, or they may have a cardinal component as
well. Thus we get four possibilities, which are summarized below, together with the most well-known mechanisms
for each.

* (Ordinal, No Endowments): Random Priority and Probabilistic Serial
¢ (Ordinal, Endowments): Top Trading Cycle

* (Cardinal, No Endowments): Hylland-Zeckhauser

* (Cardinal, Endowments): e-Approximate ADHZ

The two types of utility functions described above have their individual pros and cons, and neither dominates
the other. Whereas the former are easier to elicit, the latter are more expressive, enabling an agent to not only report
if she prefers one item to another but also by how much, thereby producing higher quality allocations.

In this thesis, we are especially interested in the Random Priority and Probabilistic Serial mechanisms, which
each have unique advantages and disadvantages without one being superior. Random Priority is truthful and easy
to implement, ensuring agents have no incentive to misreport their preferences, and it guarantees ex-post Pareto
efficiency, providing efficient allocations after preferences are realized. However, it may not always result in fair
allocations.

On the other hand, Probabilistic Serial ensures ordinal efficiency and envy-freeness, leading to fairer and more
balanced distributions of items, but it is not truthful, meaning agents might benefit from misrepresenting their
preferences. These differing strengths and weaknesses highlight the inherent trade-offs in allocation mechanism
design.

The Priority Mechanism

As a first step towards the Random Priority, the following deterministic mechanism, called Priority (also called
Serial Dictatorship).

The Priority Mechanism: The mechanism, picks an ordering 7 of the n agents and in the i'" iteration, lets the
agent 7(4) pick her most preferred item among the currently available items and declares the chosen item unavail-
able, while initially all items are available.

The priority mechanism is obviously not envy-free: if several agents prefer the same item the most, the one earliest
in the ordering 7 will get it.

Theorem 3.4. The priority mechanism is truthful and the allocation produced by it is Pareto efficient.

Proof. First, for truthfulness: In each iteration, the active agent has the opportunity of obtaining the best available
item, according to her preference list. Therefore, misreporting preferences can only lead to a suboptimal allocation.

Next, for Pareto efficiency: Let p be the allocation produced by the priority mechanism and assume, for con-
tradiction, assume that 1’ is an allocation that dominates y formally, /(7 (i) =) p(m(i)) i.e. for each agent
i, wi(p' (m(2))) > wi(p(m(2))). Let i be the first agent that the allocation p’ dominates p. Clearly, for all agents
j before i, agent () is assigned the same item under z and /. Therefore, in the i*” iteration, agent (i) has
available item p/(7(é)). Since (i) picks the best available item, for agent (7 (7)) = ;) p'(7(i)), leading to a
contradiction. O

The priority mechanism suffers from the obvious drawback of not being fair, since agents at the top of the list 7
have the opportunity of choosing their favorite items while those at the bottom get the left-overs.

The Random Priority corrects this.
Random Priority: Random Priority, also called Random Serial Dictatorship, iterates over all n! orderings of
the n agents. For each ordering =, it runs the priority mechanism and when an agent chooses an item, it assigns a

% share of the item to the agent.

13
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Theorem 3.5. Random Priority is truthful and ex-post Pareto efficient.

Proof. As we saw earlier, in the previous Theorem, in each of the n! iterations, truthfulness is the dominant strategy
of an agent. Thus, Random Priority is truthful. We next argue that the random allocation output by RP can be
decomposed into a convex combination of perfect matchings of agents to items such that the allocation made by
each perfect matching is Pareto efficient. This is obvious if we choose the n! perfect matchings corresponding
to the n! orderings of agents. Clearly, two different orderings may yield the same perfect matching, therefore the
convex combination may be over fewer than n! perfect matchings. Therefore, RP is ex post Pareto efficient.  [J

Interestingly, the ex-post Pareto efficiency of the priority mechanism doesn't lead to ordinal efficiency of Random
Priority. Consider the following example:

Example 3.6. Consider agents A = {A1, Aa, Az, As}, items I = {14, I, I3, I} and the preferences of the agents
as follows:

A =1 = I3 =1
Ay Iy = I =13 = Iy
Ag: Iy =1 = I3 > Iy
Ayl =1 = I3 = Iy

Then RP will return the following random allocation:

Agent / Item I I I3 N
A i3 i i3 13
Az 3 el 3 13
As 13 i s i3
Ay 1 i 13 i3
Table 3.1: Random allocation produced by RP
However, it is stochastically dominated by the following random allocation:
Agent / Item I I I3 I,
Ay i 0 i 0
A, i 0 i 0
As 0 : 0 3
Ay 0 i 0 3

Table 3.2: Stochastically dominant allocation

Even worse, RP is not envy-free, despite the fact that the reason for generalizing from priority to RP was to
introduce fairness. Consider the following example:

Example 3.7. Consider agents A = {Ay, Ay, Az}, items I = {I1, 15, I3} and the preferences of the agents as
follows:

A1211>—12>-13
Ay Ih =11 = I3
Ag: Iy = I3 =14

14
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Then RP will return the following allocation:

Agent / Item I I I3
Ay 2 0 5
A3 NN
Az 0 3 3

Table 3.3: Random allocation produced by RP

Since the total allocation of the two items Iy and I5 to agents A1 and As is % and %, respectively, agent As s
allocation does not stochastically dominate agent Ay s allocation.

While in the Priority mechanism, agents are assigned items sequentially based on a pre-determined order. In
the Random Priority (RP) mechanism, this order is determined by a single random permutation of the agents. Each
agent, following this random order, selects their most preferred available item.

It's easy to see that RP is efficient, as it does not need to evaluate multiple permutations — only one is randomly
chosen and used for the entire process. However, it sacrifices certain aspects of fairness and ex-ante Pareto effi-
ciency. While truthful, the randomness in the ordering may lead to outcomes that are not always fair or efficient.

For example, suppose we have three agents Ay, As, Az and three items I, I, I3. Suppose it's known that A,
and A, both prefer I; the most, while Aj is indefferent between I and I3. In Random Priority, depending on the
order, A; or As might end up with I; and the other might end up with their second or third choice, leading to a
significant difference in their utility.

If the mechanism were designed with knowledge of these preferences in advance, however, it could find a way
of allocating items in such a way, to make both A; and A, better off on average, perhaps by giving them partial
shares of I and I5, thereby increasing their expected utility.

This discussion, however, highlights the inherent trade-offs between fairness, truthfulness, and Pareto efficiency.
Despite the appeal of RP for its strategy-proofness and potential fairness, it turns out that no mechanism can si-
multaneously satisfy all these properties. The search for a mechanism that is both fair and truthful and also ensures
ex-ante Pareto efficiency is ultimately fruitless.

It turns out that, there is no “fair” mechanism that is strategy-proof and ex-ante Pareto efficient.

Theorem 3.8. (Theorem 2 in [[l]]) There is no mechanism that satisfies ordinal efficiency, thruthfulness and equal
treatment of equals (i.e. agents with same preferences should receive the same random consumption) for more than
three agents.

This impossibility forces designers to make critical choices, often prioritizing one or two properties at the expense
of the others, depending on the specific needs and constraints of the application at hand.
Probabilistic Serial

With respect to the four properties studied above for RP, PS behaves in exactly the opposite manner. It is time-
efficient, ordinally efficient, and envy-free but not truthful. The Probabilistic Serial (PS) mechanism was introduced
by Bogomolnaia and Moulin in 2001 (see [|L] as an alternative to Random Priority.

Suppose that each good can be divided into probability shares, each share representing a portion of the good.
The PS (Probabilistic Serial) mechanism continuously allocates these shares so that over the course of an hour,
each agent receives exactly one unit of probability share across all goods.

Initially, each agent receives the probability of their most preferred good. If several agents prefer the same good,
the good is consumed faster, at a rate proportional to the number of agents. Once an agent's most preferred good is
fully consumed, they move on to their next preferred good that still has shares available.

Since each agent has a complete ranking of all goods, by the end of the hour each agent will have received exactly
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one unit of allocation and all goods will be fully distributed. This continuous allocation process can be broken
down into discrete steps by calculating the exact moments when each good is fully allocated. The final allocations
are expressed in rational numbers, and the whole process is done in polynomial time.

At this point, we will see an example of how the PS mechanism works.

Example 3.9. Let agents A = {A1, A, A3} and items I = {Iy, I, Is} and the preferences of the agents as
follows:

A1211>-12>-I3
Ag Iy = I3 = I
Ag: Iy =11 = I3

PS will return the following allocation.

Agent / Item I I I3
A 2 i i
Ay 1 0 1
Aq o [ 3 [

Table 3.4: Allocation produced by PS

Now, regarding truthfulness, fairness and efficiency, we gather the following results:

Lemma 3.10. The allocation computed by PS is envy-free.

Proof. At each point in the algorithm, each agent is obtaining probability share of her most favorite good. There-
fore, at any time in the algorithm, agent ¢ cannot prefer agent j’s current allocation to her own. Hence PS is
envy-free. O

For showing that the random allocation computed by PS is ordinally efficient, we will appeal to the following
property of stochastic dominance which follows directly from its definition. Assume that x and y are two allocations
made to agent 4 having equal total probability shares; let ¢ < 1 be this total. Assume x =3¢ y. Let @ < t and
remove « amount of the least desirable probability shares from each of x and y to obtain =’ and 3/, respectively.
Then 2/ =5 /.

Lemma 3.11. The random allocation computed by PS is ordinally efficient.

Proof. During the run of PS on the given instance, let tg = 0,%¢1,...,%,, = 1 be the times at which some agent
exhausts the good she is currently being allocated. By induction on k, we will prove that at time ¢, the partial
allocation computed by PS is ordinally efficient among all allocations which give ¢;, amount of probability shares
to each agent.

The induction basis, for k& = 0, is obvious since the empty allocation is vacuously ordinally efficient. Let Ay
denote the allocation at time ¢, and let A}, denote the allocation made to agent ¢ under Aj. Assume the induction
hypothesis, namely that the assertion holds for k, i.e., Ay, is ordinally efficient.

For the induction step, we need to show that Ay, 1 is ordinally efficient. Suppose not and let it be stochastically
dominated by random allocation P. Let a = ¢ — ti. For each agent ¢, remove o amount of the least desirable
probability shares from P; to obtain P,. Since P; =5% A% |, by the property stated above, P/ =5 Ai. By the
induction hypothesis, A% =$¢ P! as well. Therefore, P/ = A:. In the time period between 5, and ¢ 1, each agent
obtains « units of probability shares of her most preferred good remaining. Therefore, A 41 =24 P, leading to a
contradiction. O
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To prove that a mechanism is strategyproof, we would need to show that x; stochastically dominates x, where = and
x’ are the allocations when ¢ reports preferences truthfully and misreports, respectively. The following example
shows that this does not hold for PS.

Example 3.12. Let's consider the agents with their preferences from the previous example and assume that agent
As misreports her preference list as Iy = Iy > I3, then PS will return the following allocation.

Agent / Item I I I3
1 1 1

Ay 3 3 5

Ay 3 0 2

1 1 1

As 3 2 5

Table 3.5: Allocation produced by PS when A; misreports

Therefore by lying, agent As obtains % units of her two most prefered items, instead of % units.

Finally, we provide an example in which RP and PS are Pareto incomparable in the sense that different agents
prefer different allocations.

Example 3.13. Consider agents A = {A1, Aa, As, Ay}, items I = {1, 5, I3, 14} and the preferences of the
agents as follows:

Ay =1 =13 = Iy
Ay Iy = Ir = Iy = I3
Az Iy =11 =13 = I,
Ay I3 =1y =11 = I

Then RP will return the following random allocation:

Agent / Ttem Il 12 I3 I4
1 1 1 1

Ay 3 5 i) 1

P I O O I

2 1 1

As 0 3 5 1

Ay 0 0 : 3

Table 3.6: Random allocation produced by RP

PS will return the following allocation.

Agent / Item I I I3 n
1 1 1 2

A 3 5 5 5

Ay 3 § 0 3

As 0 3 3 3
Ay 0 0 z 2

Table 3.7: Allocation produced by PS
Agents Ay and As prefer the PS allocation, agent Ay prefers the RP allocation and agent As is indifferent.
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Even worse, RP is not envy-free, despite the fact that the reason for generalizing from the Priority Mechanism to
RP was to introduce fairness, as discussed in Example 3.7. Although the priority mechanism runs efficiently, RP
would require exponential time to compute the ex-ante random allocation by evaluating all possible permutations
of agents, making it impractical for all but very small values of n. However, if an integral matching of agents to
goods is desired, then picking one ordering of agents at random, as in RP, is clearly time-efficient.

3.3 Summary

We summarize the main points of this chapter.

3.3.1 Probabilistic Serial (PS)
Ordinal Efficiency

* PSis ordinally efficient.

— The PS mechanism simultaneously allocates fractions of goods based on agents' rankings, ensuring that
no other allocation could make someone better off without making someone else worse off according
to their preference order.

Ex-Ante Pareto Efficiency

* PS achieves ex-ante Pareto efficiency.

— Before the randomization is resolved, the expected allocations under PS cannot be improved upon
without harming at least one agent's expected utility.

Ex-Post Pareto Efficiency

* PS does not guarantee ex-post Pareto efficiency.

— After the randomization, the realized allocation may not be Pareto efficient; there might exist another
allocation that could make some agents better off without making others worse off.

Truthfulness

* PS is not strategy-proof (not truthful).

— Agents may have an incentive to misreport their preferences to achieve a more favorable outcome.

Fairness (Equal Treatment of Equals)

¢ PS satisfies ETE.

3.3.2 Random Priority (RP)
Ordinal Efficiency

* RP is not ordinally efficient.

— RP assigns a random order to agents who then pick their top available choices sequentially. This process
can lead to allocations where a different feasible allocation would be unanimously preferred by all
agents based on their rankings.

Ex-Ante Pareto Efficiency

* RP does not guarantee ex-ante Pareto efficiency.

— Before the randomization, there may exist alternative expected allocations that could make some agents
better off without harming others, based on expected utilities.
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Ex-Post Pareto Efficiency
* RP achieves ex-post Pareto efficiency.
— Once the random order is realized and allocations are made, no agent can be made better off without
making another agent worse off in the realized outcome.
Truthfulness
* RP is strategy-proof (truthful).
— It is in each agent's best interest to report their true preferences because misreporting cannot lead to a

better outcome.

Fairness (Equal Treatment of Equals)

* RP does not satisfy ETE

Property PS Mechanism | RP Mechanism
Ordinal Efficiency Yes No
Ex-Ante Pareto Efficiency Yes No
Ex-Post Pareto Efficiency No Yes
Truthful (Strategy-Proof) No Yes
Fairness (ETE) Yes No

3.2.4 Conclusion

RP and PS have their obvious advantages and drawbacks, as summarized in the previous table. In the following
chapters we will see many, some would say beautiful, results about these two mechanisms. We will try to understand
agents' incentives to manipulate PS, better understand the fairness issues of RP, see experiments on how these
mechanisms behave in real life, while also proposing a new measure of inefficiency and showing that sometimes
letting agents lie might actually be beneficial! Brace yourselves for the journey ahead! :)
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CHAPTER 4

APPROXIMATE SOCIAL WELFARE BOUNDS

This chapter is based on the work of Filos-Ratsikas et al. in [[L0], with some adjustments and clarifications for ease
of reading.

4.1 Synopsis

In this chapter, we follow the work of Filos-Ratsikas et al. in [10] and study the problem of maximizing Social
Welfare in One-Sided Matching mechanisms, where agents have unrestricted preferences over items. Each agent
assigns a value to items, representing their preference (these values can be interpreted as von Neumann-Morgenstern
utilities).

Our concentration focuses on truthful mechanisms. A typical example is the Random Priority mechanism, in which
agents are chosen randomly and serially choose their most prefered items. As we saw in Chapter 3, while Random
Priority is truthful and ex-post Pareto efficient, it doen't satisfy ex-ante Pareto efficiency - there exists a matching
that makes all agents at least as satisfied, with one strictly better off in expectation. Economic inefficiencies in turn
translate to a lower Social Welfare, which measures the total satisfaction of agents. Previous research has focused
on mechanisms that satisfy some efficiency criteria, rather than mechanisms that try to maximise Social Welfare
while remaining truthful.

In this paper, the authors study Random Priority and prove its Approximation Ratio to be O( \/15) - best possible
among all truthful-in-expectation mechanisms for the problem. Furthermore, they show that all ordinal mechanisms
have an upper bound of O(%), and hence making Random Priority is the optimal truthful and ordinal mechanism

1

for this problem.
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4.2 Introduction

Mechanism design without money focuses on creating systems that allocate resources or make decisions based on
the preferences of participants, in order to ensure that they are truthful. The great challenge is to design mechanisms
that not only encourage truthful behaviour, but also produce outcomes that are close to the optimal solution.

The Approximation Ratio, as seen in Chapter 2. , originates from approximation algorithms, designed to solve
NP-hard problems approximately. In this context, algorithms aim to find solutions close to the optimum within
a region. This concept extends to game theory and mechanism design, where the goal often includes developing
mechanisms that perform effectively despite agents' selfish behavior.

In "Approximate Mechanism Design without Money", Procaccia and Tennenholtz ([26]) explore the creation of
strategyproof mechanisms for various optimization problems. They focus on achieving favorable Approximation
Ratios while ensuring participants have no incentive to misreport their preferences.

The authors' primary contribution is demonstrating that approximation can be a viable approach to achieve strate-
gyproofness without monetary incentives. They show that it is possible to design mechanisms that ensure truthful
reporting and produce outcomes reasonably close to the optimal.

Most prior work has concentrated on designing mechanisms that achieve efficiency for different Pareto efficiency
notions, with less focus on whether truthful mechanisms achieve high levels of Social Welfare. This question is
crucial, as the Approximation Ratio provides a systematic way to compare mechanisms or demonstrate their limi-
tations.

In this Chapter, we investigate the behavior of the Random Priority mechanism under the lens of Social Wel-
fare, defined as the sum of agents' valuations for the items they receive in the mechanism's outcome. While, the
problem of SW maximazation of RP has been studied before for other variants of SW (see [27]) there is strong
evidence that consider the SW with underlying cardinal preferences of the agents, is a rather natural and widely
embraced, perspective.

We assume the valuation functions are unit-range, meaning agents are not penalized for liking more than one item.
The results can, however, be extended to the unit-sum setting. We evaluate the performance of a mechanism by
its Approximation Ratio—the worst-case ratio between the (expected) Social Welfare of the mechanism and the
welfare of the optimal allocation, across all valuation profiles. The reader can see Chapter 2. for a reminding of
the definition of the Approximation Ratio.
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CHAPTER 4. APPROXIMATE SOCIAL WELFARE BOUNDS

4.3 Anonymity & Random Priority

We begin our analysis, by concentrating in the anonymity of the mechanisms. The following lemma states that upper
bounds on the Approximation Ratio of mechanisms can be proven by focusing on anonymous mechanisms. An
anonymous mechanism, like RP, treats all agents equally, meaning the outcome depends solely on their preferences,
not their identities. When considering upper bounds on Approximation Ratio, we are typically interested in the
worst-case scenario. Since anonymous mechanisms treat all agents the same, they tend to naturally cover a wide
range of possible scenarios, including the worst-case. This means that if we can prove a bound for an anonymous
mechanism, that bound is valid for non-anonymous mechanisms as well.

Lemma 4.1. For any mechanism M, there exists an anonymous mechanism M’ such that ar(M') > ar(M). In
addition, if M is truthful (or truthful-in-expectation) then it holds that M is truthful (or truthful-in-expection) too.

Proof. Let M’ be a mechanism that takes a valuation profile u as input and performs a uniformly at random per-
mutation on the set of agents, before applying M. By randomizing the order of the agents uniformly, M’ ensures
that all agents have an equal chance of being in any position in the order. Thus, M’ is anonymous.

Furthermore, since M’ only permutes the agents randomly before applying M, the set of possible outputs of M’ is
the same as the set of possible outputs of M, just with permuted agent identities. Thus, the Social Welfare achieved
by M’ is the same as that of M for any permutation of the agents. Therefore, the Approximation Ratio of M’
cannot be worse than that of M.

For the same reason, if M is truthful (or truthful-in-expectation), the expected utility for any agent reporting truth-
fully is at least as high as if they misreport, given the random permutation is independent of the reports.

Since the permutation step in M’ is independent of the agents' reports and M is truthful-in-expectation, M’ main-
tains the truthfulness. The random permutation doesn't provide any additional advantage or disadvantage to any
agent in terms of strategizing their reports, so M’ remains truthful-in-expectation. O

We know that Random Priority fixes an ordering of the agents uniformly at random and then lets them pick
their most preferred items from the set of available items based on this ordering. Random Priority is truthful-in-
expectation, ordinal, anonymous and neutral - the final allocation is invariant to the relabeling or reordering of the
items. The following lemma shows that the RP mechanism, by randomly determining the order in which agents
select items, is capable of producing any allocation, including the optimal.

Lemma 4.2. For any valuation profile u, the optimal allocation on u is a possible outcome of Random Priority.

Proof. Assume that in the optimal allocation, no agent is matched with their most preferred item. Then there must
be a cycle of agents i1, ..., ¢, such that:

» Agent i; is matched with an item that is most preferred by agent 7.
» Agent i, is matched with an item that is most preferred by agent ;.
» Agent i is matched with an item that is most preferred by agent iz_1.
By swapping items along this cycle, each agent would receive their most preferred item. This makes all agents in

the cycle better off.

Since the initial allocation was assumed to be optimal, it cannot be improved. The existence of such a cycle
implies that the initial allocation was not optimal, which leads to a contradiction.

Thus, there must exist at least one agent j in the optimal allocation who is matched with their most preferred
item j. Consider the valuation profile u. Remove the agent j and their most preferred item from the profile to form
a smaller valuation profile u’.

The optimal allocation for w’ remains optimal for u minus the removed agent and item. By applying the same
argument recursively, we can show that for the reduced profile u’, there must be at least one agent matched with
their most preferred item in the optimal allocation.

By continuously applying this argument, starting from any profile u and reducing it step by step, we demonstrate

that at every step, there exists at least one agent who is matched with their most preferred item. Thus, this holds
for the original profile u as well. O
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4.3. ANONYMITY & RANDOM PRIORITY

We consider, for our analysis, a special class of valuation functions C, we refer to as quasi-combinatorial
valuation functions were it captures all valuation functions where the valuations of each agent for every item are
e-close to 1 or close to 0.

Ce={ueVuM)C0,e)u(l—¢l]} CV

where u(M) is the image of the valuation function u. The reason we are interested in C. is that or any valuation
profile u, there exists a valuation profile w’ in C' that achieves an Approximation Ratio at least as good as u.

Lemma 4.3. Let M be an ordinal, anonymous and neutral randomized mechanism for unit-range representation
and let € > 0. Then
ED  ui(M
ar(M) = inf D2z @MW)
weCr g ui(py)

Proof. Since M is anonymous and neutral, meaning that it's outcome does not depend on the identities of the agents
nor the items. We can assume that the optimal matching is ;¢* where 1 is the matching with 1} = 4 for every agent .

We define, for any valuation profile u, g(u) to be:

_ B ui(M(u))]
aw) = S uipr)

Hence, the Approximation Ratio can be written as ar(M) = infycy» g(u).

Since, C7* C V™. The lemma is equivalent with the following claim:
For all valuation profiles u € V", there exists a u’ € C?* such that g(u’) < g(u)

This will be done via induction to the number of valuations within the interval [e, 1 — €].

« Base Case: When > . #{u;(M) N [e,1 — €]} = 0, all valuations u; are either below € or above 1 — e.
Thus, u; € C? for all agents, so u = u’ € C?* and trivially, g(u) = g(u’)

+ Inductive Hypothesis: Assume that the claim is true for any profile u such that >~ | #{u;(M)N[e, 1—€]} <
k.

* Inductive Step: Consider a profile u such that ) .- | #{u;(M)N[e,1 —¢€]} > k. Then, there exists an agent
such that #{u; (M) N [e,1 — €]} > 0. Then, there exist [ and r in [¢, 1 — ¢] that both are in u;(M).
Let, w.l.o.g. [ < 7 and [ be the largest value in [0, €) within u;()) and 7 the smallest value in (1 — ¢, 1]

withing u;(M). Both of this numbers exist since {0,1} C u;(M). Let, | = Beand 7 = L=<,

For z € [l — I, 7 — r], define a modiefied valuation u? by increasing (or decreasing if < 0) u;(j) by z for
items j with valuations in [e, 1 — €].

We will prove the claim by induction in > ; #{u;(M) N[e, 1 — €]}. Let (u¥,u_;) be the valuation profile where
all agents have the same valuation functions as in u except for agent ¢, who has valuation function «; .

Define f(x) = g((uf,u_;)). Since our mechanism M is ordinal, by definition of g, f can only be a fractional
linear function, defined in the whole interval [ — I, 7 —r]. Thus, it can only be monotonically increasing, decreasing
or constant. Let u be:

(u
(u
Then g(n) < g(u)and > #{w; (M) N[e,1 — €]} <30 #Hu; (M) N e, 1 — €]} <k.

—

oﬁ -1

,u_;) if f is monotonically increasing.

-Tr

TS

e u ,u_;), otherwise.

Hence, by applying the induction hypothesis on 1, there exists a profile u” € C? such that g(u”) < g(&) < g(u)
meaning that u” provides an equal or better Approximation Ratio and this completes the proof. O

The lemma implies that the mechanism M behaves optimally over the entire set V™ can be captured by its
performance on C*, formalizing the intuition that because the mechanism is ordinal, the worst-case Approximation
Ratio is encountered on extreme valuation profiles. Critical for proving the following theorem, in the next page.
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CHAPTER 4. APPROXIMATE SOCIAL WELFARE BOUNDS

4.4 Lower Bound

In this section, we prove the lower bound of the Approximation Ratio of Random Priority.
Lemma 4.4. For unit-range representation, the Approximation Ratio of Random Priority is {2 (%)
n

Proof. Since RP is a neutral and anonymous mechanism, because of the previous lemma }.3 it suffices to establish
a lower bound for quasi-combinatorial valuation profiles.

Let w*(u) denote the Social Welfare of the optimal matching (maximum weight matching) on valuation profile
u, it is true that w* (u) < n and there exists k¥ € N and e < 5 such that

1
k—w*(w)| <n-e< —,
k=@ <n-e<
Random Priority can achieve an expected Social Welfare of 1 trivially, since for any permutation the first agent will

be matched to her most preferred item, we can assume that k > /n, otherwise , if k < \/n

and we are done.

The optimal matching p* assigns k items to agents with wu;(p;) € (1 — €,1]. Without loss of generality, due
to RPs anonymity and neutrality, we can assume that these agents are {1,...,k} and that each agent j is as-
signed to the item with their own index in this optimal matching, uj = j. Thus ujeq1 .k} (j) € (1 —¢,1] and

Uje(kt1,...n ) (J) € [0, ).

Let, I denote a (current) run of RP. Let I € {0,...,n — 1} be any of the n rounds. We odefine the following
sets:

U,={je{l,...,n}: agent j has not been selected before round [}
G ={jeU :u;(j) € (1 —¢1]and item j is still unmatched}
By ={j € Ui : uj(j) € [0,€) or item j has already been matched to some agent}

» U; : contains all the agents still waiting to be matched by round [ of the RP.

* G : the "good" subset of U that includes all agents who have high valuations (in (1 — €, 1]) for their assigned
items in the optimal matching and which are still available.

* B : the "bad" subset of U; that includes all agents who have low valuations (in [0, ¢€)) for their assigned items
in the optimal matching and which are still available.

The probability that an agent ¢ € G| is picked in round / of RP is %, where the probability that an agent
i € By is picked is %. When an agent in G is picked, they contribute at least 1 — € to the Social Welfare,

while when an agent from B; is picked, they contribute less than e.

Gl (1 _ Bl G| |Gi—|Bi] G|
e L=+ @mE € = @Bl €GB 2 [GHIE

Thus, round I's expected contribution is €.

We will now see how |G| and |B;| change in each round I. Suppose that an agent ¢ from G; gets picked and
matched with item j.

« If j #iand agent j € Gy, theninround ! + 1 : |Gi41| = |G| — 2 and By = |B;| 4+ 1. This is because
agent j, lost its optimal item and now moves to | B;11].

« Ifj =iorifagentj € By, theninround !+ 1: |Gi11]| = |G| — 1 and By 41 = |By|.

In any case, |Gi+1| > |G| + 2 and | Bi11] < |B;| + 1. Intuitively, the selected agent might take away some item
from a "good" agent and downgrade it into a bad agent.

In summary, in each round [ of RP, we can assume the size of B; increases by at most 1 and the size of G; decreases
by at most 2. Assuming that |Go| =k, |By| = n — k and that |G;| > 0 for I < | k/2], we get:
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4.4. LOWER BOUND

n n ‘Gl‘ )
E .(RP >
;““ (W) _§<Gz+|Bl
5]
|Gy )
>
;(GzHle
k
- L] k-2l .
€
T\ &En-ktltk-2
k
L5 9
= — ne
n—I
=0
Thus,
n L5 g2t _ [5] ho2t
B} ui(RP(u))] > 226 Zz =0 n—1 _ €
w*(u) - kz—i—% - 2k
k k
_LZJ 1-2 _E>L2Jlf%_ne>k—ll_g
L= 2n—1) 2k 2n 2k~ 8n 2k

Since, ar(RP) = infyccn %(S%P(um we need to minimize % — 5. Since, k > y/n, the bound is
minimum when k = y/n. Thus,

o B wi(RP)]  n—11  ne
R = BT W T e e

We can choose € so that the Approximation Ratio is at least 201/5 for n > 400 and for n < 400, the bound
holds trivially since Random Priority matches at least one agent with its most preferred item. O
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CHAPTER 4. APPROXIMATE SOCIAL WELFARE BOUNDS

4.5 Upper Bound

In this section, we prove an upper bound of the Approximation Ratio of any ordinal mechanism for the problem,
as well us an upper bound of any truthful-in-expectation mechanism (ordinal or not).

Lemma 4.5. Let M be any ordinal mechanism for unit-range representation. The Approximation Ratio of M is
1

0 ().

Proof. Let n be the number of agents, and % an integer such that k = |y/n|. Consider a valuation profile u =

(u1,uz,...,u,) where:

n—j

11— if1<j<i
m(j)—{ o BESISD e k)
Sl otherwise,

=1 otherwise,
n

1 ifj=1
w(j):{7 o ' Vie{k+1,...,n}

Without loss of generality, by Lemma §. 1| we can assume that M is anonymous. Also, by the valuation profile, we
can see that for any agent 4, the valuation u;(j) assigned to item 1 is greater that u,(j’) for any j < j'.

Hence, u is ordered and thus M on u is anonymous and ordinal. This implies that every agent has an equal
probability of being matched with any given item. Formally, the probability that an agent and therefore, no agent
has an advantage over another, and the mechanism's output is entirely based on randomness with respect to the
agents' preferences. Meaning that the only fair outcome for M is a uniformly random matching.

From the above mentioned, the expected welfare of the mechanism on valuation profile u will be

E[éui(M ZZ“Z <[§:(i+n;i>+ i ( n;1)

i=1 j=1 i=1 i=k+1

1
<4+—<5

NG

1 and each term 1 — L L by 1.

)

Where the final inequality holds for n > 4, the Approximation Ratio then is at most % for n > 4, and the
bound holds trivially for n < 4. O

where in the above expression, we upper bound each ter:

On the other hand, the Social Welfare of the maximum weight matching is

ACE DR (8

%
eSS

>V
=1
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4.5. UPPER BOUND

).

Proof. Using Lemma [.1,, we can once again assume that M is anonymous. Consider & > 2 and let u =
(u1,usg,...,u,) be the valuation profile defined as follows:
Foreachi e {1,...,k+1}:

Lemma4.6. Let M be a truthful-in-expectation mechanism for unit-range representation. Then ar(M) = O (

S

1, ifj =1,
wi(j) =3 %—%, if1<j<k+landj+#i,
”n}j , otherwise.
Foreachi € {k+2,...,n}:
1, ifj =1,
"n_zj , otherwise.
Now let u! = (u},u_;) forall i = 2,...,k + 1, be the valuation profile where all agents besides i have the
same valuations as in u and u} = uyo. Notice that when agent i in valuation profile u!, reports u; instead of u/,
the resulting valuation profile is u. Since M is anonymous and u} = u; = ugy2 = ... = u,, agent i receives at

most a uniform lottery among these agents on valuation profile u'. Therefore, it follows that

1 GAR 2 " 1 n—j
Eu (M (uf < - (z_Z .
bas (M QD] < n—k+1+Zn—k+1(k n)+z n—k+1 n?
Jj=2 Jj=k+2
4
T n—k+1
Fori = 2,...,k + 1, consider the valuation profile ul = (u},u_;), where all agents except agent i have the

same valuations as in the original profile u, and the valuation function v} for agent ¢ is identical to that of agent
k + 2. In this setting, when agent 4, under the valuation profile u', truthfully reports their original valuation u;
instead of misreporting w}, the resulting valuation profile will be exactly u.

Now, since the mechanism M is anonymous, it treats all agents equally, irrespective of their identities. The
anonymity of the mechanism implies that the allocation probabilities depend only on the reported preferences and
not on the specific identities of the agents. Given that v} = u; = ug42 = ... = uy, agent ¢ is indistinguishable
from agents 1, k£ +2, and up to agent n in terms of their reported preferences. Therefore, in the valuation profile u',
the mechanism cannot favor agent ¢ over any of these other agents who share the same reported valuation function

As aresult, agent ¢ will receive an item through a process that is equivalent to a uniform lottery among all these
agents with identical valuation functions. In other words, agent ¢ has no better chance of obtaining a more preferred
item than any of the other agents with the same reported preferences. Consequently, the expected outcome for agent
7 in this scenario is at most as favorable as if they were part of a uniform random draw among these agents.

This uniformity in treatment ensures fairness but also limits the influence of any individual agent on the outcome
when their reported valuation matches that of a large group. Thus, it holds that:

n—k+1
Blul(M@))) < 7 > W)

where the expectation reflects the uniform lottery's outcome, ensuring that agent ¢ cannot improve their expected
utility by deviating from reporting v truthfully.
Foralli =2,...,k 4+ 1, let p; be the probability that (u) = 7. Then, it holds that

Elui(M(w))] > pi (2 - ;) =i <2 - k;Ll)

» (2 R 1) < BRul(M(w))] < Elu(M(u)] <

Hence,
4
n—k+1

Thus, p; < 4 il < 4 kn
P T i —k(k+ 1) “n—k 2n— (k+ 1)
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CHAPTER 4. APPROXIMATE SOCIAL WELFARE BOUNDS

Letp = ﬁ . 211—?++1)2 Our goal is to establish an upper bound on the expected Social Welfare achieved by
the mechanism M on the valuation profile u.

First, consider the contribution to Social Welfare from item 5 = 1. This contribution is trivially upper bounded
by 1. Similarly, for each item j = k + 2, ..., n, the contribution to Social Welfare is upper bounded by % Thus,

the total contribution from item j = 1 and items 5 = k£ + 2, ..., n is collectively upper bounded by 2.

Next, we examine the contribution to Social Welfare from items 5 = 2, ..., k+ 1. Define the random variables
1 if M(u); =j
X] = 2’ j 1 (u)] ]7
= — +, otherwise.
The total contribution from items j = 2, ...,k + 1 is then given by 25221 X ;. Therefore, we have:
k41 k-+1 k+1 2
ED X =) ExX;)<y (p+ = n) <kp+2.
j=2 j=2 j=2

In summary, the expected Social Welfare of the mechanism M is at most 4 + pk, while the Social Welfare of the

optimal matchingis k+1+ Y ", 42 "n—zi, which is at least k. Given that p = ﬁ . 2nj++1)2’ the Approximation

Ratio of M is:

44+pk 4 4 kn
M) < -z . .
Oy A gy g

Let k = |y/n] — 1 and note that /n — 2 < k < y/n — 1. Then,

4 4 kn 4 4 (vVn—1)n
M) < — . < .
ar( )_k+n—k 2n—(/€+1)2_\/572+n7\/ﬁ+1 2n — (y/n)?
4 4 < 12 4 16

s Y Y Y Y

The last inequality holds for n > 9, and for n < 9, the bound holds trivially. This completes the proof. O

We are now prepared to present the central result of this work:

Theorem 4.7. The approximation ratio of Random Priority is © (ﬁ) Moreover, Random Priority is asymptoti-

cally the best truthful-in-expectation mechanism as well as the best ordinal (not necessarily truthful-in-expectation)
mechanism for this problem.

Proof. By Lemma §.4 and Lemma §.3, the approximation ratio of RP is © (i> Lemma §.5 shows that no

truthful-in-expectation mechanism can outperform RP in the asymptotic limit. O

B
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4.6. BEYOND UNIT-RANGE REPRESENTATION & EXTENSIONS

4.6 Beyond Unit-range Representation & Extensions

4.6.1 Unit-sum valuation functions

In this section we, prove Theorem §.3 for the unit-sum representation setting, by the following three lemmas.

As seen in Chapter 2. , in the unit-sum representation, the sum of an agent's valuations for all available items
is normalized to 1. Formally, if an agent ¢ has a valuation function u; : M — R, where M is the set of items, the
sum of the valuations over all items satisfies:

> wi) =1

jeM

Additionally, it is required that u;(j) > 0 for all items j. This ensures that the agent's total preference weight is
evenly distributed across all items.

Lower Bound

Lemma 4.8. For unit-sum representation, the Approximation Ratio of RP is 2 (i>
vn

Proof. Let n denote the number of agents and consider a valuation profile u such that for each agent ¢, the sum
of their valuations for all items equals 1 and let ¢ be the constant in the bound from Lemma §.4. Without loss of
generality, suppose first that w*(u) < @.

We see that Random Priority guarantees an expected Social Welfare of 1. First, pick an agent ¢ and notice that
in the I* - round of RP,the probability that the agent gets picked %, hence the probability of the agent getting one
of its [-most preferred items is at least %

Let u! be agent 4's valuation for its I'th most preferred item; agent i's expected utility for the 15!- round is then

1
at least 7:—, For the 277 - round, in the worst case, agent i's most preferred item has already been matched to a
1 2
different agent and so the expected utility of the agent for the first two rounds is at least % + % By the same
l
argument, agent 4's expected utility after n rounds is at least ., %

agents, the expected Social Welfare is at least 1.

= % Since this holds for each of the n

If w*(u) > @ it suffices to transform the valuation profile u into a unit-range valuation profile u”. By
Lemma .2, the optimal allocation can be achieved by a run of Random Priority, so we know that in the optimal
allocation at most 1 agent will be matched with its least preferred item. Now consider the valuation profile u’ where
each agent ¢'s valuation for its least preferred item is set to O and the rest of the valuations are as in u. Since the
ordinal preferences of agents remain unchanged, Random Priority will perform no better on u’ than on u performs
worse on this valuation profile and because of Lemma .2, w* (u’) > w*(u) — L.

Next, consider the valuation profile u”, defined as:

n_ (u 1
= (o 1)

where 0 = (0;) c[,) € R™ is a vector where each is given by o; = Jn;sl

This, results in a valuation profile u” has n + 1 agents and items. Agents 1, ..., n retain the same valuations
foritems 1,...,n as in w’. Additionally, every agent assigns a valuation of 1 for item n + 1 and agent n + 1 only
has a significant valuation for item n + 1.

Our constructed u” is a unit-range valuation profile.

Furthermore, w*(u”) > w*(w')+1and E 3", u;(RP(u))] > E[>" , w;(RP(u'))] > E[>"" , u;(RP(u”))]—
2and w*(u) < w (W) + = <w*(w’)+ 1 -1 < w*(u”)

n

Hence,
E [}, ui(RP(u))] B i w(RPM))] B3, wi(RP("))] -2
w*(u) Bl w* (W) + - wr(w’) ++ —1
E [} wi(RP(u"))] 2 c 2

v
\
v
|
\

w*(u') w*(u') n w(u)
2

&
wn /o o2yn 2yn

(&

v

=k
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CHAPTER 4. APPROXIMATE SOCIAL WELFARE BOUNDS

Thus,
wreP) = oy BT PO

1
7

Upper Bounds

Lemma 4.9. Let M be an ordinal mechanism for unit-sum representation. The Approximation Ratio of M is
0 ().

Proof. Let n be the number of agents, such that, without loss of generality, v/n = k € N. Since, we are trying to

find an upper bound for the Approximation Ratio, from we can assume, without loss of generality that M is
anonymous. Consider the following valuation profile u, for all i € {1,...,/n}:

105 otherwise

u;(j) = {1 __Zj;éiui(j)7 ifji=i,j<+n

ui-‘rl»\/ﬁ(j): ﬁ_lojTa lf]#lujg\/ﬁ ) 16{157\/’571}
f‘o—:fg, otherwise
More intuitevely, the valuation profile u is constructed so that for each i € {1,..., /n}, the valuation function
of agent 7, induces the same ordering as the valuation function of agent ¢ + [ - \/n forany l € {1,...,y/n — 1}.
Because of the anonymity of M, each agent i = 1,...,+/n, can at most expect to get a uniform lottery over
all the items with each of the other \/n — 1 agents that have the same ordering of valuations. For agents i €
{v/n+1,...,n}, the contribution to the Social Welfare from items 1, ..., y/n is at most 2 since their valuations for

these items are bounded by % Similarly, their contribution to the Social Welfare from items \/n + 1,...,n is
similarly bounded by 1.
Therefore, we get the following upper bound on the expected Social Welfare:

n

Jn VT
S EwM@)+ Y Blu(M@) <Y —=+3=4,
i=1 i=y/n+1 i=1 \/ﬁ

while the Social Welfare of the optimal allocation is at least \{057;1 . From this, we getar(M) < 2 = O(

Finally, the upper bound for any truthful-in-expectation mechanism is given by the following lemma.
Lemma 4.10. Let M be a truthful-in-expectation mechanism for unit-sum representation. The Approximation
Ratio of M is O (ﬁ)

Proof. The intuition behind the lemma lies in the fact that the valuation profile used in the proof of Lemma . can
be adjusted so that the sum of valuations across each row of the valuation matrices equals one. To achieve this,
consider the following modified valuation profile:

1- Zj# ui(j), forj=i

(i) =3 7 — e forl<j<k+1,j#i Vie{l,... k+1}
1008 otherwise
I—Zj;‘.ﬂui(j)7 forj=1

u; () = ﬁ‘—lé—n, forl<j<k+1 Vie{k+2,...,n}
100k otherwise

This profile is a direct adaptation of the one used in Lemma .3, with the key difference that all entries are
divided by 10, except those entries where the valuation is 1, which are now equal to 1 minus the sum of the
valuations for the rest of the items. This modification introduces a scaling factor of %0 through the calculations.
However, it does not effect the he asymptotic bound established in Lemma }.3, hence the same proven bound

holds. O
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4.6. BEYOND UNIT-RANGE REPRESENTATION & EXTENSIONS

4.6.2 Allowing ties

The results of this paper, extend even when we have ties, meaning when agents value at least two items the same.
Random Priority though, needs a way to decide which item an agent should pick.

To handle ties, we introduce small perturbations of the agents' valuations. Such perturbations are taken to break
the ties, according to some tie-breaking rule. In such cases, the outcome of the RP mechanism — what items the
agents actually end up with — would still be the same as if we had applied RP directly on the original profile with
the tie-breaking rule put in place.

The reason lies in the fact that, since these perturbations do not change the ranking of an agent over different
items to a great extent, the assignment probabilities (i.e., the probability of any agent receiving a certain item)
stay the same. In this way, the performance and guarantees — like the approximation ratio — given by the RP
mechanism remain unchanged even when ties are present.

4.6.3 Unit - range” - valuation functions

All the results apply to the extension of the unit-range representation where 0 is not required to be in the image of
the function, that is, max; u;(j) = 1 and for all j, u,(j) € [0, 1]. This captures cases where an agent might slightly
prefer one item to another, without having to completely discard some item - no item needs to have its valuation
exactly 0. For example, the agent might value each of the items pretty much similarly and vary the preferences
slightly between the items. This is different from the strict unit-range model, which requires at least one item to be
valued at 0, indicating complete indifference to that particular item.

Since all the unit-range valuation profiles are valid for this representation too, the upper bounds are trivial. The
lower bound is not — the reason a lower bound doesn't hold directly is that the transformation of a [0, 1] profile to
a unit-range profile can reduce the optimal Social Welfare by a factor of up to 1 unit. The following proof adjusts
this by measuring welfare before and after the transformation, so the Q(ﬁ) bound still holds with only minor loss.

Corollary 4.11. The Approximation Ratio of Random Priority, for the unit-range* valuation functions is {2 (%) .
n

Proof. Let u be any [0, 1] valuation profile, where each agent i assigns a value u;(j) € [0, 1] to each item j. Let ¢
be the constant appearing in the lower bound of Lemma §.4. We will relate the Approximation Ratio of Random
Priority on this generalized profile u to the established ratio for the unit-range profile.

To achieve this, we transform u into a profile u’. For each agent 7, we modify the valuation profile by setting
the valuation of the least-preferred item to 0, if it is not already 0. Formally, let u’ be defined as:

') = 0 ,if j = argmingu; (k)
3= u;(§) , otherwise

This transformation ensures that u’ is a valid unit-range profile, meaning u;(j) € [0, 1] and there exists at least one
item j such that u/(j) = 0.

Since the transformation only decreases the valuation of each agent's least-preferred item, the expected Social
Welfare of Random Priority under u’ cannot exceed that under u. Thus:

B <k

Z u;(RP(u'))

Z u;(RP(u))

Now, since the optimal welfare w*(u’) for the modified profile u’ is at most 1 unit less than the optimal welfare
w*(u) for the original profile, as the optimal matching on u may have assigned the least-preferred item to exactly
one agent:

w* (') > w*(u) — 1.

Given that u’ is a unit-range profile, we apply Lemma §.4:

B[Sl w(RPW))] | e
w* () =V
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And since w*(u’) > w*(u) — 1:

B iy w(RPW)] B, w(RP())]
w*(u) - w*(u') +1 '

Since w*(u’) > w*(u) — 1, it follows that:

By wi(RP(W)] _ B, wi(RP(W))]
w*(u) - 2w* (u’) '

Combining the above inequalities, we get:

B w(RPW)] _ c
w*(u) —2yn’

Thus, the Approximation Ratio of Random Priority for any unit - range* valuation profile u is 2 (ﬁ)

4.6.4 An Improved Approximation

As we saw, Theorem .9 states that RP is the best truthful-in-expectation mechanism for the problem, when only
considering the asymptotic behavior of mechanisms. The authors, consider non-asymptotic behavior by studying
the case when n = 3 and present an non-ordinal mechanism that achieves better bounds than any ordinal mecha-
nism, when the representation of the valuation functions is unit-range.

We begin by looking the Approximation Ratio of RP for n = 3. It is easy to see that the Optimal obtainable
Social Welfare by RP in the unit-range setting is 3 - each agent get's their most desired item, valued at 1. Now, for
the Worst-Case Social Welfare. Consider the following profile:

1 1—€¢ 0
u= 1 € 0
1 0

The best matching that RP can achieve in this profile is for agent 2 to get item 1, agent 1, item 2 and agent 3,
the item 3 the Social Welfare is the 2 — € — 2 when € is small.

The Hybrid Mechanism builds upon the cubic lottery, a non-ordinal mechanism proven to be truthful-in-expectation
(see [28]) which matches each agent with their most prefered item with a certain probability.

The cubic lottery for 1 agent can be explained easily, as they get:

6—2a°

* The most preferred item with probability >—>,

* The second-most preferred item with probability %

>

 The remaining item with probability 1 — (% + %)

Where, « is the agent's valuation for their second-most preferred item.
The Hybrid Mechanism is, hence, the following:

Steps in HM

1. Uniformly at random choose a permutation ¢ of the agents.
2. Agent o(1) is matched with an item based on the cubic lottery.

3. Agent 0(2) selects their favorite item from the remaining items.
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4. Agent o(3) is assigned the final remaining item.

The Hybrid Mechanism achieves an Approximation Ratio of 0.699, which is better than the % achieved by any
ordinal mechanism, including RP. The authors prove that by solving a non-linear optimization problem. The proof
is omited but can by found in [|L0]. Although for n = 3 this method works well, for larger n we face computational
challenges. But the possible results by Extending the Hybrid Mechanism for larger n's can be valuable.
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CHAPTER 3

PRICE OF ANARCHY BOUNDS

This chapter is based on the work of George Christodoulou, Aris Filos-Ratsikas, Soren Kristoffer Stiil Frederiksen,
Paul W. Goldberg, Jie Zhang and Jinshan Zhang, in their paper "Social Welfare in One-Sided Matching Mecha-
nisms" presented at the Proceedings of the 2016 International Conference on Autonomous Agents & Multiagent
Systems, Singapore, May 9-13, 2016, with some adjustments and clarifications for ease of reading.

5.1 Synopsis

In this paper, the authors provide a lower bound of 2(1/n) for the Price of Anarchy across all types of mechanisms
for the problem - including both ordinal and cardinal ones.

They focus on the Probabilistic Serial and Random Priority mechanisms, which obtain a matching upper bound.
The analysis is extended to deterministic mechanisms where we will see that they exhibit significantly worse per-
formance in terms of their bounds.

The authors also study how these mechanisms behave when agents have incomplete information. They demon-
strate that even in such cases, the PoA remains within the same bounds.

Finally, the authors examine the Price of Stability, which measures inefficiency at the best possible equilibrium.
They show that the PoS has a similar lower bound of Q(+/n) in both ordinal and deterministic mechanisms.

5.2 Introduction

In Chapter 4, we studied the performance of ordinal one-sided matching mechanisms through their Approximation
Ratio under unit-range valuations. We focused on the Random Priority (RP) mechanism due to its truthfulness, but
it is known that the RP does not satisfy ex-ante Pareto efficiency and envy-freeness.

The truthfulness of RP gives a simple route to the analysis of the mechanism's Social Welfare inefficiency. Other
ordinal mechanisms, however, do not offer this property and if they do, this does not necessarily mean that misre-
porting cannot obtain an outcome with higher Social Welfare.

In settings without money, valuations are represented using a canonical way. Common approaches are the unit-
range and unit-sum representantions. While in Chapter 4. we used the unit-range representation mainly, easily
extending the result to the unit-sum representantion. In this chapter, it will be the other way around, fixing our
representation to unit-sum. As we imply cardinal utilities below the ordinal preferences, each agent's allocation
induces a certain utility. Forming a game at hand, by Nash's theorem, every game has a Nash Equilibrium. The
natural question becomes how to measure the mechanism's inefficiency.

In Chapter 5, we shift our focus, from bounding the inneficiency of truthtelling, to studying mechanism's be-

haviour in Equilibria. While the results of Chapter 4 prove to be fundamental, as they establish further results for
studying the, other than truthtelling, equilibria of RP, we also focus on Probabilistic Serial, PS is known for it's
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ex-ante Pareto efficient and envy-free properties, but also because it is not truthful, making it interesting to study
it's performance in equilibria.

The Price of Anarchy (PoA), as seen in Chapter 2. , was introduced by Koutsoupias and Papadimitriou in 1999 and
is a celebrated measure quantifying the efficiency loss at equilibrium due to selfish behavior compared to the opti-
mal outcome. Initially used in network congestion problems, PoA is now widely applied to analyze inefficiencies
from strategic behavior in various settings, including resource allocation and mechanism design. The reader can
see Chapter 2. for a reminding of the definition of the Price of Anarchy.

In this chapter, our analysis moves from the direct comparison of Social Welfare under truthful reporting, to ex-
amining Social Welfare at Nash Equilibria. Hence, the bridge from Chapter 4 to Chapter 5 is guided by incentive
compatibility.

5.3 Upper Bounds

In this section, we establish the (pure) Price of Anarchy upper bound guarantees for the Probabilistic Serial and
Random Priority mechanisms. Together with the results from the next section, we will be able to provide strict
bounds.

5.3.1 Random Priority Bounds

As we have seen in Chapter 4. , Filos-Ratsikas et al. in [[LO] proved that the Social Welfare in any truthtelling
equilibrium is an Q(ﬁ)-fraction of the maximum Social Welfare. Although Random Priority may have other
equilibria, establishing the Price of Anarchy bound relies on the observation that, any non-truthful strategy does

not affect the allocation of other agents and consequently, does not affect Social Welfare.

We assume that valuations are distinct - that is there are no ties. If ties emerge, as seen in Chapter 4. , small
pertubations on the valuation functions can do the trick, with a negliglible cost of Social Welfare.

Lemma 5.1. If valuations are distinct, the Social Welfare is the same in all mixed Nash Equilibria of Random
Priority.

Proof. Let be an agent and B be a subset of the items. Let s be a mixed Nash equilibrium where there is a positive
probability that agent ¢ will be selected to choose an item when B is the set of remaining items. Since agent ¢ has
distinct valuations for the items, their strategy should always rank their most preferred item in B at the top of the
preference list for that set.

Now, for two items j and j', suppose that there is no set of items B that may be offered to 7 with positive probability

where either j or j' is the optimal choice for 7. In this case, agent ¢ may rank j and j” in any order (can report j >; j’

or j =; 7). However, this report has no impact on the other agents and it does not influence their Social Welfare.
O

Theorem §.3 from Chapter 4. , states that the the approximation ratio of Random Priority is © (ﬁ) . Together
with Lemma we can easily see the following result.

Theorem 5.2. For distinct valuations, the Price of Anarchy of Random Priority is ©(y/n).
When dealing with ties, the same upper bound holds.
Theorem 5.3. The Price of Anarchy of Random Priority is O(y/n).

Proof. We know from Theorem #.3 from Chapter 4. . that the Social Welfare of Random Priority when agents are
truthful is within O(y/n) of the social optimum. The Social Welfare of a (mixed) Nash equilibrium q cannot be
worse than the worst pure profile from ¢ that occurs with positive probability, so let s be such a pure profile. We
will say that agent ¢ misranks items j and j’ if j >; j/, but j' =, j.

If an agent misranks two items for which she has distinct values, it is because she has 0 probability in s to re-
ceive either item. So we can change s so that no items are misranked, without affecting the Social Welfare or the
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allocation. For items that the agent values equally (which are then not misranked) we can apply arbitrarily small
perturbations to make them distinct.

Profile s is thus consistent with rankings of items according to perturbed values and is truthful with respect to
these values, which, being arbitrarily close to the true ones, have optimum Social Welfare arbitrarily close to the
true optimal Social Welfare. O

5.3.2 Probabilistic Serial Bounds

We explain the Probabilistic Serial Mechanism in Chapter 2. , as a reminder, the mechanism works as follows:
Each item can be viewed as an infinitely divisible item that all agents can consume at unit speed during the unit
time interval [0, 1]. Initially each agent consumes her most preferred item (or one of her most preferred items in
case of ties) until the item is entirely consumed. Then, the agent moves on to consume the item on top of her
preference list, among items that have not yet been entirely consumed. The mechanism terminates when all items
have been entirely consumed. The fraction p;; of item j consumed by agent i is interpreted as the probability that
agent ¢ will be matched with item j under the mechanism.

Aziz et.al. in [§] prove the the Probabilistic Serial has Pure Nash Equilibria. Since, we are trying to upper bound
the Price of Anarchy of PS, it suffices to consider only Pure Nash Equilibria. We procceed by proving two lemmas,

We start with the following two lemmas.

Let ¢;(s) be the time when item j is entirely consumed on profile s under PS(s).

Lemma 5.4. Let s be any strategy profile and let s} be any strategy where agent ¢ places item j on top of her
preference list. i.e. j >+ ¢ for all items ¢ # j. Then it holds that ¢;(s},s_;) > - t;(s).

Proof. Let, for ease of notation, s* = (s}, s_;) be any strategy where agent i places item j on top of her preference
list. If j >4, £ for all ¢ # j and since all other agents' reports are fixed, ¢,(s*) = ¢;(s) and the statement of the
lemma holds.

Hence, we assume that there exists some item j’ # j such that j/ >, j. If agent 7 is the only one consuming
item j for the duration of the mechanism, then ¢;(s*) = 1 and we are done. Hence, assume that at least one other
agent consumes item j at some point, and let 7 be the time when the first agent besides agent 7 starts consuming
item j in s*. Agent ¢ consumes j for more time, thus, ¢;(s*) > 7, therefore if 7 > 1 - ¢;(s) then ¢;(s*) > I - ;(s)
and we are done.

Assume that 7 < % - ¢;(s). Observe that in the interval [r,¢;(s*)], since there are at least two agents consum-
ing item j, agent ¢ can consume at most half of what remains of it. Overall, agent i's consumption is at most
3+ 3tj(s) soatleast 1 — [3 + 1t;(s)] = 5 — 1t;(s), of the item j will be consumed by the rest of the agents.

Now consider all agents other than ¢ in profile s and let & € (0, 1] be the the amount of item j that they have
consumed by time ¢;(s). The total consumption speed of an item is non-decreasing in time which means in partic-
ular that for any 0 < 8 < 1, agents other than ¢ need at least 5t (s) time to consume « - 3 in profile s. Since agent
1 starts consuming item j at time O in s* and all other agents' strategies are the same in both profiles, s and s*, it
holds that every agent k # i starts consuming item j in s* no sooner than she does in s. This means that in profile
s*, agents other than ¢ will need more time to consume £ - v and in particular they will need at least 5¢;(s) time,

SO tj(S*) Z ﬂtj(S).

However, we saw earlier that they will consume at least § — 1t;(s), and thus o - 3 > 3 — 1t;(s). Letting
B>L (31 t(s)) we get:

6 2000 2 1 (57166 60 (51660 662 1 60)

(0%

We can now, lower bound the utility of an agent at any Pure Nash Equilibrium (PNE).
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Lemma 5.5. Letu = (uy, ..., u,) be the profile of true agent valuations and let s be a pure Nash equilibrium. For
any agent ¢ and any item j it holds that the utility of agent 7 at s is at least 7 L.t 5 (8) - wij.

Proof. Lets’ = (s},s_;) be the strategy profile resulting from agent ¢ deviating from s to a new strategy s; where
s; ranks item j above all other items £ # j. Since s is a PNE, it holds that u; (P.S;(s)) > u;(PS;(s")) > t;(s') - s,
where the last inequality holds because the utility of agent ¢ from their deviation to s; must be at least as much as
the utility they derive from the consumption of item j, since, by deviating to the strategy s}, agent 7 ensures that
item j is ranked highest. This guarantees that their utility from s’ is at least her utility from consuming item j alone
for the time ¢;(s’). By Lemma .4, it holds that ¢;(s’) > 1 - ¢;(s) and hence u;(PS;(s)) > % - t;(s) - u;. O

The intuition behind these proofs is that, in a PNE, an agent’s utility cannot be significantly lower than the utility
they would receive if they were consuming the item matched to them in the optimal allocation from the start, until
the item is fully consumed.

Now, we can upper bound the PoA of PS.
Theorem 5.6. The pure Price of Anarchy of Probabilistic Serial is O(v/n).

Proof. Letu = (u1,...,u,) € R}*" be the profile of true agent valuations and let s be a pure Nash equilibrium.
It's easy to see that in the Probabilistic Serial mechanism, by reporting truthfully, each agent ¢ is assured of a fair
share of the utility, no matter what the other agents do. This fair share translates to at least % of the total available
utility for each agent, making truthfulness a safe strategy and ensuring that the Social Welfare of the mechanism is
at least 1. To see this, first consider time ¢ = + and observe that during the 1nterval [0, 1], agent i is consuming
her favorite 1tem (w.l.o.g. say a1) and hence pm1 > . Next, consider time t' = 2 and observe that during the

interval [0, } agent ¢ is consuming one or both of her two favorite items (a; and ag) and hence piq, + Diay > = 2,

Consequently, for any k, it holds that Z j=1Pia; = % This implies that regardless of other agents' strategles,
agent ¢ can achieve a utility Z —1Dia; " Uij > % Z?Zl u;;. Since s is a pure Nash equilibrium, it holds that
u;i(PSi(s)) > L. Z;L 1 Uij as Well. Thus, for the Social Welfare of the mechanism, summing over all agents, we

get that SWpg(u,s) > >0 | - Z;;l ui; = 1. If SWopr(u) < v/n, we get that:

SWopr(u) Vn
PoA(PS < X
0A(PS) = uselg) minge g SWps(u,s) = 1

— 0(V)

So we are done. Let us assume that SWopr(u) > /n.

Recall that P.S is neutral, meaning that it's allocation process does not favor any specific item over others based on
their identity. Thus, we can assume that ¢;(s) < ¢;/(s) for j < j’ without loss of generality.

By any time 0 < ¢ < 1, the total fraction of items consumed by all agents combined is exactly ¢ - n. This is
because there are n items, and the consumption rate is uniform. Since ¢;(s) represents the time at which the 5"
item is entirely consumed, the mass of items consumed by this time must be at least j. Thus, tj(s) -n > j, or,
ti(s) > L.
J —n

For each item j let i; be the agent who receives item j in the optimal allocation and for ease of notation, let
w;; denotes the valuation of agent ¢; for item j, i.e. w;, = u;;; . Now by Lemma k.3, since s is a pure Nash
equlhbrlum it holds that

1y
ui; (PS(s)) > —-tj(s)-w;; > —=-w;; and SWpgs(u,s) Zut (PS(s Zuz (PS(s)) > 427 wi; -

=4 n

n-h\’—‘

n

Since, by definition, SWopr(u) = i1 Wiy s the Price of Anarchy is then:

|1) n
W i1 Wy
PoA(PS) = sup SWopr(w) __ SWorr(w) _ : %714 A
wevr Mingegy SWes(u,s) = SWeg(u,s) 1570 4w,

38



CHAPTER 5. PRICE OF ANARCHY BOUNDS

To establish an upper bound for the quantity

we consider the case when the ratio

Z;‘L:1 J- Wi .

is maximized. Let k be an integer such that k < Z?zl wi; < k+ 1. Given that w;, € [0, 1] (as valuation func-
tions), it follows that w;;, = 1forj =1,..., kandw;; =0, forj > k + 2.

Hence,

n
ijl Wi < k+w;, k+w;, ., k+w;,

Z?le%ui] ; (k+1)'wik+1+2?:1j'1 - (k+1)'wik+1 “'@ - Wiy + 0

For w;, ., in [0, 1], the above ratio is decreasing. Therefore, the maximum value of (k + wj,,,)/(aw;,,, + b)
is achieved when w;, ., = 0. Consequently, the Price of Anarchy is at most:

i 27—1“’7; kE+w;,., < in _ 8n
S d - wi aw , +b = EEED k41

Thus, the Price of Anarchy is maximized when & is minimized. Since, SWopr(u) = Z?:l w; > k and we

assumed that SWo pr(u) > +/n, we find that k£ > /n. Hence, the ratio is O(y/n). O
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5.4 Lower Bounds

The following result, bounds the Price of Anarchy of any mechanism. Including, ordinal, cardinal, deterministic
and randomized mechanisms. Since we're interested in mechanisms with good properties, it's natural to focus on
those with pure Nash equilibria, where outcomes are deterministic and no randomness is involved.

Theorem 5.7. The pure Price of Anarchy of any mechanism is Q(y/n).

Proof. Let M be a mechanism, n = k2 for some k& € N the number of agents and consider the following val-
uation profile u described as follows. There are \/n sets of agents and let G; denote the j-th set. For every
j €{l,...,\/n} and every agenti € G, it holds that u;; = 1 + aand u;y = = — -2 for k # j, where o« > 0

—n n n—1°
is sufficiently small. Let s be a pure Nash equilibrium and for every set Gj, let i; = argmin;eg, pf\f * (break ties
arbitrarily).
Since, the total probability of agents in G; to get item j is 1 and there are \/n agents in G: ZieGj p%’s =

pﬁ\ff + pi\fj’»s + ...+ p%fj = 1. Thus, forall j = 1,...,+/n, it holds that pft[js < ﬁ Observe that for all
j=1,...,4/n, it holds that pi\fjs. Now, let I = {i1, 2, ...,% s} and consider the valuation profile u’ where:

* Forevery agenti ¢ I, u} = u,.

* Forevery agenti; € I, letu; ; = 1and u; = 0 forall k # j.
The strategy s is a pure Nash equilibrium under u’ as well:

« For agents ¢ ¢ I: the valuations have not changed and hence they have no incentive to deviate.

+ Assume now that some agent 7 € I whose most preferred item is item j , deviates to some beneficial strategy

. . . L . M,(s],s; . .
s%. Since agent 7 only values item 7, this would imply that Dij (ses—i) pi];-[’s. However, since agent ¢ values

all items other than j equally under u; and her most preferred item is item j, such a deviation would also be
beneficial under profile u, contradicting the fact that s is a pure Nash equilibrium in profile u.

Now consider the expected Social Welfare of M under valuation profile u’ at the pure Nash equilibrium s.

SWh(u's) = Zu; + Zu;

iel igT

* For agentsnotin [ :

1 1 . 1
Zugzzuigzg_yaz(n_\/ﬁ).(ﬁ—ka)<1,afterlett1nga<ﬁ.

igl igl igl

* For agents in I:

Under u’ in the expected Social Welfare contribute only the agents that get their most prefered item j.

Jn

1
2 : / M,s /
el = ’ N

Hence the expected Social Welfare of M is at most 3.

As for the optimal Social Welfare, it is achieved when each agent in I gets their most preferred item. Since there
are /n such agents and each values their most preferred item at 1, the optimal Social Welfare is at least /7.

SWopr(u') > Z up ;s =+n-1=+/n

i;el
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Thus:

SWOPT( ) SWOPT(U/) SWOPT(UI) \/ﬁ
PoA(M) = > > >X_ =0 .
© ( ) useu‘}?n mmseSM SWM( S) - minsesdvz SWM(H,S) - SWM(U/,S) - 3 (\/ﬁ)

Below, we see that deterministic mechanisms perform poorly in terms of efficiency at equilibrium.

Theorem 5.8. The Pure Price of Anarchy of any deterministic mechanism is (n?) .

Proof. Let M be a deterministic mechanism, that always has a Pure Nash Equilibrium.
Let u be a valuation profile such that for all agents 7,4’, it holds that u; = u; , u;1 = % + % and u;; > ugg
for j < k. Let s be a Pure Nash Equilibrium for this profile and assume without loss of generality that M;(s) = 1.

Now fix another true valuation profile u’ such that uj = u; and foragentsi € {2,...,n} ,u}, ; =1—¢, ; and
uij = € forj #i—1,where 0 < € < 75,3, jej; =€ ande); > €, 1f] < kwhenj, k#i—1
Intuitively, in profile u’, each agent i € {2,...,n} has valuation close to 1 for item ¢ — 1 and small valuations for
all other items. Futhermore, she prefers items with smaller indices, except for item ¢ — 1.

We claim that s is a Pure Nash Equilibrium under true valuation profile u’ as well. Assume that it is not. Meaning
that some agent ¢ has a benefiting deviation, matching her with an item that she prefers more than . But then,
since the set of items that she prefers more than ¢ in both w and u’ is {1,...,4}, the same deviation would match
her with a more preferred item under u as well, contradicting the fact that s is a Pure Nash Equilibrium for profile u.

For the final step, recall the definition of the Price of Anarchy.

SWopr(u)
PoA(M) =
© ( ) uselg)n mmseSM SWM( )

It holds that:
SWOPT(II) SWOPT(u/) SWOPT(u,)
PoA(M) = > >
0A(M) useu‘Pn minge g SWar(u,s) — minge g SWay(uw',s) = SWas(w')s)
It holds that:
Worr) > Y3 0, ZuwZZu Zuwzum 4 Y g ZUMZUH 1+Z €hin1

i=1 j=1 1=2 j=1 =2 jF#i—1

:ZU1J+Z(1_ €ii—1) +Z €ii— 1—Zu1j+n—2—z 2,i71+26;,i712n_2
j=1 =2 i=2

=2

Whereas,
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The mechanism allocates item ¢ to agent ¢. Thus,

n n

n n
SWiar(d',s) < ZZH;J = Zugl < Zu;l
=1

i=1 j=1 i=1
We have established that:

n

SWOPT(U/) > (1 — €

z,i—l) =n-2,

1=

~ =

While for the mechanism's social welfare STV, (u
that:

n n
SWar(u's) = ul <1+ ey
i=1 =2

Given that ¢ ;| < -

1
SWy',s) <14+ (n—1)- — <2.
n
Therefore:

Hmm@z”QQZQm%

,8), since the mechanism assigns item ¢ to agent ¢, it holds

This completes the proof, showing that the Pure Price of Anarchy for any deterministic mechanism is Q(n?).
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5.5 Unit-range valuation functions

In this section we extend the above bounds to the unit-range valuation setting, that is, max; u;(j) = 1 and
minj ut(j) =0.

For Random Priority, since the results of Chapter 4. ([[L0]) hold for this normalization as well, we can apply
the same techniques to prove the bounds.

For Probabilistic Serial, observe that Lemma .5 holds independently of the representation. Hence, in the proof of

Theorem .6, it now holds that:
1 n n
SW, ) > — %] > 17

which is sufficient for bounding the Price of Anarchy when SWopr(u) < y/n. Finally, the arguments for the case
when SWopr(u) < /n hold for both representations.

Concerning the lower bounds, we can prove the following theorem on the Price of Anarchy of deterministic
mechanisms.

Lemma 5.9. The Price of Anarchy of any deterministic mechanism that always has pure Nash equilibria is 2(n)
for the unit-range representation.

Proof. (Sketch.) Let uand u’ be valuation profiles with the same preference ordering, and s a pure Nash equilibrium
under u. If s is not a Nash equilibrium under «’, then agent ¢ can deviate to a more preferred item under u;. Since
the preference ordering is the same, 7 would have also deviated under u, contradicting the equilibrium. Thus, s
must be a Nash equilibrium under «’. O

Through Lemma .9, we can prove the following theorem

Theorem 5.10. The Price of Anarchy of any deterministic mechanism that always has pure Nash equilibria is (n)
for the unit-range representation.

Proof. (Sketch.) Consider a deterministic mechanism M with Pure Nash Equilibria. Let u be a valuation profile
such that all agents have identical preferences, and assume the equilibrium assigns item ¢ to agent i. Construct
a profile where the first half of agents highly value their top item and the second half value the top half of items
slightly less. The optimal social welfare is then at least 5, but the mechanism’s welfare is at most 2, leading to a
Price of Anarchy of Q(n). O
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5.6 On More General Equilibrium Concepts

In previous sections, we used pure Nash equilibriua to bound the inefficiency of mechanisms. Here, we extend the
results to broader equilibrium concepts: coarse correlated equilibrium (for games with complete information) and
Bayes-Nash equilibrium (for games with incomplete information). Since concepts like mixed Nash equilibrium
are special cases of these, they suffice for our purposes. One can find a formal definition of these Equilirbium
Concepts in Chapter 2. .

Bellow we state the extensions of our theorems, omitting the proofs, which can be found in [g],

Extensions to Random Priority follow naturally, as agents, even with probabilistic mixtures over strategies,
always choose their most preferred available item when chosen. The order of remaining items does not affect the
distribution.

Theorem 5.11. The coarse correlated Price of Anarchy of Random Priority is O(y/n). The Bayesian Price of
Anarchy of Random Priority is O(y/n).

For the Probabilistic Serial mechanism, the results hold for both coarse correlated and Bayes-Nash equilibria.
While tactics like Roughgarden's smoothness framework, are used to establish Price of Anarchy bounds, here the
authors we employ a simpler approach. Instead of analyzing all possible outcomes, they focus on the items an
agent actually receives, which leads to similarly strong results. This makes the analysis more straightforward while
achieving comparable bounds. The full proofs can be found in [§],

Theorem 5.12. The coarse correlated Price of Anarchy of Probabilistic Serial is O(y/n).

For the incomplete information setting, when valuations are drawn from some publically known distributions,
we can prove the same upper bound on the Bayesian Price of Anarchy of the mechanism.

Theorem 5.13. The Bayesian Price of Anarchy of Probabilistic Serial is O(y/n).
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5.7 On the Price of Stability

Theorem [.7 provides a bound the Price of Anarchy of all mechanisms. A more optimistic (and hence stronger
when proving lower bounds) measure of efficiency is the Price of Stability, formally defined in Chapter 2., Price
of Stability is the worst-case ratio over all valuation profiles of the optimal social welfare over the welfare attained
at the best equilibrium.

In this section, we extend Theorem B.7 to the Price of Stability of all mechanisms, that satisfy a "proportionality"

property.

Definition 5.14 (Stochastic Dominance). Let a; >; as >; --- =; a, be the (possibly weak) preference ordering
of agent 7. A random assignment vector p; for agent ¢ stochastically dominates another random assignment vector
g if Zle Pia; > Z?:l Gia,, forallk = 1,2, n. The notation that we will use for this relation is p; =5¢ ¢;.

Definition 5.15 (Safe strategy). Let M be a mechanism. A strategy s; is a safe strategy if for any strategy profile
s_; of the other players, it holds that M;(s;,s_;) >5d ( Lo, n)

n'n’

We will say that a mechanism M has a safe strategy if every agent ¢ has a safe strategy s; in M. Now, we can
state the following theorem:

Theorem 5.16. The pure Price of Stability of any mechanism that has a safe strategy is Q(y/n).

Proof. Let M be amechanismand I = {k +1,...,n} be a subset of agents. We define the valuation profile u as
follows:

* For each agent ¢ € I, the utility foritems j = 1,...,kis u;; = % and for the other items, u;; = 0.
« Foreachagenti ¢ I, we setu;; = 1 (i.e., agent i values their own item most) and for all other items, Uu; =0
for j # .

Now, let s be a PNE for the profile u, and let s; denote a safe strategy for agent 1.
At equilibrium s, the expected utility of each agent ¢+ € I is given by:

)] = Z Pij(8is 5—i)vij.
j€ln]

Because s is a Nash equilibrium and s/ a safe strategy, we know that:

1 1
> Z Pij (8}, 5-i)vij > - Z vij = —
J€[n] j€[n]

Additionally, since s is a pure Nash equilibrium, for all agents ¢ € I, the probability that agent i gets one of the
first k items is at least < meaning:

i Lk
. pzy_n
Jj=1

For the agents not in /, the total probability that these agents receive one of the first & items is:

> im =hk- Zipm‘-

iEN\T j=1 i€l j=1

Since each agent in I has a probability at least % of getting one of the first k items, the total contribution from
the agents in [ is:

k
Sz bk

el j=1
Thus, the contribution to the social welfare from agents not in [ is bounded by:
ko k2
k—(n—k)—=—.
(n—k)— =
The total expected social welfare is the sum of the contributions from agents in I and those outside /. For agents
outside I, the maximum contribution is at most % Therefore, the total expected social welfare of the mechanism
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M is at most 1 + % The optimal social welfare SWopr(u) is at least k hence, letting k& = /n the lower bound of

the Price of Stability follows.
O

Due to Theorem [.16, in order to obtain an €2(y/n) bound for a mechanism M, it suffices to prove that M has
a safe strategy. In fact, most reasonable mechanisms, including Random Priority and Probabilistic Serial, as well
as all ordinal envy-free mechanisms satisfy this property.

Lemma 5.17. Let M be an ordinal, envy-free mechanism. Then for any agent ¢, the truth-telling strategy u; is a
safe strategy.

Proof. Lets = (u;,s_;) be the strategy profile where agent ¢ is truthfully reporting, while the remaining agents

follow strategies s_;. Since the mechanism M is envy-free and ordinal, it holds that Z§:1 pi; = Z§:1 p;.; forall

agentsr € {1,...,n} and forall £ € {1,...,n}. Summing these inequalities over all agents r = 1,2,...,n, we
get:

0 L n
DD WAEL
j=1 j=1r=1
which implies that Z?Zl P = % foralli € {1,...,n}andforall £ € {1,...,n}. O

Note that since Probabilistic Serial is ordinal and envy-free, by Lemma .17, it has a safe strategy and hence
Theorem applies. It is not hard to see that Random Priority has a safe strategy too.

Lemma 5.18. Random Priority has a safe strategy.

Proof. Random Priority assigns agents a random order uniformly, each agent ¢ has a probability of 1/n of being
selected first to choose an item, 2/n of being selected within the first two, and so on. If an agent ranks their items

truthfully, then forevery £ = 1, ... n, the probability that they receive one of their top £ items is Zle Dij > % O

The safe strategy property plays a very important role ensuring the bound holds. For example, the randomly
dictatorial mechanism, which selects an agent uniformly at random and assigns them their most preferred item,
while assigning the remaining items based solely on that agent's preferences, achieves a constant Price of Stability.
However, this same mechanism has a Price of Anarchy of Q(n).
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CHAPTER O

BOUNDING THE INCENTIVES OF PS

This chapter is based on the work of Zihe Wang, Zhide Wei and Jie Zhang, in their paper "Social Welfare in One-
Sided Matching Mechanisms" presented at the Proceedings of the AAAI Conference on Artificial Intelligence 2020,
with some adjustments and clarifications for ease of reading.

6.1 Synopsis

As we have seen in previous chapters, Probabilistic Serial is a celebrated mechanism for the One-Sided Matching
problem. While PS is ex-ante Pareto efficient and envy-free, it is well known that PS is not truthful. In this Chapter,
we present the work of Wang et al. in [5], where they examined the degree to which an agent has an incentive to
manipulate the mechanism.

The textitincentive ratio, formally defined in Chapter 2., is a measure, that quantifies the maximum potential gain
an agent can have by deviating from being truthful. In this work, we will show that no agent can increase their
utility by more than 50% through strategic behavior, in the PS mechanism. This worst-case guarantee holds under
conditions where the agent has complete information about others' reports and can compute the best response, even
if doing so is computationally hard ([€]).

In addition to this worst-case analysis, the authors conduct an experiment to evaluate the incentives of agents to ma-
nipulate PS in the average-case. The results show that the incentive-ratio in the average-case is much smaller than
the worst-case bound, with observed values ranging from 1.02 to 1.06, well below 1.5, which by an example, show
that is tight. These results highlight the resilience of the Probabilistic Serial mechanism to strategic manipulation,
supporting the idea that the PS mechanism is "approximately" truthful in practice, even in small-scale instances.
Future research could focus on developing alternative mechanisms that can better balance fairness, efficiency and
truthfulness.
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6.2 Introduction

In this chapter, we bound the extent to which an agent can increase their utility through strategic manipulation
by reporting preferences, not consistent with their true valuations. Chapter 6 follows naturally from Chapter 5, in
which we studied the inefficiencies caused by strategic behavior system-wide but not at the individual level.

In Chapter 5, we analyzed the Price of Anarchy (PoA) to understand how individual self-interest in one-sided
matching mechanisms can result in inefficiency. We compared mechanism's outcomes under self-interested be-
havior to those which are socially optimal and thereby obtained upper and lower bounds on the Price of Anarchy.
In Chapter 6, we turn attention to the Probabilistic Serial (PS) mechanism, building on the work of Wang et al.
(2020) in [§]. Once again, we investigate how agents may manipulate the system by misreporting their prefer-
ences, but this time, we bound the ratio between an agent's utility when reporting truthfully and when strategizing.

The Incentive Ratio, formally defined in Chapter 2, is a measure in mechanism design that quantifies the max-
imum potential gain an agent can achieve by deviating from truthful behavior. Specifically, it evaluates how much
an agent's utility can be increased through strategic manipulation compared to the utility they would receive by
reporting truthfully. We adopt the incentive ratio notion to quantify agents' incentives to deviate from reporting
their actual private information. Informally, the Incentive Ratio is the factor representing the largest possible utility
gain that an agent can achieve by behaving strategically, assuming all other agents' strategies are fixed.

The main theorem of this work can be stated as follows:

Theorem 6.1. In the Probabilistic Serial mechanism, when the number of agents is no less than the number of
items, no agent is able to unilaterally manipulate and increase their utility to more than % times the utility they
would receive when reporting truthfully.

There are two scenarios where agents might refrain from manipulation in non-incentive-compatible mechanisms.
First, when computational complexity makes manipulation difficult, agents may act truthfully. Second, if utility
gains from manipulation are minimal and the cost of gathering necessary information is high, agents may prefer
truthfulness.

The incentive ratio is defined in a worst-case sense, representing the strongest approximation guarantee for ma-
nipulation incentives. However, this bound overlooks the likelihood of extreme cases; the probability of an agent
achieving 3/2 times their utility is often negligible, as our tight bound example is artificially constructed.

The results presented here assume complete information and perfect rationality. That is, agents are assumed to
have complete information about other agents' preferences and are able to compute the best response strategy ac-
cordingly. If either of these assumptions is missing, the agents' power to manipulate the mechanism would be much
smaller than the % bound implies. In fact, computing the best response strategy is intractable in general [6].

The One-Sided Matching problem consists of n agents and mn divisible items which we denote as j, j € {1,...,m}.
In general, n and m are not necessarily equal. The results of this paper hold for the case that n > m, but cannot
be extended to the case n < m straightforwardly. W.l.o.g. we can suppose that m is an integer multiple of n, by
adding items of no utility to any agent to achieve this. In the Probabilistic Serial mechanism, agents express strict
ordinal preferences, >, over items. In other words, they are not indifferent between any two items. The assumption
is to simplify our analysis; otherwise, one needs to equip the Probabilistic Serial mechanism with a tie-breaking
rule, like the ones that we saw earlier in this thesis, that make no significant difference in quantifying the incentive
ratio.

The expected utility of agent ¢ is u; = > ; WigPij- Where 0 < u;; < 1 denotes the utility derived by agent
i on obtaining a unit of item j and p;;, the probability of agent i receiving item j. Since, PS is not truthful.
Agents may misreport their ordinal preferences if that results in a better allocation in their perspective. In that case,
w;(8i,8-;) < wi(sh, s—;), where s; is agent 4's true preference (or true strategy), s_; is other agents' preferences,
and s} is a misreport by agent i.

The incentive ratio captures the extent to which utilities can be increased by strategic plays of individuals. The
incentive ratio of agent ¢ in mechanism M is:
maxs; ul(sh, s—4)

ri(M) = max wi(s)
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Where, s = (s;,5-;) , u;(s) denotes the utility of agent ¢ when they truthfully reports their preferences and
maxy/ u} (s}, s—;) denotes the largest possible utility of agent ¢ when she unilaterally misreports her preferences.
The incentive ratio of agent i is then the maximum value of the ratio over all possible inputs of other agents. The
incentive ratio of a mechanism M is then max; r;(M). Throughout the paper, w.l.o.g., we consider the strategic
manipulation of agent 1.

6.2.1 Probabilistic Serial is not Truthful
We have seen in Section 1 that PS is not truthful. The following example from [[l]], can serve as a reminder why.

Example 6.2. Let agents A = {A1, A, A3} and items I = {I1, I, I3} and the preferences of the agents as
follows:

Ay L =11 = I3
Ag: 1 = 1o = I3
A32]1>13>IQ

PS will return the following allocation.

Agent / Ttem Il IQ 13
A 0o | 3 |1
1 1 1
As 2 i i
As 3 0 3
Table 6.1: Allocation produced by PS
Assume that agent A1 misreport as follows:
Ay = I = I3
Ay Iy = Ir ~ I3
Az Iy > I3 > I
PS will return the following allocation.
Agent / Ttem Il ]2 13
1 1 1
A 3 3 5
1 1 1
A 3 P 8
As 5 0 3

Table 6.2: Allocation produced by PS

For some underlying cardinal utilities compatible with agent A1 's true ordinal preferences, for example, ua, (I1) =
0.9,ua, (I2) = 1,ua, (Is) = 0, wa, = 3 in the truthful profile and vy = 0.8 when Ay misreports. The intuition
behind this is that, both items I and Is are important to agent Ay, but item I is more competitive than I as the
other two agents place it as their most preferred item.Sso, instead of start eating a less-competitive item I, it is
better for agent A to start eating item 1.
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6.3 Bounding the Incentive Ratio

In this section we prove the main theorem of this paper, Theorem 5.3. To prove the % incentive ratio upper bound we
will need to prove some lemmas, begining by a reduction on the instances we need to consider. We will prove that it
is sufficient to consider the instances in which agents' utilities are dichotomous. That is, each agent's preferences are
either close to 1, or close to 0. This approach is similar to the concept of quasi-combinatorial valuation functions
we saw in Chapter 3, where agents’ valuations are restricted to being e-close to 0 or 1.

Lemma 6.3. Given an agent's truthful valuations of a preference ordering u;, define the ratio ¢ = = © where u)
represents the maximum utility that agent ¢ by strategizing. Then, it is always possible to construct a correspondmg

dichotomous valuation v;, consistent with the truthful preference ordering, such that ¢’ = U—% > c.

Proof. Assume, without loss of generality, that agent 1 prefers item j more than item j + 1 for all items {1, ... m}.
Denote as [, the length of time that agent 1 spends on eating item j in the truthful profile and l;- the length of time
that agent 1 spends on eating item j in another strategy. By definition,

u’l ’U,Hlll + ’ulglé + -4+ ulml;n

clu;) = — = .
2 Up uitly +uialy + - F Ui,

Note that u;, V;j is not necessarily either close to 1, or close to 0. We will show that by carefully pushing u;'s
towards 1 and 0, the ratio c is non-decreasing. Let,

k

Ry s
k:jl—i—l R Cmax = " .
1+ j =1l

Where k The index j (from the list of items) where this cumulative ratio is the highest - the point in the sequence
of items where agent 1's relative gain from manipulating their preferences reaches it's peak.

Cmaz 18 the ratio of the total manipulated utility to the total truthful utility up to the item %, where k is the index
that maximizes this ratio - it quantifies the maximum relative benefit that agent 1 can obtain through strategizing,

considering the cumulative impact up to item k.

We can rewrite c as

c(uiy) = an: 7 "~ where Ut(m+1) = 0.
21wy — 1) Doy n

Now we construct a new preference profile:

b — 1—(j—1) forj=1,... k,
/ (m — j)e, forj=k+1,...,m

This new profile is still consistent with the original preference order u;. As a result, the allocations based on
truthful preferences, /;, remain unchanged. Similarly, using the same strategy, the allocations resulting from any
manipulations, l;-, also stay the same.

Moreover,
S b1y = b)) S b
Y (b = bigan) Sy !
k
GZ j#k Z'h 1+ (1 (m—2)e) D oh=1lh es0
sz;ék Zh L+ (1= (m—2)e) 2221 In

c(bij) =

Cmax

O

Intuitively, this lemma shows that due to the ordinal nature of the mechanism, the worst-case incentive ratio arises
in scenarios with extreme valuation profiles.
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By Lemma .3, we can categorize the items i j€[m) Into two groups:

« I ={ij | uy; is close to 1} - those that agent 1 is interested in.
« I = {ij | uy; is close to 0} - those that agent 1 is not interested in.
Without loss of generality, assume that agent 1 is interested in the first & items, so I = {iy, ..., i }. In the truthful

profile, if agent 1 spends time p; consuming item j, then their utility is approximately u; ~ Zle pj. It’s im-
portant to note that agent 1 may not obtain a positive fraction of each item in 7, so some p; values may be zero.
Although agent 1 might also consume some items from I, their contribution to the total utility is negligible.

Given agents' ordinal preferences, at any moment ¢, the following lemma compares the amount of each item that
is not eaten up yet in two scenarios.

* In the normal scenario, all agents eat items according to their reported ordinal preferences as normal.

* In the pause scenario, a set of agents is paused from time ¢ for some time while the other agents continue
eating normally.

Lemma 6.4. For any item, at any time from moment ¢ until it gets fully consumed, the amount remaining in the
pause scenario is always at least as large as the amount remaining in the normal scenario.

Proof. We will prove this by contradiction. Let ¢j,r be the earliest time at which there exists an item j* such that
the remaining amount of j* in the pause scenario is less than its remaining amount in the normal scenario.

Consider a small t5 > 0. At time ¢, + t5, for the amount of j* to be less in the pause scenario, the number
of agents consuming j* in the pause scenario, must be greater than the number of agents consuming j* in the nor-
mal scenario. If this were not the case, the amount of j* in the pause scenario could not be less than in the normal
scenario at this time.

Now, w.l.o.g. let agent 2 be one of the agents who is consuming j* in the pause scenario but not in the nor-
mal scenario at time ¢;,r + t5. Since agents consume items according to their preferences, starting with their most
preferred items, the fact that agent 2 is eating j* in the pause scenario but not in the normal scenario implies that
there exists another item j’, which is more preferred than j* in the preference list of agent 2 .

For agent 2 to switch from eating j’ to eating j* in the pause scenario by time t;,r 4 t5, 7' must be completely
consumed in the pause scenario but still available in the normal scenario at this time. However, this situation con-
tradicts our assumption that ¢, is the earliest moment when the remaining amount of any item j* in the pause
scenario is less than in the normal scenario.

Thus, our assumption that such a ¢;,r exists must be incorrect, proving that at no time does the amount of any
item j* in the pause scenario fall below the amount in the normal scenario. O

This lemma holds true regardless of how many agents are paused or for how long they are paused. Furthermore, it
applies to any input of the PS mechanism, whether the agents are truthful or not.

Now, w.l.o.g. for agent 1, denote T and 7" the moment by which all items in I are eaten up in the truthful profile
uy and the strategic profile u} respectively and denote as T and T” the moment by which all items in T are eaten
up while agent 1 is paused all the time - or say, agent 1 is eliminated from the eating process in the truthful profile
uy and the strategic profile u} respectively.

Ignoring the € terms maintaining a strict preference ordering , it's clear that u; = 7" < T’ = u}. By Lemma b4,
we have 7" < T". Additionally, since agent 1's reports do not affect the eating process once he's is removed, we
observe that T = T".

Therefore, to establish our main result u} < %ul, it suffices to show that T' < %T. This approach allows us
to avoid the need to determine agent 1's best response strategies and instead focus on the additional time required
for the other agents to consume the items in the absence of agent 1. This method is used in proving Theorem .3 and
Case 1 of Theorem p.6. We prove that our main theorem holds in all of the three possible cases when the number
of agents is less or equal to the number of items, according to 7.

LO<T <3 2.5<T<2 3.2<T<1

wWin
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Theorem 6.5. 1. When0 < T' < %, the Incentive Ratio is upper bounded by %

Proof. We define the set T" C T to be the set of items that agent 1 gets a positive fraction of in the truthful profile.
Wlo.g letI = {ijc1, i} .Let,]l; be the time agent 1 spends eating the item 7;. Then, i; is completely eaten by

time 2)7;21 Ii. The total time agent 1 spends is T' = 25;1 lj,where 0 < T < 1.

It takes at least time % for two agents to finish and item. At time Z£:1 I, there are at least three agents eat-
ingi;, 7 =1,...,k%. So,there must be at least three agents eating each item ¢; at the moment it is fully consumed.

Consider now the following process for agent 1:

» At time /1, all agents but those eating item ¢; are paused. Without agent 1, the remaining agents take extra

time §7 to finish item 4, where §; < %

« Repeat this process for all items i; € [*

The total time for the other agents to finish the items after agent 1 is eliminated is:

T

N W

k* k*
~ L.
< . ) < . 2J <
T_j§:1(ly+5g) _jEZI(lﬂr 5) <

Therefore, T < % - T, meaning the time increases by at most a factor of % when agent 1 is eliminated.

Thereforw, we have that T < Z?;(lj +4;) < Z?;l(lj + %7) < 3T. O
The proof of 2. requires a stricter investigation. We state the following theorem, followed by three lemmata, which
will constitute the final piece of the proof.

Theorem 6.6. 2. When % <T< %, the Incentive Ratio is upper bounded by %

Consider any item ¢; € T". If there are at least two other agents consuming the item at the same time as agent 1 at
the moment >4 _, I, the theorem follows directly from the proof of Theorem b3

However, we assume the existence of an item for which only one other agent is consuming it simultaneously with
agent 1 when it is completely eaten. Such a scenario can occur for only one item, given that it takes a minimum
of time % for two agents to eat up one item. Therefore, assume that there exists an item that only one other agent
is eating it with agent 1 at the moment it is eaten up. Note that there could only exist one such item, as it takes at
least time % for two agents to eat up one item. Denote this item by ¢, and the other agent by agent 2. For ease of
notation, lett; =1y + -+ lp—1,t0 =lpr,and t3 = lgrp1 + -+ - + lg=. Thent; +to +t3 =T

Lemma 6.7. t; +ty > 5,13 < §,t1 < 3,and {5 > 2t3.

Proof. Since agents 1 and 2 are the only ones consuming item ¢, it takes them at least % time for them to finish
it. Therefore, t; + > > 1. Additionally, since T < 2, we have t3 =T — (t; + t2) < 2.

Agent 1 has been consuming item i for ¢5 time and even if agent 2 started from the beginning, they have consumed
it for ¢; + to time. This implies t5 + (¢1 +t2) > 1. Given that ¢y +t2 < T < %, it follows that t5 > % and t; < %
Thus, t9 > % > 2t3. O

Let I; be the set of items that are consumed by time ¢; in the truthful profile, I the set of items consumed during
the interval (¢1,¢1 + t2], and I5 the set of items consumed during the interval (t1 +t2, T]. These three sets include
all the items that agent 1 is interested in, i.e., [ C I} U Is U I5.

Since t; < %, there are at least three agents consuming any item that agent 1 was eating during the interval [0, ¢;].
Thus, the analysis for this interval is similar to that in Theorem f.3.

We can conclude that if agent 1 were removed, all items in /; would be eaten up within time %tl.
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For the set I3, although we do not obtain the same % bound straightforwardly, we can derive a slightly looser
bound. This bound, combined with other methods for handling I, will allow us to establish an overall % bound.
To proceed, we first show the following lemma.

For the set I3, we would not obtain the same % bound straightforwardly, but are able to obtain a slightly looser
bound, which will be used together with some other approaches for handling 75 to obtain an overall % bound. We
first show the following lemma.

Lemma 6.8. In the normal scenario, for each item in I3, at the moment that it is finished, there will be at least two
agents other than agents 1 and 2 who will be eating the item.

Proof. For each item ¢; € I3, we distinguish three possible cases:

1. Case 1.: Atthe moment ¢, + 72, no agent is eating item ;. Yet, since 3 < % and ¢; is fully consumed within
the interval [t1 + t2,t1 + t2 + t3], there must be at least six agents eating the item. Amongst these six agents,
even if agents 1 and 2 are among them, there are another four agents.

2. Case 2.: At the moment ¢; 4 t2, one agent is eating item ;. In this case, even if this agent is eating item 7
from the beginning, there are is at least 1 — (¢; + ¢2) amount of this item remaining, and it will be eaten up
before time ¢1 + t2 + t3, by #jh) =1+ 1%; > 14 11%3 = 3,we know that there are at least four

agents eating the item. Amongst these agents, even if agents 1 and 2 are among them, there are another two

agents.

3. Case 3.: At the moment ¢ + to, at least two agents are eating item 7;. Since agents 1 and 2 are eating item
i, there must be two different agents, each contributing to the consumption of ¢;.

O

If two agents are absent for some time, it will take another two agents the same amount of time to consume the
amount of items left over due to their absence. Thus, the following bound, arises from the previous lemma.

Corollary 6.9. After eliminating agent 1 from eating items in /7, if we eliminate agents 1 and 2 from the moment
%tl + to, all items in I3 will be eaten up by at most an extra ¢3 time.

Corollary 6.10. After removing agent 1 from consuming the items in /5, if agents 1 and 2 are both removed starting
from time %tl + to, then all items in I3 will be fully consumed within an additional ¢3 time.

We now prove Theorem b.6 by integrating these intermediate results and analyzing item 4 and the set I3. As
outlined in our earlier discussion, we will begin by removing agent 1 from eating item ¢;/. This will delay the time
that item iz will be fully consumed and it will lead to two possible outcomes.

Proof. Case 1: Extended Eating Process of Item 7/ :

We consider a case, where the process of eating the item ¢/ is extended - in the sense where, some agents who
were initially eating items in I3, may start eating ¢/ before time %tl + to + 2t3. We will focus on agents 1 and
2 who have a positive fraction of items in 3. We define {s, -, sj} C I3, in the truthful profile to be the set of
items that either agent 1 or 2 get a positive fraction of. Let c¢;, and dj,, for h = 1,--- , j be the fraction of item sy,
that agents 1 and 2 get, respectively. In the strategic profile, agent 1 is eliminated and agent 2 is eating i;/. Define
zp, as the time when item sy, is fully consumed and let agent 3 to be the first agent who starts eating ¢, before time
3t + to + 2. Suppose that at time %tl +to + x, where 0 < x < 2t3, agent 3 starts eating item iz and this time
st1+ia+x € (2w—1, 2w for some w < j. In the truthful profile, both agents 1 and 2 have not yet started eating
items in /5 by the time %tl + t5 leading to a delay.
w—1 w—1

The delay incured is 1¢1 + w
take longer to eat without the third agent.

, where the factor % comes from Lemma [.§, that implies two agents

Now, let agents 2 and 3 will now eat item ¢;, and pause others. This, will take an adittional time of tszw where
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to is due to the absence of agent 1, x is how much agent 2 has eaten, the % is again, due to Lemma b.§. At time
3;—1 +ta+ 2+ t2; £ all agents, except 1, continue eating.

We calculate the amount of time after this moment when the items in I3 will be fully consumed in the manipu-
lation profile. We categorize this time into three categories.

w—1
1. First Category: The remaining time for the items in I3 after the pause is L

2. Second Category: If agent 2 starts eating another item i, € I3, it adds an additional delay, bounded by
_ 3 25;11 C’WLZZ};f dn
1

I8

3. Third Category After the items in I3 are fully eaten, the time taken for any remaining items is t3 — (z —

% : Zy 16 +d;
Summing up the time from all categories, we find that the total time T for all items I; U I U I3 to be eaten is
bounded by:
5 3 w— 1
TS (h+tat+ts) - Z“C”E M

This shows that the total time in the strategic profile is at most % the total time in the truthful profile.

Case 2: No Agent switches back to i, Before time %tl + to + 2t3, we assume that agents who where eating
items in I3 continue eating their next items in I3 instead of switching back to item ¢;. Agent 1's utility is parti-
tioned into two parts, before and after time %h + 1o + 2t3.

It's known that u’1|§%t1+tz+2t3 < %t1 + 1o + 2t3
Next, we upper bound u’1\>% t1+t,+2t5- After this time, most items are eaten except from, possibly, ix/. Due
to agent 1's absence, item ¢ has to time left but has already been partially eaten by agent 2 for 2t5 time. This

leaves to — 2t3 of ij/.

Agent 1's best strategy is to eat the remaining portion of 7;, alongside agent 2, giving agent 1 an adittional utility
of at most 2=2% 2t3

Thus,
uy < U< <Btyttat2ty T uils s Sti+tat2ts — §t1 + §t2 +t3<T
Thus, agent 1's total utility from strategizing doesn't exceed % times the utility when truthful and the proof is
complete. O

About the third and final case, the following claim is trivial:

Theorem 6.11. 3. When 2 < T < 1, the Incentive Ratio is upper bounded by 3.

< 1. Hence the utility achieved in truthful profile is quite

Since the optimal utility «} is upper bound by 2 <
large compared to /. Formally, 7% = max Z—i <5< %

m
n

1
2z
3

Combining Theorems 6.5, 6.4, 6.11], we complete the proof of our main Theorem.
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CHAPTER 6. BOUNDING THE INCENTIVES OF PS

6.4 A Tight Bound Example

The authors of [§], also provide an example where the Incentive Ratio of an agent (w.l.o.g. agent 1) is exactly %
Therefore, making the % upper bound tight. [5]

Example 6.12. Let agents A = {A1, As, As, ..., An} and items I = {iq,i2,13,...,1,} and the preferences of
the agents as follows:

Ay iy = dg =g > o i1 > i
Ao iy =g =103 > ... = Ip_1 > ip
Az iig =03 = Gg4 = ... =1y > 11

D e E I A 1

Agent Ay is interested in the first 5 — 1 items, i.e., I = {i, - yin_1}. Then in the truthful profile, uy =
Agent 1 will only get half fraction of item 1. By using the strategy iz = iz >= -+ = iz_1 > 41 > iz > -+ > 1

Agent Ay will get ﬁfmction ofitem iz to 5 — 1 and %fmction of item Ay. Agent Ay's utility becomes u] =

So the ratio is %

e 3ol

6.5 In the Average - Case

The following section is an analysis of an experiment conducted by the authors of [§], which evaluates the perfor-
mance of Probabilistic Serial, complementing the analysis of the worst-case bound.

The authors look into the symmetric setting of PS - that is, when the number of agents is equal to the number
of items, varying this number from 8 to 20. For each value of n, they generated 10, 000 instances, giving a total of
120, 000 instances. In each instance, the agents' ordinal preferences were generated uniformly at random, and the
manipulator's cardinal preferences were made dichotomous to maximise the potential utility gain, as suggested by
Lemma .3.

They varied the number of items the manipulator was interested in, denoted as k, from 2 to 6. For each instance,
they enumerate the manipulator's all k! strategies, in order to find out the largest possible utility the agent can ob-
tain. By dividing the largest attained utility by the utility obtained in the truthful profile, we get a ratio to evaluate
the agent's utility increment.

The figure 6.1, reveals the following: as the number of items in O (the number of items the manipulator is
interested in) increases from 2 to 6, the average-case incentive ratio decreases across all values of n, indicating that
as an agent becomes interested in more items, the potential for manipulation decreases. The figure also shows that
for a fixed number of items in O, the ratio increases slightly with the number of agents/items n. For example, the
ratio is generally higher for n = 20 compared to n = 8, suggesting a slightly higher potential for manipulation
with more agents/items. However, the average-case incentive ratio remains close to 1, ranging from about 1.02 to
1.06, implying that the overall benefit of manipulation is small compared to the theoretical bound of 50%. These
results suggest that while there is some potential for manipulation, it is limited, and the PS mechanism is close to
being truthful in practical scenarios.
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Average-case ratio
3

3

2 3 4 -] [
The number of items in O

Figure 6.1: Average-case incentive ratio as a function of the number of items O that a manipulating agent is
interested in. The graph displays different lines for varying numbers of agents/items n (where n = 8,12, 16, 20),
image from [5].
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CHAPTER '/

THE PRICE OF BEING TRUTHFUL

As we have discussed throughout this thesis, the Probabilistic Serial (PS) mechanism plays an important role in
addressing the one-sided matching problem. In Chapter 2, we established that PS is not a truthful mechanism. In
Chapter 4, we proved a tight bound of ©(y/n) for the Price of Anarchy of PS. In Chapter 6, we derived a bound of
% for the Incentive Ratio. However, we demonstrated that cases where PS reaches this % bound are highly unusual.
In typical scenarios, the Incentive Ratio ranges between 1.02 and 1.06, which is very close to one.

From early on in [8], the authors identify a non-constant lower bound on the Price of Anarchy for the well-known
ordinal mechanisms for the problem. However, these findings are crucial for understanding the challenges faced
by a social-welfare maximizer.

An interesting direction for future research, as suggested by the authors, would be to explore conditions on the
valuation space that could lead to constant Price of Anarchy values, or to apply distributional assumptions to
quantify the average welfare loss due to selfish behavior.

A key point of interest is understanding how PS performs in terms of Social Welfare when agents report truth-
fully, especially compared to its performance under equilibrium conditions. Computationally, determining this,
seems to be highly complex and appears to be intractable.

Aziz et al. (2015) [6] conducted a series of detailed experiments to better understand the nature and quality of equi-
libria under the Probabilistic Serial (PS) rule. Given the computational complexity inherent in this analysis, the
experiments were limited to scenarios involving small numbers of agents (n = 2, 3,4) and houses (m = 2, 3,4).
This is because the size of the search space, which scales as m!™, grows exponentially with the number of agents
and houses. For each combination of agents, houses, and preference models, 1000 samples were generated. In
total, the experiments required over 40 days of compute time for each model. Due to the need of my PC to write
this thesis, we present their results. However, we provide an algorithm providing such "good" Equilibria examples,
see in subsection 8.1 and in appendix.

The experiments drew on a variety of preference generation models, including Impartial Culture (IC), Single-
Peaked Impartial Culture (SP-IC), the Mallows model, and the Polya-Eggenberger Urn model. These models
capture different levels of correlation between agent preferences, from random preferences in IC to correlated pref-
erences in the Urn model. Additionally, real-world data from the PREFLIB AGH Course Selection dataset was
used, with students’ preferences for courses modeled as agent preferences in the experiments. Each agent's pref-
erences were also associated with a utility value for each house, generated using the Random model. This model
assigns a random real number between 0 and 1 to each house for each agent, and these values are then normalized
to sum to a constant, representing each agent’s total utility for the houses. The Random model was found to be the
most manipulable and often led to the worst equilibria.

In the experiments, equilibria were classified into three categories based on social welfare: those where SW
remained the same as in the truthful profile, those where SW decreased, and those where SW increased. The
percentage change between the social welfare of two profiles, ST, and SW,, was calculated using the formula
[SWh —SWal 5 100%. The results revealed several important trends. First, the vast majority of equilibria produced

SW
the same social welfare as the truthful profile, with only slight variations. There were generally more equilibria that
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increased social welfare compared to those that decreased it, though the changes were small, capped at less than
23%. Furthermore, the number of equilibria observed was relatively low, particularly in models with correlated
preferences (such as the Urn and AGH models) compared to models with less correlation (such as IC and SP-IC).

From these experiments, the authors suggest, that manipulation under the PS, rarely leads to significant welfare
loss. Even when agents strategically misreported their preferences, the resulting equilibria tended to either main-
tain or slightly improve social welfare compared to the truthful profile. This provides strong empirical support for
the robustness of the PS rule in terms of social welfare, even in the presence of strategic behavior. This robustness
was observed across all combinations of agents and houses tested, and the trends appeared consistent regardless
of the preference models used. The fact that the PS rule performed well in terms of social welfare, even when
manipulation was possible, suggests that it is well-suited for use in strategic environments.

The experiments also highlighted the computational challenges involved in computing and verifying equilibria
under PS. The large search space required for analyzing all possible misreports and preference profiles makes it
computationally difficult to compute pure Nash equilibria (PNE) in general. In fact, the problem of computing a
PNE is known to be NP-hard, and verifying whether a given profile is a PNE is coNP-complete. Such computa-
tional barriers discourage strategic manipulation: it is hard to find equilibria, so agents do not engage in complex
manipulations, particularly in large settings.

The analysis of Aziz et. al. [(] revealed that while the PS rule is not strategy-proof, it offers a level of resistance to
manipulation that is both empirically and theoretically significant. The fact that manipulation rarely results in sig-
nificant welfare loss, combined with the computational difficulty of finding equilibria, makes the PS rule a strong
candidate for use in real-world applications involving resource allocation. Despite these positive findings, the study
also points to several avenues for future research. One potential direction is to extend the current analysis to cases
where indifferences exist in agents' preferences. Additionally, investigating strong Nash equilibria, where groups
of agents rather than individual agents deviate from their truthful preferences, could provide further insights into
the strategic properties of the PS rule. Another interesting direction would be to explore the dynamics of Nash
equilibria in more detail, potentially leading to a deeper understanding of how equilibria evolve over time under
the PS rule.
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% of Equlib. with Decreased SW % of Equlib. with SW Equal To Truthful _ % of Equlib. with Increased SW. 100

AGH 2003| 0.00% 2.89% 4.04% 0.00% 4.19% 4.14% 90
3 AGH 20041 0.00% 3.36% 6.47% 0.00% 2.74% 5.66% 32
o
=]
% IC| 0.00% 4.12% 3.94% 0.00% 3.96% 2.70% 60 E
2 50 @
E Mallows  0.00% 2.84% 4.29% 0.00% 3.91% 2.70% 40 ‘s
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2 SP-IC} 0.00% 3.29% 3.33% 0.00% 4.22% 4.44% ::g
Urn 0.00% 0.29% 6.31% 0.00% 1.77% 5.36% 10
2 3 4 2 3 1 o
Number of Houses Number of Houses Number of Houses

Figure 2: Classification of equilibria for all 1000 samples per setting with four agents (n = 4), 2 to 4 houses (m € {2,3,4}),
and preferences drawn from the six models. We can see that the vast majority of the equilibria found across all samples have
the same social welfare as the truthful profile. In general, there are roughly the same number of equilibria that increase as those
that decrease it.
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0
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Figure 3: (A) The maximum and minimum percentage increase or decrease in social welfare over all 1000 samples in settings
with four agents (n = 4), 2 to 4 houses (m € {2, 3,4}), and preferences drawn from the six models. We see that for three houses
the gain of the best profile is, in general, slightly more than the loss in the worst profile with respect to the truthful profile; this
trend appears to reverse for settings with four houses. (B) The average number of the m!* profiles that are in equilibria per
sample with four agents (n = 4), 2 to 4 houses (m € {2, 3,4}). The more uncorrelated models (i.e., IC and SP-IC) admit the
highest number of equilibria.

Figure 7.1: Result from the experiment in [§]
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7.1. AN EXAMPLE & FURTHER QUESTIONS

7.1 An Example & Further Questions

The analysis of social welfare gain and loss under the Probabilistic Serial Mechanism raises several interesting
questions. A measure, similar to the Price of Anarchy, that could quantify of how the social welfare under truthful
strategies compares with the worst-case equilibria. Could be of interest, in understanding PS.

SW (Wiruthful)
sup .
ueyn mlnsesy SW]\/[ (ll, S)

Where, SW (W) represents the social welfare under the truthful ordinal preferences derived from valua-
tions, while minge g SWis(u,'s) denotes the worst-case social welfare among all pure Nash equilibria S} under
the same valuation profile u. The closer it is to 1, it indicates that strategic manipulation does not degrade social
welfare at all, meaning the mechanism is robust against strategic behavior.

The experiments in [(] suggest that the number of equilibria with significantly different social welfare values is
limited. This opens up the possibility that the bounds of this quatnity could be relatively tight. It is known [22] that
Probabilistic Serial and Random Priority converge in large economies. That is as the number of agents and objects
increases. Meaning that Probabilistic Serial tends to become truthful. As we saw [§] the incentive ratio for PS is
upper bounded by 1.5 when the number of agents is no less than the number of items, while very recent research
published earlier this year [30], show that when the items are more than the agents, the upper bound is 2. All these
come as a strong indicator that a constant bound on this measure might not be surprising, given the limited devia-
tion in outcomes observed in experiments. Another interesting research direction could be the exploration of any
specific types of valuation profiles or distributions of preferences that lead to a higher disparity between truthful
and strategic behavior.

7.1.1 Example

Let agents A = {43, Ao, A3} and items I = {11, I5, I3}. The preferences of the agents are as follows:

Al:]2>‘11>‘13
Ag:[3>-12>-11
Ag: I3 = I, = I

The utilities of the agents for each item are:

Ay su(l) = 051599, u(l,) = 0.56056, u(ls) = 0.24756
Ay s u(ly) = 0.03775, u(l,) = 0.42752, u(Is3) = 0.45960
As s u(ly) = 0.58086, u(ly) = 0.59542, wu(I3) = 0.79550

The Probabilistic Serial (PS) mechanism returns the following allocation for truthful reporting:

Agent / Item I I I3
Ay 3 2 0
1 b8 |
s s e [

Table 7.1: Allocation produced by PS for truthful reporting

The resulting utilities for each agent in the truthful reporting scenario are:
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1 2

u(Ay) = 0.51599 x 3 =+ 0.56056 x 3 4 0.24756 x 0 = 0.54570
1 1 1

u(Az) = 0.03775 x 3 +0.42752 x 5 =+ 0.45960 x 3= 0.31364

1 1 1
u(As) = 0.58086 x 3 + 0.59542 x 5 =+ 0.79550 x 3= 0.69061

The social welfare by truthful reporting is thus SWr,.. = 0.54570 + 0.31364 + 0.69061 = 1.54995.

Assume that agents misreport their preferences as follows:

A12]2>Il>13
Ag:[2>—13>-11
As: I3 =1 =11

This strategy profile is a Pure Nash Equilibrium. The PS mechanism returns the following allocation:

Agent / [tem I I I3
Ay L 1 0
4 sy [
As 1 0 3

Table 7.2: Allocation produced by PS for the Pure Nash Equilibrium

The resulting utilities for each agent in the Pure Nash Equilibrium scenario are:

1 1

u(Ay) = 0.51599 x 3 =+ 0.56056 x 3 4 0.24756 x 0 = 0.53828
1 1 1

u(Az) = 0.03775 x 1 + 0.42752 x 3 =+ 0.45960 x 1= 0.33810

1 3
u(As) = 0.58086 x 1 +0.59542 x 0 + 0.79550 x 1= 0.74184

The social welfare for the Pure Nash Equilibrium is SWpx g = 0.53828 4+ 0.33810 + 0.74184 = 1.61822.

Comparing the social welfare, we observe that SWpyp = 1.61822 is higher than SWrp,. = 1.54995, indicat-
ing that the misreporting strategy leads to a higher overall social welfare.

The example above was constructed by the following algorithm:
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Algorithm 1 PS : Be Truthful or not to Be

1. Generate Random Preference Profiles

* Generate uniformly at random, ordinal preference profiles for each player, where each player receives
a random permutation of the items. Call this profile Truthful.

. Generate Random Valuation Profiles

» Based on the ordinal preferences, generate random cardinal preferences, according to the ordinal ones.
No ties, are allowed, all must add to the same number.

. Apply the Probabilistic Serial (PS) Rule

» Use the PS rule to allocate fractions of items to players. Players consume fractions of their most pre-
ferred available item until the items are fully allocated. The code for PS was writen by Dominik Peters
and is available in Github: [29]

. Calculate Social Welfare

» Compute the social welfare by summing the products of each player’s valuation and their allocated
share of the items.

. Generate Permutations of Preferences

* Generate all possible permutations of the item preferences to explore all possible strategies for each
player. The space is now (m!)™ big, where m = # items and n = # agents.

. Generate Payoff Matrix

» For each combination of strategies (preference profiles), calculate the corresponding allocation using
the PS rule, then compute the utilities for all players.

. Find Pure Nash Equilibria (PNE)

* Check the payoff matrix for combinations where each player is playing a best response. If no player
can improve their utility by switching strategies, mark the combination as a PNE.

. Compare Social Welfare of PNE and Truthful Strategies

» Compare the social welfare of PNE strategies with that of the truthful strategy. If any PNE improves
the social welfare, it is identified as a better outcome.

. Repeat Process

 Repeat the entire process for a fixed number of attempts to explore different random preference profiles
and search for better PNE profiles.
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